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Résumé

Résumé

L’irradiation des matériaux par des impulsions laser ultrabréves déclenche un agencement anisotrope de la matiére a
I’échelle nanométrique: des structures de surface périodiques induites par laser (LIPSS). L'énergie laser déposée et
distribuée de maniere inhomogene dans le matériau induit des contraintes thermiques locales et des changements de
phase transitoires entrainant ainsi des modifications microstructurales.

Cette thése porte sur le role de l'altération de la surface irradiée ainsi que les modifications microstructurales en
profondeur dans la contribution a la formation des LIPSS, en établissant une corrélation entre I'auto-organisation de la
matiére et la génération de défauts en tenant en compte de l'orientation cristalline. Comme les LIPSS sont générés au
seuil de transition de phase, I’étude de la corrélation avec les défauts induits est alors pertinente.

Une étude expérimentale couplée a des simulations de dynamique moléculaire effectué¢es a 1’Université de Virginie
suggere gue l'altération de surface générée par une irradiation d'échantillons monocristallins de Chrome dans le régime
de spallation est susceptible de jouer un réle majeur dans le déclenchement de génération de LIPSS de haute fréquence
spatiale. La microscopie a force atomique ainsi que les résultats de simulations attestent que les caractéristiques de
rugosité de surface a I'échelle nanométrique dépendent de I'orientation cristalline. La forte rugosité de surface générée
par la premiére impulsion laser active la diffusion de la lumiére laser et I’exaltation du champ local lors des irradiations
ultérieures, ce qui génere des structures LIPSS de haute fréquence plus prononcés du c6té (100) que celle du (110). Une
étude expérimentale approfondie, utilisant la microscopie électronique rétrodiffusés et transmission, a révélé que le Cr
(110) est plus susceptible d'étre endommagé que les autres orientations cristallines de surface. On constate que les
défauts induits par le laser peuvent altérer la topographie de surface et la région sous-jacente, ce qui peut avoir un impact
sur les caractéristiques des centres de rugosité favorisant la formation de structures de fréquence spatiale élevée.

Afin d’accéder a la transition de phase subie dans la région de formation des LIPSS, une approche d'analyse
microstructurale a haute résolution couplée a des calculs hydrodynamiques est utilisée, comprenant la croissance
épitaxiale et la nanocavitation. La formation de structures de fréquence spatiale élevée est le résultat de nanocavités
périodiques piégés sous la surface, ainsi que des nanocavités apparues a la surface des matériaux cubiques faces centrées.
De plus, étant donné que le feedback dans la formation des LIPSS est souvent évoquée, le comportement dynamique
des surfaces a été sondé par microscopie électronique a photoémission et étayé par des calculs électromagnétiques. Un
caractere périodique des photoélectrons émis par les creux des LIPSS a été mis en évidence, ce qui a permis de vérifier
la modulation du dépdt d'énergie.

Le travail effectué contribue non seulement a progresser vers l'objectif général d’élucider le phénoméne complexe multi-
échelles de la formation des LIPSS, mais ouvre une nouvelle voie expérimentale pour générer des structures non
conventionnelles avec des périodicités extrémes (~60nm), offrant ainsi de nouvelles opportunités pour le traitement

laser ultrarapide des métaux.
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Abstract

Abstract

Irradiation of materials by ultrashort laser pulses triggers anisotropically structured arrangement of matter on the
nanoscale, the so-called laser-induced periodic surface structures (LIPSS), or ‘ripples’. Ultrashort laser energy deposited
and distributed inhomogeneously in the material launches local thermal stresses and transient phase changes yielding
microstructural modifications.

This thesis focuses on the role of irradiated surface alteration as well as in-depth microstructural modifications in
promoting LIPSS formation, by establishing a correlation between self-organization of matter and defect generation
taking into account crystalline orientation. Since LIPSS are generated at the threshold of phase transition, then the
correlation with defects formation is relevant.

An experimental study coupled with molecular dynamic MD simulations performed in the University of Virginia
suggest that surface alteration generated by a single pulse irradiation of monocrystalline Cr samples in the spallation
regime is likely to play a main role in triggering high-spatial frequency LIPSS generation upon irradiation by multiple
laser pulses. Atomic force microscopy as well as computational results suggested that the nanoscale surface features are
crystalline orientation dependent. The higher surface roughness generated by the first laser pulse activates scattering of
the laser light and the local field enhancement upon irradiation by the second laser pulse, leading to the formation of
much more pronounced high-spatial frequency structures on the (100) surface as compared to (110) one. An extended
in-depth experimental study, using electron backscattered and transmission microscopy, combined with large-scale two-
temperature model TTM-MD simulations revealed that Cr (110) is more likely to get damaged. It is found that laser-
induced defects can alter the surface topography and the region beneath it which can impact in turn the roughness center
features promoting high-spatial frequency structures formation.

In order to infer the phase transition undergone in the LIPSS region, a high resolution microstructural analysis approach
coupled with hydrodynamic calculations is employed, including epitaxial regrowth and nanocavitation. High-spatial
frequency structures formation is found to be the result of periodic nanovoids trapped beneath the surface as well as
nanocavities emerged at the surface on fcc materials.

Furthermore, since optical feedback in LIPSS is often evoked, the behavior of dynamical surfaces was probed by
photoemission electron microscopy and supported by electromagnetic calculations. A periodic character of
photoelectrons emitted from nanoholes was unveiled, which in turn verified a modulated energy deposition.

The performed work not only contributes to the progress towards the general goal of untangling the complex multiscale
phenomenon of the LIPSS formation, but unlocks a new experimental setup to generate unconventional structures with

extreme periodicities (~60 nm), which offers new opportunities in ultrafast laser processing of metals.
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Chapter 1: Introduction

Chapter 1

Introduction

In this chapter, laser-induced periodic surface structures and microstructural defects generation are introduced. The
first part establishes a background on ripples, where different types of periodic nanostructures can be generated
respecting irradiation parameters. The second part defines the problematic regarding a lack of comprehension in LIPSS
origin, where it is often evoked. The interrelation between the formation of a privileged order of matter and defects is

also unraveled. The third part summarizes the structure of this thesis, discussing the goal and the outline of each chapter.
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Chapter 1: Introduction

1.1 Background

Femtosecond laser interaction with material surfaces has become ubiquitous, entailed by both inquisitiveness and
a tremendous variety of applications in fields scaling from nanotechnology to material science among others. The output
of interaction between energetic laser radiation and materials provokes local energy deposition driving permanent
alteration of the processed surface, which paves the way towards bulk (3D processing) and surface structuring. The high
localization of energy untangles a strong potential for laser structuring and fabrication in view of ultrashort timescales

where the interaction is spatio-temporal confined, strongly dependent on irradiation parameters.

Near the energy threshold modification of most materials, it is possible to generate a periodic alignment of surface
ripples, referred to laser-induced periodic surface structures (LIPSS). These (quasi-) periodic lines are a universal
phenomenon gaining an increasing attraction since the advent of ultrashort lasers where ripples can be generated in a
simple single-step process, which leads to surface functionalizing tailoring mechanical, electrical, chemical, tribological,
wetting and optical properties upon ultrashort laser irradiation. LIPSS periodicities lower than the laser wavelength can
be reached, ranging from a few tens of nanometers to a few microns, on almost any material (metals, semiconductors
and dielectrics)?, even those having a bandgap greater than the laser wavelength?, and are formed in a broad range of

pulse durations, starting from continuous® to femtosecond pulsed wave irradiation®.

Regardless of the weak comprehension dealing with LIPSS formation mechanism, the beginning of the 21" century was
crowned with significantly growing number of publications related to the search term ‘laser-induced periodic surface
structures’, aroused by the observation of uncommon LIPSS structures with periods quite lower than the laser
wavelength. These non-classical periodic arrangement of matter were referred to high-spatial frequency LIPSS (HSFL),
or nanoripples, distinguished from the classical slightly sub-wavelength sized ripples, termed low-spatial frequency
LIPSS (LSFL).

For irradiation with an angle of incidence normal to the surface, LSFL typically shows periods close to or slightly
smaller than the laser wavelength (A/2 < Arsr. < A), while HSFL exhibit periods considerably smaller than the irradiation
wavelength (ALsrL < A/2). HSFL are mainly formed for laser pulse durations ranging from fs to ps. Therefore, the growth
availability of systems producing ultrafast laser pulses strongly amplifies the actual research on LIPSS. HSFL can be
divided into three sub-categories, regarding ripples orientation and periodicities: far-field parallel ff;, near-field parallel
nf, and near-field perpendicular nfw, as indicated in fig 1.1b in the Fourier space. The ff and nf structures are formed via
the coherent superposition between the refracted field and the scattered far/near-field, respectively®. Finally, LIPSS with
periodicities larger than the laser wavelength, generally called ‘grooves’, can be generated when increasing the incident

pulse energy. Grooves can be orientated parallel or perpendicular to the electric field polarization.

12



Chapter 1: Introduction

TF .t“-""..",
e L fty

g

E ".“."n”
m. Grooves

. JpPrreTg /'.n‘f_[,[ jprererreg
:. -ffJ_ _l:..'nf_[ ffJ_ ’.:

*ragaant® pr -

‘L’ W

‘.----..

(a) LUy (b)

14ST

f
210 nm

nf
1
115 nm

14SH

nfy
50 nm

(c)

Fig 1.1 (a) Interaction scheme of incident laser beam with a random rough surface. (b) Different types of LIPSS formed under normal incidence,
represented in the Fourier space. The far-field ff structures result from the superposition between the scattered far-field and the refracted field,
while the near-field nf structures are triggered by the coherent superposition between the scattered near-field and the refracted field®. The
perpendicular and parallel indexes signify that the structures are perpendicular/parallel to the electric field polarization. (c) illustrates a scanning
electron microscope micrograph of a site irradiated with 30 laser shots in the sub-single shot ablation fluence regime on a Cr (100). Different
types of periodic nanostructures can be observed in the same laser modified area, highlighted by different colors according to their orientations

and periodicities. The electric field polarization is represented by the double red arrow.

1.2  Problem definition

Actually, several theories have emerged to interpret privilege order formation following laser surface irradiation®
12 However, phenomenon complexity lies on the fact that some aspects remain unclear despite the major advances made
in this area, and are still under debate. In fact, from a basic point of view, the intricate role of inter and intra-pulse

physical processes involved in periodic arrangement of matter underlines the challenging character of LIPSS. Following
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laser energy absorption by the electronic system, the energy is delivered to the lattice system, involving a multitude of
driven thermal, hydrodynamical and chemical effects. The final morphology of LIPSS, i.e. amplitude, periodicity, can
be impacted by those events in most cases via spatial modulation of material removal (ablation), relying on the interplay
between a variety of mechanisms beside ‘feedback phenomena’ as a result of repetitive surface irradiation. Thus a
unified LIPSS theory is currently lacking along with various aspects disputed in the literature. Notably, the origin of
HSFL is controversially discussed. Apart from the mechanisms of self-organization®®, oxidation'? and twinning®, a
second harmonic generation>*® as well as evanescent fields at nanocorrugated dielectric surfaces'® and the implication

of different plasmonic effects'’~2° were also suggested.

Respecting the complications that can be implemented by the tremendous amount of physical processes involved in the
feedback mechanism, revert to the first pulse impinging the surface triggering the onset of LIPSS formation is necessary.
However, as a single pulse in the sub-ablation regime can alter surface topography and the region beneath it on the
atomic scale, an attention to defects generation should be traced, whether these microstructural modifications on the
surface or in-depth can assist self-organization of matter, or hinder material structuring. Furthermore, preceding the
formation of periodic surface structures, it was established that laser energy is deposited and distributed in a modulated
and inhomogeneous way in the material, initiating local thermal stresses and/or transient phase changes that can lead to
microstructural modifications?, strongly dependent on crystalline orientation. LIPSS are generated at the threshold of

phase transition, then the competition with defects is relevant.

Since different oriented planes possess different atoms density, surface energies, potential bonding-sites®?2, plane
spacing and surface tension, thermal and mechanical response of metal surfaces after energy absorption may be affected.
Thus one can suppose that crystal orientation may play a significant role in the course of laser-matter interaction®-2°,
As a consequence, following irradiation, material relaxation and henceforward LIPSS formation may also vary regarding

crystal orientation.

Up to now, the competition between microstructural defects generation and a privileged order of matter formation has
not been investigated previously on the atomic scale. However, it was revealed by a mesoscopic study that the onset of
LIPSS formation and laser-induced lattice distortion is crystalline orientation dependent?26, As a function of the crystal
orientation, the crystal exhibiting a highest storage of lattice defects evince a weak tendency to form LIPSS?°26, Since
their dimension is well below the diffraction limit along with intriguing physical processes debated in the literature
concerning their formation, HSFL must be put on the forefront of ripples formation investigation. Irradiated surface
alteration as well as microstructural modifications in-depth contribution on HSFL formation, taking into account
crystalline orientation, has not been elucidated previously and constitutes the core of this thesis. In addition, to enrich
our comprehension on the feedback mechanism leading to LIPSS formation, the behavior of dynamical surfaces are

probed.
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Chapter 1: Introduction

1.3 Outline

This thesis was performed in Hubert-Curien laboratory, Saint-Etienne, France, in the frame of SelfOrDef project,
labeled by LABEX MANUTECH SISE (sciences et ingénierie de surface et des interfaces) of Lyon University, a group
of academic labs and industries. The experimental work for laser irradiation was supported by the laser-matter
interaction group in Hubert-Curien lab. This work enabled access to different characterization microscopies: Atomic
force microscopy which allows topographical investigation of laser induced-roughness and LIPSS morphology was
performed by Stéphanie Reynaud at the Hubert-Curien laboratory. Electron back-scattered diffraction characterization
of LIPSS and defects was performed at Ecole nationale supérieure des mines de Saint-Etienne EMSE, by Claire Maurice.
Thin lamellas extraction as well as in-depth characterization of defects was carried out at Mateis INSA Lyon by Thierry
Douillard employing focused ion beam and the transmission electron microscopy. In order to probe the dynamic of
LIPSS formation, a collaboration was established with the radiation-matter institute of CEA-Saclay, using the
photoemission electron microscopy technique by Ludovic Douillard.

For theoretical analysis, a collaboration was made with the University of Virginia, where Leonid Zhigilei and his
coworkers performed molecular dynamic simulations on laser-induced defects. Finally, electromagnetic calculations

and hydrodynamic simulations were performed at the Hubert-Curien laboratory by Anton Rudenko.

The main objective of this thesis relies on the establishment of an interrelation between laser-induced periodic
arrangement of matter and defects, taking into account irradiation parameters as well as sample features, more precisely,
crystalline orientation and material type. Aiming for this objective required work splitting into three connected parts:
The first part consists of elucidating the influence of crystalline orientation on the formation of high-spatial frequency
nanostructures and defects, accounting for a surface and in-depth analysis. Since LIPSS are generated at the threshold
of phase transition with relevant competition with defects, the second part infers the phase transition undergone in the
nanostructures region, including epitaxial regrowth and nanocavitation. The third part entails dynamical investigation
of low-spatial frequency nanostructures, since the intriguing role of feedback mechanism in defining the final
morphology of these nanostructures is often evoked. Furthermore, the control of the transient roughness centers,
contributes to the progress towards the general goal of untangling the intriguing multiscale phenomenon of

nanostructures formation.

This thesis is organized as follows:

In chapter 2, we review an up-to-date state of the art linked to the fundamental processes between ultrashort laser and
matter, the case of metals being specifically considered. Starting with chronological events occurring after laser energy
absorption driving the system to ablation, the resulting output, ranging from defects generation to material structuring,
is largely discussed. It exposes different scenarios leading to the formation of laser-induced periodic surface structures
(LIPSS). LIPSS formation dependence on crystalline orientation and material properties beside defects generation is

questionable and brought to the forefront of the following chapters.
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Chapter 1: Introduction

Chapter 3 starts with describing techniques for sample preparation as well as laser experimental setups for single and
double-pulse sequence generation. In order to investigate microstructural defects generated beneath the surface, electron
backscatter diffraction EBSD along with transmission electron microscope TEM are employed and several
corresponding characterization tools are applied. For LIPSS features analysis, atomic force microscope AFM and
scanning electron microscope SEM are also used. Finally, local near-field distribution mapping using photoemission

electron microscope PEEM is also reported for probing the dynamic of LIPSS formation.

Chapter 4 evokes the contribution of surface roughness on enhancing the local near-field. The induced surface
topography generated by a single pulse irradiation of body-centered-cubic (bcc) monocrystalline Cr samples is
investigated experimentally and computationally for laser fluences that produce high spatial frequency nanostructures
HSFL in the multi-pulse irradiation regime. We show that the spallation-induced roughness is likely to play a prominent
role in triggering the generation of high frequency LIPSS upon irradiation by multiple laser pulses, strongly dependent

on crystalline orientation.

1 pulse

v
2 pulses

20 pulses

Fig. 1.2 A sketch that summarizes the outlook of this work starting from surface contribution to HSFL formation, passing by the role on
microstructural modifications in-depth in promoting HSFL formation for a low dose irradiation. This process is strongly dependent on crystalline
orientation and ends by the problem of feedback mechanism regarding LSFL formation for a high dose of laser irradiation where the crystalline

orientation exhibits similar behavior.
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Chapter 5 supplies our understanding regarding the singular response of different crystalline orientation to laser
irradiation in the single irradiation regime. Experimental surface and in-depth characterization of single Cr crystals
irradiated close to the onset of phase explosion regime reveals crystal defects introduced by the short pulse laser
irradiation. (110) orientation provides a strong tendency to generate defects. Molecular Dynamic simulations performed
under the same experimental conditions reproduce the generation of dislocations and vacancies on the (110) orientation.
It is found that laser-induced defects can alter the surface topography and the region beneath-it, which can impact in

turn the roughness centers features promoting HSFL formation.

Chapter 6 extends the triggering events concerning the formation of nanostructures far below the diffraction limit to
face-cubic-centered (fcc) materials as Nickel. Since the role of periodic thermomechanical dynamics in this swift and
strongly confined regime has not been elucidated, a high resolution microstructural analysis approach is employed to
infer the phase transition undergone in the LIPSS region, including epitaxial regrowth and nanocavitation. HSFL
formation is found to be the result of periodic nanovoids trapped beneath the surface as well as nanocavities emerged at
the surface. The kinetics are probed and evaluated by an original strategy combining double-pulse irradiation and a

hydrodynamic modeling approach.

Chapter 7 supplements our comprehension on the dynamics of LIPSS formation in the multi-pulse regime.
Photoemission electron microscopy is employed to experimentally investigate the pulse-to-pulse evolution of the local
near-field distribution on a set of periodic surface arrangements of matter that consist of different periodicities induced
earlier by ultrashort laser pulses with different laser shots on Titanium. The experimental data are interpreted by
comparison with electromagnetic simulations and calculations. We unveil the periodic character of electrons
photoemitted from nanoholes in the LIPSS region, where a periodic behavior of the laser energy deposition is undoubtly
verified, following the same modulation of LIPSS periodicity. By correlating LIPSS periodicity with that of
photoelectrons, and by revealing nanoholes location and concentration owing to the local-field enhancement, we

demonstrate that the scattering on the high nanoholes concentration reduce LIPSS periodicity.

Chapter 8 offers a new experimental setup for the generation of odd nanostructures with ultimate periodicities around
60 nm and dimensions of 20 nm by controlling the transient surface roughness. Owing to non-altered surface, scattering
process is reduced conserving the isotropy features of the surface. With extreme irradiation conditions, some period

agencement of ‘nanowells’ are reported on fcc (Nickel) material.

Finally, the main results and conclusions are summarized in chapter 9, paving the way towards future research

suggestions.
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Fig. 1.3 Different experimental setups employed to probe the dynamic of LIPSS formation: Photoemission electron microscope PEEM as well as
double-pulse sequence irradiation offer an innovative approach to investigate feedback mechanism following LSFL formation.
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Chapter 2

Laser-matter interaction in the femtosecond
regime
-State of the art-

This chapter provides an up-to-date bibliographical overview on laser-matter interaction in the femtosecond regime,
the case of metals being specially scrutinized. Starting with describing the sequential events following laser energy
deposition triggering system ablation, the resulting yield, ranging from defects generation to anisotropic arrangement
of matter, is widely discussed. First, we investigate laser-induced defects in crystalline targets, by pinpointing the role
of shear stresses on emitting dislocations, where slip planes are activated. Then, regarding materials structuring,
several scenarios leading to the formation of laser-induced periodic surface structures (LIPSS) are exposed. LIPSS

formation dependence on crystalline orientation and material features is also introduced.
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2.1 Femtosecond laser sources and applications

Femtosecond laser sources, developed over the last three decades, allows to explore the behavior of materials
under extreme thermodynamic conditions on one hand, and to resolve temporally the dynamics of the local structure,
electronic properties and phase transitions. They are also useful in studying interactions occurring in the field of
femtochemistery, where the motion of atoms in a molecule is investigated during a chemical reaction. These
fundamental processes are established on timescales similar to the natural oscillation periods of atoms and molecules,
ranging from femtosecond to hundreds of picoseconds, i.e. vibrational modes of a molecule, electron transfer in a
photosynthesis and period of phonon vibrations in a solid occur on the picosecond timescale. In fact, dynamic properties
visualization of the irradiated target can be achieved owing to the temporal resolution of the incident laser pulses on the
femtosecond timescale. By examining the atomic and electronic structure on this ultrashort scale, it is possible to
decipher the primary response of matter, after laser irradiation. If we want to investigate, for example, structural changes
that can occur in the crystal’s lattice, these modifications must be in the same state. Otherwise, an average blur effect
can occur. Another important feature of ultrashort laser sources lies on their ability in delivering extremely high powers.
Recently, Gérard Mourou and Donna Strickland, 2018’s Nobel Prize recipients, have developed a technique called
chirped pulse amplification (CPA) which modifies an initial ultrashort pulse emitted by a conventional laser using an
optical system. This pulse on the order of the nanosecond is stretched then amplified and recompressed. As a result, a
femtosecond laser pulse is emitted from the output of the optical device which power can reach the pettawatt (10°W).
This technique can therefore amplify the initial power of a laser by a factor of 1000 to 100000 and accelerate particles
up to energies of the order of GeV, over extremely short distances. As a consequence of high powers, nonlinear
phenomena, i.e. multiphoton absorption, can occur. A 50 fs pulse duration and an energy of 1 mJ which provides a
power of 20 GW will produce a considerable intensity on the 10 Wem™ order, after being focused on a focal spot of
about 100 um?. This intensity corresponds to an electric field of about 10 Vm™ which is greater than the electric field
spotted by the electron in the hydrogen atom?’. As a result of ultrashort timescales and high intensities provided by
femtosecond laser pulses, where nonlinear and ultrafast phenomena can occur, the confinement of energy hence raises

the probability for each charge carrier to interact with a photon.

2.2  Mechanism of laser interaction with metals

2.2.1  Absorption and relaxation of ultrafast laser energy

The optical response to the incident laser wavelength is obviously band structure dependent in the case of solid
state materials. In a metal, unlike band-gap materials, high energetic electrons occupy partially fully filled bands, and
the transition from an occupied to an empty state does not involve an excitation threshold. Nevertheless, incident laser

energy absorption reaches only a few percent since a large part of the radiation is reflected. In fact, the electric field is
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effectively screened on account of the high electronic conductivity. Considering the process of optical absorption by
free electrons, the absorption mechanism is associated with a collision process referred to inverse Bremsstrahlung
process. For materials possessing free electrons in their conduction bands, incident photons absorption is traditionally
decomposed into intraband and interband contribution. Intraband absorption is a quantum mechanical process which
involves a collision partner during the interaction and requires either a phonon or another electron, in the particular case
of the so-called ‘Umklapp’ phenomena?. A global modification of the electronic wave vector is necessary for this type
of transition. Interband absorption is often perceived as an absorption mechanism of one electron, since it does not
necessary implies another partner (direct process). An electron changes band during this transition involving optical
selection rules. However, there may be so-called ‘indirect’ transitions involving other particles such as phonons,

modifying the wave vector during the transition.

A common model applied to describe energy evolution within the irradiated system takes into account electrons on one
hand and crystal lattice on the other, as two thermodynamic systems at internal equilibrium. It is known as the two-
temperature model, describing both systems relaxation after electronic temperature’s sharp rise (Te) of conduction band

electrons, compared to that of the crystal lattice (Ti)?°. This model will be discussed in the following section.

Electrons occupying states below Fermi edge can absorb incident photons energy and thus move to higher energy states
above Fermi edge. The process of ultrashort laser interaction with metals take place over three time intervals®. Firstly,
immediately after laser excitation, the electron system is in a non-equilibrium state®!, favored by two competing
processes: the first process is the ballistic motion of the excited electrons deeply in the material, with velocities close to
Fermi velocity, i.e. about 10° m/s*2. Recent study shows that a transient orbital-dependent thermalization can take
place®. The second process is more general: it concerns the evolution of electron temperature following collisions
between excited electrons and electrons which are around Fermi level®*. Once the thermal equilibrium between hot
electrons is reached, a second time interval begins, characterized by a Fermi distribution and temperature difference
between electrons and lattice. This hot electron bath is initially located inside the optical absorption depth, and electrons
are scattered deeply in the material with a speed considerably slower than that of the ballistic motion. This diffusion is
governed by the electron-phonon coupling cooling the electron bath, and can be described by the TTM, discussed in the
following section. Finally comes the third interval in which the electrons and crystal lattice reach thermal equilibrium

by a heat exchange between the two systems, due to their different thermal capacities.

2.2.2  Electron and ion temperatures: Two-temperature TTM model

During the absorption of the laser energy by the conduction band electrons, their thermal energy is transferred to
the lattice via electron-phonon scattering within the energy deposition zone yielding an increase in the temperature and
reorganization of matter. In the frame of electron-phonon interaction, electrons do not directly interact with lattice ions.
Hence the interaction is not collisional but Coulombian. The vibration of ions lattice implies deviation of equilibrium

positions, and thus a modification of the interaction with electrons. The interaction continues until reaching thermal
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equilibrium between two different systems: a hot electron system and a cold ion system (corresponding to the lattice).
The thermal equilibrium takes place after a few picoseconds and is material dependent. The two temperature model,
developed by Anisimov in 1974, is composed of a system of heat diffusion equations, coupled by an energy transfer
term described by the temperature difference between the two systems, multiplied by the electron-phonon coupling

force ye-pn (Or electron-ion in plasma phase):
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The heat capacities per unit volume of the electrons and ion/lattice subsystems are Ceand C; respectively. K¢ and K; are
the electronic thermal conductivities and S(t) the laser heating source term, corresponding to the energy laser deposition
on the surface. This system allows thus energy redistribution, owing to thermal diffusion due to thermal non-equilibrium
increase. The coupling strength defines both the ion heating rate and the electron-ion thermalization timescale, acting
on the speed of phase changes and the mechanical pulse causing ejection on the surface and ceasing more or less early
electronic thermal diffusion. We note that in Nickel, for example, the energy transfer from electron to the lattice is faster
than in Chromium, since the electron-phonon coupling constant in Nickel (2x10*" Wm™K™) is greater than that for
chromium (1.3x10Y WmK1)35-37,

In the femtosecond irradiation regime, electron and lattice coupling during the pulse is non-significant. After the laser
pulse and energy delivery to the lattice and heat conduction, electrons are cooled. In the case of picosecond and
nanosecond pulse duration regimes, the electron temperature during the pulse becomes quasi-stationary (T=T;). During

the laser pulse, the lattice heating occurs and losses are compensate by laser absorption.

The TTM enables theoretical predictions on heating rates or melting thresholds for example, and has been broadly
applied in experimental observations explanation on laser-irradiated metals®-*. If the model is easily implementable in
a low excitation approach (below the melting threshold), the difficulties increase when it is inserted into molecular
dynamics*? or hydrodynamic codes®. Lattice material parameters may be modified during calculation time in the frame
of phase transitions. Indeed, each parameter (capacitance, conductivity and coupling) depends on the electronic and
ionic temperatures, free electron density and matter density of the materiel, requiring behavioral models out of
equilibrium. A set of laws and models used in the hydrodynamic code Esther, used in chap 6, describing this phase of
two temperatures, from the solid phase to plasma, can be found in reference*. Such hydrodynamic approaches require
a material state equation for each of the considered materials. In classical molecular dynamic approaches, an electronic
temperature-dependent potential EAM (Embedded Atom Model) adjusted from ab initio calculations is used to describe
the interactions between atoms. The question of energy deposition S(r,t) can be treated in a more or less complex form,
ranging from a simple Beer-Lambert energy deposition I=lo e where a is the absorption coefficient, to a non-trivial
modeling based on an approximation of the Maxwell equations in a non-homogenous medium, employed in chap 6 and

7.
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2.2.3 Mechanisms driving laser ablation

Ultrashort laser ablation* , the mechanism consisting of material removal from solid surfaces or bulk irradiated
with an ultrafast laser pulse, is of high fundamental and practical importance attracting experimental as well as
theoretical research?’#6-48, | aser-induced ablation investigation is a complicated task accounting for a wide variety of
timescales demanding different multiscale approaches. In the frame of our work, in order to describe ultrafast laser
ablation, we focus on excitation with visible light (A=~ 800 nm) at a fluence close to the ablation threshold. For a better
approximation, we account for one-dimensional descriptions when spatial scales are involved. In this case, the waist of
the Gaussian laser beam is much larger than the depth of the absorbed energy, which is usual for melting and ablation
experiments involving ultrashort laser pulses. Material response to initial excitation is affected by material type and
characteristics along with laser parameters. Concerning different materials, we can differentiate in general between
absorbing materials with free conduction band electrons, i.e. metals, and band-gap transparent materials, i.e. dielectrics
and semiconductors. We restrict ourselves in describing short pulse laser ablation of metals. Material response to the
laser excitation is complex, and can include different mechanisms strongly depending on the laser fluence: transient
modification of material properties induced by a strong electronic excitation, photomechanical effects provoked by the
relaxation of laser-induced stresses, rapid transient phase transitions taking place under fast laser energy absorption and
material expansion conditions, electrons ejection and plasma formation, along with complex phenomena occurring in
the ejected ablation plume. Fig 2.1 shows an overview of the typical mechanisms ranging from energy absorption to
ablation, accounting on the appropriate timescales and fluence. Regarding the low calorific capacity of electrons,
electronic temperature rises sharply. The excited electrons then deliver their energy deeper into the irradiated target,
thermalize with ion lattice via electron-phonon coupling on the picosecond time scale, described in the TTM section.
This extremely fast rise in ionic temperature, taking place in a constant volume, which can be considered as an isochoric
process, leads to a sharp rise in pressure that reach several gigapascals. This difference between local pressure and
surrounding pressure is manifested by the radial emission of a compressive wave. This mechanic wave is divided into
two parts: a part which propagates deeper into the core of the target, and a part towards the surface, which provokes its

reflection and transforming it into a tensile wave with opposite propagation direction.

Defects formation Fluence

& . -
4 4 4

Melting and Cavitation and Explosive boiling

resolidification Spallation (material
decomposition)

Fig. 2.1 Mechanisms driving laser ablation as a function of the fluence. For sub-spallation fluences, the system experiences melting and
resolidicitaion. In the case of sub-phase explosion regime, cavitation of the melting region leads to ejection of a liquid layer from the surface of
the target. Increasing the fluence above the phase explosion will eject multiple liquid layers and lead to ablation of the material. Defects are

generated in the melting and resolidification regime.
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In the case of incident laser fluence between surface melting and cavitation/spallation threshold, confinement of the
initial ions system fast heating takes place within the first tens of nanometers from the surface, i.e. 20 nm and 50 nm for
Ni targets* and Cr targets*® respectively, for an absorbed laser fluence higher than the melting threshold for each

material.

Turning to temperature evolution analysis, melting process can be homogenous (classical melting) or heterogeneous
(known as two-stage melting process), strongly dependent on fluence, while remaining below the spallation threshold.
For heterogeneous melting process, it can be divided into two parts: a component of a fast melting process characterized
by homogenous nucleation and development of several liquid layers within the crystal overheated area. The second
component of the melting process, which follows the first component, is much slower, corresponding to the propagation
of a well-defined melting front deeper into the target. The scene of the two-phase melting process has been reported in
various publications for different types of materials irradiated with femtosecond laser pulses in the melting regime. MD

simulations revealed the two-stage melting process for the following targets Ni, Au, Cr and Al*®-53,

The transition between homogeneous (low fluence) to heterogeneous (high fluence) melting process can be described
as follows: in the low fluence regime, the fast homogeneous melting forms liquid/crystal interface within the top tens
of nanometers layers of the target, corresponding to the heated region during initial electron-phonon equilibrium.
Resolidification thus takes place after interface cooling between the melted region and the crystal by heat conduction to
the bulk. In the case of higher fluences, the liquid-crystal interface formed by fast homogenous melting is located deeper
than in the case of low fluence. Heat conduction thus surpasses the interface, rising its temperature, and moves the
melting front deeper in the bulk. Resolidification takes place as soon as the temperature of the melting region reaches a
sub-melting threshold value. In this case, a modification of the propagation direction of the melting front occurs, and

the liquid region starts to shrink.

Further increase in the laser fluence above the melting threshold, while remaining below phase explosion threshold,
results in voids coalescence, a process known as cavitation, and material separation consisting of a melted layer from
the bulk of the material, known as spallation. In fact, the buildup of unloading tensile wave from the reflection of the
compressive wave by the surface of the irradiated target coincides with voids appearance due to tensile wave propagation
in the melted region. Relaxation of tensile stresses lead to nucleation, growth and coalescence of multiple voids in the
liquid zone. Thus the mechanical stability of the region subjected to cavitation becomes weak, which provokes ejection
of a liquid layer from the bulk of the target. The stability of the liquid layer can be disrupted due to the local fluence
variation in the case of a Gaussian beam laser, and dynamics of the spallation process. As a consequence, the ejected
melted layer can be decomposed into liquid droplets®. It should be noted here that photomechanical spallation is a

general process that can be induced on various types of materials.

Fluence increase above the spallation threshold provokes ejection of multiple liquid layers or droplets from the surface
of the target. The surface layer of the target is significantly overheated. Here we remain in the spallation regime and the

surface temperature does not reach the temperature required for the onset of the explosive boiling.
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For laser fluences that drive the irradiated surface region to temperature that exceeds the phase explosion threshold®* ,
material ejection that was dominated by photomechanical spallation brought by the relaxation of laser-induced stresses
is controlled by explosive boiling driven by a fast decomposition of the overheated material into liquid droplets and
vapors mixed in an ablation plume. In this phase diagram, it corresponds to material expansion at higher temperature.

In this work, the used fluences presented in this thesis are in the sub-phase explosion regime in order to generate LIPSS.

2.2.4 Transient state of the material

The power of ultrashort lasers generates and modifies the free electron population in the conduction band of the
material. High speed material excitation prevents it from relaxing by thermal expansion and thus allows isochoric
heating of free electrons remaining degenerate at high density. Indeed, the surface-heated layer has a typical thickness
of the order of magnitude of the optical skin thickness, which is about 10 nm for most metals. The displacement of this
surface layer during 100 fs is given from the speed of expansion, close to the sound’s speed (~5000 ms?) in the solid.
For an electronic temperature typically of the order of 5 eV, the displacement is approximately 1 nm, which means
increasing the distance between each atomic layer by 10%, typically ~ 0.3A. The isochoric heating appears to be a
legitimate approximation. In the regime of solid-density electron heating, the kinetic energy of the electrons is of the
same order of magnitude as the electronically potential energy, which corresponds neither to the conventional matter
nor the plasma physics regime (weakly coupled). Recently, the term Warm Dense Matter (WDM)>>*" has emerged to
describe this boundary state between the two domains. The density of the matter goes from an order of magnitude below
that of the solid (po/10) to a dozen times its value (10 po). The temperature varies between 0.1 and a few tens of eV. In

this regime, matter is often degenerate, strongly coupled and non-ideal.

Fig 2.2 illustrates the features of the thermodynamic regime achieved in the applications of interest. It is obvious that
we are in the WDM regime, at least during the solid-phase electron-phonon non-equilibrium phase, or plasma-electron

phase.

Most specifically, with the fluences involved in our experiments (< 2 J/cm?), we do not exceed a Te temperature of 3 eV
and a plasma temperature T; of 0.5 eV. The majority of processes that interest us are controllable by modifying the
pulses temporal duration up to a few tens of picoseconds. On this time scale, the surface relaxes and reaches densities
close to the critical density per. The zone corresponding to the formation of laser-induced periodic surface structures
(LIPSS) is located at the solid-liquid transition and, in the current state of our knowledge, is not supposed to go beyond

the liquid-gas binodal line.
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Fig.2.2 Thermodynamic diagram representing the transient phases reached by the material, as a result of an ultrashort laser irradiation. The zone
of interest in this work is highlighted by the blue and yellow circles, where LIPSS formation occurs after solid-liquid transition.

2.3 Generation of crystal defects irradiated by short laser pulses

Laser-induced surface modification is in the center of many novel processes and fabrication methods, including
for example laser surface annealing, hardening and alloying®-®*. Surface properties enhancement is brought out by
changing the structure and composition of a surface layer done by the generation of metastable phases,
creation/annealing of crystal defects, grain refinement and redistribution of the elements mixture. We have seen in
section 2.2 that the interaction between ultrashort laser pulses and a metal surface starts when free conduction band
electrons transiently absorb energetic incident photons, leading to a sharp rise in the electronic temperature. Energy is
then conducted deeper into the irradiated material by the excited electrons, bringing the electron-lattice system into
thermalization through electron-phonon coupling on the picosecond timescale?®. Thus a rapid melting and
resolidification involving crystal defects generation are produced by lattice heating, occurring on the timescale ranging
from hundreds of picoseconds to nanoseconds. For multiple laser pulses, accumulated damage exhibits through slip
bands formation, surface roughening growth and corresponding surface reflectivity modification®?¢2,

2.3.1  Brief history

In 1982, a study lead by C.D. Marss and al.®* revealed slipping on metal surfaces (Mo, Al, and Cu) irradiated by

femtosecond laser pulses at 492 nm. They showed that the slip threshold is related to the intensity of the mechanical
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stresses and the absorption coefficient of the metals®. The thermodynamic model of Sparks and Loh® was applied in
order to study single-pulse laser induced defects. One year later, Koumvakalis, Lee and al.®? have explained that
localized surface defects and impurities on diamond-turned copper and silver are responsible for the single-pulse damage
threshold, whereas the accumulation of mechanical strain induced deformations is responsible for the damage threshold
for multiple pulses. Following that year, in 1984, Cullis and al.®® studied the influence of crystalline orientation on Si
growth in the melting regime. They found that defects as twins and amorphous phases can occur on the (111) orientation.
If the resolidification rate is driven beyond the maximum velocity growth, defects are formed on all orientations. In
1988, Jee and his coworkers®” investigated single-pulse defects on monocrystalline metals, such as copper and
aluminum. They revealed that the damage fluence depended strongly on the crystalline orientation. For Cu and Al, the
threshold damage of the (111) orientation is lower than that of the (110) and (100) orientations. (111) oriented planes in
fcc materials are more subject to form crystal defects?®®’, and are less resistant to plastic deformation. Furthermore,
they showed that the damage threshold decreases by increasing the number of laser pulses impinging the surface of the
metals. It was also found that in the ‘submelting’ regime, below melting fluence threshold, material damage can be
caused by laser irradiation through thermal stresses®’. Later that year, Yater et al.%® have found that (111) orientation
promotes the formation amorphous layers on Si. The amorphisation behavior of the (110) and (100) orientations is
similar, in contrast to the (111) orientation which exhibits a different resolidification mechanism with inherent instability

in the solid-liquid interface.

At higher laser fluences, above the melting regime, a rapid melting followed by epitaxial resolidification of a thin surface
layer can take place. As a consequence, high density of crystal defects is generated, i.e. stacking faults, vacancies,
interstitials, voids, dislocations and twin boundaries'*-"*, For further increase in fluence, surface morphology can
undergo considerable structural modifications. We can cite the generation of nanocrystalline surface layer, surface
nanospikes characterized by pentagonal twinned structural elements’" as well as subsurface voids generation captured
by a fast advancing solidification front”. In this regime, microstructural modifications can be prolonged down to a
significant depth below the irradiated surface, where dislocations and deformation twins can be produced by laser-
induced shear stresses, in regions far below laser melting front and ablation. Twinning was revealed on a work carried
out on Ni materials’, in which a relationship between melting/resolidification process and HSFL formation was
established. Melting process was highlighted by nanometric lamellar structures generation (twins, epilayers) on the Ni
surface irradiated region. In the multiple irradiation regime, the appearance and growth of HSFL parallel to electric field
laser polarization is observed in the thick twin domains in the center of the impact, which support the connection between

melting, high degree of supercooling and HSFL generation.

2.3.2  Types of defects

Imperfections and defects in crystalline materials are normally classified corresponding to their dimensions as
follows: zero dimensional defects known as point imperfections, i.e. vacancies and self-interstitials, one dimensional

defects known as line imperfections, i.e. edge and screw dislocations, two dimensional defects know as plane/surface
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imperfections, i.e. stacking faults and twinning and three dimensional defects known as volume imperfections, i.e.

inclusions and voids.

Regarding point defects, they consist of a missing atom or an atom present in an irregular place in the crystal structure.
For self-interstitial for example, as shown by the red circle in fig 2.3a, it is an extra atom that has crowded its way into
an interstitial void in the crystalline structure. These types of defects only take place in metals exhibiting low
concentrations as they distort and significantly stress the tightly packed lattice structure. Vacancies are unoccupied

positions.
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Fig 2.3 Schematic representation of (a) different point defects in a crystal, where number 1 designates a vacancy and number 2 represents a self-
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interstitial, circle marked by the red color and (b) dislocations™ .

They are usual, especially at high temperature conditions where atoms randomly diffuse leaving behind empty lattice
sites. A disturbance of the long-range stacking sequence can promote two other usual types of crystal defects, as stacking
faults and twin domains. A stacking sequence modification over a few atomic spacings can generate stacking faults,

while a modification over many atomic spacings forms a twin domain.

2.3.3 Dislocations and plastic deformation

A random deformation of a material can be always understood as the sum of a modification in volume and shape
at constant shear. If we suppose that the crystal structure is constant, volume modification is recovered when the load is
suppressed. In fact, the atoms can merely relax back to their equilibrium sizes. Conversely, shape modification, may or
may not be restored, since relaxation of the atoms drive them into new displaced positions configurationally similar to

their original sites. Plastic deformation is a continuous modification in shape as a result of a shear.

There are three common ways describing a crystal shape modification under a constant volume. First, single atoms can

be displaced by diffusion process, known as diffusional creep’’’. As a result, the crystal can become more or less longer
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according to the directional flow of atomic diffusion. Second, all the atoms in the crystal can move at the same time in
order to accomplish the shear. For example, in mechanical twinning”, one part of the crystal, which is homogenously
sheared, stays atomically linked to the residue along a mutual twin plane. Third, and most frequently, atomic planes can

slip over one another like cards in a deck, causing the growth of an overall localized shear within definite planes®.

In the frame of a perfect crystal, displacing an atom initially at a position r by a distance of about R(r) from its site means
that the crystal is subject to a strain . If the crystal is then strained, it is likely to be exposed to a stress o. Hence, a
crystal deformed under a tensile stress yields plastic deformation occurring by slip on well-defined set of parallel
crystallographic planes, referred to slip planes, which modifies the geometry of the sample. Slip always occurs along a
regular set of directions within these planes, known as slip directions, which must lie in the slip plane®.-82, Thus a slip
system consists of slip planes and slip directions combination. When the shear stress, proceeding along the slip direction
on the slip plane, reaches a critical value, slip takes place. This critical shear stress is linked to the stress required to put

dislocations in motion across the slip plane.

Direction
of force Applied tensile stress  Resolved shear stress
A F Slip plane .
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Fig 2.4 Applied shear stress induced plastic deformation (a) Unslipped single crystal fixed at top end and single crystal after plastic deformation

by tensile stress in the direction of the pink arrow. Slip occurs on distant parallel planes (b) Slip plane and slip direction (c)

The necessary applied stress to launch plastic deformation of a material under a tensile load is called the tensile yield
stress. Equation 2.2 states the relation between the tensile yield stress Tr and the shear stress o acting along a slip

direction.

resolved force acting on slip plane

slip plane's area

Tr = ; COSACOS (@ = 0 COSACOS P (2.2)

Where F corresponds to the resolved force acting on slip plane, A the slip plane’s area, A the angle between F and the
slip direction, and ¢ the angle between F and the vector normal to the slip plane. For a material with a fixed dislocation
density and purity, the value of Tr at which slip occurs is found to be constant, known as the critical resolved shear

stress Tc. This is Schmid’s Law®3-8°,
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Tc=ov cosAcos @ (2.3)
The cos A cos ¢ product is known as Schmid factor M.

In a given crystal, many available slip systems can be active®. As the tensile load’s magnitude increases, the resolved
shear stress increases on each system until eventually Tc is reached on one system. Thus the crystal begins to plastically
deform by slip on this system, referred to primary slip system. The stress required to cause slip on the primary slip
system is the yield stress of the single crystal. As the load is increased further, Tc may be reached on other slip systems,
which begin then to operate. From Schmid’s Law, it is apparent that the primary slip system will be the system with the

greatest Schmid factor.

Slip is a plastic deformation mode. A second deformation mode, known as twinning'78-8 is observed for certain metals,
especially hcp®® and fcc!“ crystal structures. During slip process, a considerable displacement is observed on planes quite
apart from each other. During twinning, a partial displacement successively occurs on a high number of contiguous
planes. In addition, in the context of our work, a detailed analysis of the structural modification on a bcc target irradiated
by femtosecond laser pulse was performed in collaboration with Zhigilei group™ based on large-scale-atomic level
simulations. It was found that laser energy deposition which produces a combined effect between fast temperature
variation and significant thermoelastic stresses yielded both transient structural modification, i.e. high density of
stacking faults along the {110} oriented planes and the generation of permanent crystal impurities in the sub-surface

region of the irradiated crystal, i.e. high density of vacancies, interstitials and dislocations™.

2.4  LIPSS formation approaches

2.4.1 Brief History

Considering LIPSS discovery by Birnbaum in 1965%, their examination has developed into a scientific
evergreen®, After irradiation by a focused ruby laser beam, Birnbaum announced LIPSS formation on monocrystalline
polished germanium surfaces. He addressed their generation to a diffraction effect and considered that the surface
regularity of straight lines is triggered by material removal at the maxima of the electric field intensity®’. In 1973, a few
years later following Birnbaum’s discovery, Emmony and al. stated that the interference between incident laser beam
with scattered wave at surface defects centers and scratches is behind LIPSS formation®. For systems generating trains
of laser pulses, it becomes apparent very quickly that laser fluence and scanning velocity/number of pulses impacting
the surface play a key role by controlling LIPSS occurrence experimentally, apart from laser wavelength and electric
field polarization direction. In the early 1980s, experimental results obtained by Keilmann and Bai led to a new
explanation regarding ripple formation process. They established the central role of propagating electromagnetic surface

waves, polaritons, interfering with the incident laser beam®. Nearly in the meantime, two research groups around Sipe
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and Siegman reported separately extended theories, discussed in the following section, concerning LIPSS formation®92,

where this terminology has been launched to the literature in 1982 by Sipe and his group®.

2.4.2  Analytical and dynamical approaches

Based on a sequence of three pioneering publications®:*+*, Sipe and his co-workers investigated the interaction
of an incident electromagnetic wave with a microscopically rough surface theoretically and experimentally, by
launching the so-called efficacy factor n. This model proposes to separate the solid into two parts: a thin layer consisting
of surface irregularities and a bulky material. It suggests that the size of the thin layer is small with respect to the laser
wavelength. This hypothesis is consistent with polished materials and a laser wavelength of about 800 nm. Sipe theory
assumes transverse variation of an initial random surface, which can be decomposed analytically into a sum of individual
spatial frequencies. It is possible to calculate the amount of light diffracted by each of these frequencies below the
surface. Thus the total intensity on the material results from the superposition of the primary laser radiation and the
scattered waves by surface roughness centers. This model consists of spatial frequency determination of the initial
surface variation which will undergo a more or less high growth rate. The efficacy factor is thus calculated for each of
the frequencies and is generally represented in reciprocal space (ky,ky). The latter serves as a scalar function proportional
to the inhomogeneous energy deposition into the irradiated target®®, and describes the efficacy of the surface roughness
in triggering inhomogeneous absorption of radiation. The classical model strengths lies in its remarkable ability to
predict possible ripples wave vectors k of the surface, with k equals 2r/a and A equals A/n where n is the index of the
material and A LIPSS periodicity. The orientation and angle of incidence 6 dependence is also correctly described. The
efficacy factor theory is actually the most universally accepted theory of LIPSS which clearly involves surface-scattered
electromagnetic waves (SEW), and does not include any feedback mechanism. Nevertheless, if LSFL are rather well
described, HSFL and grooves are not rendered properly®®-°, Hence transient modification of the material and optical
properties must be taken into account. Bonse and his co-workers proposed a dynamical approach by combining the
classical Sipe model and the Drude model importing the optical properties of solid excitation by laser radiation. On one
hand the Sipe-Drude model*® states that a strong absorption due to the interference between the incident and scattered
electromagnetic waves on the surface triggers LSFL formation, and on the other, it provides an explanation of the periods
lower than the laser wavelength by a transient change in the optical properties of the material*-1%, Thus this model
takes into account the extremely intense nature of the interaction with ultrashort laser pulse, where Sipe model is applied
to a material whose dielectric constant has been modified in order to involve the effect of the excited electronic gas'®.
This approach suggests that intense femtosecond pulses can induce a change in the refractive index due to the transient
generation of quasi free electrons in the solid conduction band. Nevertheless this model has some limitations because
some results are hard to explain. This is the case of the capillary wave, structures parallel to the laser polarization with
periods ranging from 1.1 to 2 um, observed during a higher fluence irradiation. These structures certainly result from

the interaction between two surface waves propagating with certain angle. However, the question remains open as to
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the phenomena leading to the creation of these two waves. Furthermore, the near-field is not well reproduced as the

selvedge is not well described.

2.4.3  Self-organization approach

The classical approach considers that a modulated energy deposition due to some optical interference, is imprinted
into an induced ablation pattern leading to a modulated surface morphology, where the ripples formation process is
lithography-like. This model supposes a passive contribution of the irradiated material. Another approach, known as
self-organization model, developed by Reif and his co-workers, considers the dynamics of the interaction between
ultrashort laser pulses and the irradiated material, inspired from an adopted surface erosion model, in particular energetic
ions induced surface sputtering. In this case, the irradiated target plays an active role: the physical mechanisms of
ultrashort laser ablation implies the generation of a significant instability in the laser-affected spot. It should be noted
that femtosecond laser ablation is a pulsed process, in contrast to surface bombardment with an energetic ion beam,
where surface instability is reached continuously after direct ions kinetic energy transfer to the lattice. Thus laser energy
deposition and desorption/rearrangement of massive components are temporally separated. After being focused onto the
target, energetic photons promptly excites electrons in case of multiphoton excitation, where their emission is
considerable observed during the pulse, which yields to crystal binding perturbation and softening!® through
redistribution of the absorbed energy. As a result, crystal lattice is destabilized and perturbed on a time scale of about
100 s, Furthermore, individual elements, e.g. ions, atoms and clusters, are emitted (coulomb explosion) driving the
surface equilibrium order into distortion. The system is then sorely unstable and far away from thermodynamic
equilibrium. The relaxation of the nonequilibrated system pushed by an abrupt gradient in lattice order takes place on a
short timescale via macroscopic material ejection and surface reorganization. A competition between surface erosion
and atomic diffusion result in a surface instability associated with reorganization of the irradiated target, thus triggering
surface pattern formation. In this approach, the laser electric field polarization, which is considered as a control
parameter, breaks the distribution symmetry of the initial electron kinetic energy and modifies the excitation flow
probability, aligning ripples according to the principal direction of the energy transfer. In other terms, laser polarization
controls ripples orientation by an anisotropic energy deposition. In addition, contrary to the classical theory where LIPSS
periodicity are influenced by the angle of incidence and laser wavelength, Self-organization model considers that ripple
periodicity depends only on the laser fluence coupled into the material and the corresponding surface self-diffusion

factor.

2.4.4  Electromagnetic approach

While the self-organization model suggests that an unstable surface region, reached by crystal binding
perturbation and softening, induces a high degree surface instability which relaxes via self-organization and triggers the
spontaneous formation of self-organized surface pattern in the laser-affected region with a periodicity defined by the

instability Eigen modes, the electromagnetic model states that LIPSS are fingerprints of light localization. Finite
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Difference Time Domain (FDTD) approaches®%1%1% have been deployed over the past few years to evaluate the spatial
distribution of the electromagnetic field at the surface of the irradiated target, and thus highlight the effects of
polarization and surface roughness on LIPSS formation. Early studies'®'% proved to be very promising to overcome
Sipe’s calculations for LIPSS generation, extending the zoology of possibly formed structures of electromagnetic origin.
In fact, the efficacy-factor theory has various drawbacks: the transient modification of the material’s properties during
laser pulse irradiation, the interpulse feedback mechanisms and the dependence on the pulse duration itself, remain
unsolved and are not considered in the theory. While this issue was partially solved by Dufft'®, Bonse and their co-
workers* by introducing the Sipe-Drude model, the FDTD is employed for further investigation. In the FDTD method,
in order to account for interpulse feedback processes, each incident laser pulse is considered to modify the surface
roughness by ablation (referred to holographic ablation model, developed by Skolski and his group), according to the
profile of the absorbed energy. The results quoted as FDTD-feedback simulations, state that LIPSS formation can be
well understood in the frame of electromagnetic theory, where LSFL, HSFL (in particularly HSFL orthogonal to laser
polarization which is a striking result) and grooves develop in the simulation domain. Another study aims to complement
skolski’s approach by integrating a change in the optical and topological properties of the material. Optical indexes
modified by the change of the electronic structure via Ab-initio in a 3D-FDTD calculations were inserted'° . In the case
where a variation of the optical index is neglected, it was shown that HSFL parallel to laser polarization are almost as
marked as the LSFL. Conversely, in the calculations made from the indices strongly modified, LSFL are exalted by
surface plasmon excitation and HSFL are not very visible. It was demonstrated that the formation of LIPSS is
intrinsically related to the coherence of the laser by randomizing spatial phase in generating finite domains of ripples®!!L,
It was revealed that LSFL are generated via the interference between the incident wave and the far-field scattered wave,
whereas HSFL are triggered via the interference between the incident wave and the near-field scattered wave®*'t. Thus
an electromagnetic modeling appears to be sufficient to predict accurately the periods created. Many investigations are
possible regarding the effects of energy deposition dynamics. A transient change in the electronic temperature and the
optical index can be taken into account during calculation, via an electronic temperature in the first surface cells. A
gradient of thermal and optical properties would be taken also into account. From a surface modulation following that

of the energy deposit, the feedback effects could be much more widely studied.

2.4.5 Surface plasmons as initiators of inhomogeneous laser energy deposition

A surface plasmon is an electromagnetic wave resulting from a collective oscillation of free electrons located at
the interface between two different mediums, such as the interface between a metal and a dielectric (air for example).
This results in a drop in the reflectivity of the metal due to an incident beam energy transfer to the free electrons near
the metal/dielectric interface when the coupling conditions are satisfied. These modes have the property of concentrating
the electromagnetic energy in regions far below the diffraction limit. This open possibilities in nanophotonics!*213, The
resonance of plasmons depends on various parameters such as the nature of materials: noble metals (gold, silver, nickel)
are often used in practice for their interesting optical behavior (low plasma frequency) and the possibility of plasmonic
excitation in the visible wavelength range. Plasmon excitation leads to a strong absorption and local electromagnetic
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field exaltation. Plasmonic modes began to attract interest from the beginning of the 20" century (Zenneck 1907, Mie
1908, Sommerfeld 1909). Then in 1968 Otto'* shows that the total attenuated reflection can provoke excitation of these
surface waves. Kretschmann and Raether™ obtained the same result from a different configuration of the attenuated
total reflection method. These studies made it possible to progress in the area of surface plasmon, particularly in the
context of the characterization of thin films and the study of processes occurring on metal interfaces. Recent advances
in the various fields of application such as structuring, manipulation and observation at the nanoscale help to revitalize

this area.

For materials exhibiting strong absorption, i.e. semiconductors and metals, LSFL are usually formed with an orientation
perpendicular to laser polarization, with periods close to the laser wavelength, deviating slightly of about 10% (Arse. =
A). It is widely accepted that these types of structures are triggered by interaction between incident laser pulses and an
electromagnetic scattered wave by the roughness centers, which may involve the excitation of surface plasmon
polaritons (SPP)°:116-120 " This excitation channel is of high interest since non-active materials (dielectrics and
semiconductors) with initial plasmonic behavior can be transformed transiently into metallic state, which satisfies SPP
excitation conditions [Re(g) < -1], once the density of the conduction band electrons exceeds a critical valug!6-118121.122
For clarity, the LSFL periodicity is often directly related to the SPP wavelength (ArsrL=Aspp) in the LIPSS literature!?,
In the well accepted SPP model of a plane metal-dielectric (air) interface under normal incident laser irradiation, the
SPP period Aspr is connected to the bulk dielectric permittivity ¢ via ALsri= Aspp= A x Re {[(e+1)/e]V2}120123124 For
low number of laser pulses, the LSFL and SPP periods can be concurrent as the surface corrugations are still quite small
(depth d << ). Nevertheless, it should be highlighted that the simple expression of Aspp is not satisfied once an adequate
deep surface relief is generated'’3. In addition, the positive feedback multipulse regime notably affects the LSFL

formation. Therefore the validity of the SPP model has to be taken carefully into consideration.

2.4.6  Capillary scenario and triggering of surface instability

In order to complete our comprehension regarding periodic surface structures phenomena on laser irradiated
surface of metals, taking into account that a purely electromagnetic vision of the energy deposit is not enough to explain

the observed growth, a subsequent step involving a movement of matter in liquid form is part of studies in progress.

A theoretical analysis of coupled phenomena was undertaken, first by evaluating the characteristic times of the different
effects, and more precisely by a linear stability analysis of the free surface, and finally by a one-dimensional model
integrating plasmonic, thermal and hydrodynamic effects!?>12%, It was shown that the characteristic times of certain
effects that can destabilize the transient fluid layer are less than the resolidification time. The plasmonic effects lead to
a spatial structuring of the temperature field at the very first moments after laser pulse, as well as a pressure global pulse

that can give rise to a strong transverse acceleration of the interface.
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Fig. 2.5 Illustration of fluid flow by Marangoni effect from hot zones to cold zones, initiated by a modulated laser energy deposition*?.

The hydrodynamic effects are mainly related to the dynamics of the free surface of a thin liquid layer treated in the slow
slop approximation (lubrication). The dependence of the surface tension with the temperature is supposed to lead to
material flows of Marangoni type with a characteristic time Ty which can be written as follows:

Ry AT

T ~160
™= 419T

(2.4)

where hn is the liquid Nickel thickness, ¢ its surface tension, 1 the dynamic viscosity, A the period of the dynamic
viscosity and AT the superheating within this modulation. It was estimated that Tr equals 18 ns!?"1?¢ and that the
accumulation of 20 pulses was necessary to modify the topography of a metal accordingly, given the short life of the
liquid layer, estimated at less than 1 ns'?,

2.5 Feedback regarding LIPSS formation

In spite of the fact that a single pulse can optically interfere with a scattered wave triggering LIPSS
formation!'®12° noticeable and well-aligned LIPSS are usually generated in the multipulse regime. The first pulse
impinging the surface yields roughening of the surface for the following laser pulses, where the new distribution of the
roughness centers gains particular spatial frequencies for better radiation absorption. During exposure to multiple laser
pulses, via positive feedback, LIPSS pattern is formed by certain suitable spatial periods. Fig 2.6 assembles feedback
processes regarding LIPSS generation, which can take place during a single pulse duration time (intrapulse effects), or

which may take place during consecutive pulses (interpulse effects).
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Feedback mechanisms regarding LIPSS formation

Intrapulse regime Interpulse regime

- Optical features modification - Topography modification
- SPP excitation - Structural modification
- Nonlinear effects - Chemical modification
- Transient defects generation - Self-organization
- Inhomogenous laser energy absorption - Incubation effects

Fig. 2.6 A summary that assembles feedback mechanisms that can occur in the course of LIPSS formation, which can take place during a single
pulse duration time (intrapulse effects), or which may take place during consecutive pulses (interpulse effects).

Intrapulse regime can involve transient modification of the optical properties of the irradiated material®23%13 surface
scattered electromagnetic waves SEW excitation®132133 stimulation of transient defects states i.e. stacking faults and
self-trapped excitons in dielectrics®®, non-linear effects i.e. second harmonic generation, and spatially
inhomogeneous absorption*. LIPSS control is influenced by the directional scattering and field enhancement
features®® following SEW stimulation during the laser pulse irradiation. In 1982, Fauchet and Siegman observed that
LIPSS can be ‘coherently connected’ when the laser spots overlap spatially**’, upon line scanning across a germanium
wafer surface by focusing ps laser pulses. Lately, Ruiz de la Cruz and his colleagues revealed that the regularity of LSFL

on Cr films can be remarkably mended if the laser beam scanning direction is perpendicular to its polarization®®,

Interpulse regime impacts morphologies of the irradiated surfaces via ablation®® or hydrodynamical melt flows®139.140,
structure distortion of the material at the surface between amorphous and crystalline states®®141142_ altering thus optical
constants. In addition, incubation effects promoting stable defects states*3, decreasing the damage thresholds as
investigated by Yee and his colleagues®’, chemical reaction with the ambient environment, i.e. oxidation®!#4145 and self-
organization involving a competition between surface erosion and atoms scattering are also practicable’. Huang and his
coworkers proposed an interpulse feedback process suitable to LSFL control, by analyzing the resonant coupling of the
laser-induced pattern period to SPP8, It was shown that an increase in the scanning velocity/incident number of laser
pulses lead to LSFL period decrease. In fact, the deepener of LSFL relief following irradiation by few laser pulses leads
to a shift of the SPP’s resonant wavelength, reducing thus LSFL periods.

2.5.1 LIPSS morphology dependent on irradiation parameters

As discussed in the previous sections, the fastest and direct method for experimentally LIPSS processing and

control is feasible by multiple single-pulse irradiation sequences. LIPSS growth can be manipulated via laser wavelength
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A, the angle of incidence 0, the electric field polarization state and peak fluence @o, the scanning velocity or the number

of laser shots N impinging the surface, and the ambient medium’s refractive index no.

Local fluence of the laser Gaussian beam has a significant influence on LIPSS, as shown in fig. 2.7.

0.28 J/cm?

0.33 J/cm?

Fig 2.7 SEM images of different sites irradiated by different number of laser pulses and different fluences in order to show the evolution of LIPSS
topology on Cr (100) orientation. The red arrow bar shows the incident electric field polarization. 0.28 J/cm? corresponds to a fluence below the
single-shot ablation threshold, while 0.33 J/cm? represents a fluence above the single-pulse ablation threshold, which is 0.3 J/cm?2.

It is widely accepted that LSFL period is linearly proportional to the laser wavelength A se = C.X, despite the fact that
the slope C is related to the given material properties and laser irradiation conditions, as indicated in ref.}214¢, LIPSS
periodicity dependence on the angle of incidence has already been reported in ref, 9:92182.133.147.148 Taking into account
the state of incident laser polarization (s or p) and the angle of incidence, LIPSS periods was found to follow the relation
AvrsrLp= M[E =+ sin0], and ArsrLs = M[E - sin?0]Y2,where & equals [Re(e)|/[|[Re(e)|-1]**. In the frame of strong absorbing
and materials exhibiting plasmonic behavior, these equations are reduced to Arsrip= A/[1 £ sinB] and ArsrLs = A/cos0,

as investigated theoretically by Sipe and his coworkers in the efficacy factor model®.

Considering laser fluence, different types of LIPSS can be generated on the same solid. In ref. 97122149150 several authors
has studied the influence of local fluence on LIPSS periodicity. It was revealed for most materials that LIPSS period
increases moderately with fluence. In addition, the number of laser shots N is another parameter which has a tremendous
impacts on LIPSS periodicity. Increasing N leads to a decrease in Arsr. by several 10% on metals and
semiconductors®18151 This effect can be explained by the high positive feedback of interpulse and intrapulse number,
as discussed in the previous section. It should also be noted that the various articles dealing with the subject mention
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that the formation of LIPSS is reached only after several sets of incident pulses!®. Nevertheless, colleagues at the

Hubert-Curien laboratory demonstrated the observation of LIPSS with a single laser pulse!.

Beside laser parameters and material properties, the ambient medium can affect the LIPSS period. For example, it was
shown that Aise. decreases by a factor ranging from 0.1 to 0.4 for irradiation in liquid, with an invariable LIPSS

orientationt2-154,

2.5.2 lrradiation by a train of double pulses

In the frame of continuous wave and pulsed lasers with pulse duration ranging to nanoseconds, there’s a temporal
overlap between laser energy absorption and material removal. Femtosecond and picosecond laser processing define in
timescales a debatable question whether mechanisms yielding LIPSS formation starts in the early stage (assumption I)
of laser energy deposition to the solid or at an ulterior time where self-organized reorganization of material begins
(assumption I1). In order to answer this question, two harmonious approaches had been addressed: the first approach
sheds light on temporally beam shaping in order to tailor the deposition of optical energy (i.e. double-pulse experiments
in the femtosecond regime, where the 2 pulses of a sequence having equal energies), while the second approach carries
time-resolved experiments (pump-probe experiments, where the energy of the pump pulse is higher than that of the

probe pulse) to study the ultrafast dynamics of LIPSS generation.

Assumption | is evidenced by the first approach, by installing a Mach-Zehnder interferometric, in order to produce
double-fs-pulses™. Kim et al. have demonstrated that LIPSS formation is due to the collective oscillations of hot
electrons on the surface of the material*®. Sending a subsequent pulse disturbs these oscillations for a time less than that
of hot electrons energy transfer to the cold ions. Mindaugas et al. have evidenced the existence of three fluence and time
delay regimes between the two crossed polarized pulses, for which LIPSS period evolves linearly®®’. In addition, they
revealed that the characteristic modification of LIPSS periodicity and orientation is second pulse dependent 7. Hashida
and her coworkers testify that LIPSS orientation follows the sum vector of the electric field of the two laser pulses
impinging a titanium surface, where the fluence of each pulse was set below the multipulse damage threshold, i.e. only
the joint action of both pulses yields LIPSS structuring'®®. LIPSS orientation characterization was described by a multi-
photon process on the surface of the metal. Bonse et al. have extended the single color studies into a two-color scheme
using parallel or crossed polarized ultrafast double-pulse sequences?*%°. The evolution of LIPSS (LSFL) morphology
as a function of time delay has been investigated on three types of materials: dielectrics (Fused silica), a semiconductor
(silicon) and a metal (titanium). For LIPSS formation, different behavior was observed depending on the material. LIPSS
morphology dependence on the time delay for silicon and titanium can be explained by a plasmonic mechanism. In
contrast to semiconductors and metals, a different non-plasmonic mechanism is at the origin of LIPSS on dielectrics,
where the first pulse generates a spatial modulation of the conduction band electrons, while the second pulse amplifies
this distribution. It was also shown that for plasmonic materials, LIPSS morphology is determined by the second pulse

of the sequence™®. Besides the double-pulse features (state of polarization, time-delay, energy ratio) influence on the
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final direction of LIPSS, ripples covered-spot area was studied®®. In the context of sub-threshold irradiation conditions,

the ripples-covered surface area exhibits a monotonous decrease with the time delay.

2.6 Mesoscopic aspects: Influence of crystalline orientation on LIPSS and
defects

In the context of periodic surface structuring, irradiated material characterization has not been relatively studied
a lot on a mesoscopic scale by LIPSS community. Few studies had been initiated on metals, whereas such
characterization can provide rich information on the local thermodynamic history undergone on the first nanometers
beneath the surface, affected by nanostructures formation. An electron backscatter diffraction (EBSD) is an efficient

tool enabling visualization of deformations induced in crystals that had undergone strong constraints.

The effect of the crystalline orientation of the irradiated material on the formation LIPSS for polycrystalline nickel
samples has been published?®. This original work explains the inhomogeneity of the formation of structures on the
surface of a metal irradiated by a small number of pulses. This locally non-uniform formation is attributable to the
singular responses of the different crystalline orientations present on the surface. Figure 2.8 summarizes some results
obtained in this work where the comparison of SEM images (a) and EBSD (b) taken on the same sample of irradiated
nickel clearly shows a disparity of the structure dependent on the grain considered. The lower part of the laser impact
corresponds to an oriented crystal (111) while the other two grains have oriented planes (213) and (215). Three particular
areas were magnified to observe the presence or absence of LIPSS, in the grains or in the vicinity of a grain boundary.
This result indicates a high dependency in the crystalline orientation, the oriented plane (111) appearing less favorable
than the others for the formation of LIPSS on its surface. Figure 2.8c shows results reinforcing this observation on
another impact with crystalline planes of directions orthogonal to (111), that is (100) and (110). This impact was
analyzed by HR-EBSD (figure 2.8d), revealing a more pronounced disorientation for (111) than for the other plans. This
means that the defects formed are more important for this plane than for the other planes. In other words, a competition
seems to be played between the absorbed laser energy converted into crystalline defects or in the form of periodic surface
structuring, potentially possible when a solid-liquid phase change occurs. The higher density of defects observed for the

crystalline plane (111) has recently been attributed to the formation of twins4,
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Fig 2.8 (a) SEM image of a site irradiated with 20 laser pulses at 0.3 J/cm2. b) EBSD mapping where the color depends on the crystalline orientation
with respect to the normal to the surface?. The indices corresponding to the crystalline planes are indicated. Each numbered region is visible in
the insets of the figure on the left. (c) SEM image of a site irradiated with 18 laser pulses at 0.38 J/cm2. (d) Local disorientation mapping by EBSD
indicating greater distortion of the crystal planes (111)% . (c,d) clearly illustrate the competition between the formation of LIPSS and the

accumulation of defects?® .

A first in-depth study of crystalline lattice rotation levels® was first undertaken for different zones in the formed
structured and the associated sub-layer after cross-section focused ion beam (FIB) cutting. The local disorientation of
crystalline planes is shown in figure 2.9, where the false color mapping shows an inhomogeneous disorientation of about

2.5° (in green) ranging punctually up to 3°.

T1B Cross-section

Fig. 2.9 (a) Performing focused ion-beam (FIB) cut to access LIPSS cross-section characterized by high resolution electron backscatter diffraction
HR-EBSD. (b) Strong disorientation is observed in both ridges and holes. (c) Dislocation density mapping evaluated by the GND method. In the
extreme surface region, the dislocation density is evaluated at 10 m2, which can correspond to the liquid-solid transition zone estimated by a

hydrodynamic density calculation?® .
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A dislocation density mapping carried out by the geometrically necessary dislocations (GND) method enables
association of the observed disorientations with a high local density of dislocations. The density decreases with depth.
Dislocations level estimation makes it possible to correlate the measured defects with the observed topology, without,

however, specifying the origin of these defects, and several other tracks can be taken, apart from those discussed.

2.7 Conclusion

In this chapter, we have recalled the general principles of material laser interaction. In this thesis, we are
specifically interested in metals. We also discussed the mechanisms of femtosecond-metal laser interaction and laser
absorption processes in this case. A presentation of the physical mechanisms leading to laser ablation of metals as a
function of fluence were also discussed. Generation of crystal defects irradiated by short pulsed laser on metals was also
reviewed. Then, we present the main parameters influencing the formation of LIPSS and presented some hypothesis
explaining the mechanisms of the formation of these structures. Finally, we briefly discussed the influence of crystalline
orientation on LIPSS and defects generation, this approach being extended in the following chapters. In the next chapter,
we will begin with a description of the experimental setup used in this study as well as a presentation of the different
instruments employed to analyze our results.
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Chapter 3

Experimental methods

The purpose of this chapter is to describe the different experimental and characterization tools used during the various
experiences performed. The first part is dedicated to sample preparation techniques, i.e. mechanical and electrolytical
polishing, and pointing out the type of targets irradiated in this work. The second part presents employed laser setups
for surface irradiation. This involves generating femtosecond pulses of energy close to the millijoule via the laser system
used in the laboratory, where double-pulse train generation employing a Mach-Zehnder interferometer as well as single
pulse train generation are presented. Laser fluence determination based on Liu method is also discussed. In order to
characterize microstructural defects generated beneath the surface, electron backscattered diffraction EBSD performed
at Ecole Nationale Supérieure Des Mines de Saint-Etienne along with transmission electron microscope TEM carried
out at CLYM (Mateis, INSA Lyon) are employed and several corresponding characterization tools are applied and
described. For LIPSS features analysis, atomic force microscope AFM and scanning electron microscope SEM are also
used. Finally, local near-field distribution mapping using photoemission electron microscope PEEM at CEA Saclay is
reported for probing the dynamic of LIPSS formation.
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3.1 Sample preparation

To perform quality and accurate laser irradiation of metal surfaces, it is often not possible to use the sample as it
is. A preliminary phase of preparation is necessary, constituting of surface preparation to reduce the material’s
dimension and to prepare it for irradiation, followed by microscopy studies. The primary objective is to reduce the
micro-roughness and thus drastically limit the risk of adherence of dirt or other deposits, which has the effect of
improving the cleanability of the surfaces and reducing in turn the local absorption. Thus sample preparation is an

essential activity that precedes surface laser irradiation.

3.1.1 Samples

In this thesis, different metals were prepared for laser irradiation in order to study LIPSS formation as well as
defects generation. For laser induced defects dependence on crystalline orientation, 3 chromium monocrystalline
samples having different orientations, (100), (111) and (110), and a chromium polycrystalline were employed. The
choice of body-cubic-center (bcc) Cr samples lies on the fact that these type of materials do not engender twin domains,
as in the case of fcc materials, i.e. Nickel. Thus investigation of laser-induced surface defects and in-depth on bcc
materials reveals other types of defects. For LIPSS formation, bcc (Cr), fcc (Ni) as well as hexagonal (Ti) materials
were used. In order to study crystalline orientation dependence on LIPSS formation, Cr(100) and Cr(110) were

irradiated.

We perform a two-stage polishing for our samples, consisting of a mechanical and electrolytical polishing, described in

the following sections.

3.1.2 Mechanical polishing

For mechanical polishing, the paper we used comes with abrasive particles with fine and controlled particles of
silicon carbide (SiC). If the surface of the sample is not flat, we start with a "coarse" paper, P800, then move successively
to finer grain paper, P1000 and P2500 (Pxxx denotes the European P-grade). Between two polishing papers, we clean
the sample thoroughly to remove any particles from the previous paper that may have become embedded. In general,
we use an ultrasonic bath, then cross the polishing direction: for a given paper, we always polish in the same direction,
and we cross the directions from one paper to another, which allows to highlight the residual stripes of the previous step.

After mechanical polishing, we proceed to electrolytical polishing, described in the following section.
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3.1.3 Electrolytical polishing

Electropolishing consists of removing metal from a piece immersed in an electrolyte of a given composition, into
which passes an electric current. Samples are connected to the anode while the cathode is connected to a suitable
conductor. The electric circuit is completed by an electrolyte in which the two poles are immersed. The applied current
is a direct current. The metal part immersed in the electrolytic bath is positively charged (anode). When applying the
current, electrolyte acts as a "tool" that removes metal ions from the sample. The ions are attracted to the cathode but
most of the dissolved metals remains in solution. Some ions settle in the form of mud on cathodes, which requires
regular cleaning to maintain the performance of installation. Oxygen release on the surface of the metal further enhances
the electrolytic action. It should be noted that electropolishing is a process that does not induce distortion:
electropolished samples are not subject to mechanical stress or thermal stress, as they would be with abrasives.
Electrolytical polishing was performed at Ecole National Supérieure des Mines de Saint-Etienne EMSE. The equipment
is a microprocessor-controlled LectroPol-5 polishing machine, delivered by Struers company.

Before proceeding with electrolytic preparation, the correct method must be selected. Struers equipment offers 10
standard methods for different materials. If none of these methods can be applied to the material, it is possible to select
the correct electrolyte from the Electrolyte Selection list. Once the electrolyte has been selected, the polishing voltage
must be determined. To do this, we will use the scanning function integrated in the electrolytic preparation equipment.
Once the sample is installed on the polishing table, a preset voltage range is scanned to determine the current density
curve. This curve is used to determine the polishing voltage for the polishing or thinning process. The other parameters
to be defined are the polishing time and the flow rate. Once all the application parameters have been set, they can be
saved to the database and reused for further polishing tasks. The polishing of some materials can be done by means of

several electrolytes. The right choice depends on the composition of the material and the desired analysis.

Table 3.1 provides the electrolytical parameters used for polishing Cr and Ni samples.

Sample Time (s) Voltage (V)
Ni 60 25
Cr 40 30

Tab 3.1 Electrolytical parameters used for polishing Cr and Ni samples.
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3.2 Femtosecond laser pulses

3.2.1 Laser chain

The femtosecond laser system used in this work is made up of the following elements: A femtosecond oscillator
that generates ultrashort pulses of relatively low energy (~ nJ) at high frequency (~ MHz) and at a wavelength of 800
nm., a pump laser generating nanosecond pulses at a wavelength of 532 nm and a repetition rate of 1 kHz and an

amplification stage for amplifying the pulses produced by the oscillator at mean of the pump laser.

The properties of the different elements of the laser chain are summarized in Table 3.2. Figure 3.1 describes the

organization of the different elements constituting the amplified laser used in this work.

The active medium of the femtosecond oscillator consists of a Ti: Sapphire crystal. Its optical pumping is carried out
using a Nd: YVO4 Verdi diode whose emission, centered around 1064 nm, is reduced to 532 nm by a doubling crystal
(LBO) which is the optimal wavelength for pumping the Ti: Sapphire crystals. The generation of ultrashort pulses is
based on the compensation between two optical phenomena: the wavelength dispersion and the Kerr effect.

Output pulse
Element Frequency Energy/pulse Wavelength

duration

Mantis oscillator 30 fs 80 MHz 6.25 nJ 800 nm
Coherent )
Evolution 8 ns 1 kHz 20 mJ 527 nm
LEGEND Elite -
Amplificator 35fs 1 kHz 4mJ 800 nm

Table 3.2 Characteristics of the laser chain.

On one hand, the dispersion comes from the dependence of the medium index on the used wavelength. Thus, the value
of the refractive index can vary with the wavelength. In the case of a so-called normal dispersion, the index decreases
with laser wavelength, and the low wavelengths are the slowest during their passage in the crystal. On the contrary, in
the case of an anomalous dispersion, the index increases with the wavelength, and it is the long wavelengths which are
slowed down. In the case of a short pulse moving in an anomalous dispersion medium such as Ti: Sapphire, the edge of

the pulse is shifted to high frequencies while its tail is shifted to low frequencies.
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Oscillator Pump laser
A =800 nm A =527 nm
=100 fs 1=10ns
F =100 MHz F=1kHz
E~nJ E~20mJ

Amplification stage
A =800 nm
=100 fs

F=1kHz
=N

Fig. 3.1 Schematic diagram of the femtosecond amplification system

On the other hand, the Kerr effect characterizes the index variation of a medium subjected to a strong electric field. We
will describe here the optical Kerr effect as it is the intense electric field that is responsible for this index variation. This
is then proportional to the irradiance, itself proportional to the square of the electric field. In the case of propagation of
a Gaussian laser pulse, this phenomenon has two main consequences. First, it induces a self-focusing of the beam.
Indeed, the optical index increases more in the center of the beam than on its edges. This index gradient plays the same
role as a lens and concentrates the energy at the center of the crystal. Then the Kerr effect causes the auto-phase
modulation. When passing a pulse in a Kerr effect medium, the edge of the pulse is shifted to low frequencies while the

tail of the pulse is shifted to the high frequencies.

For sufficient laser energy, the compensation of the anomalous dispersion by phase auto-modulation thus makes it
possible to keep pulses of short duration in the amplifying medium. It is then a question of favoring the pulse modes of
strong energies during the creation of the laser signal. This is possible owing to the self-focusing phenomenon, which
modifies the optical path of the high energy pulses in the laser cavity. It is then a question of optimizing the laser cavity
so that the optical path of the pulse modes is preferred.

The objective is to exploit three properties of Ti: Sapphire: an anomalous dispersion, the optical Kerr effect, and a
LASER potential effect at 800 nm pumped at 532 nm. The signal from the oscillator is sent to the amplification stage
where it is joined by the pump laser. For the pump laser used in this work, the medium consists of Nd: YLF with laser
transition wavelength of 1053 nm. A Q-switch system produces pulses of a few ns duration, clocked at 1 kHz and twenty
mJ of energy for each pulse. The output wavelength, 527 nm, is obtained by frequency doubling. This is optimal for
pumping Ti: Sapphire crystals intended to amplify the femtosecond laser pulses centered at 800 nm. However, the

oscillator signal cannot be directly amplified by the pump signal
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Indeed, the peak power of femtosecond pulses of a few mJ of energy as we want to obtain them is of the order of 10° to
10'° W, exceeding the threshold of damage of the amplifying media used. The system is based on the principle of
frequency drift amplification'®, revealed by the 2018 Nobel Prizes recipients Gérard Mourou and Donna Strickland.
Diffraction gratings at the input of the amplifier disperse the femtosecond frequency signal, in order to temporally stretch
the pulses and reduce their peak power. A compressor composed of gratings whose alignment is electrically controllable

makes it possible to reach the shortest possible pulse duration, at the end of the laser pulse.

The misalignment of this last compression stage also makes it possible to greatly increase the pulse duration of the laser
after amplification. In particular this method will be used to obtain longer pulses, up to ten picoseconds, on the LEGEND
laser. The ejection of the pulse amplified by the laser is performed by means of computer controlled Pockels cells.
Programs provided by the manufacturers allow you to select the number of shots to be made and their rate (maximum 1

kHz, or a fraction of this frequency).

3.2.2  Generation of double pulses train by a Mach-Zehnder configuration

In our work, we generate sequences of one-color double-pulses by using a Mach-Zehnder interferometer. Fig 3.2
represents a scheme of the one-color fs-double pulse experimental setup used in our work. A commercial Ti: Sapphire
regenerative laser amplifier (Coherent) highlighted by the number 1 in the figure provides linearly polarized pulses with
a pulse duration equals to T = 150 fs. The laser operates at a central wavelength of 800 nm with a repetition rate of 1
KHz.

s

i 7 1 A A
F) 1 Fy 1

Fig. 3.2 Experimental setup describing one-color fs-double pulse generation using a Mach-Zehnder interferometer. Number 1 represents the
femtosecond laser system, number 2 the cube beam-splitter and number 3 the focusing lens.

An electromechanical shutter, integrated in the fs-laser system, allows the selection of a desired humber of laser pulses.
A standard Mach-Zehnder interferometer was used to process these single fs-pulses into double fs-pulses sequences,
where Npps represents the number of double pulse sequences. A cube, marked by the number 2, was used to separate

the beam into two parts. In the mobile arm, the beam passes through a computer-controlled linear-translation stage
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(physik instrumente) which allows the control of the time delay between the two pulses. It is an M404.8PD plate
allowing a displacement of 200 mm, which gives the possibility to reach delays between the pulses higher than the
nanosecond. The minimum possible displacement of 0.25 um makes it possible to easily create precise delays of a few
hundred femtoseconds. For polarization and energy control, a half-wave plate with a polarizer inserted in one of the
arms optionally rotates the state of polarization direction and thus generates parallel or cross-polarized one-color double
fs-pulses. Negative delays implies the arrival of s-polarized pulse prior to p/s-polarized pulse. Each pulse of the double
pulse sequence is kept below the LIPSS formation threshold of the corresponding material. Thus the joint action of the
double pulses lead to LIPSS formation. In other terms, ‘sub-damage threshold conditions’ were realized in all cases.

This is schematically shown in fig 3.3.

.
-

Time

Fig. 3.3 A schematic representation of a sequence of double pulses with a time delay At. Each pulse of the double pulse sequence is kept below

the LIPSS formation threshold of the corresponding material. Thus the joint action of the double pulses lead to LIPSS formation.

The collinear double-pulse sequences are focused normally onto the surface of the sample by a lens of 250 mm focal
length, marked by the number 3. The waist radius wo and the ablation threshold for one pulse are quantified in single
pulse experiments using Liu method, described in the following section. All experimental irradiations were done in
ambient air. Careful attention has been paid to the spatial alignment of the two arms, where the two focused spots on

the target’s surface are superimposed.

For single pulse use of the femtosecond laser system without double pulses, it is necessary to hide an arm of the
interferometer or to go through a different optical path. Indeed, when the optical path between the two arms becomes
weak, for delays between pulses less than 300 fs, interference fringes appear. This optimizes the alignment of the device
by making them fully disappear. However, the slightest displacement of the movable arm and its return to the origin can
generate new ones, induced by the roll and the swing of the micrometer plate. The inaccuracy of the return to the origin
of the platinum can also generate fringes of interference to infinity. It therefore seems easier to use only one arm of the

interferometer when one wants to have a single pulse rather than to make long and tedious adjustments each time. Due
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to the temporal separation of the pulses when the arms are not equidistant from the separator, these fringes no longer

appear during the realization of double pulses.

3.2.3 Laser fluence determination: Liu or D2 method

When irradiating a material under conditions that can lead to ablation, the fluence is a paramount parameter. We
define the fluence F, expressed in J/cmz, as follows: the energy per pulse E (the number of photons hf) per unit area
of the laser beam: F = E/Z. For lasers with uniform spatial distribution of energy (excimer laser for example), this

measurement is easy since it is sufficient to measure the surface of a laser impact and the power of the laser.

In this work, the femtosecond lasers used do not have a uniform but Gaussian spatial distribution of energy. It is no
longer possible to simply measure the surface of an impact, which varies according to the total energy of the laser pulse.
The energy ratio of the pulse/ablated surface then no longer makes sense. To rectify this problem, the method proposed

by Liu®®! is used to simply measure the spot size of Gaussian beams.

We consider a Gaussian radial distribution of the beam energy on the target. F. is defined as the fluence at the center of
the spot (peak fluence) and r the distance at the center of the spot. For a Gaussian beam, the beam width, ®, is the
distance to the center of the spot for which the intensity is divided by €2, where e represents the Euler constant. Finally,
we define the ablation threshold fluence of the material Fw, and ri the radius beyond which the ablation no longer takes

place. These different parameters are illustrated in Figure 3.4.

The spatial distribution F(r) of the laser fluence is therefore given here by:

2
12 s

F(r)=F, e 7w = F, e mw? (3.1)

Where 7ir? and no? being respectively the surfaces of the studied zone and the laser spot . We can define the ablated

surface threshold Xy, (corresponding to threshold):

Fon = 2Zw

_th 3 3.2

e (3.2)
Or

hX

However, in the case of a Gaussian distribution, the peak value is twice the average value of the distribution. So we

have an average fluence of Fc = 2 x F. For a single pulse with energy E:

E
F.=2x— 3.4

50



Chapter 3: Experimental methods

Fc
‘<
= i
3 Fih
[
(<5 -
=
LL

Fth/ g2
1

-0 -Tth +n +o
Distance (u.a)

Fig. 3.4: Radial distribution of the laser fluence. Fc represents the peak fluence, while Fth represents the ablation threshold fluence.

In the same way, one can consider the laser pulse of minimum energy allowing to damage the material E:», whose peak

value of the fluence distribution will be solved:

Fo=2x — (3.5)

Thus we obtain:

[INE;. — InEy] (3.6)

N M

Liph =

The measurement of the laser energy is done using a calorimeter and measuring the average power delivered at a given
frequency. It is then sufficient to achieve the same type of impact as to find the focal point, this time changing the laser
energy without affecting the position of the focusing lens. By performing a series of impacts on the material at different
fluences, it is possible to represent the ablated surface Xy according to the logarithm of the energy In (E). It is then
possible to exploit the affine relation between these two values (equation 3.6) to go up, by a linear fit, to the surface
of the laser spot

We therefore have a linear relationship between the ablated surface and the logarithm of the energy. From 3.6, the slope
of the line represents the half of the beam area. We can also determine the energy and the threshold fluence with In E =
InF=0.

Fig 3.5 shows the plot of laser fluence threshold for 1 pulse on Cr sample with (100) oriented planes using the D2

method.
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Fig. 3.5 Linear regression performed on laser-induced ablation craters on a Cr sample at the focal plane in order to determine the single pulse
ablation threshold using Liu method.

For example, the slope of the curve is equal to £/2 = 7.93x10°5. This leads to a laser spot area of 1.6x10°cm? and therefore
a single pulse laser fluence ablation threshold of 0.33 J/cm?.

3.3 Microscopy for laser-induced modification characterization

3.3.1  Optical microscopy

The use of the optical microscope is a preliminary method of characterization, performed after each femtosecond
laser materials irradiation experiment. Optical microscopy gives quick and immediate access to the various impacts, and
thus allows the selection of interesting results, to be analyzed using scanning electron microscopy with a high resolution.
The instrument used is a Zeiss optical microscope, incorporating a DFC 320 digital color camera, which is equipped
with "AxiovisionLE" software developed ina ZVI Carl Zeiss image format. The microscope used allows a magnification
ranging from 50 up to 1000 and has several methods of characterization according to the different samples to be studied.
For high-resolution analyzes, such as LIPSS, we will use the scanning electron microscope (SEM) to obtain a higher

magnification.
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3.3.2 Atomic Force Microscopy

AFM is a microscope with a local probe allowing to visualize the surface topography of a sample with a resolution
of about 1 nm. Its operating principle is based on the interactions between the specimen and a nanometric tip mounted
on a micro-lever, moving in 3 directions of space via a piezoelectric. The interaction forces between the probed surface
and the tip are deduced directly from the bending measurement of the micro-lever. Practically, we measure the reflection

of a laser on the tip, to determine the flexion of the lever.
Scanning is established commonly according to the following modes:

The contact mode: The sweeping is done by a physical contact between the tip and the surface of the sample, until the
creation of a repulsive force between the tip’s atoms and surface atoms. This force creates a deflection of the lever and
is measured by the laser. The variations of the repulsive forces due to the reliefs are recorded to give rise to a topographic

image.

Non-contact mode: The tip vibrates vertically (around its proper frequency), at a distance ranging from 5 to 15 nm from
the surface of the sample. The attractive force, which represents a disturbance for the oscillations, modifies the
amplitude, the phase and the frequency of the vibration according to the average height of the tip. The electronic
excitation makes it possible to detect this modification by supplying the electrical signal used for regulation. The absence
of contact between the tip and the surface remains a main advantage of this mode, because it preserves the quality of
the tip. On the other hand, the attractive force (generally sensitive to the height of the tip) is much weaker than that of
deflection used in the contact mode, the quality of the image is therefore not as good as that obtained in the first mode.
In addition, the presence of a vapor layer at the surface under ambient conditions can trap the tip if the vibration is

performed at an amplitude that is not sufficiently large. This mode is therefore often used.

Tapping mode: The tip vibrates at a very short distance from the surface to the point where it touches the surface, when
it is in its lowest position, the contact is therefore intermittent. The force linking the tip and the surface, varies from
attraction to repulsion. In the non-contact mode, it is taken into account to keep the average height constant, this is
guaranteed by providing a good vibration amplitude. As for the quality of the given image, the intermittent contact mode
is comparable to the contact mode, moreover, it avoids better damage problems, adhesion or low sensitivities regarding

contact or non-contact mode.

The AFM used is of type Agilent 5500. The topographic images obtained in the context of our study are made in contact

mode, by S. Reynaud. Among the limitation of this technique, the rapid wear of the tip is probably the most troublesome.
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3.3.3  Electron microscopies

3.3.3.1 Why use electrons?

In 1925, Louis De Broglie first speculated that the electron had wave-like features, with a wavelength
considerably less than visible light. Two years after, two independent research groups around Davisson and Thomson
performed experiments on classic electron-diffraction, which investigated the wave nature of the electrons. After then,
the idea of an electron microscope was proposed, and the term was first used by Knoll and Ruska in a research paper in
1932 1621683 This publication contributed in surpassing the light microscope’s resolution limit. For scientists conducting
experiments on materials, Hirsh and co-workers in Cambridge developed a theory concerning electron-diffraction
contrast with which we can now characterize, different types of crystal defects, i.e. line and planar defects, often in a

guantitative form.

A significant feature of electrons is that they are one type of ionization radiation. In fact, by ceding a part of its energy
to individual atoms in the sample, they are efficient in ejecting inner-shell electrons that are tightly bound due to the
attractive electric field of the nucleus. The benefit of using an ionization radiation, i.e. electrons, lies on the fact that it
produces a broad range of secondary signals from the sample and are summarized in fig. 3.6, which shows the interaction

between an incident electron beam with a sample.

Incident high energetic
electron beam

EBSD Backscattered Secondary SEM
electrons (BSE) electrons
V|S|ble light

Auger electron\ \

Absorbed electrons Electron-hole pairs
\ Bremsstrahlung X-
rays
Elastically .
; Inelastically
Transmitted
scattered electrons beam scattered electrons

=Y

Fig. 3.6 Different processes that result through interaction of electrons with matter.

The electron-sample interaction lead to dissipation of this energy as a variety of signals, when the incident electrons are
decelerated in the specimen due to interactions. The signals can include secondary electrons producing SEM images,
backscattered electrons, diffracted backscattered electrons, photons, visible light and heat.
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3.3.3.2 Scanning electron microscope SEM

The scanning electron microscope (SEM) used in our work is of type ‘Nova NanoSEM’ equipped with a FEG,
marketed by the company FEI. It has two types of resolutions: The first allows to work in high resolution, and the
second, called ‘immersion mode’, enables a maximum resolution of 1 nm, for a magnification of 300000. SEM uses
electrons rather than light, to form an image that represents the morphology of the surface. The operation principle of
the SEM lies on the emission of an electron beam of high energy, focused by condenser lenses and sweeping the surface
of the sample. Accelerated electrons produced by the field emission gun (FEG) carry important amounts of kinetic
energy. Secondary electrons and backscattered electrons are generally used for imaging samples:

On one hand, secondary electrons are most precious for representing morphology and topography of the samples. When
the acceleration voltage is constant, electrons density depends on the angle between the surface and the beam. The
smaller this angle, the higher the number of secondary electrons emitted. On the other, backscattered electrons are most

valuable for studying contrasts in composition in multiphase samples.

The SEM is equipped with an evacuation system that produces a stable vacuum in the order of 10-° bar. This vacuum is
necessary to maintain a good quality of the beam, and to avoid contamination of the sample. The analyzed samples in
our work are of conductive types. This implies working in high vacuum mode. The quality of the images and the

analytical precision that can be achieved with a SEM require a fine, intense and stable electronic spot on the sample.

3.3.3.3 Electron backscattered diffraction

Electron backscattered diffraction (EBSD) is equipped with SEM technique attached to an accessory system.
EBSD is used to provide the crystallographic nature of metals, semiconductors, ceramics and minerals quantitatively. It
also reveals information about grain features, i.e. grain sizes, grain boundaries characteristics and grain orientation. In
addition, texture and sample’s phase can be identified. The EBSD’s spatial resolution is limited to the SEM, but in the
case of high performance modern field emission SEM (FE-SEM), grains with 20 nm size can be reasonably measured.
The angular resolution limit is approximately 0.5°. Concerning the sample’s size, it is dependent on the capability of
the SEM chamber and stage to orient the specimen at an angle of 70° which is the universal proper tilt used to extract

maximum signal. The appropriate working distance ranges from 5 to 30 mm.
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Fig. 3.7: Schematic representation of the EBSD equipment, where we show the beam emitted from the source and interacting with the yellow
sample, tilted at 70° which provides maximum yield. The EBSD detector collects retrodiffused electrons

EBSD operates by tilting the plane of a flat and polished specimen to a value of stage typically 70° with regards to the
shallow angle of about 20°. The use of a 10-30 kV accelerating voltage with incident beam currents ranging from 1 to
50 nA produces electron diffraction on the surface of the specimen from the stationary incident beam point, from which
an electron backscatter diffraction pattern (EBSDP) originates spherically from this point, known as Kikushi bands64-
169 A picture representing Kikushi bands is given by fig. 3.8.
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Fig. 3.8 Each band represents a diffraction of a family of planes. Intersection of bands accounts for the interaction of planes (zone
axis), and the angle between bands represent the angle between planes. Band widths is proportional to the interspace between

crystalline planes

The interaction between the FEG emitted electron beam and the crystal lattice yields low energetic backscattered
electrons which are canalized and subjected to different paths leading constructive and destructive interferences. A
diffraction pattern can be obtained on a phosphoric screen placed at a short distance from the tilted specimen in the path
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of the diffracted electrons. In fact, the detector is composed of a digital camera which the phosphor screen illuminates
its CCD chip intersecting the spherical diffraction pattern.

Lattice parameters, spatial crystal’s orientation, incident electron beam wavelength as well as the distance detector-
sample define the electron backscattered pattern EBSP. A computer integrated software analyses the diffracted pattern
by detecting a number of Kikushi bands employing an optimized Hough transform. When the orientation and phase are
known, the EBSP is considered to be indexed.

(110) (100)

@) (b)

Fig. 3.9 (a) EBSD mapping of the crystalline orientation of a Cr polycrystalline sample, before irradiation. (b) Key orientation color map.

In the frame of our work, different EBSD’s tools were used to characterize ultrashort laser induced crystal defects, i.e.
band contrast, mean angular deviation and local misorientation.

The band contrast (BC) is defined as a quality factor of the diffracted pattern/Kikushi bands emanating from the Hough
transform. It gives a description of the Kikushi bands average intensity with regard to the overall intensity within the
EBSP. The BC image consists of byte scaled values ranging from 0 (low contrast) to 255 (high contrast). BC maps show
the microstructure in a qualitative form. The Kikushi bands originating from undeformed regions are of good quality.

Thus the EBSP’s appear light on the image. On the contrary, if the Kikushi bands are of poor quality, the EBSP’s appear
dark.

Mean angular deviation (MAD) is a number that describes the correlation between the actual EBSP and the simulated
EBSP. It specifies the average angular misfit between detected and simulated kikushi bands.

Local misorientation (LM) calculates the local misorientation between a pixel and its surrounding eight pixels. This tool
is useful for studying plastic deformation.
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3.3.3.4  Transmission electron microscope (TEM)

TEM exists conceptually in two forms: the TEM’s, for which the incident beam on the sample is a plane wave,
as in the case of a benchtop microscope, and the STEM (scanning transmission electron microscope), which is similar
to the confocal optical microscope. Modern microscopes work in both modes. An electron gun produces a beam which
passes through a series of condenser lenses to adjust the size and angle of incidence of the beam. The beam then reaches
the sample, a first image produced by the objective lens. It should be noted that the objective lens is the most important
element, because the resolution of the image will depend on its quality. In addition, the objective lens hardly grows (=
x 10), this role being devolved to the projection lenses. After crossing the objective lens, the intermediate lens will either
form a second image, if its object plane coincides with the image plane of the objective lens, or form an image of the
diffraction pattern, if its object plane coincides with the focal plane of the objective lens. Thus one of the obvious
advantages of transmission electron microscopy can be seen: by modifying the value of the focal length of the
intermediate lens (in practice, a simple push button modifying the current in the intermediate coils), the image is easily
obtained or the diffraction pattern of the same area. Finally, the projection lenses will enlarge the image or the diffraction
pattern formed and project it on the detector, which may be a fluorescent screen, a photo plate or more commonly a
scintillator coupled to a CCD camera

In the case of TEM, the sample is illuminated by a wide beam, and it is the detector that is resolved spatially. In the case
of STEM, it is the opposite, since we will scan a beam focused on the sample, and measure the signals of interest at each
point of this scan. These signals are usually measured on a spatially unresolved detector, as is the case for the darkfield
signal. The image is then formed sequentially, assigning each scanned point the intensity of the measured signal. The
STEM mode is particularly well suited to chemical analysis, because one of the signals detected at each point with the

black background signal may be a spectroscopic signal.

The spatial resolution of a TEM is about 0.2 nm. This is the typical distance between two atoms in a solid. This resolution

is 1000 times greater than an optical microscope.

In a TEM/STEM, the principle signal of electrons that one can detect are the transmitted (forward) scattered electrons,
backscattered electrons (BSE) and secondary electrons (SE). Fig 3.10 summarizes various type of electrons detectors in
a TEM/STEM. The primary detector, called the bright-field BF detector, collects the forward-scattered electrons on
axis. A second detector, known as the annular dark-field detector ADF, picks up forward-scattered electrons through
small angles <~ 4°, and finally, the high angular annular dark field detector HAADF, used in our work, collects electrons

scattered out to high angles.

Thin lamellas were prepared by focused ion beam technique FIB at Mateis lab in Villeurbanne by T. Douillard. In order
to protect the surface of the laser impact, a layer of a few 100 nm thick tungsten was deposited. A focused ion-beam
with an accelerative voltage of 30 keV consisting of Gallium atoms milled the sample and lift-out technique was used

for lamellas extraction from the surrounding milled zone.
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Fig. 3.10 Schematic of the HAADF, conventional annular dark-field (ADF) and BF detectors in a TEM.
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3.3.4  Local-field probing

3.3.4.1 Brief history

Recently, tremendous efforts have been undertaken in order to localize the regions with intense electromagnetic
enhancement within the structures of interest, often referred to as ‘hot spots’. Prediction of the hot spots localization has
been tackled by numerical solutions. Schatz et al. carried out discrete dipole approximation DDA calculations on triangle
dimers separated by a gap of 2 nm'7°, where the hot spots were located at the tips of the triangles. For a matrix consisting
of nanoholes, simulations predicted that the hot spots were located around the rim of the nanohole'’:. Basically, all
simulations were undertaken on nanohole arrays with diameters half their periodicity. No complete series of simulation
has shown the evolution of the hot spots localization. Experimentally, numerous techniques have emerged maintaining
non-contact examination, i.e. Stimulated Emission Depletion STED microscopy*’?, Stochastic Optical Reconstruction
Microscopy STORM317  Photoactivated Localized Microscopy PALM® near-field scanning optical microscope
SNOM?'’® and Photoemission Electron Microscope PEEM. Since the mid-1980s, it was attested that PEEM is an
effective tool in surface science!’"~1%, Considering exceptional application areas where PEEM has succeeded, one can
mention the study of chemical surface reaction, a process occurring in real time!8!, growth mechanism?#2183 surface
diffusion’® and magnetism?!-1%  Recently, with the advent of reliable femtosecond laser sources, PEEM with
multiphoton absorption has been widely employed in plasmonics for surface plasmon polaritons investigation®-192,
attracting significant attention regarding their potential in confining light beyond the diffraction limit. Multiphoton

photoemission experiments enabling access to the spatial distribution of nonlinear effects date back to 2001 providing
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preliminary observations. Nevertheless, it took a few years later for physical measurements to establish a
comprehensible relationship between the nonlinear photoemission and optical near field distribution related to a plasmon
resonance. In 2005, it was clearly revealed that PEEM is a powerful tool in mapping the optical near field with the
resolution of the emission electron microscope (25 nm)!®4. Soon after, the spatiotemporal propagation of surface
plasmon resonance mapped by pump probe PEEM experiments was investigated precisely8®19:1%, Currently, the active
research groups engaging a determined use of the n-photon photoemission (nNPPE)-PEEM microscopy in the field of
plasmonic are still few92195.197-202 1yt new involvement often appear with the growth of the technique’s interest?%*-277,
where three types of plasmonic investigations can be worth (nPPE)-PEEM employment: mapping of the objects of

interest with dimensions below the incident wavelength, SPP’s dynamics and propagation, and near field manipulation.

3.3.4.2 Photoemission electron microscope

The photoemission electron microscopy technique (PEEM) is well suited to complete LIPSS dynamics study,
since it allows to directly probe the electric field on the surface of a metallic lattice. This technique allows to optically
excite modes and to detect photo-emitted electrons, which forms a mapping of the surface with a lateral resolution of
25 nm (this resolution has recently reached a few nanometers owing to a recent method of correcting aberrations), much
higher than the resolution obtained with an optical detection, since it is the aberrations of the electronic imagery and,
lastly, the wavelength of the electrons, which limit the resolution. PEEM characterization was performed at radiation-
matter institute IRAMIS of CEA Saclay by Ludovic Douillard.

PEEM is a full-field microscopy method, which relies on the collection of electrons photo-emitted by the excited surface.
The schematic diagram of the assembly is shown in figure 3.11. Unlike scanning electron microscopy (SEM), there is
no electron beam that scans the surface of the sample. The surface is illuminated homogeneously by a Titanium;
Sapphire laser, at an angle of incidence of 0°, similar to incident angle of femtosecond laser beam used to form LIPSS
in our work. The laser is tunable between 690 nm and 1100 nm. We fix the PEEM laser wavelength to 800 nm which is
identical to the irradiating laser in LIPSS formation experiment. A half-wave plate is placed in the laser beam in order
to be able to change the excitation polarization. It is therefore possible to vary the wavelength and the excitation
polarization of the laser, according to the exact laser irradiation parameters used to generate LIPSS. The pulse duration
of the laser is 140 fs and the spot has a diameter of 300 um. The excitation by a pulsed laser is imposed by the fact that
the process of photoemission is strongly non-linear. Indeed, the energy of three photons is necessary to extract an
electron in the case of an oxide titanium. An electrostatic lens, which produces a rotationally symmetrical electric field
makes it possible to focus the photoemitted electron beam. A static electric field of 20000 V is applied between the
sample, mounted on a piezoelectric stage, and the objective (distant at 4 mm). This field accelerates the emitted electron
beam and thus increases the lateral resolution (the chromatic aberrations of the objective lens generate a wide distribution

of the kinetic energy of the electrons).
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Fig. 3.11 PEEM channel employed in our work to probe LIPSS pre-structured on a Ti sample. PE represents photoelectrons emitted from the

surface, OL objective lens, PL projective lens and SC screen.

The hot spots originating from high roughness centers which emits high energetic photoelectrons may mask those of
lower energy. To overcome this problem, the cross-correlation between a 3PPE-PEEM image, with a hot spot carefully
chosen is required, which gives a fingerprint of all the emitting sites. The cross-correlation technique is an effective
analysis tool, notably when noise is present in the image. This technique accounts for the determination of the
normalized cross-correlation between a reference image (3PPE-PEEM in our case) and a mask (a hot spot). The purpose
of this step is to identify the occurrences of the mask on the reference image. A visualization of an image treated with
this technique is displayed in figure 3.12. The topography in fig 3.12a corresponds to a site pre-irradiated with 20 laser
shots at 0.24 J/cm?, where LSFL are formed. Photoelectrons with different intensities can be seen emitted from different
locations, where hot spots originating from high energetic photoelectrons can mask those of lower energy. In order to
reveal all the emitting centers, a cross-correlation of the 3PPE-PEEM image with a mask is performed, which imprints

all the emitting centers, as shown in fig 3.12b.
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3PPE-PEEM CC 3PPE-PEEM

Fig 3.12 Cross-correlation CC technique employed in order to reveal all the emitting centers of a site pre-structured with LSFL at 20 laser shots
and 0.24 J/cm?. (a) 3PPE-PEEM image where hot spots of high intensity mask those of lower intensity. (b) CC 3PPE-PEEM image imprinting all

the emitting centers.

3.4 Conclusion

In this chapter, we have described the different experimental tools employed in this work that allow to investigate
the competition between laser-induced privileged order of matter and microstrucutal defects. The first part was dedicated
to sample polishing (mechanical and electrolytical polishing) and surface preparation for laser irradiation. The second
part accounted for the laser chain components description, followed by the illustration of the laser setup that enables
one-color fs-double pulse generation using a Mach-Zehnder interferometer, and a single pulse use of the laser setup. We
have also shown laser fluence determination using Liu method. Laser-induced surface modification were analyzed using
a scanning electron microscope and an atomic force microscope for topographical examination. Surface characterization
of defects was assisted by electron backscattered diffraction, while in-depth characterization was carried out using a
transmission electron microscope, after thin lamellas extraction by focused ion beam technique. Finally, the study of
dynamical topographies was performed by a photoemission electron microscope, which enable to investigate the

dynamics of LIPSS formation. These devices will be used in the next chapters, presenting all the obtained results.
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Chapter 4

Laser-induced surface roughness contribution on
HSFL formation

In this Chapter, the surface structures generated by a single pulse irradiation are investigated experimentally and
computationally for laser fluences that produce high spatial frequency nanostructures in the multi-pulse irradiation
regime for bcc materials. We combine experimental characterization of HSFL generated on monocrystalline Cr targets
with surface orientation of (100) and (110) with a thorough computational analysis of the laser-induced spallation
process based on a MD simulation of a (100) Cr target performed by Eaman Abdul-Karim in Leonid Zhigilei group at
the university of Virginia. The results of this joint study support the notion of a strong connection between the frozen
surface morphology predicted in the simulation and the pulse-to-pulse evolution of surface roughness observed in the
experiments. The spallation-induced roughness provides favorable conditions for positive feedback promoting the HSFL
formation. The dependence of the HSFL formation on the crystal orientation is likely to be related to differences in the
characteristics of surface morphology generated by the first laser pulse. These results have been published in Applied
Physics A by A. Abou-Saleh et al. (2018)°.
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4.1  Objectives and experimental methods

In the spallation regime, the roughening of the surface generated by the first laser pulse may increase surface
absorption and activate a feedback mechanism driving the evolution of the initial random surface roughness towards the
periodic ripples that maximize the laser energy absorption. The initial roughness generated by the first pulse, therefore,
may play an important role in defining the LIPSS formation by subsequent repetitive laser irradiation. The characteristics
of the nanoscale surface morphology generated by laser spallation are defined by a complex interplay of the laser-
induced melting, nucleation and percolation of subsurface voids in the molten part of the target, formation of a transient
foamy structure of liquid regions connecting the spalled layer with the bulk of the target, followed by breakup and rapid

freezing of the transient liquid structures

In the first part, two monocrystalline samples having different surface orientations defined by Miller indexes (100) and
(110) were irradiated. The two samples were first mechanically then electrolytically polished, which yields a surface
roughness of about ~5 nm before irradiation. A Titanium-Sapphire femtosecond laser system (Legend Coherent, Inc.)
operated at a central wavelength of 800 nm with a pulse duration of about 50 fs was used to irradiate Cr samples at a
repetition rate of 1 kHz under air pressure. Laser pulses were linearly polarized and attenuated through a pair of neutral
density filters before being focused onto the sample surfaces through normal angle of incidence. Laser induced surface
modification was analyzed using scanning electron microscope and an atomic force microscope, presented in chapter
3.

4.2 LIPSS formation on Cr

4.2.1 High-dose irradiation regime and different types of periodic surface structures

Since low spatial frequency LIPSS require a relatively high number of laser pulses to promote positive feedback, a Cr
sample with (100) surface orientation has been irradiated with 30 pulses and incident fluence of 0.3 J/cm?2, below the
single pulse phase explosion threshold. A complex arrangement of surface topography generated by the laser pulses
can be seen in the SEM images shown in Fig. 4.1. As already presented in chapter 1, four types of LIPSS that differ by
their orientation and periodicity can be distinguished in the images, namely, the Far Field perpendicular (ffL), Far Field
parallel (ff;), Near Field perpendicular (nfL) and Near Field parallel (nf;), where the parallel and perpendicular refer to

the ripple orientation with respect to the laser beam polarization.

64



Chapter 4: Laser-induced surface roughness contribution on HSFL formation

Far-Field -

14ST

625 nm

Far-Field //
210 nm

Near-Field-L

14SH

115 nm

Near-Fieldy
50 nm

Fig. 4.1 SEM micrographs representing different types of LIPSS generated on (100) Cr target irradiated by 30 pulses at an incident laser fluence
of 0.3 J/cm?, about 10% below the single pulse phase explosion threshold, Fw. (a) A large part of the laser spot where all types of LIPSS are
present. (b) LSFL (FFL) structures with period of ~625 nm, close to laser wavelength. (c) HSFL (ffi) structures formed between LSFL structures.
(d) HSFL (nf 1) structures formed on the periphery of LSFL. (e) HSFL (nfy) structures formed on the periphery of the spot, with periods much
smaller than the laser wavelength. The direction of linear laser beam polarization is indicated by the red double arrow in the top left corner of (a).
This image is identical to fig 1.1c.

The origin of these structures and physical mechanisms leading to their formation can be ascribed to coherent
interference between scattered waves and refracted near and far fields as evidenced by recent electromagnetic
calculations®. In other words, different scattering conditions (near field enhancement, scattered far-field superposition,
coherent superposition with incident beam, etc.) resulting from different local roughness can provoke different nanoscale
rearrangements of material. However, one can mention that several alternative approaches have been proposed in
literature to explain the formation of such structures, including surface oxidation and high harmonic generation*?, laser-
induced surface plasma waves?®, and surface self-organization”1%2%°, In this work, we focus our attention on the nfj,
structures, since they appear upon exposure to a low energy dose and more generally for a low number of laser pulses.
In fact, for a high number of laser pulses, the concept of scattered wave becomes questionable. The analysis of the
experimental observations for one or two laser pulses is addressing the onset of the LIPSS formation and allows for a

more direct comparison with the results of modeling reported in section 4.4.
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4.2.2 Low-dose irradiation regime: HSFL formation on Cr (100) and Cr (110)

The formation of nf, LIPSS is observed for a narrow range of laser fluences below the phase explosion threshold
for single pulse irradiation. The structures discussed in this work are generated at an incident fluence of 0.3 J/cm?,
which is defined as the “peak fluence" of the Gaussian laser pulse obtained by dividing the total optical energy
by mw? /2 , where w is the Gaussian beam waist*. The values of single pulse ablation threshold fluence, F, determined
for two monocrystalline samples with different surface orientations are very similar to each other, 0.33 J/cm2 for (100)
and 0.32 J/cm2 for (110) surfaces. Recent results of ab initio calculations reveal that the optical properties of Cr are not
sensitive to the surface crystal orientation and do not exhibit large variation in the range of electron temperatures realized
under irradiation conditions considered in this study?°. The absorbed fluence, therefore, can be estimated using a
constant value of reflectivity of Cr at 800 nm, R = 0.552!%, which yields ~0.13 J/cm? for the incident fluence of 0.3 J/cm?
used in the experiments. This value of the absorbed fluence is in the range between the spallation and phase explosion

thresholds predicted in atomistic simulations performed for Cr targets®™, 0.10 J/cm? and 0.28 J/cm?, respectively.

Laser induced surface modification generated on two targets with (100) and (110) surface orientation by irradiation with
two laser pulses at an incident fluence of 0.3 J/cm? is analyzed in Scanning Electron Microscope (SEM), with
representative images shown in Fig. 4.2.

Cr (100) =

Fig. 4.2 SEM micrograph of Cr targets with (a) (100) surface orientation and (b) (110) surface orientation irradiated by 2 laser pulses at an incident
fluence of 0.3 J/cm?, i.e., about 10% below the single pulse phase explosion threshold, Fw. The direction of linear laser beam polarization is

indicated by the red double arrows. Insets in both images show FFT of the surface topography for regions outlined by the green dashed squares.

The mere visual analysis of the SEM images suggests that elongated surface structures parallel to the direction of the
laser beam parallelization are formed in the center of the laser spot on (100) surface, but are absent on (110) surface. In
order to highlight this difference, the two-dimensional (2D) fast Fourier transform (FFT) amplitude was calculated for
regions within the laser spots outlined by blue dashed squares in Fig. 4.2. Two similar symmetric zones can be identified
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on the FFT plot shown as an inset in Fig. 4.2a for the laser-processed (100) surface, indicating the presence of nfy
structures parallel to laser polarization with periodicity of about 220 nm. It is worth noting that for small number of
pulses, i.e. under conditions of minimal feedback, the transient surface topography favors nf, structures exhibiting
periodicities larger than those generated by multi-pulse feedback irradiation. For (110) surface, the FFT image shown
in the inset of Fig. 4.2b exhibits a larger dispersion of the FTT peaks and reflects a much weaker tendency towards the

HSFL formation, as compared to (100) surface.

The strong dependence of the generation of nf; structures on the crystallographic surface orientation can be related to
the hypothesis that the HSFL result from superposition of waves scattered by roughness centers and implying local field
enhancement>!'!, Most studies agree that surface roughness is necessary to initiate the LIPSS formation. Furthermore,
a sufficiently rough surface is needed to support the excitement of a surface wave and to cause instability which gives
rise to the structuring. In order to investigate the origin of the distinct propensities of targets with (100) and (110) surface
orientations to the formation of nf, by two pulse laser irradiation, the information on surface roughening induced by the
first laser pulse is needed and is discussed in the following section.

4.3  Spallation-induced roughness generation

As discussed above, the formation of HSFL is likely to be strongly affected by the shapes and size distribution of
surface features generated by the first laser pulse. Thus, the surface roughness produced by a single laser pulse
irradiation of (100) and (110) Cr targets is analyzed here for the same laser fluence (between the thresholds for spallation
and phase explosion) that is used in the 30- and 2-pulse surface modification discussed in the previous sections. The
surface topography in the centers of the laser-modified regions is characterized by the Atom Force Microscope (AFM),
and representative AFM micrographs are shown for the two samples in Fig. 4.3. A statistical parameter that can be used
to characterize the randomness of laser-generated surface roughness and sharpness of surface spikes is kurtosis (sku).
This parameter is larger than 3 for “spiky” surfaces, lower than 3 for “bumpy” surfaces, and equal to 3 for completely
random surface roughness. The more peaks a laser modified surface has, and the sharper the peaks are, the higher is the
sku value of the surface. The sku values evaluated for (100) and (110) surface orientations are 5.59 and 1.97 respectively.
These values are consistent with qualitative observations one can make from the visual analysis of Fig. 4.3, where the
fine nanoscale roughness observed for (100) surface is in a sharp contrast with a much coarser roughness of the (110)
surface dominated by large bumps and flat-top mesas. Morphological features induced by the first pulse on the (100)
orientation are connected by nanorims with length ranging from 10 to 16 nm, as shown in Fig. 4.3d. This important
observation provides a strong support to the hypothesis that the spiky character of roughness generated by the first laser
pulse irradiation of (100) surface plays a key role in the activation of the scattering mechanism leading to the formation
of nfy structures, whereas a much smoother (110) surface emerging from the first pulse irradiation is less amenable to
the HSFL formation.
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Fig. 4.3 AFM micrographs of Cr targets before and after single pulse laser irradiation. (a,b) Targets with (100) and (110) surface orientations
before laser irradiation. (c,d) Targets with (100) and (110) surface orientation irradiated at an incident fluence of 0.3 J/cm?, i.e., about 10% below
the single pulse phase explosion threshold, Fw. (e,f) 3D view of surface topography shown for regions outlined by the red and blue squares in (c,d)

respectively.

In order to elucidate the physical mechanism responsible for the creation of the initial surface morphology by a single
pulse laser irradiation, a large-scale atomistic simulation of laser interaction with a (100) Cr target is performed for

irradiation conditions similar to those used in the experiments.
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Fig. 4.4 A summary about spallation-induced roughness generation on Cr(100) and Cr(110).

4.4  Large-scale atomistic simulation of laser spallation

The large-scale atomistic simulation and calculations were performed by the group of Leonid Zhigilei at the

University of Virginia.

4.4.1 Numerical methods

The large-scale atomistic simulation aimed at revealing the processes responsible for the formation of surface
roughness in the spallation irradiation regime are performed for a Cr target with (100) surface orientation irradiated by
a 50 fs laser pulse at an absorbed fluence of 0.11 J/cm?, which is only ~10% above the spallation threshold. The
simulation is performed with a hybrid atomistic—continuum model, which combines the atomistic MD representation of
laser-induced structural and phase transformations with a continuum-level description of the electron sub-system based
on the two-temperature model (TTM). A complete description of the combined TTM-MD model is provided in
Refs. 472212 whereas the parameterization of the model for Cr is described in Refs.5%":, Below, we only provide a brief

description of the computational setup used in the simulation results reported here.

The interatomic interactions are described by the embedded atom method (EAM) potential parametrized for Cr’. The
potential provides a relatively accurate and computationally inexpensive description of Cr experimental properties,
including lattice parameter, cohesive energy, elastic constants and their temperature dependence, melting temperature,
and vacancy formation energy. To ensure a realistic representation of the spallation process and generation of nanoscale
surface morphology, the simulation is performed for a large system (~126 million atoms) with lateral (parallel to
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irradiated surface) dimensions of 100 x 100 nm? and the depth of the surface region of the target represented with atomic
resolution equal to 150 nm. Periodic boundary conditions are applied along the lateral directions, a free boundary is
used at the top surface of the target, and a pressure-transmitting boundary condition’23-215 js imposed at the bottom of
the atomistic part of the system. The TTM part of the model extends down to 1 um to ensure the absence of any
significant increase in the electron or lattice temperatures at the bottom of the computational domain by the end of the
simulation. The thermophysical properties of Cr entering the TTM equations (electron-phonon coupling, electron heat
capacity, and thermal conductivity) are described in Ref.”%. Irradiation by a 50 fs laser pulse is represented through a
source term added to the TTM equation for the electron temperature 22, with an optical penetration depth of 15 nm at a

laser wavelength of 800 nm?'! assumed in the simulation.

4.4.2 Surface roughness generated in the spallation regime

The general mechanisms responsible for the material ejection in regime of photomechanical spallation has been
studied in a number of earlier computational studies, e.g.*9%072214220 3Jthough the analysis of surface morphology
produced by the spallation process has been hampered by the short length- and time-scales of most of the atomistic
simulations reported so far. Here, we first briefly review the mechanisms of the laser spallation and then focus on the
analysis of the surface morphology enabled by the relatively large scale of the simulation reported in this work.

The thermodynamic conditions leading to laser spallation are illustrated by the contour plots of the spatial and temporal
evolution of density, temperature, and pressure in the surface region of the irradiated target shown in Fig. 4.5. The black
lines in the contour plots separate the transiently melted surface region from the crystalline part of the target. The laser
excitation of the conduction band electrons is followed by fast electron-phonon equilibration and leads to a rapid increase
of the lattice temperature in the surface region of the target from 300 K to ~3700 K during the first 5 ps after the laser
pulse, Fig. 4.5b. The rapid heating causes prompt homogeneous melting of a 36-nm-deep surface region of the target
superheated above the limit of crystal stability®3#12221, The laser energy deposition and equilibration occur under
conditions of so-called inertial stress confinement, i.e., on a timescale that is shorter than the time required for the
mechanical relaxation (expansion) of the heated surface region?¢2?2, The almost constant-volume heating results in the
generation of compressive stresses, while the interaction of the laser-induced compressive stresses with the free surface
of the irradiated target produces a tensile component of the stress wave propagating into the bulk of the target, as can be
seen from the pressure contour plot in Fig. 4.5¢c. At a certain depth under the surface, the tensile stress exceeds the
dynamic strength of the molten material and leads to the nucleation and growth of subsurface voids in a process that is
commonly called the laser induced cavitation or spallation®%1622, The appearance of voids is reflected in the density
contour plot shown in Fig. 4.5a, where the reduction of density is first observed at about 30 ps after the laser pulse. The
low-density region expands with time, as the voids grow, coalesce, percolate, and eventually produce an array of
elongated liquid bridges that connect the bulk of the target to a top molten layer accelerated in the direction away from

the target by the initial relaxation of laser-induced stresses.
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Fig. 4.5 Contour plots of the spatial and temporal evolution of (a) density, (b) temperature, and (c) pressure, in a large-scale TTM-MD simulation
of a bulk (001) Cr target irradiated by a 50 fs laser pulse at an absorbed laser fluence of 0.11 J/cm?, ~10% above the spallation threshold. The
laser pulse is directed along the Y-axis as shown by the red arrow in (a). The black line separates the melted region from the crystalline part of
the Cr target. The visual picture of the sub-surface “cavitation” region evolving into an array of “liquid bridges” connecting the “spalled layer”
with the rest of the target can be seen in Fig. 4.6.

The extension of the liquid bridges hardly decelerates the top layer that continues to move away from the target at an
almost constant velocity of ~180 m/s. The elongation of the liquid bridges proceeds simultaneously with solidification
of lower parts of the bridges adjacent to the target, as evidenced by the extension of the black line marking the location
of the solidification front in Fig. 4.5 into the low-density region that corresponds to the liquid bridges. The upward
motion of the molten layer leads to eventual breakup of the liquid bridges and complete separation of the layer from the
target by ~750 ps.

The visual picture of the processes described above is provided by a series of snapshots of atomic configurations taken
at different times in the course of the simulation and shown in Fig. 4.6. The snhapshots illustrate the appearance of a
large number of voids in the molten part of the target by 50 ps, the evolution of the cavitation region into a “forest” of
liquid bridges by 200 ps, and the breakup of the bridges upon further upward motion of the top molten layer. Only a
small number of gas phase atoms can be seen inside the growing sub-surface voids, thus providing further evidence for
the photomechanical nature of the cavitation/spallation process, i.e., the driving force for the nucleation and growth of
the voids is the relaxation of the laser-induced stresses rather than the vapor pressure in the boiling process.
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Fig. 4.6 Snapshots of atomic configurations obtained in a TTM-MD simulation of laser spallation of a bulk (001) Cr target irradiated with a 50 fs
laser pulse at an absorbed laser fluence of 0.11 J/cm?. The laser pulse is directed from the top of the images. The atoms are colored according to
their potential energies: the dark blue regions represent the bcc Cr structure, green regions correspond to the molten Cr, and the atoms at the top
surface of the target and at the internal surfaces appearing in the spallation process are colored red. The light blue stripes that can be seen in the
crystalline part of Cr target at 50 ps and disappear at later time represent the unstable stacking faults™ transiently appearing in the system in

response to the uniaxial expansion caused by the dynamic relaxation of the laser-induced stresses.

In contrast to the smaller-scale simulations, where the voids quickly “outgrow” the lateral size of the computational cell
and self-interact to promote a prompt separation of the top liquid layer shortly after the void nucleation, e.g.,212216:218.219
the evolution of voids illustrated in Fig. 4.6 takes longer time and proceeds through the formation of a transient foamy
structure of interconnected liquid bridges connecting the upper 27-nm-thick liquid layer with the rest of the target. The
size of the largest elongated void and the distances between the liquid bridges are substantially smaller than the lateral
size of the computational cell, suggesting that the size effects and the periodic boundary conditions are not introducing
any major artifacts into the dynamics of the spallation process. This enables us to continue the simulation until the time
of complete resolidification of the surface region and to perform analysis of the final surface morphology generated in

the spallation process, which is reported in the next section.

4.4.3 Surface roughness generated in the spallation process
The nanoscale surface morphology generated in the spallation process is illustrated in Fig. 4.7 where a side and a

top views of the surface structure are shown for a time of 1056 ps, when eight out of nine surface spikes produced via

the spallation and breakup of the liquid bridges are already completely crystallized.
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Fig. 4.7 Side (a) and top (b) views of the frozen surface morphology generated in a TTM-MD simulation of laser-induced photomechanical
spallation of a bulk (001) Cr target irradiated with a 50 fs laser pulse at an absorbed laser fluence of 0.11 J/cm?. The 100x100 nm? surface region
features nine solidified spikes with length ranging from 12 to 110 nm. An enlarged view of a top 40 nm part of the tallest spike is shown in (c).
The atoms in (a) are colored according to their potential energies with the same coloring scale as in Fig. 4.5. In (b), the atoms are colored according
to their elevation with respect to the initial level of the surface. In (c), the atoms are colored by the local order parameter, so that the lower
crystalline part (green) could be clearly distinguished from the top part that remains amorphous (blue).

The characteristic morphological features present on the surface include nine spikes with the length ranging between 12
and 110 nm, nanocavities, nanoprotrusions, and nanorims connecting the spikes and outlining the nanocavities. Several
small subsurface voids are also present at the base of some of the frozen spikes (not visible in Fig. 4.7 but revealed in
the detailed analysis of the resolidified targets). Eight out of the nine spikes are fully crystallized through the rapid

propagation of the crystal-liquid interface from the bulk of the single crystal target.

The crystallization front accelerates with increasing undercooling, reaches its maximum velocity of ~150 m/s at a
temperature of about 0.75Ty, and then slows down as the temperature continues to drop further after the separation of
the spalled layer from the liquid bridges. By the time of 1056 ps, for which the images are shown in Fig. 4.7, only the
top 20 nm part of the tallest spike remains disordered, as can be seen from the enlarged view of the tip of the spike in
Fig. 4.7c. The atoms in Fig. 4.7c are colored by the local order parameter??, so that the front of the epitaxial
crystallization could be clearly identified. The crystallization front is still moving upwards, and one can expect complete
crystallization of the spike within the next nanosecond. Note that despite the disordered structure of the tip of the tallest
spike, its shape does not undergo any significant changes following the formation of the spike through the breakup of
the liquid bridge (compare snapshot for 800 ps in Fig. 4.6 with Fig. 4.7a). This observation can be related to the rapid
drop of the temperature of the spike (and corresponding increase in viscosity), which is already as low as 0.45T, at the

end of the simulation.

The surface morphology predicted by the TTM-MD simulation of laser spallation of Cr target is consistent with the

results of experimental imaging of nanoscale surface roughness produced in femtosecond laser processing of different
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metals, e.g., Cu?*?%, Au??®, Ag?’, and W22, The surface structures observed in the experiments feature elongated
frozen nanospikes, nanorims and nanocavities, which are very similar to the simulated surface morphology shown in
Fig. 4.7. The characteristic sizes of the surface features, however, are sensitive to the properties of target material and
irradiation conditions (number of laser pulses and relative magnitude of the laser fluence with respect to the spallation
threshold), thus hindering the establishment of direct quantitative links between the computational predictions and the
experimental data. The coordinated computational — experimental study of Cr targets irradiated in the same spallation
regime, reported in this work, provides an opportunity to bring the connection between the modeling predictions and
experimental observations to the quantitative level. In particular, the inspection of the AFM image shown for Cr (100)
surface in Fig. 4.3c,d indicates that several frozen spikes with heights exceeding 10 nm are present on an area with
dimensions of 100 x 100 nm?, which is in a good agreement with the surface morphology shown for the same surface
area in Fig. 4.7b

A number of possible explanations have been suggested in literature for the formation of surface nanostructures on metal
surfaces irradiated by femtosecond laser pulses. A possible spatial variation of the absorbed laser energy (due to the
inhomogeneity of the incident laser beam, the enhanced absorption by surface defects, or the interference of the incident
laser light with surface scattered waves), leading to the formation of localized nanoscale melted regions and
redistribution/expulsion of the molten material driven by the temperature gradients is suggested as the origin of
nanoscale surface morphology in Ref.?24, The possible role of heterogeneous melting of the irradiated surface is
discussed in Ref.228, while the relaxation of laser-induced stresses and spallation are highlighted in the analysis reported
in Refs.225227,

The results of the simulation presented in this work provide a convincing evidence in favor of the scenario where the
nanoscale surface roughness appears as a result of spallation proceeding simultaneously with rapid resolidification of
the transiently melted surface region of the target. The generation, coarsening, and percolation of subsurface voids in
the molten part of the target lead to the formation of liquid bridges and vertical walls separating the voids, see, e.g., a
snapshot for 200 ps in Fig. 4.6. As the top molten layer moves away from the target, the liquid walls and bridges break
up and retract due to the action of the surface tension. The breakup of the liquid bridges, however, proceeds
simultaneously with the advancement of solidification front from the bulk of the target, which captures and freezes the
transient liquid structures generated in the dynamic spallation process. Actually, the solidification front reaches the base
of the liquid bridges as early as ~200 ps, as manifested by the black line entering the low-density region in Fig. 4.4a and
the blue (crystalline) region extending into the bridges by 400 ps in Fig. 4.6. By the time the liquid bridges break up
and the spalled layer separates from the target (~750 ps), some of the smaller nanospikes are already completely
solidified and only the longest ones remain partially melted. The competition of the evolution of the shapes of the liquid
parts of the spikes driven by the minimization of the surface energy with the rapid solidification is defining the final
shapes of the nanospikes. In particular, the bent shapes of the nanospikes clearly visible in Fig. 4.7a, as well as spherical
“heads” that would form if the solidification would be slightly slower, are commonly observed in the experimental
images?24-226228  Note that in addition to the advancement of the solidification front from the bulk of the target observed

as the only solidification mechanism in the simulation reported in this paper, an additional contribution from the
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homogeneous nucleation of new crystallites is possible if a sufficiently strong undercooling is reached in the liquid parts

of the nanospikes, as has been demonstrated for Ag in Ref.”.

The mechanistic insights into the formation of frozen surface features obtained in the simulation of laser spallation of a
(100) Cr target also provide a hint to the possible explanation of the strong dependence of the surface topography on the
crystallographic orientation of the irradiated surface. The velocity of crystallization front propagation is faster for (100)
crystal-liquid interface as compared to more densely packed (111) or (110) interfaces??, while the optical absorption,
melting depth, and magnitude of the laser-induced pressure wave are not expected to exhibit a strong orientational
dependence. The slower solidification front propagation for the densely packed interfaces leaves more time for the
surface tension to smooth out the molten surface features generated by the breakup of the liquid bridges to the spalled

layer.

4.5 Conclusion

The physical mechanisms responsible for the formation of HSFL in femtosecond laser interactions with metal
surfaces are investigated in a joint experimental and computational study that combines a detailed analysis of surface
morphology produced by 30, 2, and 1 pulse irradiation of monocrystalline Cr samples with a large-scale molecular
dynamics simulation of laser interaction with a Cr target performed in the same irradiation regime. The electron and
atomic force microscopy analysis of the irradiated surfaces reveals that the material response to the first laser pulse is
strongly dependent on crystallographic surface orientation, with (100) Cr surface exhibiting the formation of higher and
more refined nanoscale surface roughness as compared to (110) surface. The higher surface roughness generated by the
first laser pulse activates scattering of the laser light and the local field enhancement upon irradiation by the second laser
pulse, leading to the formation of much more pronounced high spatial frequency structures on the (100) surface as
compared to (110) one. When applying additional laser pulses, different types of periodic surface structures start to
emerge due to the interference between the incident laser light and waves scattered by roughness centers strengthening
specific periodicities by positive feedback. The appearance of the periodic surface structures, therefore, can be traced

back to the initial surface roughness generated by the first laser pulse.

To reveal the processes responsible for the formation of the surface roughness by single pulse laser irradiation, a large-
scale atomistic simulation is performed by L. V. Zhigilei group at the university of Virginia for a (100) Cr target
irradiated in the spallation regime. The simulation provides a detailed picture of the spallation process driven by the
relaxation of the laser-induced stresses and leading to the formation of complex nanoscale surface roughness featuring
elongated frozen nanospikes, nanorims and nanocavities with dimensions similar to those observed experimentally. The
results of the simulation suggest that the characteristics of nanoscale surface morphology are defined by the competition
between the evolution of transient liquid structures generated in the spallation process and the rapid resolidification of
the surface region of the target. The strong dependence of the surface topography produced in single pulse irradiation

experiments on the crystallographic orientation of target surface may be related to the anisotropy of the crystallization
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front propagation, which provides more time for the relaxation of molten surfaces when the solidification process is
slower. The connection between the initial nanoscale roughness generated by the first laser pulse and the subsequent
formation of periodic surface structures, established in the present study, contributes to the progress towards the general
goal of untangling the complex multiscale phenomenon of the LIPSS formation. A summary about HSFL formation

dependence on crystalline orientation is presented in fig 4.8.

2 pulse regime

Fluence 0.2 }/em?

Between
Fluence range spallation and
phase explosion

Formation Inhibited

of NF // LIPSS
structures | | formation
Singular

responses of the
different

crystalline
orientations

Fig. 4.8 A summary about HSFL formation dependence on crystalline orientation.

Since HSFL formation is strongly crystalline orientation dependent, an attention must be addressed to the
microstrucutiral modifications on the surface and beneath it, which constitutes the objective of the following chapter.
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Chapter 5

Laser-induced defects dependence on bcc
crystalline orientation: a connection to HSFL
formation

In this chapter, an experimental characterization and microstructural analysis using electron backscattered diffraction
(EBSD) and transmission electron microscope (TEM) of monocrystalline chromium samples having different
orientation growth and a polycrystalline Cr irradiated under conditions where defects are produced, is combined with
molecular dynamics (MD) simulations of short pulse laser interaction with a bcc metal, having the same orientations
as that of the experimental study. MD simulations were performed by the group of Leonid Zhigilei at the University of
Virginia. The generation of crystal defects is found to be strongly dependent on crystal orientation, where (110)

orientation on bcc materials is more favorable to lattice damage.

“Crystals are like people: It is the defects in them which
tend to make them interesting!”- Colin Humpphreys
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5.1 Introduction

In ultrashort pulse interaction with metals, the rapid deposition of laser energy may not only provokes fast melting
and resolidification of irradiated material’s surface, but can trigger also the emission of strong compressive stresses, as
discussed in the previous chapter in the case of short pulse laser interaction with a Cr(100) target in the spallation regime.
The relaxation of the laser-induced stresses occurring simultaneously with the surface melting and resolidification of
the processed target, can promote the onset of high density of crystal defects generation (stacking faults, vacancies,
dislocations) along with physical and mechanical properties modification of the surface layer.

An experimental and computational surface investigation of laser-induced roughness in the previous chapter unveiled
the singular response of crystalline orientation respecting HSFL generation, connected to the contrast in roughness
centers features, where Cr (100) target was more amenable to HSFL formation. The surface analysis performed in the
previous chapter is completed in this chapter with an experimental and computational in-depth investigation of laser-
induced microstructural modifications on Cr with three different orientations, (100), (110) and (111) in the sub-
spallation regime.

The mechanism responsible for the generation of point defects (vacancies), unstable stacking faults as well as
dislocations is revealed. The first part of this chapter accounts for an experimental characterization of laser-induced
defects employing EBSD and TEM, followed by TTM-MD simulations performed by the group of Leonid Zhigilei at
the University of Virginia on similar conditions. The joint study suggests that the generation of crystal defects on the
surface and in-depth can influence the surface topography, triggering or not HSFL formation.

5.2 Experimental conditions

In this work, a Cr polycrystalline sample and three Cr monocrystals having different orientation growth, (100),
(111) and (110) were irradiated. All samples were polished mechanically firstly, which yields an abundance of scratches,
then polished electrolytically, a final pre-irradiation process which gives a surface roughness of about 5 nm for all
samples. The one-pulse generation system described in chapter 3 was employed to irradiate Cr samples. The laser
operated at a central wavelength of 800 nm, with a pulse duration of 50 fs and a repetition rate of 1 kHz. Ablation
threshold was calculated using Liu method®! described in chapter 3. Ablation thresholds fluence Fi of monocrystalline
samples are very close for each crystal orientation (0.33 J/cm? for (100) and (111) oriented planes, 0.32 J/cm? for (110)
oriented planes). The irradiation fluence was fixed at 0.3 J/cm? for monocrystalline samples, and 0.27 J/cm? for
polycristal sample. Laser induced defects were characterized using EBSD system, with operation conditions leading to
a probed depth of about 20 nm. In order to investigate laser induced damage beneath the surface, two lamellas were
extracted from the center area of the laser spot on (100) and (110) orientations, by the standard focused ion beam (FIB)
lift-out technique, and then analyzed in CLYM facility by Thierry Douillard using transmission electron microscope,

equipped with a High Angular Annular Diffraction Field (HAADF) detector. The scattering that is collected by the
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HAADF detector is proportional to the Rutherford scattering cross-section that has a Z? dependence on the atomic

number Z of the scattering bulk.

5.3 Laser-induced defects on polycrystalline chromium sample

In order to investigate the response of different crystal orientation to ultrashort laser pulse regarding laser induced
defects on a single sample, different regions of a polycristal chromium sample having different orientation growth,
(100), (110) and (111) were irradiated with a simple pulse at a peak fluence of 0.27 J/cm2, under 10% of the single pulse
ablation threshold Fw, for Cr. Same experimental conditions were applied for all laser impacts. Fig 5.1a shows the zone
of interest of the polycristal irradiated with 1-pulse impacts. Color-coded EBSD orientation map, where the color
depends on crystal orientation with respect to the surface normal, shows (100) orientation in red, (111) orientation in
blue and (110) orientation in green. The standard EBSD color-coding triangle is shown as inset. Band Contrast EBSD
tool (BC), which is a measure of the average Kikushi bands intensity with respect to the overall intensity of the Electron
Back-Scatter Pattern (EBSP) quality factor, is shown in fig 5.1b for the grain boundary between (111) and (100)
orientations, and in fig 5.1c for the grain boundary between (100) and (110) orientations. Each pattern is assigned to a
band contrast value, and these values are then plotted as gray levels of pixels making up a map of the scanned area. This
is useful in getting a visual estimation of features that cause poor band contrast. BC is scaled from 0 to 255, which
represents minimum to maximum contrast difference. 1-pulse impacts on the (110) orientation shows higher marked
contrast than (111) orientation. (100) orientation shows no contrast difference. Laser shots impacting the grain boundary
between (110) and (100) oriented planes, are cut in band contrast map. In fact, if Kikushi bands have a high intensity
with respect to the EBSP overall intensity, the EBSP is of high quality and the BC is assigned a low value which

represents a low contrast. If not, EBSP would be of poor quality and results in a high BC value.

This result strongly suggests that defects induced in (110) orientation impacts are deeper and high in density, because
Kikushi bands diffraction pattern presents a low quality for 20 keV electron acceleration, which corresponds to a depth
of about 20 nm under the surface. This visual observation on a polycrystalline sample needs further confirmation and

investigation on monocrystalline samples.
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Fig. 5.1 EBSD characterization of a chromium polycrystalline surface irradiated with 1 pulse of femtosecond laser, at 0.27 J/cm? under laser
ablation threshold for 1-pulse. (a) Color-coded EBSD orientation map at 10° for the zone before irradiation, showing (111), (100) and (110)
orientations. The standard EBSD color-coding triangle is shown as inset in (a). (b) Band contrast map of grain boundary between (111) and (100)
orientations. (c) Band contrast map of grain boundary between (100) and (110) orientations. The black lines indicate the grain boundaries between
different orientations.

5.4  Laser-induced defects on monocrystalline chromium samples

5.4.1 Surface analysis

The visual results obtained for a polycrystalline Cr sample need further investigation and confirmation on Cr
monocrystalline samples. Fig. 5.2 presents monocrystalline samples having different orientation growth, (100), (110)
and (111) irradiated by 1 and 2 laser pulses at an incident fluence of 0.3 J/cm?2, under approximately 10% of Fw. Same

Cr polycristal experimental conditions were applied for Cr monocrystals.

Band contrast (BC) is shown in fig 5.2b for the 3 orientations. As the darker the area, the higher degree of lattice defects,
it is clear that orientation (110) shows higher degree of lattice damage than orientation (111) and (100), since the band
contrast is darker on orientation (110). Orientation (100) shows no marked contrast, indicating good Kikushi bands
quality. In the interest of gaining access to lattice strain and defect density, the mean angular deviation tool
(MAD), which is a measure of how well positions of the bands in the simulated EBSP match those in the
actual EBSP, was used. In other terms, it indicates the misfit between the measured and the calculated angles

between bands. Thus the larger the MAD value, the higher the misfit and the lower the indexing confidence.
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Fig.5.2 (a) SEM micrograph, (b) Band Contrast, (c) Mean Angular Deviation, (d) Local Misorientation, of monocrystalline Cr surface having
different orientation growth, irradiated by 1 and 2 pulses for a fluence F< Fth, with a fluence fixed at 0.3 J/cm. Color gradient is shown as inset
for mean angular deviation and local Misorientation. A black line is drawn in order to distinguish 1 pulse and 2 pulses impacts.

Fig 5.2c shows the MAD calculated for the 3 orientations (100), (111) and (110). Since misorientation mapping is useful
for studying plastic deformation, Local Misorientation (LM) tool was used, which calculates the misorientation between
a pixel and its eight surrounding pixels. LM for crystalline orientations is visible on fig. 5.2d, where false-color mapping
shows an inhomogeneous Misorientation (in green) on (110) orientation higher than that on (111) and (100) orientations.
LM can be associated to the generation of high local dislocations density, thus high plastic deformation on the (110)
orientation.

EBSD characterization of laser induced defects shows that (110) crystal orientation is more likely to get damaged. This
result is reproducible on monocrystalline samples. In fact, when a crystal is deformed, its atomic planes are distorted.
As a consequence, a greater angle distribution originating from crystal diffraction planes is obtained by the lattice non-
uniformity. Indeed, Kossel cones emanating from the sample present a greater variation. On the diffraction pattern, this
is manifested by blurring Kikushi bands edges?*®?%, Furthermore, from the Bloch wave’s theory, this distortion inhibits
the propagation of the Bloch waves resulting in a decrease in contrast of the Kikushi bands. The higher dislocation
density deteriorates the quality of the diffraction pattern due to the higher lattice distortion?2. The observed defects can

be due to phase changes as well as to higher stresses at greater depth.
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5.4.2 In-depth analysis

After laser induced damage characterization on 1 pulse impacts by EBSD tools, an investigation of defects
generated beneath the first layers from the surface has been carried out on the (100) and (110) orientations, extreme
cases which showed different behaviors regarding EBSD results. Thus TEM-HAADF has been used in order to reveal
microstructural changes in depth. Two 10 um long thin lamellas were extracted from the center of the same one-pulse
impacts characterized by EBSD tools, as shown in fig. 5.3a and b. HAADF imaging, referred also to Z-contrast imaging,
which uses the high-angle Rutherford-scattered electrons, is illustrated in fig 5.3c and d, for orientations (100) and (110)

respectively.

We notice the formation of a particular layer having a depth of 50 nm under the surface in the center of the 1-pulse
impact on the (110) orientation, with a darker contrast than that of the bulk. No marked contrast has been identified
under the surface of the 1-pulse impact on (100) orientation.
Electron diffusion factor is a function of the scattered electron angle © and can be approximated by the following
formula?®3-2%;

1
2a,q?

(5.1)

feq) =

Where fe(q) is the electron diffusion factor, g = (2 sin ©)/A is a parameter, function of the scattered electron angle © and
the de Broglie electron wavelength A, ao = g0 h?/mmo e? represents the Bohr’s radius, me is the electron rest mass, h is the
reduced plank constant, e the elementary charge, and Z the atomic number, Thus the square of the electron diffusion
factor is proportional to Z2. As a consequence, electron scattered intensity is proportional to the square of the atomic

number. Scattered intensity | at an angle © is then given by
I=17 %i(Z;Vp) (5.2)

where Z represents the atomic number, V the probed volume and p goes for atom density. Fig 5.3 shows scattered
intensity profile among the (110) lamella’s depth, in HAADF mode. An intensity drop of about 18% is obtained in the
50 nm-particular zone which presents darker contrast. This reveals generation of high density vacancies. Their
condensation and gathering can contribute to dislocations. The experiments performed on monocrystalline samples as
well as polycrystalline chromium sample give clear evidence that ultrafast laser induced defects generation is crystal
orientation dependent, and matches with predictions of TTM-MD simulations performed for Cr targets having different
orientation growth, (100), (111) and (110), presented in the following section. Here, we are dealing only with
dislocations and point defects (vacancies and interstitials), since no twins were observed, either by EBSD surface
analysis or FIB induced lamellas cross section TEM examination. We have shown that (110) orientation is more likely
to get damaged. In fact, the speed of lattice temperature rise process after energy transfer via electron-phonon coupling

determines the magnitude of the compressive wave generated. The faster the temperature rise, the greater the amplitude.
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Fig. 5.3 (a) and (b) Lamella’s extraction zone by FIB lift-out technique from the center of the 1 pulse impacts for (100) and (110) orientations
respectively. (c¢) and (d) High Angular Annular Dark Field (HAADF) lamella’s cross section analysis for (100) and (110) orientations respectively.
A particular layer of 50 nm depth is visible under the surface of the (110) orientation. Marked contrast was never observed on (100) orientation.
(e) Scattered intensity versus depth profile. Blue, white and red rectangles among depth show graph analysis region. An intensity drop of 18% was
found in the 50 nm particular region.

Thereby, tensile wave’s amplitude, which can be a function of electron-phonon coupling efficiency, is crystal orientation
dependent. The reason behind the stopping of tensile wave increasing lies on the fast emergence of spallation, which
can affect liquid temperature. This can explain the early formation of HSFL on (100) orientation in the spalled zone,
and their absence on (110) orientation, where liquid resistance to tensile wave is weak. While crystal orientation response
to ultrashort laser interaction with bcc metals has not been studied in the literature regarding types of laser induced
defects, computational and theoretical analysis presented in the following section on chromium samples having the same
orientations used in our experiments provides strong correlation between types of defects generated and crystal

orientation growth, which follows our experimental results.

5.5  Structural modifications revealed by molecular dynamics simulations

In this section, the conditions causing transient and permanent structural modifications in the surface region of a

Cr target irradiated by a femtosecond laser pulse are investigated accounting on the results of a large-scale TTM-MD
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simulations performed by the university of Virginia. The generation of point defects as well as dislocations in bcc Cr

targets are investigated below.

Density functional theory (DFT) calculations on optical properties for excited Cr was performed. We observe a very
weak modification (few percent < 5%) of the reflectivity in the range of fluence considered. This can be explained by a
stable d-band of Cr metals which spread out on a large energy domain. Consequently Fermi smearing has nearly no
effect on the optical properties. This result explains why the experimental fluence and the following simulation
parameters are in good agreement. Furthermore, we have also tried some calculations on slab geometries with different

crystal orientation, and we do not observe any significate optical properties modifications.

5.5.1 Generation of crystal defects in Cr (001), (110) and (111)

In order to study laser-induced dislocations dependence on the crystalline orientation of the irradiated material, three-
large scale TTM-MD simulations were carried on (001), (110) and (111) Cr targets which are irradiated by a 50 fs laser
pulse at an absorbed fluence of 800 J/cm?, following the same experimental parameters used to irradiate the Cr
monocrystalline targets. The snapshots shown in fig. 5.6 concerning the atomic configurations obtained in the large-
scale TTM-MD simulation of a (001), (110) and (111) Cr targets are quenched employing the velocity damping
technique. The atoms in these snapshots are colored according to their potential energies. It should be noted here that
atoms possessing energies lower than -3.99 eV which belong to the original bcc crystal structures are blanked in order
to ensure a better view of the laser-induced defects. Using this representation, atoms that belong to either the free
surfaces (atoms colored in red), the liquid/melted regions (atoms colored in green) and laser-induced crystal defects
(atoms colored in blue) are only showed. After the absorption of the laser pulse energy, simulations reveal the emission
of dislocations from the melting fronts which propagate then deeper into the targets simultaneously with the expansion
of the melted region depth. A persisted emission of new dislocations and their multiplication leads to an increase of the
dislocations density. The snapshots in fig 5.6 unveil the rapid propagation of the dislocations in (110) Cr sample down
to the bottom of the computational system, where they are driven back by the non-reflecting boundary. In contrast to
the rapid motion of dislocations in (110) target, a slower propagation of dislocations is observed in (111) target, where
they reach a depth of 115 nm in the sub-surface region by the end of the simulation. Furthermore, the formation of high
density of vacancies is also revealed during the resolidification process, and the generation of vacancies deeper inside
the bulk of the targets respecting the non-conservative propagation of the dislocations, as can be seen in fig 5.6 for the
(110) and (111) Cr targets. While the dynamic relaxation of laser-induced stresses produces transient unstable stacking
faults in Cr(001) target, a high density of point defects, i.e. vacancies and interstitials, are generated. It should be noted
here that the emission of dislocations is absent in the Cr target with (100) orientation, which is consistent with the

experimental results.
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Fig. 5.6 Snapshots of atomic configurations obtained in a large-scale TTM-MD simulation of (001), (110) and (111) Cr targets irradiated with a
50 fs laser pulse at an absorbed laser fluence of 800 J/m?, which is 66% above the threshold for surface melting. The snapshots are quenched to 0
K in order to reduce thermal noise in atomic positions and energies. Atoms are colored according to their potential energy and all the atoms that
have energies below -3.99 eV and belong to the original bcc crystal structure are blanked to display the crystal defects. The red atoms in the top
layer of the snapshots belong to the free surface of the target while the atoms in the green region (30, 70, and 180 ps) represent a melted region.
Ref: Dissertation of E.T. Karim under the supervision of L.V. Zhigilei?®,

These snapshots support the notion of a correlation between dislocations emission and residual compressive stresses

relaxation.

In order to furnish a clear comprehension on the dislocations emission in (110) and (111) Cr targets, the resolved shear
stress, described in chapter 3, is calculated for the 48 slip systems for atomic configurations generated in the simulations.
The results are discussed in the following section. Obviously, in both (110) and (111) targets, the increase of the resolved
shear stress just below the melting front to more than 3 GPa at the onset of the simulation including the high compressive
stresses scaled between 2.5 and 3 GPa can be the main reason to the comprehension of the generation of dislocations in
the samples. Concurrently, the inhibition of transient stacking faults respecting the uniaxial expansion of the two targets
can be elucidated by the calculation of the Schmid factor for the appearance of unstable stacking faults respecting the
{011} planes for the three orientations (001), (110) and (111). Calculation results point out that the Schmid factor
achieves its maximum value of 0.5 in four out of six {011} planes for (011) target and lessens to 0.25 and O for (110)
and (111) targets, respectively. These results show that the weak value of the Schmid factor hinders the generation of
the stacking faults in the (110) and (111) targets.

Therefore, we can infer that the formation of dislocations with Burgers vectors a<100> is due to the reactions between
dislocations with Burgers vectors (a/2)<111>. Several dislocation loops with Burgers vectors (a/2)<111> are also

observed in the two simulations at locations with a high density of vacancies, With the existence of a high density of
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vacancies along with the rapid undercooling process, the dislocation loops are believed to form initially with Burgers

vectors on {110} planes and then shear to become perfect dislocations.

5.5.2 Resolved shear stress investigation on Cr (001), (110) and (111) targets

The discrepancy between dislocations emission in the (110) and (111) Cr samples and their absence in (001) Cr
sample in the melting regime, underlines an explicit understanding on the onset conditions of dislocations emission in
the irradiated targets, which are crystallographic orientation dependent. Therefore, resolved shear stresses calculation in

the 48 slip systems is performed for the three large-scale simulations discussed in the previous sections.

The calculation includes the general form of the Schmid’s law represented by:

3 3
Tha = Z Z ImnlakOmk (5'3)

Where g represents the resolved shear stress, n and d represent the normal to the slip plane and the direction of the slip,
respectively, Im, is the cosine of the angle between n and the uniaxial force, lq is the cosine of the angle between d and
the uniaxial force and omk the magnitude of the tensile stress.

The results unveils the maximum value of the resolved shear stress for the three systems, which is 2.93, 3.68 and 4.00
GPa for (001), (110) and (111) respectively, which is spotted in multiple slip systems of {112} <111> type. Whereas
the resolved shear stress maximum value in the (001) orientation is somewhat lower than the ones in (110) and (111)
orientations, the atomic configurations snapshots show only the transient generation of unstable stacking faults in the
simulation. In order to shed more light on the contrast between the three systems, the resolved shear stress temporal and
spatial evolution is plotted for the slip planes in fig 5.7, along with the pressure plots including the denoted maximum

tensile and compressive values.

The interesting point here is that it is not just the magnitude of the resolved shear stress that is important, but where and
when the maximum level of stress is achieved. Starting with the (001) orientation and considering the slip system
(112)[111], where the maximum resolved shear stress of 2.93 GPa is noticed, we examine the resolved shear stress
spatial and temporal evolution as well as pressure in this orientation. A remarkable observation from the contour plot of
the resolved shear stress in fig 5.7a is that the shear stress values remain in the sub-melting front at its vicinity, and do

not surpass ~130MPa during the first 20ps from the laser pulse, which is even below the yield strength of Cr.

This can be explained by an alternative relaxation of the shear stresses through internal slip along {011} planes leading
to the transient appearance of the large number of stacking faults. The retraction of the stacking faults leads to an increase
in the shear stress below the liquid-crystal interface up to ~1.2 GPa in twelve slip systems, but it is not high enough to

cause the emission of the dislocations. The maximum resolved shear stress reaches its maximum value, ~2.93 GPa, at a
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depth of 120 nm below the surface at about 40 ps after the laser pulse. At this time and place, this is already too cold
for the homogeneous nucleation of dislocation loops. On the contrary, a different picture of the pressure evolution and
shear stress resolved for the slip system (112)[111] is noticed in fig 5.7b for the (110) target. The maximum value of the
resolved shear stress in this orientation is scaled between 3.5 and 4 GPa, with the shear stress approaching this value in
several slip systems at about 20ps from the laser pulse at a depth of about 30 nm in the sub-surface region. The conditions
of the tremendous dislocations emission from the melting front are promoted by the generation of strong shear stresses
in the prompt vicinity of the melting front, besides the high lattice temperature exceeding the melting temperature of
Cr. Simultaneously, the propagation of the dislocations deeper into the target is facilitated by the pressure oscillations,
the high lattice temperature and the quasi-static uniaxial lattice expansion that preserves relatively elevated level of
resolved shear stress, ~ 1 GPa, in the zone that is not accessed by the dislocations. Dislocations propagation deeper into
the target lessens the shear stresses and causes the relaxation of the residual compressive pressure from 1.7 GPa to less
than 1 GPa by the end of the simulation.

Concerning the (111) orientation, the results of the resolved shear stress is somewhat similar to the ones discussed
previously for the (110) orientation, which is evidenced from the contour plots in fig 5.7c of the temporal and spatial
evolution of the resolved shear stress for the (211)[111] slip system, where the shear stress reaches its maximum value
of 3.7 GPa. In the (111) target case, dislocations are emitted from the melting front where the maximum resolved shear
stress is reached after 20ps from the laser pulse. The lattice temperature is near the melting temperature and the
compressive pressure is around 3GPa at the time and depth of the dislocations emission. Regardless the pressure increase
to 3.2 GPa at depth of 32 nm in the sub-surface region by the time 50 ps, the resolved shear stress promptly decreases
to less than 1 GPa in most of the slip systems excluding six slip systems where the resolved shear stress is close to 1.3
GPa. The residual compressive stresses are partially relaxed only down to the depth of 115 nm from the surface, which
is the maximum depth reached by the dislocations at the end of the simulation, owing to the slow propagation of

dislocations.
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Fig. 5.7 Contour plots of the spatial and temporal evolution of the resolved shear stress (left) and pressure (right) obtained in TTM-MD simulations
of (001), (110), and (111) Cr targets irradiated with a 50 fs laser pulse at an absorbed laser fluence of 800 J/m?, which is 66% above the threshold
for melting and solidification. The contour plots of the shear stresses are shown for the slip systems where the highest resolved shear stress is
detected. Ref: Dissertation of E.T. Karim under the supervision of L.V. Zhigilei?®,

5.6 Discussion

There is a semi-quantitative agreement between the simulations and experiments. First, we indeed see that
dislocations are generated much more readily in (110) and (111) targets as compared to (100) ones. The difference
between (110) and (111) is less pronounced, but, indeed, the dislocations propagate deeper in the case of (110). The
values of the absorbed fluences are also in a reasonable agreement, particularly given the uncertainty with the reflectivity
that, in principle, may change during the pulse due to the electronic excitation.
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In the previous chapter, it was shown that the preferential HSFL formation on (100) orientation was related to the spiky
character of the roughness centers featuring elongated frozen nanospikes which enhances thus the local near-field.
Furthermore, the strong dependence of the surface roughness on the crystallographic orientation of the irradiated target
was found to be influenced by the velocity of the crystallization front. One can speculate that the generation of
dislocations in (110) and (111) changes the way laser melting proceeds when the surface is exposed to subsequent

pulses. Indeed, the time to resolidification is longer and this allows for the surface to relax.

5.7 Summary

In this chapter, it was revealed that generation of crystal defects is crystalline orientation dependent upon
irradiation with a single pulse in the melting regime. Experimentally, a qualitative EBSD study showed that Kikushi
bands are of poor quality in the case of (110) as compared to (111) and (100) orientations. An in-depth study conducted
by HAADF revealed a distorted layer in the case of (110) orientation, where the inelastic electron scattered intensity is
dropped by 18%. This can be explained by the generation of a high density of point defects and dislocations. The
experimental results were validated by TTM-MD simulations performed on bcc targets in the same conditions. It was
revealed that the emission of dislocations is related to the resolved shear stresses and the availability of the slip systems
that can be activated by the uniaxial expansion of the surface region. According to the simulations, the dislocation
emission is observed during the melting process (~100 ps), but additional dislocations do, indeed, form during
solidification. Moreover, almost all vacancies are generated by resolidification. In principle, the high density of
vacancies may lead to the formation of small dislocation loops. But, according to the simulations, this process is making
a negligible contribution as compared to the resolved shear stress mechanism of the dislocation formations revealed in

the simulations.

The investigation of crystal defects in bcc Cr target with (001) orientation indicate the formation of high density of
stacking faults inside the bulk target. The formation of these unstable stacking faults coincides with the propagation of
the tensile component of the stress wave, which results in uniaxial expansion of the lattice in the [001] direction. This
uniaxial expansion activates multiple shifts in the {110} crystallographic planes that are oriented at 45° with respect to
the [001] axis of expansion. The relaxation of the tensile component brings about gradual removal of the stacking faults

from the system due to the relaxation of the lattice deformation.

The investigation of the crystal defects in these simulations illustrates the formation of dislocations inside the bcc Cr
target during the resolidification process, in addition to the formation of high density of point defects, vacancies on
(110) and (111) orientations. Resolved shear stress calculation elucidate that the high resolved shear stress value in (110)
and (111) orientations in the sub-melting front, along with the high lattice temperature, underlines the emission of the

dislocations.
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Chapter 6

Self-arranged periodic nanovoids triggering
HSFL formation on fcc material

In this chapter we employ a high resolution microstructural analysis approach to infer the phase transition undergone
in the LIPSS region, including epitaxial regrowth and nanocavitation. We unveil the periodic nature of the subsurface
nanocavitation and demonstrate this is due to light self-arrangement. While the inhomogeneous periodic absorption is
investigated by electromagnetic simulations, the dynamics interlinking transient melting, nanocavitation and LIPSS
formation are asserted by a pump-probe like experiment and two-temperature (2T-)hydrodynamics modeling. This work

was published in ACS Photonics by X. Sedao, A. Abou-Saleh et al. (2018).
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6.1 Introduction

In this work, a better understanding of LIPSS formation is pursued, by pinpointing the function of near-field
enhancement and periodic nanocavitation. We demonstrate, with proper controlling laser parameters, that a feedback
effect can be introduced in, and aforementioned merits can be combined elegantly and be used for patterning 10-150
nm sized features on the surface as well as at sub-surface region. During ultrashort laser material interaction, depending
on laser dose and surface crystal orientation, lattice heating may entail rapid melting, cavitation, spallation and ablation,
within a space of nanometer scale and within a few picoseconds time window. Regular nanocavitation has already been
experimentally reported on aluminum surface layer but the microstructural and periodicity features in relation with
LIPSS generation and grow was not established. Initial surface inhomogeneity could trigger highly periodic
redistribution of the electromagnetic field when a laser pulse impinges upon the surface. The physical nature of the
subwavelength energy modulation relies on a coherent superposition of scattered waves with incident/refracted light
assisted by surface plasmonic excitation and near field effects contributing to sub-100 nm re-ordering of the field.
Thereafter, the thermo-mechanical response of the material, involving defect formation and/or transient melting with

ultra-rapid resolidification, plays an important role in LIPSS formation.

6.2  Nanostructures induced by field scattering on rough surface

The irradiated target was a single crystal nickel with a surface orientation (100) and an initial surface roughness
Ra = 1 nm before laser irradiation. In multi-shot experiments, a first laser pulse randomly modifies the topography of
the surface by creating roughness centers that are to be seen by the next pulses. All the successive laser pulses impinge
on a surface being constantly altered by the previous pulses and being roughened constantly, from an initially quasi-flat
surface to a significant roughness at later stage. The light coupling involves polarization effects on the newly formed
roughness centers, at the origin of LIPSS generation with two different periodic scales on the irradiated surface. The
smallest structures (50 nm to 200 nm) are parallel to the laser polarization and result from local field enhancement on
roughness>!, Consequently, we will refer to them as nfy, in light of their near-field nature. Corresponding to roughness-
dependent radiation remnants®?, they are often called high spatial frequency LIPSS (HSFL) of type r in literature®. On
the other hand, the structures formed from superposition of far field scattered fields on roughness centers with
incident/refracted fields will be referred to as ff>!!, These oriented structures can be parallel (ff;) and they are coined
HSFL of type-d for dissident structures, or be perpendicular (ff1, also known as LIPSS of type s and corresponding to
low spatial frequency LIPSS (LSFL)).

In order to elucidate the nature and role of near/far field scattering processes, and the effects of surface roughness
features in the formation of these structures with different orientation and periodicity, we performed 3D electromagnetic
simulations solving linear Maxwell equations!*!. The intensity distributions established upon coherent scattering from

a set of randomly distributed nanovoids on the metal-air interface was calculated by Anton Rudenko. With a 800 nm
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wavelength incident light, fig. 6.1 depicts typical transverse intensity patterns obtained 20 nm below the metal surface
resulted from the scattering by nanovoids of R=30 nm with a concentration C = 2% (average inter-void distance dn=120

nm) and by larger nanovoids of R=50 nm with a lower concentration C = 0.2% (dn=550 nm).

/1o
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Fig. 6.1 (a,b) intensity distributions calculated by 3D-FDTD simulations 20 nm below Ni rough surface in the transverse plane perpendicular to
laser propagation and (c, €) their Fourier transforms (FT). The distributions with the frequencies of interest, corresponding to nfy, ffy and ff1
features, are filtered for (d) 4 < k=ko < 6, (f) 2 < k=ko < 5, and (g) k=ko < 2, where ko = 2 = is the wave-vector normalized to laser wavelength =
800 nm. Rough surface consists of (a) nanovoids of R = 30 nm with a high concentration C = 2% or (b) larger nanovoids of R = 50 nm with a
lower concentration C = 0:2%.

The size and concentration were chosen to model the surface roughness developing in the course of laser irradiation,
and corresponding to experimental conditions that will be discussed in the following sections. In the case of nearly
touching nanovoids, local non-radiative near-field effects dominate over far-field effects, resulting in intercoupling
between nanovoids and quasi-periodic polarization dependent pattern formation with deeply subwavelength periodicity
<M3 close to metal-air interface. Fourier Transform (FT) of the spatial distribution shown in fig. 6.1c reveals a large
spectrum of subwavelength frequencies indicating a high periodicity dispersion, whereas filtering of the spatial
distribution from random noise allows us to identify continuous periodic lines of nf// structures with [A/6-A/4] spacing.
The vicinity of the nanovoids is crucial to enhance high frequency response of the nanovoids, whereas the concentration
is likely to affect the dominant periodicity. At higher separation distances, however, the nanovoids cannot interact via
near field intercoupling since the near-field scattered fields decrease rapidly with the distance from the nanovoids centers
r (as = 1/r¥%¢ The interference effects between the incident and the far-field scattered waves as well as coherent
superposition of the scattered far-fields are dominant as a feedback to the surface ripples development (far-fields decay
slower as 1/r). To emphasize the importance of the far-field effects, the larger nanovoids with lower concentration are
considered in fig. 6.1b, as the scattered field increases with the size of the scattering centers. Thus, the scattered electric

fields are proportional to the electric dipole moments in the far-field approximation 2%, consequently to R3.
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The far-field intensity enhancement is expected to increase = 25 times growing the nanovoids size from R = 30 nm to
R =50 nm. Two discrete frequency regions are of interest on the Fourier Transform in fig. 6.1e. The structures of the
periodicity close to laser wavelength are oriented perpendicular to laser polarization (ffL), whereas the structures of
lower periodicity with parallel orientation are also detected (ff;). To underline the presence of well-ordered ff;, we apply
Fourier transformation, filter the dominant frequencies in the range of 2-5 times lower than laser wavelength (with
periodicity lower than ffL and higher than nfy, features) and reconstruct the spatial distribution by applying inverse
Fourier transform in fig. 1(f). The rigorous analysis of the revealed spatial distribution allows us to assert that the patterns
of enhanced intensity, oriented parallel to laser polarization, are related not to discrete positions where the nanovoids
are located beneath the transverse plane, but to nonlocal coherent superposition of the scattered far-fields from the
nanovoids. That is the reason why, thereafter, we refer to these structures as ff,. By applying low frequency filtering,
we identify clearly ffL features on the spatial intensity distribution in fig. 6.1g. Their origin is directly related to the
interference of the incident wave with the scattered cylindrical surface waves from the nanovoids, decaying fast on the

distance of a few laser wavelengths along the metal surface®®.

In our experiments, far-field and near-field features were obtained either simultaneously or not, depending upon different
laser conditions, and were subjected to subsequent high resolution microstructural analysis. Since the growth of nfy
requires the presence of roughness centers but may be undermined by a strong feedback, 2 laser pulses were applied, to
form solely nf, on the surface of the target, at a near ablation threshold fluence Fth. The formation of ffL requires a
higher feedback, therefore the laser fluence was set to a lower value near melting threshold®*, and a high number of laser

pulses (46 pulses) was used.

6.3 Nanocavitation induced by near-field enhancement

The surface modifications in the laser impact area were visualized using a scanning electron microscope (SEM).
Microstructural examination in the direction normal to the surface (i.e. from the surface to sub-surface to bulk) was
carried out using a field emission high-resolution transmission electron microscope (HR-TEM) system on cross-section
thin foils extracted from laser irradiated sites using a focused ion beam (FIB) system, performed at CLYM facility by
Thierry Douillard. Classical work as bright field (BF) or dark field (DF) imaging and selected area electron diffraction
(SAED) were performed, but also scanning transmission (STEM) imaging was used in association with a high angle
annular dark-field (HAADF) electron collection. This last method offers the advantage to produce images without any
diffraction contrast but with an atomic number contrast. It was decided to conform the thin foil to lie 45 degree angle
with respect to the laser polarization, to ensure that the both ff, and ffL could be potentially visualized at one time, where

it was applicable.

Figure 6.2 represents nf; features produced with 2 laser pulses at near ablation threshold fluence. The matter from a tiny
central area of the laser spot is removed by spallation and nf; formation takes place. The top-view of the central area is
shown in the SEM image (fig. 6.2a). The boxes highlight the nf; structures in the center, and the rim of the spallation
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crater. Spallation, where liquid layers are ejected from the surface, is due to relaxation of laser induced stresses generated
beneath the surface, which coincides with the nucleation, growth and coalescence of multiple voids®. The insets
illustrate these sites in greater details. In the rim region, small patches of surface bursts are observed. There are also
some surface reliefs present in this region without marked material removal. The red bar across the image diagonal
indicates the extraction location of the TEM thin foil. According to the radial distance from the center towards peripheral
of the laser impact (hence gradually decreased local laser fluence following a Gaussian energy distribution), a few
typical sites, representing spallation, nf; and nanovoids formation, are chosen and their cross-sectional HAADF images
are given in fig. 6.2b. In the central 3 um radius region the nf, nanostructures are thin ridges formed seamlessly on the
surface (two bottom images in fig. 6.2b). These thin ridges rarely appear to be upright. Instead, they more than often
bend alternatively towards one side or another, a strong indication of past-existence of some nanocavities. Further away
from the spot center, a 3-5 um radius ring region is the transition area where the rim is located. The nf;, from both inside
of the rim and the detaching surface, related to spallation process!4’3, are evident. Outside the rim, in a region with
radius reaching beyond 5 um, burst cavities are merely visible (fig. 6.2a). The HAADF images (two top images in fig.
6.2b), however, reveal unbroken detaching surface layers and nanovoids trapped underneath the surface. The above
observation could be fully interpreted using the near-field theory if one assumed the energy coupling was strongly
localized at the nanocavitation sites, causing spallation of the material between the nfy ridges in the center area and
nanovoids formation in the off-center areas. This assumption is affirmed by the microstructures underlain. Coupled BF
and DF images were taken from aforementioned three distinct regions (fig. 6.2c). Fig. 6.2d shows the SAED pattern
generated from the surface region of the TEM thin foil. Zone axis [011] was used to obtain the BF images, and the DF
images were acquired with diffraction spot (200). The three regions exhibit, predominantly, epitaxial regrowth. For
instance, the nfy in the central 3 um radius circular region (fig. 6.2c top), and the material surrounding the subsurface

nanovoids in the outer region with radius greater than 5 um (fig. 6.2c bottom), are entirely epitaxially regrown.

The only exception appears at the 3-5 um radius rim region (fig. 6.2c middle): the surface layer covering the cavity is
visible in the BF image but not so in the counterpart DF image, suggesting a different local crystallographic orientation.
This layer might have been disrupted due to the mechanical stress from spallation and surface detaching. Overall, these
observations imply that under the local field enhancement, the nanovoids are the sites experiencing strong energy
coupling, while the surroundings, i.e. the ridges of nfj are the sites with weak energy coupling hence melting and
epitaxial regrowth. The central periodicity of nf,, A = 145 nm, is determined from the SEM image, and further affirmed
by FT analysis (fig. 6.2e). This accords well with the electromagnetic investigation discussed in the previous section,

where roughness conditions foster near-field regime as seen in fig. 6.1a.
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Fig 6.2 Figure 2: nf// nanostructures produced on Ni (100) surface after fs-laser irradiation at near threshold fluence, peak fluence 0.38 J/cmz, 2
pulses. (a) SEM image of the central area, with notations of laser polarization (E), crystal direction h001i, TEM thin foil extraction, and 2 insets
revealing nf// and the rim area in greater details. (b) HAADF images at distinct regions of the impact. Voids are seen beyond 5 pm distance from
the center. The central 3 um radius area is occupied by nf//. Between 3 um and 5 pm radius defined circular band region, an intermediate ring with
mixed voids and nf// features is found. These three locations are further examined, and presented in (c): couples of BF/DF showing epitaxial
growth of nf// and of outer region (the defects present in the crystal were probably introduced during the sample preparation by FIB). The
intermediate ring region exhibits material de-bonding, probably a layer that has not epitaxied. (d) SAED pattern with zone axis [01_1] used to
obtain the BF and DF images with diffraction spot (200). (e) FT spectrum of the SEM image showing nf// frequency distribution.

6.4 Nanocavitation in feedback regime

Following the assumption raised, further experiment was carried out at high number of pulses and a lowered
incident laser fluence, near melting threshold, as positive feedback conditions of irradiation are the most used regime of
LIPSS formation. Figure 6.3 presents the surface and cross-section examinations of a laser impact with ff// and ff co-
existence, made at 0.19 J/cm? with 46 pulses. More laser pulses are needed here for the LIPSS to appear, a sign of
accumulation and feedback functions at play. It is reasoned that near-field enhancement was needed at first to localize
the laser energy (the nominated laser fluence is too moderate to initiate material removal), and at a later stage the
interference effect led to ff1 formation. Similar to the representation of fig. 6.2, a small central area of the laser impact
was examined and the results are illustrated in fig. 6.3. The SEM image (fig. 6.3a) depicts the spot center, where both
of the ff// and ffL structures are clearly seen in a 5 pum radius area. The FT inset sums up the spatial alignment and
periodic features of these ff structures. They are remarkably comparable to the FDTD simulations pointing out coherent
superposition of far-field scattered fields (fig. 6.1b). The TEM thin foil extraction is marked by the red bar and an

overview of the foil (before being thinned for TEM investigation) is shown in fig. 6.3b.
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Fig 6.3 ff.L and ff// produced on Ni (100) after 46 pulses at a fluence of 0.19J/cm2. (a) SEM image illustrating co-existence of ffL and ff// in the
center, with notations of laser polarization (E), crystal direction h001i, and TEM thin foil extraction. FT analysis is displayed as inset, highlighting

the crossed ff features. (b) SEM image of the foil, after FIB milling. The red-box highlighted area, where both ffL and ff// are visible, is shown at

a higher magnification in (c). The blue and yellow boxes indicated areas feature ffL and ff//, respectively. These areas are further examined and
shown in (d) and (e). (d) BF image of 2 ff// structures, the tips of which appear to curl up. (¢€) HAADF image of thinned TEM foil. Nanovoids are
observed predominantly under ffL crests but also a few beneath the valleys. (f-g) Typical coupled BF/DF images showing epitaxy growth of the

surface layer (the present defects may be due to FIB sample preparation). (h) SAED pattern with zone axis [011] used to obtain the BF and DF
images with diffraction spot (111).

The red box highlights an area featuring ff// and ffL, and the details of this localized area is presented in fig. 6.3c, where
the ff// in the valley of the ff1 are visibly contorted, much alike a frozen burst of a nanovoid underneath the surface.
Then the foil was thinned down to the order of 100 nm for TEM analysis. Two smaller areas with only ff// and only ff1
are highlighted by blue and yellow boxes in fig. 6.3b and their BF and HAADF images are given in fig. 6.3d and 6.3e,
respectively. The high resolution BF image (fig. 6.3d) unveils the bending tips of the f// ridges, which is thought to be
frozen shell of a nanovoid burst. Many nanovoids of about 5-10 nm in size are disclosed, after FIB thinning, arranged
themselves in a quasi-periodic manner, some 10-20 nm underneath the surface of ffL crests (fig. 6.3e).

A few nanovoids are also identified in the ffLvalley area, but they are scarce compared to those located in the crest. The
valleys echo the interference constructive parts, locally enhanced absorption caused the nanocavitation and collapse,
whereas the crests are weak absorption counterparts so the nanovoids are formed and frozen. This is strengthened by
the microstructural analysis: coupled BF and DF images given in figs. 6.3f and 6.3g substantiate epitaxy re-growth of
the ffL crest. Figure 6.3h is the concerning SAED pattern. Zone axis [011] was used to obtain the BF image and the DF

image was procured using diffraction spot (111).
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6.5 Probing transient surface dynamics

In a second set of experiments, single-color femtosecond double-pulse train was used to irradiate monocrystalline
Ni sample having (100) orientation growth under conditions forming HSFL nanostructures. A Michelson interferometer
transformed single pulses into double-fs-pulse sequences. The number of double-pulse-sequences Npps Was set to 2.
Time delay At between the two linearly polarized pulses of a sequence was varied between 0.2 and 20 ps. The peak
fluence F of each pulse of the double-pulse-sequence are equal, and always kept below the half of the ablation threshold
Fu for 1 pulse. Hence, only the joint action of both pulses results in a permanent surface modification. Fig. 6.4a displays
laser induced surface modification as a function of the double-pulse time delay At. The ratio of the spallation surface
and the HSFL covered surface to the total laser modified surface for which F>Fnax/€? is given by the blue and red curve

respectively.

The two curves exhibit an extended pronounced peak within 2-5 ps delays, and diminish fast for delays larger than 5 ps.
HSFL nanostructures in the direction parallel to laser polarization are formed for delays between 0.6-14 ps, as indicated
by the blue graph. HSFL covered surface area significantly decreases at 6 ps and vanishes completely for delays larger
than 14 ps. The same behavior can be seen for the spallation surface area. When the first pulse arrives to the sample, a
significant part of its energy is absorbed and relaxed via electron-phonon coupling and electron thermal diffusion thus
initiating a rapid and localized heating producing in turn a temporal and spatial discontinuity of density, followed by
surface melting. Whereas the first pulse can alter electronic band structures and drive the system into a non-equilibrium
thermal state, a second delayed pulse with the same fluence and same polarization is sufficient to force the surface to
undergo spallation and HSFL formation, strongly depending on the double-pulse delay. Spallation, where liquid layers
are ejected from the surface, is due to relaxation of laser induced stresses generated beneath the surface, which coincides
with the nucleation, growth and coalescence of multiple voids. For small delays < 0.4 ps, hot electron at the surface of
the material generated by the first pulse can be disturbed by the second delayed pulse before energy transfer from the
electrons to the lattice. Thus no spallation nor HSFL nanostructures are formed as energy is not sufficient to cause
cavitation in the melted subsurface region. For delays between 0.6 ps and 2 ps, a strong modification of thermodynamic
and optical properties of the material is generated. Therefore, absorption of the second delayed pulse laser energy
increases due to a decrease in Ni reflectivity, which favors conditions leading to voids formation in the liquid region. In
this case, energy exceeds spallation threshold, where it is sufficient to cause cavitation, followed by spallation of the
melted layer. In fact, the first pulse energy has sufficient time to be delivered from the excited electrons to the atomic
vibrations, which leads to a rapid heating and forms a liquid region of depth depending on the first pulse fluence. A
second delayed pulse will encounter a melted zone which can influence laser induced processes in the surface region of
the irradiated target. Interaction between second delayed pulse and the liquid region induced by the first pulse provides
the driving force for a buildup of high compressive stresses in the surface region of the irradiated target. An unloading
tensile component of the stress wave is generated following the relaxation of the compressive stress in the presence of

free surface.
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Fig. 6.4 Laser induced surface modification dependence on double-pulse time delay At upon irradiation of a Ni(100) surface with Npps = 2 for a
fixed peak fluence of 0.38 J/cm?2 under Fw. (a) Spallation surface area, blue curve, and HSFL covered area, red curve, as a function of At, which
covers a range between 0 and 20 ps. Dashed colored rectangles on the curves correspond to SEM micrographs for different At: Dashed green, red,
blue and yellow rectangles are related to 0.4ps, 4ps, 10ps and 14ps respectively. (b-e) SEM micrographs of laser impact for selected At. Electric
field polarization is indicated by the double white arrow in the top right of each micrograph.

These tensile stresses, increasing in depth, can cause cavitation in the melted part under the surface, thus leading to
conditions which favor ejection of the liquid layer. For delays between 2 ps and 6 ps corresponding to the peak values
of the two curves in fig. 6.4a, stress wave’s magnitude increases due to an increase of the delayed pulse energy
absorption. Thus tensile stresses are strong enough to cause spallation of the melted layer. For larger delays > 14 ps,
electronic heat conduction initialized by the absorption of the first pulse energy is not interrupted by the delayed second
pulse, the greater part of the energy has been already transferred to the crystal lattice. Thus melting of the region
initialized by the first pulse starts to shrink due to resolidification before the arrival of the delayed pulse. In this case,
energy cannot be cumulated due to resolidification, where the delayed pulse encounter a solid in an equilibrium state.
Indeed, the surface region has enough time to expand during the laser heating and the magnitude of laser induced stresses
wave decreases down to a level where spallation cannot be achieved, where the transient appearing of voids under
spallation threshold can be captured by the resolidification front.

Accordingly to this experiment, a notable observation, however, is the presence of a time delay window between 0.6ps
and 12ps corresponding to the liquid lifetime, where spallation and HSFL formation occur. This time delay window
coincides with the generation of a liquid region induced by the first pulse, which is likely to alter the target response to
irradiation by a second delayed pulse. Therefore, time required for spallation is governed by the presence of second
pulse induced voids in the liquid region. Thus spallation threshold can be reduced or increased for the first and final

delays in this liquid lifetime window respectively, which explains the shape of the spallation and HSFL curves.
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6.6 Simulations of laser-induced melt fracture conditions

The nucleation and cavitation processes in a stretched metastable system have already been described by
molecular dynamics and hydrodynamic simulations. In particular for metals, it has been shown that the dynamics of the
bubbles could affect the outer surface relief on the spalled layer as the surface tension force can reach the same order of
magnitude as the inertia force?®®. The response of a Ni surface to ultrashort laser pulse heating has been investigated by
J.P. Colombier using the 2T-hydrodynamics code Esther*2*, to simulate the appearance of tensile stresses subsequent
to the unloading of thermomechanical stress created by the ultrafast laser heating. Following laser excitation in a sub-
ablation regime, the one-dimensional in-depth calculation of the successive thermodynamic states defines the energy,
density and pressure distributions for both electrons and ionic species inside the material. The investigated fluences have
been setat 0.19 J/cm2and 0.38 J/cm?, corresponding to previous experimental conditions and also to melting and ablation
fluence thresholds, respectively. The spatiotemporal dynamics of the material density and total pressure, including
electron and lattice contributions, is reported in fig. 6.5. For the lower fluence, a thin liquid film = 5 nm thickness is
formed at the surface between 3 ps and 18 ps (fig. 6.5a). This liquid lifetime is fully consistent with the observation of
fig. 6.4, for which the first half of the double-pulse contains the same energy as used in the simulation. It means that the
material response can be enhanced by a second pulse as long as the surface remains in a liquid state. For the single-pulse
higher fluence shown in fig. 6.5b, the liquid layer is thicker, up to 60 nm, and the resolidification occurs at around 750
ps. This depth agrees well with the surface relief revealed in fig. 6.2. Early thermomechanical excitation of the electrons
in the first picosecond is visible in fig. 6.5¢c, followed by the shock propagation deeper into the solid at a maximal
pressure of 12 GPa. The sharp drop in pressure generates two rarefaction waves, propagating in the forward and
backward directions, and creating local tensile stress which triggers potentially nucleation and cavitation processes.
Based on tensile strengths of liquids, 2T-hydrodynamics simulations reveal cavitation processes under high strain rate

if a relevant cavitation criterion is met.
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Figure 6.5 Spatiotemporal evolution of material density (a,b) and total pressure (c) calculated by a hydrodynamic simulation of a nickel sample
irradiated with a 60 fs laser pulse at an incident fluence of 0.19 J/cm? (a) and 0.38 J/cm? (b-c). The black dashed lines indicate the solid-liquid
interface for density evolution and the tensile strength limit for pressure diagram (c). Melt fracture is supposed to occur when the material

experiences a high tensile stress in a liquid state as represented by the red hatched area in (b).
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Following the Grady's criterion in liquid metals at moderately high strain rates?, spall formation is predominantly
governed by surface tension as viscosity contribution is negligible. The elastic and kinetic energies conditions to exceed
the surface energy required to fracture the liquid define the melt strength Ps, which is estimated to be around =5 GPa.
Ps limit is plotted in black dashed line in fig. 6.5¢c and reported in the melted zone in fig. 6.5b as a red hatched area.
Following these considerations, the cavitation process in the stretched liquid is expected to occur 50 nm below the
surface, between 15 and 25 ps after the laser pulse, which is fully consistent with the characteristic time to form liquid
fracture ts = 9 ps derived from the Grady's model. According to this simulation, voids may be formed below the surface
and the fast cooling process in about 100 ps (as visible by the swift melting-recrystallization front) can freeze the voids

before they collapse under the action of surface tension.

6.7 Scenario for forming nanovoids and nanoreliefs

Taken as a whole, this work illustrates light enhancement of near-field and coherent superposition of light with
far-field scattering. The periodic electromagnetic absorptions revealed by FDTD calculations for different roughnesses
are visualized by post-mortem microstructural analysis. The formation of periodic nanovoids under the surface was
observed and the regularly aligned nanocavitations drive the formation of nf;,. Special features nf; with A=145 nm
periodicity and subsurface nanovoids as small as 5-10 nm, spontaneously triggered by femtosecond laser. TEM
observation reveals that nf; consist of nanopeaks of 30 nm amplitude resulting from the frozen nanojets at the edges of
exploding nanovoids. Local spallation is expected to occur in tiny volumes in a self-organized and periodic arrangement,
where absorbed laser energy is maximal. For microscopically rough metallic surfaces irradiated by ultrashort laser pulse,
the surface energy re-distribution is non-trivial and directly related to the complex light scattering on roughness centers.
As the roughness size is considerably smaller than A, the local field enhancement, consisting of evanescent near fields

along the electric field direction, follows a Rayleigh-like scattering distribution'*24,

The superposition of the individual scattered near-fields around nanoroughness centers triggers structures elongated
along the laser polarization direction with a periodicity driven by the roughness centers concentration. From the very
beginning of multipulse irradiations, they develop as periodic nanocraters surrounded by nanopeaks due to localized
phase transition, and spallation process. For the optimized conditions used for 2 pulses irradiations, the process of both
nanopeak and void creation at nanoscale as observed in fig. 6.2 highlights the hydrodynamic nature of the high spatial
frequency LIPSS formation. Exploiting feedback process for higher number of pulses, this kind of LIPSS does not
survive at the center of the irradiation spot as ff1 (LSFL) and ff// features prevail, even if they are still present at the
external region for high accumulation dose conditions. TEM cross-section discloses uniformly positioned nanovoids
frozen below the surface, suggesting that nanospallation process was stopped by rapid cooling and interrogating on the
dynamics of the discussed mechanism. Following the laser irradiation, a thin surface layer undergoes melting on a
timescale which lasts a few ps, where the size of the liquid region is determined by the electron dependent electronic
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thermal diffusion and electron-phonon relaxation time %'. By splitting energy required to reach local conditions for solid
to liquid transition, the proposed double-pulse experiment probes the liquid lifetime. Figure 6.4 shows that a maximal
synergy is reached for a delay of 4 ps, corresponding to the characteristic electron-phonon coupling time as reproduced
by the simulation shown in fig. 6.5. A thin liquid layer subsists 12 ps, therefore spallation is no longer possible for longer
At. It is remarkable that local nanovoids are observed on a longer time-delay, indicating that energy required for the
material to experience cavitation on the nanoscale is just below the spallation regime. Considering microstructural
results on irradiated Ni (111), evidencing that nanoripples are associated with liquid layer*, this demonstrates the nfy,
LIPSS are formed for fluence values slightly higher than melting threshold and lower than spallation regime, promoting
nanocavitation process due to local field enhancement. The process has been proven to result from the rarefaction wave
stretching forcefully the bottom of the liquid layer, as manifested by the hydrodynamics simulation given in fig. 6.5.
The liquid layer fracturing is expected to start ~ 20 ps after the laser pulse, around 50 nm below the surface, as the
kinetic energy associated with tensile stress exceeds the tensile strength. At high fluence around F, voids expansion is
faster than the cooling time, and their simultaneous and coherent explosion deforms the surface, producing periodic
nanoreliefs (fig. 6.2). For lower fluence, nanovoids growth is frozen below the crest of the ffL by the cooling time at the
solid-liquid melt front, exhibiting an original and extraordinary embedded periodic ordering. The phenomenon is
expected to be universal, thus periodic nanocavitation process may be applicable to other laser-irradiated metals

experiencing a high energy confinement below the surface.

6.8 Conclusion

This chapter sheds light on the intricate role of electromagnetic and hydrodynamic mechanisms driving periodic
surface modifications on ultrafast irradiated surface. The periodic nature of the mechanical response is attributed to the
light self-arrangement including near-field enhancement, coherent superposition of scattered waves with incident light
and roughness mediated feedback effects. The following conclusions can be drawn by combining electromagnetic
modeling, TEM microstructural analysis, pump-probe-like double-pulse irradiations and hydrodynamic simulations.
LIPSS formation and growth are driven by the joint effects of structured electromagnetic field distributions at the
corrugated surface and the thermomechanical dynamics of the irradiated surface. In particular, highly periodic energy
deposition due to local electric field enhancement on roughness centers fosters such thermomechanical conditions that
drive local nanocavitation process in a periodic manner. High spatial frequency LIPSS are originated from the
periodically organized explosion of nanovoids. Moreover, the embedded nanovoids have been shown to form in specific
conditions, rendering the crest of classic ripples a nanoporous state. This work paves the way for evaluating optimal
laser conditions to create periodic structures on the nanoscale, realized when an ultrafast laser pulse irradiates a
corrugated surface to force it into a stretched liquid state. The ideal fluence should be sought between the liquid
formation threshold and the photomechanical ablation regime leading to the spallation process. Mastering both surface
roughness and excitation regime could help find the route to create the smallest periodic nanostructures ever produced
by light.
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Chapter 7

Random Coupled Nanoholes Triggering Self-
Organized Nanostructures Probed by
Photoemission Electron Microscopy

Feedback mechanism in the course of LIPSS formation is often evoked as the main process driving the final ripples
topography. In this chapter, we employ PEEM to experimentally investigate the pulse-to-pulse evolution of the local
near-field distribution on a set of light induced periodic surface arrangements of matter that consists of different
periodicities induced earlier by ultrashort laser pulses with different laser shots on titanium. The experimental data are
interpreted by comparison with electromagnetic simulations and calculations. While the local-field enhancement
distribution is investigated on a single and collective nanoholes performed by electromagnetic calculations, we unveil
the periodic character of electrons photoemitted from nanoholes in the LIPSS region, where a periodic behavior of the
laser energy deposition is verified, following the same modulation of LIPSS periodicity. By correlating LIPSS periodicity
with that of the photoelectron signal, we demonstrate that the concentration of the collective local-field enhancing
centers play a prominent role in reducing LIPSS periodicity, combining experimental results to hydrodynamic and
electromagnetic calculations. Mapping the evolution of the photoelectron signal paves the way towards a better

understanding of the complex mechanisms involved in LIPSS formation.
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7.1 Introduction

The combination of nonlinear laser interaction and induced material instabilities triggers the formation of self-
assembled structures through optical feedback. The optical feedback concept is often argued in LIPSS formation, as the
periodic behavior of the mechanical response is assigned to the light self-assembled involving optical field enhancement,
coherent superposition of incident photons with scattered waves and corrugation mediated feedback effects. In the multi-
pulse regime, it is generally accepted that LIPSS periodicity exhibits a decrease when the number of laser pulses
impinging the target increases even if the reasons are still unclear. In fact, the physical mechanisms occurring pulse after
pulse are still uncertain, as the transient location of interpulse light absorption may be dictated by the previous
topography or it does drive the topography. In this study, a better comprehension is pursued, by uncloaking the role of

the concentration and distribution of the local-field enhancing centers in reducing LIPSS periodicity.

Comprehending the behavior of dynamical surfaces and probing the optical response of the evolving coupling between
light and roughness require microscopically resolutions able to resolve the ripples periods. On one hand, in spite of the
laser-based microscopies possibility in providing femtosecond or even attosecond time domain laser pulses, acquiring
spatial resolution down to a few nanometers remains intractable considering the diffraction limit of light. On the other,
an inverted situation occurs when electrons are applied for imaging. In this case, nanometric spatial resolution can be

attained limited by a narrow temporal resolution.

7.2 Experimental conditions

Before irradiation, Ti sample was first mechanically polished then finished with colloidal silica, providing an
excellent surface mirror-like with roughness of about ~ 2 nm. Ti oxidizes slowly, which enables efficient PEEM
measurements, since PEEM is sensible to the extreme surface. If the surface is oxidized, no signal can be detected. For
laser-induced surface structuring, we use the same experimental setup described in chapter 2. Laser-induced surface
structuring was analyzed using SEM. The sample consisted of a set of laser impacts where ripples are formed with
different number of laser pulses ranging from 1 to 20 pulses at a fixed peak fluence of 0.24 J/cm?2 below single-pulse
ablation threshold. After LIPSS formation, the sample was then analyzed by PEEM at CEA Saclay by L. Douillard. The
schematic representation of the PEEM-LIPSS characterization is provided in fig. 7.1b.
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Fig 7.1 (a) LIPSS formation experimental setup and (b) LIPSS-PEEM characterization setup. In (a) P represents polarizer, M mirror, D densities,
L lens and Ti Titanium sample. In (b) PE represents photoelectrons emitted from the surface, OL objective lens, PL projective lens and SC screen.

For PEEM measurements, the light source used was a cw mode-locked Ti-Sapphire laser system (Tsunami, Spectra
Physics Inc.) providing IR photons with a central wavelength ranging from 720-900 nm, with pulse duration equals to
150fs. The wavelength value was fixed to 800 nm (1.55 eV) for coherency with LIPSS formation conditions. Laser
pulses were focused on the sample through a normal incidence with a 500 mm focal length lens. The commercial
photoemission electron microscope instrument is of Elmitec GmbH LEEM/PEEM III type, performing in ultrahigh
vacuum, where pressure lies in the low range of 10-1° mbar, and with no energy filtering (total electron yield). The lateral
resolution achieved by PEEM is 20 nm. A charge-coupled device camera (CCD) recorded digitized real-space images

for ulterior investigation.

7.3 SEM characterization of LIPSS with different periodicities

In order to enable access to the dynamic of LSFL formation, LIPSS with different periodicities are formed with
consecutively number of laser pulses. Fig 7.2 illustrates SEM images of 3 different sites corresponding to low (1 pulse),

medium (10 pulses) and high (20 pulses) dose of laser irradiation.
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Fig 7.2 SEM images of LIPSS pre-structured with consecutively number of laser pulses starting with 1 pulse to 20 pulses at a normal angle of
incidence, in the aim of dynamical PEEM study. The electric field polarization is given by the double red arrow.

The development of surface structures produced on Ti close to laser-ablation threshold laser fluence of 0.24 J/cm2 is
shown in fig 7.2. It shows laser-induced surface nanoroughness distributed sparsely and randomly after 1 laser shot. At
10 pulses, a microscale periodic pattern is marked over the initially induced random nanoroughness. At this phase, we
observe only small patches of periodic ripples in diverse regions within the irradiated spot. Increasing the number of
laser pulses bring LIPSS to grow and coalesce, leading to a clear extended ripples pattern with a period of about 640 nm

for 20 laser shots.

LIPSS periodicity decreases when increasing number of laser pulses. In order to highlight this behavior, a 2D-FFT
amplitude is performed for each laser impact with different number of laser pulse, allowing thus to plot LIPSS

periodicity as a function of the number of laser pulses, as seen in figure 7.3.

Multiple laser pulses are necessary for the development of stable LIPSS patterns at the same spot. From fig 7.3, LIPSS
final morphology saturates for applied number of laser pulses larger than 20. LSFL periodicity dependence on incident
applied number of laser pulses has been studied for diverse materials in the literature and the common trend suggests
that LSFL periodicity decreases as the applied number of laser pulses impinging the surface increases, until reaching

the saturation regime for a high number of laser shots, developing thus a stable ripple pattern.
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Fig 7.3 Plot of LIPSS periodicity evolution as a function of the number of laser pulses. The periodicity dispersion is indicated by the red bar.

The error bars revealing the variability of a certain periodicity are calculated by measuring the FWHM of the Lorentzian
function fitting the 2D-FFT graph [Gwyddion software].

7.4 Experimental results and discussion

7.4.1 1PPE-PEEM and 3PPE-PEEM imaging

In a PEEM image, the brightness of one imaged zone is directly proportional to the number of the electrons
photoemitted from that zone. Thus knowing the physical mechanisms behind electron photoemission is of high
importance regarding data interpretation. Upon illumination of the Ti target with a UV lamp, electrons are linearly
photoemitted since one photon (1P) absorption events produce electrons of Kinetic energy exceeding the work function
of Ti (4.33 eV??). Under IR laser illumination at a central wavelength of 800 nm (1.55 eV) and polarization
perpendicular to LIPSS orientation, overcoming of the Ti work function requires a multiphoton absorption. In our case,
a three photon (3P) absorption process as lowest order is expected to dominate. It should be noted that PEEM only
probes the first few nm beneath the surface in relation to the inelastic mean free path of the photoemitted electrons,
which gives an evidence of the presence of the electric field in this region. So, in a 3PPE-PEEM experiment, the intensity
of the photoemitted electron signal is proportional to the sixth power E® of the local electric field, whereas linear
photoelectric events scale as E2. Areas of enhanced electromagnetic near field intensities generate high photoelectron

yields manifested as hot spots on the 3PPE-PEEM images, with a spatial distribution given by the following formula:

Y(r)aflEIzndt (7.1)

Where Y(r) represents the photoelectron yield. The net electric field E enhances the n-photon photoemission (nPPE)

yield by a factor of 2n with n representing the number of photons needed to surmount the materials work function, which
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is equals to 3 in the case of Ti. It is worth noting that the PEEM peculiar resolution is sample topography dependent,

along with the light source and the field of view.

To guide the eye, a 1IPPE-PEEM image is superimposed with a 3PPE-PEEM image of the same region, as displayed in
fig.7.4a, where ripples are pre-formed with 20 laser pulses at a fluence of 0.24 J/cm2. We use the cross-correlation
method, described in chapter 3, in order to reveal all the photoelectrons emission centers. Extreme local-field
enhancement is manifested by hot spots originated from 3PPE-PEEM, while the topography denotes the fingerprint of
the 1PPE-PEEM. Here, nanoholes are represented by the white ridges. The photoemission yield can be observed
enhanced in the vicinity of nanoholes. This visual observation needs further investigation on 3PPE-PEEM images, where
only hot spots can be extracted. The combination of 3PPE-PEEM image with its corresponding SEM image can thus

indicate the exact location of the enhancing centers.
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Fig.7.4 Mapping of the near-field and the topography of a site where LIPSS are formed with 20 laser pulses at 0.24 J/cm?. (a) SEM image of LIPSS
(b) a magnification of the yellow area where holes between structures are visible in black. (c) Combination of a 1-photon PEEM image and a 3-
photons PEEM image, where the local field enhancement localization arising from 3PPE-PEEM is manifested by hot spots colored white. Here
LIPSS represents regions with black color. The field of view FOV is 40 um. (d) a magnification of the yellow square, where the hot spots are seen

located in the holes region.

7.4.2 3PPE-PEEM hot spot localization and features

In order to localize the emission centers of photoelectrons, i.e. hot spots, a laser impact where LSFL are pre-
formed with 20 laser pulses at 0.24 J/cm? is probed. We investigate this impact as our starting point since it provides
topography with different roughness centers, where LSFL are well formed. Fig 7.5a shows a 3PPE-PEEM image probing
LSFL pre-structured with 20 laser shots, where the local field enhancement is manifested by hot spots. This image is
acquired simultaneously when probing the laser impact. One can consider that the hot spots, due to a greater corrugation
of the nanostructures which could confine the electric field to the power sixth, would mask the signature of the coupling

with lower roughness centers. Indeed, a cross-correlation between a hot spot and 3PPE-PEEM image is necessary, which
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exalts all the emission centers, as shown in fig 7.5b. An FFT-amplitude is performed on the CC 3PPE-PEEM image, in
order to reveal a periodicity of the photoelectrons. It is obvious from the two symmetric zones in the FFT that a periodic

character of photoelectrons exists, with a high dispersion.

For better visualization of the photoelectrons periodic character as well as their emission sites, the SEM image in fig
7.5¢ of the corresponding area along with the PEEM cross-correlation image in fig 7.5b are superimposed, as shown in
fig 7.5d. Here, the hot spots are seen to follow the structures, emitted from holes. A small yellow circle area is chosen

and magnified in order to highlight this effect.
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Fig.7.5 High-resolution near-field mapping of LIPSS (a) 3PPE-PEEM of a site irradiated with 20 laser pulses at an incident peak fluence of 0.24
Jlcmz2. The red arrow shows the laser polarization. Near-field enhancement sites excited under LIPSS formation experimental conditions are imaged
as hot spots colored in blue. (b) 3PPE-PEEM autocorrelation map revealing all the emitting sites, dazzled in (a). Map is obtained by correlation of
the raw PEEM image with a generic hot spot profile. A 2D fast Fourier Transform FFT amplitude is performed for (b), which shows two identical
symmetrical zones indicating a periodical behavior of the hot spot distribution, with a moderate dispersion of about 50 nm. (c) A SEM micrograph
of the zone of interest, including a FFT of the same zone displaying a periodicity of about 640 nm with a lower dispersion. (d) Combination of (b)

and (c). A magnification of the yellow circle clearly shows the location of the high near field hot spots in respect to the LIPSS topography.

It should be noted here that outside the laser impact, no signal is detected. The emitted photoelectrons results only from
the nanostructures. In addition, no IR-laser induced-damage of LSFL is observed during PEEM experiment. Imaging
the field enhancement at LSFL pre-formed with 20 laser shots triggers optical feedback concept investigation, owing to

a modulated photoelectrons emission.
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7.4.3 Dynamics of LIPSS formation

Mapping of the near field distribution for different topographies corresponding to LSFL formed with different
number of laser shots constitutes a unique perspective to investigate the dynamics of LIPSS formation.

Fig 7.6 displays SEM images being superimposed with PEEM cross-correlated images for 4 different sites
corresponding to LIPSS formation with 1, 5, 10 and 20 pulses. The hot spots designating the position of the electrons
photoemitted are colored in blue. The images reveal a marked difference regarding the evolution of the concentration
of the hot spots as well as their periodic character. In fact, photoelectrons emitted from the 1 pulse site are randomly
distributed whereas they begin to evolve with increasing number of laser pulses. For LIPSS formed with 10 and 20
pulses, hot spots can be seen following the sub-wavelength structures, emitted from nanoholes. This result indicates that
interpulse light absorption is located in nanoholes, which may drive the topography following subsequent pulse

irradiation.
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Fig.7.6 Combination of SEM and high-resolution PEEM near-field mapping of LIPSS formed with different number of laser pulses. The red arrow
shows the laser polarization. Hot spots (blue points) are randomly localized in the case of 1 pulse topography and start to follow LIPSS structures
when increasing the number of laser pulses. Hot spots correspond to topographical nanoholes of the metallic surface.

In order to gain access to the evolution of the hot spots concentration with respect to the number of laser pulses, we use
an image processing software, Imago, developed by L. Douillard, allowing, by a system of masks, to count the hot spots

on an image.
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7.4.4  Link between hot spots and LIPSS periodicity

Probing the local field distribution for LSFL pre-formed with consecutively number of laser pulses has revealed
that the energy is deposited in peculiar locations, i.e. nanoholes, where the emission yield of the photoelectrons is high,
imprinting a hot spot. The emitted photoelectrons were shown to be randomly distributed for low number of laser pulse
irradiation, and follow the periodic nanostructures when increasing the number of laser shots. Since photoelectrons are
seen to follow LSFL, an attention should be addressed to their periodic character.

Fig 7.7a shows a plot of LIPSS and photoelectrons periodicity as a function of the number of laser pulses. LIPSS
periodicity is extracted from the SEM-FFT amplitude analysis shown in fig 7.7c. In order to obtain a complementary
visualization of the field distribution on the LSFL topography, we plot the radially average autocorrelation, i.e. RAA,
for each image with consecutively number of laser pulses corresponding to the CC 3PPE-PEEM. RAA function enables
to highlight possible periodicities of a given image, which is sometimes difficult to apprehend from the original image,
as in the case of circular hot spots. The autocorrelation function is calculated here as the inverse Fourier transform of
the product of the Fourier transform of the image with its conjugate. Fig 7.7b shows the normalized autocorrelation of
the emitted photoelectrons from three different sites, which includes LIPSS formed with 5, 10 and 20 laser shots.
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Fig.7.7 Evolution of LIPSS and photoelectron site periodicity as a function of the number of laser pulses. (a) a diagram plot of LIPSS periodicity
obtained by the FFT performed on the corresponding SEM images for sites irradiated between 10 and 30 pulses, and photoelectron site periodicity
obtained by the radially average autocorrelation RAA performed on the corresponding cross correlated 3PPE-PEEM images for the same sites.
Red and blue diagrams represent LIPSS and photoelectron site periodicity, respectively. (b) FFT of LIPSS (c) RAA of photoelectrons as a function
of the distance and (d) FFT of a 3P-PEEM image for a 20 pulses LIPSS site.
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The RAA plot confirms a periodicity character associated to photoelectrons. It is obvious that a periodic character of
photoelectrons starts at 10 pulses where the first peak of the curve is located at 668 nm. This periodic character is
amplified for LIPSS formed with 20 pulses, where the first peak of the corresponding curve is shifted down by 23 nm
to a periodicity of about 645 nm.

The dashed blue and red curves in fig 7.7a represent the evolution of the photoelectrons and LIPSS periodicity as a
function of the pulse number, respectively. For LIPSS pre-structured with moderate number of laser pulses, i.e. 10
pulses, a shift between the two curves is present, which decreases when increasing the number of laser pulses, reaching
saturation for high number of laser pulses.

Examining carefully the emission centers of photoelectrons, i.e. holes, by superimposing the CC 3PPE-PEEM of each
image with its corresponding SEM image, suggests that the energy is deposited in the valleys, where the optical intensity
is always larger than that of the ridges, which deepens thus the valleys through local-field enhancement. As a
consequence, the ripples pattern is enhanced via positive feedback. Surface topography dynamic as well as LIPSS
periodicity evolution with the applied number of laser pulses is a question congenitally linked to the feedback nature.
This involves a strong connection between interpulse laser-induced surface roughness and the field, where several
scenarios were proposed including plasma gradients, plasmonic contribution and effective optical indices of corrugates
surfaces®®243, An untimely ripple pattern develops on the surface after the first laser pulses, where valleys and ridges are
formed on the surface morphology. Subsequent laser pulses interact with an amended surface, where the local field is

enhanced by peculiar regions.

Our results show that this decrease in LSFL periodicity is directly linked to the periodicity of photoelectrons, evidencing
that the energy is deposited with a periodicity lower than that of the LSFL.

7.5 3D electromagnetic calculations

7.5.1 Solving Maxwell equations

Electromagnetic simulations are performed with the help of Anton Rudenko at Hubert-Curien laboratory by using
3D Finite-Difference Time-Domain method with A(X,y,z) = 20 nm resolution and 1000 x 1000 x 150 calculation cells.
The intensity | is calculated by averaging the sum of squared electric fields over 30 optical periods, corresponding to 6
= 40 fs (FWHM) pulse duration of temporally Gaussian pulse at A = 800 nm irradiation. The optical properties of Ti
with n=3.14 and k=4.0 for the laser wavelength A = 800 are used in simulations, whereas holes are half-spheres with
n=1 and k=0. Convolutional perfect matched layers (CPML) of 15 cells thickness are applied on the borders of the grid
to avoid non-physical reflections. The spatially focused Gaussian beam is chosen as the source with wo = 20 um beam

waist, linear polarization along Y axis and propagation along Z axis.
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7.5.2  Analysis

SEM image in Fig. 7.5¢ gives us complete information about the three-dimensional surface topography. The
energy deposition on the surface irradiated by 20 pulses is then calculated by Finite-Difference Time-Domain method,
solving full-vector Maxwell equations. The intensity in cube below the surface is traced in Fig. 7.8a and correlates well
with 3PPE-PEEM image in Fig. 7.5b. The hot spots correspond here to the positions of the deepest holes, whereas the

periodic patterns are less intense. The calculations reveal the inhomogeneous nature of the topography below LIPSS.

To elucidate the role of the nanoholes in the establishment of final interference patterns and possible LIPSS pulse-by-

pulse evolution, we perform electromagnetic simulations with different concentrations of randomly distributed

nanoholes of R = 20 nm below surface.
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Fig. 7.8 (a) cubic intensity distribution I® calculated by 3D-FDTD simulations 20 nm below Ti rough surface with experimentally defined topology
shown in Fig. 7.3c in the transverse plane perpendicular to laser propagation. (b) Predictions of resonant wavelength shift as a function of the
average distance between the nanoholes by coupled-dipole approach. (c,d) Intensity distributions below the surface with randomly distributed

nanoholes of R = 20 nm and average spacings (c¢) d =1 nm and (d) d = 500 nm.

The absorbed energies corresponding to the nanoholes with average spacing of d =1 nm and d = 500 nm are shown in
Figs. 7.8c,d. The collective effects of coupled nanoholes influence the periodicity of the resulting interference patterns.

For larger nanohole spacing, the period is found to be close to laser wavelength 750 nm, whereas for subwavelength
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nanohole spacing the period is significantly smaller 600 nm due to the surface wave retardation by the presence of the
nanoholes. The simplest model which takes account for the phase retardation is the coupled-dipole model, based on
discrete dipole approximation®4-246 , Such an approximation is valid if the holes are significantly smaller than the laser
wavelength R << and the distances between them are few times larger than their sizes d >> R.

Following this approach, the collective response of the system as well as the resonant frequency shift are defined as a
function of the positions of dipoles. For instance, the dependency between the resonant shift and the average distance
between the nanoholes is plotted in Fig. 7.8b. While decreasing the distance between the nanoholes, the resonant
wavelength shifts to smaller values, which is obtained by FDTD simulations. The characteristic blue shift was previously
evidenced by optical spectroscopy of randomly distributed nanoholes on thin gold films?*” . According to our
simulations, the situation with average distance between the dipoles of 625 nm corresponds to a local equilibrium, which
coincides with final saturated LIPSS periodicity. We can conclude that the periodicity of LIPSS follows the average
spacing between the nanoholes pulse-by-pulse, approaching the saturated value, where no further resonant wavelength
shift is expected.

7.6 Conclusion

In this chapter, the interpulse feedback mechanism driving the final topography of LIPSS is outlined by employing
the photoemission electron microscopy. The results indicate that light absorption is localized and enhanced in the
vicinity of nanoholes, evidencing a modulated energy deposition. The periodicity of the emitted photoelectrons, which
can be manifested by hot spots, is lower than that of LIPSS for a low number of applied laser pulses, and then saturates
when increasing the number of laser pulses. To elucidate the role of nanoholes in the constitution of final interference
patterns and possible LIPSS interpulse evolution, the experimental results were coupled to electromagnetic calculations
with different concentrations of randomly distributed nanoholes. It was found that LIPSS periodicity follows the average
spacing between the nanoholes pulse-by-pulse, approaching the saturated value, where no further resonant wavelength

shift is expected.
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Chapter 8

Surface-roughness control generating nanoholes
with extreme periodicities by double-pulse
experiment

In this last chapter, we address the control of surface-roughness by investigating the dynamics and physical mechanisms
leading to unconventional nanostructures formation, i.e. nanowells with extreme small periodicities. For that purpose,
one-color double fs-pulse experiment involving a Mach-Zehnder interferometer is employed to irradiate Ni and Cr
monocrystalline samples. The results show that one can obtain an array of nanoholes with 20 diameters spaced as small
as 60 nm. The onset of nanoholes array structures formation requires a time-delay window between the pulses,
dependent on the incident fluence and the state of polarization between the two delayed pulses. Structuring surfaces
with nanoholes of 20 nm in diameter and 60 nm in spacing by direct femtosecond irradiation paves the way towards

potential applications. This work is the object of the patent number 1856499.
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8.1 Introduction

From light-induced random surface disordered conformations to anisotropically periodic self-arrangement of
matter, driven optical local field enhancement and resonant excitations enable electromagnetic field design. The
combination of nonlinear interaction with light aspects and matter instability on surface topographies triggers self-
assembled structures formation through optical feedback. We have seen in the previous chapters that ultrafast laser
energy can be confined on nanometric spatial scales by nonlinear interaction, where matter can be structured beyond
the diffraction limit by the mean of an inhomogeneous localized absorption event. The onset of LIPSS formation was
shown to be influenced by the surface topography, where the size and shape of the roughness centers play a significant
role in HSFL formation as seen in chapter 4, and by defects generation as shown in chapter 5. Thus the control of the
surface topography can influence HSFL features, and can generate unconventional structures, i.e. holes. The formation

of holes structures was reported to be highly dependent on the surface inhomogeneities and roughness features? .

Nanometer scale dimensions nanoholes array structures have gained an increasing attention for their potential
applications, which will be discussed at the end of this chapter. Nanohole structures on semiconductors have been
successfully produced by direct electrochemical etching®, self-assembly nanosphere mask®® and laser assisted
nanosphere imprinting®®* on Silicon. Furthermore, nanoholes were also produced by electron beam lithography and
focused ion beam in a point by point process, where structuring a large surface of nanoholes can be time exhausting.
However, it remains difficult to fabricate nanoholes on metal surfaces despite their high melting and boiling
temperature®®2, Nevertheless, few groups have successfully fabricated holes on metals by the mean of pulses lasers.
Pronko and his coworkers (1995) produced a 300 nm hole by a 3 um spot size beam on Ag using a 200 fs pulsed
Ti:sapphire laser?®®, Perrie et al. ablated Al (2004) in a He environment with a beam diameter of 300 um employing a
raster scan pattern, and fabricated microholes throughout the scanned area. The pattern of microholes was irregular in
size and arrangements, with diameters close to 15 um?**. Nayak and Gupta (2010) irradiated a Ti foil at a peak fluence
of 1.2 J/cm2 with 1000 laser shots in order to generate random holes?®. The size of the holes varied from a few
micrometers to a few hundred nanometers. The production of large scale and low-cost of nanoholes is remaining a
challenge®®. A fast nanoholes fabrication with extreme periodicities and dimensions on metal surfaces employing direct

laser irradiation has not been reported before.

This chapter offers a new experimental setup for the generation of ‘nanowells’ with ultimate periodicities by controlling
the transient surface roughness. Owing to non-altered surface, scattering process is reduced conserving the isotropy of
the surface. With extreme irradiation conditions, some period agencement of nanoholes are reported on fcc (Nickel),

with periodicities as small as 60 nm.
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8.2  Experimental conditions

In this work, a Ni monocrystalline sample with (100) orientation was irradiated by one-color double-fs pulse
sequence using a Mach-Zehnder interferometer, described in chapter 2. The sample was polished using the same
procedure explained in chapter 2. Temporal delay At between both pulses of a sequence was scanned between -50ps and
+50ps (resolution better than ~0.15ps). The beam wait diameter was 50 pm. Concerning the polarization state of both
pulses, a half-wave plate inserted in one interferometer path optionally rotated the polarization direction. In this work,
we use mainly crossed polarization, s and p polarization states. Negative delays implies the arrival of s-polarized pulse
prior to p/s-polarized pulse. The number of single pulses is designated by Nsp, and Npps denotes the number of double-
pulse sequences. Each pulse of the double-pulse sequence is kept below the LIPSS formation threshold of the
corresponding material. Thus the joint action of the double pulses lead to LIPSS formation. In other terms, ‘sub-damage
threshold conditions’ were realized in all cases. Laser-induced nanostructures, namely nanoholes and HSFL, are

characterized using SEM.

8.3 Nanoholes formation features

The surface morphology of the achieved nanoholes arrays is characterized by SEM in secondary electron imaging
mode. Fig 8.1a illustrates a SEM micrograph of a site irradiated with double-pulse sequences on a Ni (100), where Npps
equals 25, at a peak fluence of 0.24 J/cm? and a time-delay of 24 ps. The polarization between two delayed pulses of a

sequence is crossed. For a better visualization of nanoholes, a magnification of a small area from fig 8.1a is performed.

Fig 8.1 (a) SEM micrograph of laser-induced nanoholes generated on Ni (100) surface orientation by double-pulse sequence at 0.24 J/cm?, where
the number of double pulse sequences was set to 25. The FFT performed on (a) is given as inset in the left side of the image. (b) A treated SEM

micrograph of (a), as a 3D perspective to observe the scale of the nanoholes.
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The unconventional structures generated in this experiment consist of nanoholes which form an hexagonal array, with
periodicities close to 60 nm. From the SEM image, the average diameters of nanoholes is determined to be 255 nm.
The achieved area equals approximately 15x15 um?2. Larger areas can be structured using point by point irradiation

method or by line scan method. The 2D-FFT performed on fig. 8.1a highlights the hexagonal arrangement of nanoholes.

In order to address the physical mechanisms behind nanoholes growth and their morphology features, experimental
parameters variation is required. In this section, we investigate the impact of the polarization of the two pulses, the time
delay between the two pulses of a sequence, the pulse fluence and the number of laser pulses. A window of experimental
parameters accounting for a well-defined nanoholes formation is revealed.

8.3.1 Incident pulse fluence dependence

In this section, we irradiate Ni (100) with 25 laser pulses at an incident fluence ranging from 0.18 J/cm2 to 0.4
J/icmz, by scanning the time-delay between the two pulses of a double-pulse sequence starting from Ops till 50ps. The
polarization of the double pulses of a sequence is crossed. Fig. 8.2 shows laser induced pattern formation as a function
of the peak fluence and time-delay. Above a fluence value of 0.34 J/cmz2, and for all time-delays, only LSFL formation
was observed exhibiting an orientation perpendicular to the polarization of the second pulse and periodicity close to the
laser wavelength (632 nm). For delays between Ops and 12ps, a turbulent surface topography is induced, where no
familiar pattern can be observed for fluences lower than 0.34 J/cm2. Chaotic and rugged structures are favored by low-
fluence for short time-delay irradiation. For time-delays between 12ps and 30ps, different patterns can be induced in the
same irradiated spot, in the fluence range of 0.18-0.36 J/cm2. Only for a narrow values of time-delay and fluence
highlighted by the dashed blue lines in fig 8.2, nanoholes can be formed in the total area of the irradiated spot. The
nanoholes were formed at a fluence between 0.2-0.26 J/cm? for a time-delay between 20-30ps. In this time-delay
window, increasing fluence to 0.28 J/cm? leads to the formation of HSFL and to LSFL formation aside HSFL and
nanoholes for fluences between 0.28 and 0.36 J/cm?2.
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Fig 8.2 Laser-induced pattern formation as a function of the peak fluence and time-delay imposed between the pulses of a double pulse sequence.
Different zones are limited by the dashed lines. The zone of interest is delimited by the blue dashed lines. The applied number of double-pulse

sequences was set to 25.

It is obvious that for high fluences (above 0.38 J/cm?), LSFL formation is not influenced by the time-delay imposed
between the two pulses of a sequence. In fact, the first pulse of the double pulse sequence has sufficient energy to cause
LSFL formation. The second pulse then promotes the spatial pattern already marked by the first pulse. Repetitive
irradiation (Npps= 25 in our case) carries on incubation effects until the damage threshold of the sample is locally

surpassed and the surface gets rippled.

A coexistence of LSFL, HSFL, and nanoholes is observed in the same irradiated spot, highlighted by the blue zone in
figure 8.3. The three different regions, observed in fig 8.3, can be explained by a Gaussian beam profile, as implemented
by the blue curve on the laser spot. In this case, these 3 regions appear due to different fluence threshold Fisri, Fusre
and Fnw. In the center of the processed area, due to the highest fluence value, LSFL with period close to laser wavelength
and orientation perpendicular to the polarization state of the second pulse appear. Taking into account the laser
parameters in our experiment, the peak fluence equals 0.33 J/cm? and the single pulse ablation threshold of Ni equals
0.4 J/cm?. It can be therefore concluded that LSFL appear for fluences between 0.17 and 0.33 J/cm?, HSFL between
0.20 and 0.12 J/cm? and nanoholes between 0.12 and 0.04 J/cm?.
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Fig 8.3 (a) SEM micrograph of a site irradiated with a train of double-pulse sequences at a peak fluence of 0.35 J/cm2 and Npps=25. The polarization
between the two delayed pulses of a sequence is crossed and presented by the red arrows. The Gaussian beam profile is inserted onto the SEM
image in order to investigate the laser-induced periodic nanostructures as a function of the local fluence, where the different regions of LIPSS are
marked by colored circles. The red circle corresponds to the local fluence where LSFL are formed and shown in (b), whereas the orange circle
corresponds to the coexistence of HSFL parallel to the second pulse polarization, and nanoholes, displayed in (c). The dark blue circle indicates

the presence of nanoholes, as shown in (d).

8.3.2 Polarization dependence and time delay-dependence

An intriguing characteristic of the nanoholes arrangement is its strong dependence on the state of polarization of
the incident pulses in the double-pulse sequence. Fig 8.4 shows SEM images of different sites performed by fs-double
pulse sequences by varying the laser polarization. The delay between the two pulses was set to 24 ps, for a number of
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laser pulses equals to 25 at a peak fluence of 0.24 J/cm?. These images show the evolution of the nanoholes on Ni (100)
surface as a function of the laser polarization. When the two pulses impinging the surface are of the same polarization
(parallel), nanoripples of periodicity close to 60 nm are generated parallel to the incident polarization. When rotating
the polarization of the second pulse by a half-wave plate, the nanoripples pattern follow accordingly to the second pulse
polarization, without any interrelation to the target orientation. When switching to crossed polarization, the arrangement
of nanoripples is influenced. Rather than elongated, ordered chains of linear nanostructures, nanoholes are formed. By
comparing the results obtained with different polarization states, most apparent difference can be seen with the

suppression of nanoripples formation when the polarization of the two-delayed pulses is crossed.

Fig 8.4 SEM images of three different zones irradiated with Npes = 25 at 0.24 J/cm? with a time-delay of 24ps. The polarization between the pulses

of a sequence is varied. Nanoholes are formed only for crossed polarization.

The investigation of the dynamics of the material surface requires insertion of a time-delay between pulses impinging a
surface. When the first laser pulse of the double-pulse sequence train arrives at the surface, a part of its energy (about ~
30%) is absorbed and relaxed via electron thermal diffusion as well as electron-phonon coupling, thus launching a fast
and localized isochoric heating, undergone by surface melting. Whereas the first pulse can perturb electronic band
structures and drive the system into a non-equilibrium thermal state, time-delay at which the second pulse in the double-

pulse train arrives at the surface determines the complex interplay between excitation and relaxation processes.

Fig 8.5 shows a series of SEM images of different laser processed areas performed by varying the time-delay At between
two pulses of a sequence from Ops to 50ps. The irradiation was carried out with a peak fluence of 0.24 J/cm? and Npes
of 25 pulses. These images show thus the evolution of surface topography, where nanoholes are formed for a time-delay
window between 18ps and 30ps. For shorter At, lower than 10ps, a chaotic surface topography is induced. This can be
interpreted on the fact that hot electrons at the surface of the material generated by the first pulse are further excited by
the second pulse before the energy transfer from the electrons to the lattice. Then the double-pulse together works
somewhat similar to a single pulse at a fluence of 2Fpp < Fn. As a result, no spallation nor material organized
nanostructures are formed, as the energy is not sufficient to cause cavitation in the melted subsurface region. This time

window corresponds thus to the cumulating regime as the second pulse arrives before thermal/mechanical relaxation.
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Fig 8.5 A series of SEM images of different sites irradiated with varied time-delay double-pulses sequences, where Npps = 25 at a fluence of 0.24
Jlcm2. Here, the polarization between the two delayed pulses of a sequence is crossed and represented by the red arrows. The dark blue scale is

true for all the images.

For delays between 12ps and 30ps, a strong modification of thermodynamic and optical properties of the material can
occur. Therefore, absorption of the second delayed pulse laser energy increases due to a decrease in Ni reflectivity,
which favors conditions leading to voids formation in the liquid region. In this case, energy exceeds spallation threshold,
where it is sufficient to cause cavitation, followed by spallation of the melted layer. In fact, first pulse energy has
sufficient time to be delivered from the excited electrons to the atomic vibrations, which leads to a rapid heating and
forms a liquid region of depth depending on the first pulse fluence. A second delayed pulse will encounter a melted zone
which can influence laser induced processes in the surface region of the irradiated target. Interaction between second
delayed pulse and the liquid region induced by the first pulse provides the driving force for a buildup of high compressive
stresses in the surface region of the irradiated target. An unloading tensile component of the stress wave is generated

following the relaxation of the compressive stress in the presence of free surface. These tensile stresses, increasing in
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depth, can cause cavitation in the melted part under the surface. The effect of crossed polarization will affect cavitation.
Whereas the first pulse of the double sequence will cause cavitation and stretch the induced voids in its polarization
direction, the second delayed pulse will stretch the voids in the other direction, which can potentially suggest the role

of crossed polarization to explain nanoholes formation in this time-delay window.

For larger delays > 30 ps, electronic heat conduction initialized by the absorption of the first pulse energy is not
interrupted by the delayed second pulse, the greater part of the energy has been already transferred to the crystal lattice.
Thus melting of the region initialized by the first pulse starts to shrink due to resolidification before the arrival of the
delayed pulse. In this case, energy cannot be cumulated due to resolidification, where the delayed pulse encounter a
solid in an equilibrium state. Indeed, the surface region has enough time to expand during the laser heating, imprinting
thus a transient surface roughness. The second delayed pulse induces local-field enhancement parallel to the polarization
on the roughness created/re-excited by the first one, triggering HSFL formation parallel to the electric field polarization.
In chapter 6, a notable observation, however, was the presence of a time delay window between 0.6ps and 12ps
corresponding to the liquid lifetime, where spallation and HSFL formation occur, for a fluence of 0.38 J/cmz. In our

case, this time-delay window starts at 12 ps till 30 ps for a fluence of 0.24 J/cm?2.

8.4  Dynamics of nanoholes formation

Resolving the pulse-to-pulse development of self-arranged periodic nanostructures requires irradiating a material
with consecutively number of laser pulses, which can reveal the optical feedback on surface topographies and allows to
clearly elucidate the role of inter-pulse laser-induced topography in establishing and developing nanoholes pattern. Fig
8.6 displays SEM images of the nanostructures evolution as a function of number of laser pulses, irradiating Ni(100) at
a peak fluence of 0.24 J/cm? and a time-delay of 24ps. The onset of the pattern formation is observable following
irradiation with a sequence of double-fs pulse. The pattern acquires good visibility after 10 pulses sequences of double
pulses. It should be noted here that nanoholes are randomly non-organized for the first Npps, then begin to evolve in

order to form an hexagonal array for a larger Npps.
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Fig 8.6 SEM images of different sites irradiated with consecutive Nops with a time-delay of 24ps, a fluence of 0.24 J/cm2. The polarization of the
delayed pulses of a sequence is crossed and marked by the red arrows.

SEM images of the complete consecutive number of laser pulses series were subjected to two-dimensional fast-fourier
transform 2D-FFT. The peaks in the 2D-FFT allows the determination of a lower and upper limit of nanoholes period,
which is displayed by error bars in the graph in fig 8.7a. The striking result here is that the periodicity of nanoholes
increases when increasing the number of laser pulses, until reaching saturation at 20 pulses. An increase of laser-induced
nanostructures periodicity had never been reported before in the literature. One can imagine that the nanoholes coalesce
when increasing the number of laser pulses. For a more accurate analysis of nanoholes periodicities and concentration,
radially average autocorrelation RAA was performed on the SEM images with different consecutive number of double
laser pulses irradiation using ImageJ analysis software®’. The results are shown in fig 8.7b where we plot the RAA as
a function of the distance and the number of laser pulses. RAA calculates the autocorrelation (referred to as pair
correlation or two-point correlation) of an image pixels as a function of distance. In spite of the fact that it employs the
Fourier transform, it does not experience artifacts caused by the ‘periodic’ nature of the FFT. The autocorrelation
provides information about the typical feature size in an image. The initial slope, first zero and first minimum cover
information about the nanoholes dimensions, while the first maximum of the autocorrelation provides the typical
distance between two nanoholes. From fig 8.7b, we show that nanoholes formation starts after irradiation with Npps= 1,
where the first peak of the RAA is located at a distance of = 63 nm. Increasing further the number of the double-pulse
sequences to 6 lead to an increase in the nanoholes concentration, which can be explained by the appearance of multiple
peaks in the yellow RAA curve. More pronounced peaks can be observed when increasing Npes. It can be deducted that
nanoholes are distributed randomly first, then begin to evolve periodically until reaching saturation at = 77 nm.
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Fig 8.7 (a) Nanoholes periodicities obtained by FFT on SEM images as a function of the number of double pulse sequences and (b) Radially
average autocorrelation RAA as a function of distance performed on SEM images where nanoholes with different consecutive number of double
laser pulses are used, starting from Npps = 1 to Npps= 20.

8.5 Scenarios for nanoholes formation

Laser-induced nanoholes formation has never been reported and suffers from a lack of comprehensible scenario.
However, we can try to provide some different hypothesis which can explain the physical mechanisms triggering

nanoholes generation.

The first assumption which describes nanoholes formation considers that the target does not reach the melting regime
after the first pulse. For simplification, let’s consider nanoholes formed at a peak fluence of 0.24 J/cm? with Npps equals
25.

From a pure electromagnetic scenario, since the peak fluence of each single pulse of a sequence is very low, 0.12 J/cm2,
the first pulse impinging the surface can generate a high concentration of roughness centers randomly distributed. A
second delayed pulse thus will encounter a forest of disconnected nanoroughness centers, making it difficult to enhance
the local field, as seen in the previous chapter, where a high concentration of roughness centers can annihilate the
formation of LIPSS. We recall that LSFL result from the coherent superposition between the incident field and the
scattered far-field by distant roughness centers, while HSFL are triggered by the coherent interference between the
incident field and the scatted-near field by much closer roughness centers®. Furthermore, when ripples are generated
with linearly polarized laser radiation, their orientation could be either parallel or perpendicular. In the case of double
pulse irradiation, the orientation of ripples is dominated by the state of polarization of the second pulse!?#1%8, In the
frame of nanoholes formation, the orientation is at 45° with respect to the crossed polarization, and is not directly defined

by the polarization of the double-pulse sequence.

The second assumption considers that the target has reached its melting regime upon irradiation with the first pulse. A

second delayed pulse will thus encounter a liquid region. In fact, the first pulse energy has sufficient time to be delivered
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from the excited electrons to atomic vibrations, which leads to a rapid heating and forms a liquid region with its depth
depending on the fluence of 0.24 J/cm2. Therefore, the laser energy absorption of the second pulse increases effectively
due to a decrease of Ni reflectivity, which favors conditions leading to nanovoids formation in the liquid region. In
chapter 6, we have seen that nanovoids trapped under the surface as well as nanocavities emerged at the surface were
behind HSFL formation on fcc material, for a fluence at 0.39 J/cm? with 2 single pulses irradiation. In the multi-double-
pulse regime, since the polarization between the two delayed pulses of a sequence is crossed, one can imagine that the
first pulse enables stretching of the nanovoids in one direction, while the second delayed pulse permits nanoholes

stretching in the other direction. Thus nanoholes formation can result from nanovoids growth.

The third assumption is that laser-induced nanoholes are reaction-diffusion-like chemical patterns, or dubbed ‘Turing
patterns’ 28262 Reaction-diffusion systems represent mathematical models underlying several physical phenomena: the
most common is space-time modification of chemical substances concentration transformed into each other by the mean
of local chemical reactions, and diffusion which enables the spread of the substances in space. Turing revealed that a
uniform state may evolve in some circumstances via a diffusive instability toward a new state in which the
concentrations are stationary and periodically organized. Turing patterns include self-organized patterns like stripes and
hexagons. It can also explain the formation of turbulent structures. Turing patterns compared to fs-double-pulse patterns
is displayed in fig 8.8. This model can be useful when current patterns are too simple to generate rich behavior. However,

it can be viewed as artificial to have relevance to actual physical problem.

Turing pattern Fs-double-pulse

(a) (c)

(d)

Fig 8.8 A correlation between (a,b) Turing patterns?® and (c,d) fs-double pulse laser patterns. (a) Nearly time independent hexagonal pattern of
spots observed in a chlorite-iodide-malonic-acid (CIMA) system of chemicals that are reacting in a thin cylindrical polyacrylamide gel of diameter
25.4 mm and thickness 2.00 mm. (b) Nearly-time independent stripe pattern observed instead of hexagonal patter for slightly different external
conditions. (c) Hexagonal nanoholes formed by fs-double pulse sequences at 0.24 J/cm? and a time-delay of 24 ps between the two pulses. The
polarization of the two delayed pulses is crossed. (d) Nanoripples formed by fs-double pulse sequences at 0.24 J/icm?2 and a time-delay of 24 ps

between the two pulses. The polarization of the two delayed pulses is parallel.
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8.6  Applications

The presence of nanostructures on a surface can find many applications, where nano-patterns covered surfaces go
in hand with a modification in surface features. For example, wetting may be modified, which may be of interest in
biomedical applications. In particular, one can then create very hydrophobic surfaces, or even hydrophilic surfaces,
which can then be used in micro-channels to separate fluids. It is also possible to create surfaces with improved friction
properties, for example for gliding pads such as skis, or even to limit wear between parts in contact. The interaction of
light with the surface can be modified, which can change the color of the material as perceived by an observer, or change
the absorption capacity of light, which can find application in the field of energies renewable energy, and in particular
photovoltaic energy. In fact, a nano-structured surface can be very selective in wavelength, which allows for example
to absorb only certain wavelengths. Other applications may benefit from a nano-structured surface, for example in the
field of plasmonics, photonic crystals or near-field optics.

8.7 Conclusion

In this chapter, the control of surface-roughness by investigating the dynamics and physical mechanisms leading
to unconventional nanostructures formation, i.e. nanoholes, has been addressed. The pattern consists of nanoholes of 20
nm in diameter, and the distance between two nanoholes is approximately 60 nm. The results show that the onset of
nanoholes array structures formation requires a time-delay window of 18-30ps between the delayed pulses, slightly
dependent on the incident fluence. It was also shown that nanoholes are polarization dependent. If the polarization
between the two delayed pulses is parallel, nanoripples are formed. In the case of crossed polarization, nanoholes are
generated. Different scenarios were also proposed to investigate nanoholes formation, ranging from electromagnetic
approach to hydrodynamic scenario. A correlation to Turing pattern was also suggested. Structuring a large nanoholes
area paves the way towards potential applications in a large range of fields such as photonic crystals, plasmonics and

near-field optics.
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Chapter 9

General conclusions and outlook

The general conclusions of this thesis are presented in this chapter, and a perspective for future work is also reported.
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General conclusion and future work

Irradiation of materials by ultrashort laser pulses triggers anisotropically structured arrangement of matter on the
nanoscale, the laser-induced periodic surface structures (LIPSS), or ‘ripples’. Ultrashort laser energy deposited and
distributed inhomogeneously in the material launches local thermal stresses and transient phase changes which paves

the way towards microstructural modifications.

This thesis investigated ultrashort laser-metal interaction mechanisms in the aim of establishing a correlation between
the creation and resorption of microstructural defects in metals and the periodic self-organization effects occurring after
ultrashort laser irradiation, since LIPSS are generated at the threshold of phase transition with relevant competition with
defects. HSFL generation was put on the forefront of ripples formation investigation since the physical mechanisms
leading to their formation is still debated. Irradiated surface alteration as well as in-depth microstructural modifications
contribution on HSFL formation, taking into account crystalline orientation, has been elucidated and constituted the

core of this thesis. Furthermore, since optical feedback in LIPSS is often evoked, LIPSS features evolution is probed.

This thesis offered a collaborative work with different laboratories: it let access to different characterization
microscopies and analysis tools: Atomic force microscopy aiming for topographical investigation of laser induced-
roughness and LIPSS morphology was performed by S. Reynaud at the Hubert-Curien laboratory. For surface analysis,
electron back-scattered diffraction characterization of LIPSS and defects was performed at Ecole nationale supérieure
des mines de Saint-Etienne EMSE, by C. Maurice. Regarding in-depth analysis, thin lamellas extraction using the lift-
out technique as well as in-depth characterization of defects was carried out at Mateis INSA Lyon by T. Douillard
employing focused ion beam and the transmission electron microscopy. In order to probe LIPSS features evolution, a
collaboration was established with the radiation-matter institute of CEA-Saclay, using the photoemission electron
microscopy technique by L. Douillard.

For theoretical analysis, a collaboration was made with the University of Virginia, where L.V. Zhigilei and his coworkers
performed molecular dynamic simulations on laser-induced defects. Finally, electromagnetic calculations and
hydrodynamic simulations were performed at the Hubert-Curien laboratory by A. Rudenko and J.P. Colombier.

As a result of these experimental studies coupled to molecular dynamic and hydrodynamic simulations, the following

results have been obtained:

i.  The appearance of the periodic surface structures, i.e. HSFL, therefore, can be traced back to the initial surface
roughness generated by the first laser pulse when irradiating a bcc material with two laser shots in the sub-phase
explosion regime, where laser-induced surface topography is strongly dependent on crystalline orientation. The
characteristics of nanoscale surface morphology are defined by the competition between the evolution of
transient liquid structures generated in the spallation process and the rapid resolidification of the surface region
of the target. The strong dependence of the surface topography produced in single pulse irradiation experiments
on the crystallographic orientation of target surface may be related to the anisotropy of the crystallization front

propagation, which provides more time for the relaxation of molten surfaces when the solidification process is
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slower. The connection between the initial nanoscale roughness generated by the first laser pulse and the
subsequent formation of periodic surface structures, established in the present study, contributes to the progress
towards the general goal of untangling the complex multiscale phenomenon of the LIPSS formation.

The singular response of different crystalline orientation regarding laser-induced roughness is explained by an
extended study carried on microstrucutal modifications on the surface and in-depth. The discrepancy between
dislocations emission in the (110) and (111) Cr samples and their absence in (001) Cr sample in the melting
regime, underlines an explicit understanding on the onset conditions of dislocations emission in the irradiated
targets, which are crystallographic orientation dependent. Therefore, resolved shear stresses calculation in the
48 slip systems is performed for the three large-scale simulations discussed in the previous section. It is found
that laser-induced defects can alter the surface topography and the region beneath-it, which can impact in turn
the roughness centers features promoting HSFL formation, where (100) in bcc materials is more favorable to

LIPSS formation, while (110) orientation showed a weak tendency to form ripples.

In order to infer the phase transition undergone in the LIPSS formation conditions, a high resolution
microstructural analysis approach is employed, including epitaxial regrowth and nanocavitation investigation.
HSFL formation is found to be the result of periodic nanovoids trapped beneath the surface as well as

nanocavities emerged at the surface on fcc materials.

The dynamics of LIPSS formation recalling feedback mechanism driving the final morphology of LIPSS is
investigated by employing the photoemission electron microscopy. Probing the local field on LIPSS pre-
structured with consecutive number of laser pulses indicates that light absorption is localized and enhanced in
the vicinity of nanoholes, which outlines a modulated energy deposition. Furthermore, the shift in periodicity
between the emitted photoelectrons, which can be manifested by hot spots, and that of LIPSS for a low number
of applied laser pulses, elucidate the role of nanoholes in the constitution of final interference patterns and
possible LIPSS interpulse evolution. The experimental results combined with electromagnetic calculations with
different concentrations of randomly distributed nanoholes reveal that LIPSS periodicity follows the average
spacing between the nanoholes pulse-by-pulse, approaching the saturated value, where no further resonant

wavelength shift is expected.

Finally, the control of transient surface-roughness by studying the dynamics and physical mechanisms paving
the way towards unconventional nanostructures formation, i.e. nanoholes on extreme size features, has been
brought in the forefront at the end of this thesis. The results reveal that periodically arranged arrays of nanoholes
of 20 nm in diameter and 60 nm in spacing can be obtained by direct laser illumination. The onset of nanoholes
array structures formation requires a threshold time-delay window between the delayed pulses, slightly
dependent on the incident fluence. Nanoholes show a strong dependency on the incident polarization. If the

polarization between the two delayed pulses is parallel, nanoripples are formed with periodicity down to 60 nm.
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In the case of crossed polarization, nanoholes are generated. Different scenarios were also proposed to
investigate nanoholes formation, ranging from electromagnetic approach to hydrodynamic scenario. A
correlation to Turing pattern was also suggested. Structuring a large nanoholes area paves the way towards

potential applications in different fields such as photonic crystals, plasmonics and near-field optics.
The obtained results identify interesting directions for ulterior research:

a. The intricate physical mechanisms involved in nanoholes formation can be investigated in an in-depth study by
extracting a thin lamella from the nanoholes processed area, and to analyze it using transmission electron
microscopy. One can understand whether stretching of nanovoids can be involved in nanoholes formation or
dominated by pure electromagnetic effect. Additionally, molecular dynamic simulations as well as
hydrodynamic calculations can be coupled to the experimental work, where investigation of the behavior of an
hexagonal array of nanoholes can be carried out as a function of the incident laser polarization. The use of more
complex vector beam polarization can be also useful. It is also worth shaping the pulse by SLM for nanoholes
formation. Furthermore, regarding the broad range of applications which can be implemented by these
unconventional structures, structuring a large surface, i.e. (2x2) mmz, can be essential for wetting tests, magnetic
investigation, where the Kerr coefficient can be measured for example, surface design, wavelength selective
and other applications in the fields such as plasmonics, photonic crystals and near-field optics. Other type of
materials can be also aimed for: thin films, bcc/hcp materials and polycrystalline samples.

b. Elucidating the role of incident irradiation angle, fluence variation of the delayed-pulse and medium refractive
index on nanoholes features. One can expect to control nanoholes dimensions. Irradiating samples in water can
be useful for redeposit material removal, which improves the quality of the processed nanostructures area.

c. In-situ time-resolved investigation of nanoholes formation dynamics. One can expect to irradiate a fcc target in
a PEEM chamber with fs-double pulse sequences, and probe simultaneously the transient formation of
nanoholes. The probe pulse can be applied after the first pulse of the double-pulse sequence, which reveals the
state of the surface induced by the first pulse before arrival of the delayed pulse. This experimental setup can
be applied also to LIPSS formation, especially high-spatial frequency nanostructures oriented parallel to the
laser polarization with periodicities much lower than the laser wavelength. This study permits to probe the
transient interpulse roughness, and to unveil the location of local-field enhancement responsible for the

reduction of high-spatial frequency nanostructures periodicities when increasing the number of laser pulses.
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