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Abstract

Ultrafast laser irradiation of materials is becoming an important and scalable process in developing new
surface functionalizations. This is achieved by manipulating the surface topography and surface chemistry. While
surface topography has been extensively explored in recent years, comparatively little work has focused on the
accompanying chemical alterations. This thesis contributes to this gap primarily focusing on femtosecond (fs)
laser-induced oxidation of tungsten linked with the formation of high spatial frequency laser-induced periodic
surface structures (HSFLs). This is achieved by performing experiments in various gaseous and pressure conditions
(ambient, air at 10 mbar, nitrogen at 10 mbar, argon at 10 mbar, and vacuum at 10~ mbar) to generate HSFLs
of sub-20 nm amplitude and sub-100 nm periodicity. The initial results show a negligible role of oxidation in the
formation of HSFLs and suggest a hydrodynamics-based phenomenon. This answers one of the main debates in
the scientific community regarding the necessity of oxidation for such nanostructure formation. Our study suggests
fs laser-induced Rayleigh-Bénard-Marangoni instability as the main mechanism for the formation of HSFLs,
confirmed by observations of subsurface voids. The thesis concentrates on HSFLs generated in ambient and
vacuum conditions to differentiate between laser-generated oxides and oxides accumulated on HSFLs over time due
to ambient exposure. Interestingly, we observe that laser-generated oxides are crystalline, and oxides accumulated
over time are amorphous, a result backed by differences in wettability between the two types of oxides. These
results demonstrate the potential for tuning the physicochemical response of laser-irradiated surfaces based on
surface chemistry variations. Moreover, the oxidation mechanism accompanying femtosecond laser irradiation is
investigated and supported by literature, experiments, and numerical analyses. This approach helped us propose an
oxidation mechanism based on a multi-pulse oxide accumulation during laser irradiation governed by the diffusion
of oxygen. These results provide an important contribution to the laser-matter interaction community by establish-

ing a time frame for laser-induced oxidation and proposing a way to control oxidation via ultrafast laser irradiation.

Keywords: Femtosecond lasers, nanostructures, surface chemistry, oxidation, vacuum, HSFLs, Rayleigh-

Bénard-Marangoni instability, TTM-MD, tungsten, polymorphism, wettability.
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Résumé

L’irradiation ultra-rapide au laser des matériaux devient un élément clé du développement de nouvelles
fonctionnalisations de surface. Cela est réalisé en manipulant la topographie de surface et la chimie de surface.
Alors que la topographie de surface a été largement explorée ces derniéres années, relativement peu de travaux se
sont concentrés sur les altérations chimiques qui I’accompagnent. Cette thése comble principalement cette lacune
en se concentrant sur 'oxydation induite par laser femtoseconde (fs) du tungsténe liée & la formation de fréquentes
ondulations de haute fréquence (High Spatial Frequency Laser induced periodic surface structures (HSFL)). Cela
est réalisé en effectuant des expériences dans diverses conditions gazeuses et de pression (ambiante, air & 10 mbar,
azote & 10 mbar, argon & 10 mbar et vide & 10~7 mbar) pour générer des HSFL d’amplitude inférieure & 20 nm
et de périodicité inférieure & 100 nm. Les premiers résultats montrent le role négligeable de I'oxydation dans
la formation des HSFL, mais sont significativement guidés par des phénoménes hydrodynamiques. Cela répond
a I'un des principaux débats au sein de la communauté scientifique concernant la nécessité de 'oxydation pour
la formation de ces nanostructures HSFLs. Cette étude suggere que l'instabilité Rayleigh-Bénard-Marangoni
induite par laser fs explique bien & la formation des HSFL, comme le confirme 'observation de nano-cavits
en sous-surface associés a celles-ci. De plus, la thése se concentre sur les HSFL générées dans des conditions
ambiantes et sous vide pour différencier entre les oxydes générés par le laser et les oxydes accumulés au fil du
temps en raison de l'exposition & 'ambiante. De maniére intéressante, nous observons que les oxydes générés
par le laser sont cristallins, tandis que les oxydes accumulés au fil du temps sont amorphes, ce qui est également
confirmé par la différence de mouillabilité entre les deux types d’oxydes. Cela ouvre la voie a la possibilité de
régler la réponse physico-chimique des surfaces irradiées par laser en fonction des variations de la chimie de
surface sur la méme topographie de surface (HSFL sur W). De plus, le mécanisme d’oxydation accompagnant
I'irradiation laser femtoseconde est étudié en utilisant la littérature, des analyses expérimentales et numériques.
Cette approche nous aide a proposer une accumulation d’oxydes par les multiples impulsions laser successives,
gouvernée par la diffusion de 'oxygéne. Cela constitue une contribution essentielle & la communauté scientifique,
car cette étude établit la temporalit de 'oxydation induit par laser, ce qui est un aspect important de I'interaction

laser-matiére, en plus de proposer un moyen de contréler ’oxydation qui accompagne 'irradiation laser ultra-rapide.

Mots-clés: Lasers femtosecondes, nanostructures, chimie de surface, oxydation, vide, HSFL, instabilité

Rayleigh-Bénard-Marangoni, TTM-MD, tungsténe, polymorphisme, mouillabilité.
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Introduction

As this thesis begins, this section consists of a short introduction to the thesis. Initially, it establishes the
background of the thesis, and the scope of the subject, followed by the main questions to be addressed, and finally,

a synopsis of different chapters.

Lasers are becoming an inevitable component in the precise modification of material surfaces for various
scientific and technological advances. This is due to the directionality and coherence of a laser beam that enables
the control over localized modification of surfaces. Hence, laser-matter interactions have been extensively studied
in the past decades, revealing their wide potential for one-step functionalization of surfaces. Lasers can be used to
produce topographic and chemical functionalization of surfaces. Topographic functionalization depends on various
structural modifications that can be attained ranging from a few nanometers scale to micrometers scale. These
kinds of structures are broadly explored regarding their origin, types, applications etc. Even though the influence
of laser-generated surface chemistry on materials used in various industrial applications cannot be ignored (e.g.
tribology [1, 2], thermal properties [3, 4], color marking [5] etc.), discussions on laser-induced surface chemical

alterations are limited. This calls for a detailed study of ultrafast laser-induced surface chemical alterations.

Laser-induced surface chemistry is material dependent and its mechanisms may not be applicable to other
materials. There are various ways to investigate laser-assisted surface chemistry. The most common chemical
change observed during laser irradiation of metals is the formation of laser-generated oxides [6, 7, 8]. This is what
we will be focusing on in this thesis. When we look at past works, continuous wave laser-matter interactions
and nanosecond laser-matter interactions are comparatively more explored for their oxidation mechanisms [9, 10].
However, femtosecond interactions are different from continuous wave and nanosecond interactions, considering
that the femtosecond pulse duration is shorter than the electron-phonon relaxation time, expansion time induced

by lattice heating, and the resulting direct solid-vapor transition [11].

The final response of the surface depends not only on morphology but also on chemistry hence it is impor-
tant to understand the oxidation mechanism during laser irradiation. A thorough review of the literature will allow
us to identify the major questions to be answered and to address the more often ignored context of laser-induced

surface chemistry.

The following are some of the main questions we will be addressing in this thesis:

XX



e What is the influence of oxidation on the formation of nanostructures - Is it a necessary factor

for nanostructure formation?

e When does oxidation take place? - Is it possible for the laser-induced temperatures lasting
only a few nanoseconds to cause oxidation, considering the very short time period of the fs

laser pulse?
e What is the mechanism of laser-induced oxidation?

e Is it possible to control ultrafast laser-assisted oxidation?

The thesis can be outlined as follows,

Chapter 1, ’Ultrafast Laser Matter Interactions & Role of Surface Chemistry’ introduces different con-
cepts and literature that form the basics for the thesis. This chapter begins with a detailed discussion of the
mechanisms of ultrafast laser-matter interaction. It details the absorption, relaxation, melting, ablation, and
resolidification associated with ultrafast laser-matter interactions. This is followed by an analysis of the different
types of nanostructures that can be achieved on the surfaces by femtosecond laser irradiated materials. Later,
the different types of theories that are proposed for the formation of nanostructures like the electromagnetic
theories, self-organization theories, and oxidation-based theories are reviewed. In addition, different numeri-
cal models including the finite difference time domain (FDTD), particle in cell (PIC), and two temperature
model-molecular dynamics (TTM-MD) simulations that are used for understanding the mechanisms involved
with ultrafast laser-matter interactions are reported. Various applications of laser-induced periodic structures
are presented. The second part is on surface chemistry due to laser-matter interactions with discussions focusing
on the aging after laser irradiation and the significance of laser-assisted oxidation in the final response of the
material. This is followed by discussions on the various literature available on the oxidation mechanisms accom-

panied by laser-matter interactions. In the final part, a detailed description of the motivations for this work is given.

Chapter 2, ’Experimental Methods’ provides a detailed view of the instrumentation and techniques uti-
lized in the thesis. It details sample preparation, laser irradiation, vacuum system, and various microscopy
and spectroscopy characterization techniques such as SEM (scanning electron microscopy), AFM (atomic force
microscopy), STEM (scanning transmission electron microscopy), STEM-EDS (STEM-energy dispersive X-ray
spectroscopy), STEM-EELS (STEM- electron energy loss spectroscopy), XPS (X-ray photoelectron spectroscopy)

and contact angle measurements that are used in the thesis.

Chapter 3, ’'Oxidation - a precondition for LIPSS formation?’ begins with an analysis of the different
types of nanostructures that can be generated on tungsten (W). Topography characterizations are performed for
periodic structures generated in tungsten for ambient air, and other gaseous conditions like argon, nitrogen, and
vacuum. Later on, the influence of oxidation on nanostructure formation (HSFLs) on W is analyzed with SEM,
AFM, and STEM analyses. This leads us to the conclusion that HSFLs have more of a hydrodynamics-based
origin rather than an oxidation-based origin. Subsurface cavitation obtained by STEM images and TTM-MD

Xx1



simulations back up this result.

Chapter 4 ’Establishing Ultrafast Laser-assisted Oxidation Mechanism for HSFLs on Tungsten’ is the sec-
ond and main chapter of the results. This chapter focuses on establishing an oxidation mechanism on W during
HSFL formation. This is done by differentiating laser-generated oxide from oxides accumulated over time under
ambient exposure. The main results are based on a comparison between the wettability results and XPS analyses.
Crystal indexing from STEM images reveals crystalline tungsten oxides and hints to the roles of polymorphism in
oxide formation. TTM-MD analysis is used obtain the time scale of temperature evolution during ultrafast laser
irradiation, which is an important factor in establishing a proper oxidation mechanism based on classical oxidation

literature.

Finally, the main conclusions and perspectives for future work are given.

This thesis is a collaboration between the Hubert-Curien laboratory (Laser matter interaction team) of
Jean Monnet University, Saint-Etienne, France, and CRPuO (Centre for Research in Photonics) at the University
of Ottawa (uOttawa), Canada. The SEM and AFM facilities at both universities were helpful in extracting
topography information. The STEM-imaging, EDX, and EELS facilities at labHC contributed to the sub-surface
imaging and surface-sensitive characterization. These results were confirmed by the wettability measurements
and XPS analyses accessible from uOttawa. In addition, the TTM-MD simulations to support our experimental
evidence were carried out by Dr. Djafar Iabbaden of Hubert Curien laboratory under the supervision of Prof.
Jean-Philippe Colombier. The polishing of the sample was done at Ecole des Mines de Saint-Etienne, with the
help of Dr. Anthony Nakhoul.
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Chapter 1

Ultrafast Laser Matter Interactions & Role

of Surface Chemistry

1.1 Fundamentals of Ultrafast Lasers

1.2 Ultrafast laser interaction with metals

1.3 Laser Induced Topographies

1.4 Surface chemistry due to laser-matter interactions

1.5 Motivation of this work



"Because the high-intensity pulses are short, the laser only damages the area where it’s applied. The
result is precise, clean cuts that are ideal for transparent materials.”

-Donna Strickland, 2018 Nobel laureate in Physics

"We should see extensions to studies of the femtosecond dynamics of single molecules and of molecules on
surfaces”

-Ahmed Zewail, 1999 Nobel laureate in Chemistry

This chapter will establish a literature background of laser-matter interactions, specifically that of wultrashort
laser, and the significance of surface chemistry modifications associated with it. The first section will discuss
the fundamentals of ultrafast laser and the mechanisms involved in ultrafast laser-matter interactions. In the
second section will cover the different types of laser-induced topographies achieved by laser surface structuring, the
different modeling approaches proposed to explain them and their industrial applications. This section highlights the
role of both laser-induced topography and laser-induced surface chemistry in the final physicochemical response of
the material. Later, the chapter focuses on the different surface chemical modifications achieved with a laser. The
most common laser-assisted surface chemical modifications are detailed with a review of the oxidation mechanisms

proposed for lasers of different pulse duration. Finally, the main objectives of this work are outlined.



1.1 Fundamentals of Ultrafast Lasers

LASER (Light Amplification by Stimulated Emission of Radiation) are devices that generate and amplify light of
various wavelengths ranging from far infrared to X-ray region in the electromagnetic (EM) spectrum [12]. There
are of two kinds: Continuous Wave (CW) and pulsed lasers. In general, due to their coherence, monochromaticity,
and directionality, lasers have a wide variety of applications. CW laser are used for cutting, welding, engraving,
and drilling [13]. They are easy to maintain and are efficient. However, their output peak power is small compared
to pulsed laser. Hence pulsed lasers are used for micro-machining, medical applications, and spectroscopy [14,
15, 16]. Nowadays, ultrafast lasers (with light pulses having a duration of 5 fs to 100 ps) are popular for various
industrial applications since they can generate fine cuts with sharp edges, no micro-cracks, and reduced debris

enabling precise processing as shown in figure 1.1 (a).

Femtosecond lasers are advantageous since they can interact with any materials and can become reason-
ably wavelength insensitive. Also, the shorter pulses and nonlinear interactions give rise to better edge quality and
precision [17, 18, 19, 20, 21, 22, 23]. These pulses are generated by using a specific technique called Chirped Pulse
Amplification (CPA) [24], where an initial nanosecond pulse is stretched, amplified, and re-compressed, resulting
in a femtosecond laser pulse as can be seen from figure 1.1 (c¢). Femtosecond lasers can be of many kinds. They
can be solid-state lasers, fiber lasers, dye lasers, or semiconductor lasers. Solid state lasers like Titanium-sapphire
lasers can emit laser pulses with a duration below 10 fs and with powers as high as several megawatts. The
specialties of femtosecond laser make it very advantageous for novel applications (figure 1.1 (b)) that enable the

observation and manipulation of the ultrashort process in biology, chemistry, etc. [23, 25].

1.2 Ultrafast laser interaction with metals

1.2.1 Absorption and relaxation of laser energy

The first step involved in laser-matter interaction is the absorption and reflection (if any) of light energy by the
solid-state material. Depending on the material, the nature of the absorption and reflection varies. This thesis

will focus on metals, because of their high optical absorption properties and potential applications.

Various factors affect the initial absorption of light energy on metal, including surface roughness, native
oxide layer, hydrocarbon contamination adsorbed from the atmosphere, etc., in addition to some part of this

energy being reflected by the surface of the metal.

The absorption of laser light on metallic surfaces takes place via free electrons through the inverse bremsstrahlung
mechanism. It is the process where an electron absorbs a photon while colliding with another electron or ion, and
the total energy is conserved. In the case of transition metals, electron excitation to the conduction band also

takes place during photon absorption.
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Figure 1.1: Holes drilled by using ns, ps, and fs laser on the surface of the steel, adapted from [26]. (b) Applications
of fs lasers in color marking (adapted from [26]), ophthalmology (adapted from [15]), and dental implants (adapted

from [16]). (c) Chirped pulse amplification used in fs laser.

Once absorbed, the intensity of the light I(z) exponentially decays along the depth (z), depending upon

the absorption coefficient («), given by the Beer- Lambert’s law [27]:

Iz = I()e_az, (11)

where I is the intensity at the surface after reflection. The optical penetration depth or skin depth, 9§, is defined

as the inverse of the absorption coefficient, «, and is the distance at which the intensity of the light drops to 1/e



of its initial value at the surface. The skin depth is given by,

For an ultrafast laser-irradiated tungsten (W) sample (as the one used in this thesis), a laser wavelength of 800

nm and extinction coefficient, k =2.9, result in a skin depth ¢ of 25 nm [28, 29].

Ultrafast laser-matter interaction with metals can be categorized into three time-intervals. While these
time frames are well-established in the scientific community as shown in figure 1.2, the time frame for surface
chemical changes accompanying the laser-matter interactions is yet to be explored. Initially, upon laser excitation,
the electron system will be in non-equilibrium. This time frame involves the ballistic motion of electrons and
the collision of excited electrons with other surrounding electrons to achieve a thermal equilibrium between the
electrons. The second time interval is governed by electron-phonon coupling and can be described by the Two
Temperature Model (TTM) as discussed in the coming sections. In the final time frame, after electron-lattice
thermal equilibrium is achieved by heat exchange between two systems, melting and ablation can then take place

giving rise to surface structures [30].
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Figure 1.2: Time scales involved in fs laser irradiations for energy transfer, material relaxation, and cooling (inspired
from [31] and [30]).

Transient state of materials

The transient state of the material upon ultrafast laser irradiation is defined as follows. Ultrafast laser pulses cause
high-speed material excitation which is faster than the material relaxation time giving rise to isochoric heating of
free electrons. The heated surface layer is typically 10 nm to 20 nm for metals, equivalent to the optical penetration

depth. In a plasma hypothesis, the expansion velocity is given by,

Vs = ’YENekBTe/Mia (13)



where M; is the mass of the ion, N, is the number of free electrons per atom, kg is the Boltzmann constant, T is the
electron temperature, y=3 is the adiabatic constant of a solid [32]. This expansion velocity for the laser-irradiated
surface layer is closer to the speed of sound (~ 5000 ms~—!) during 100 fs. In the regime of solid-density electron
heating, the kinetic energy of electrons corresponds neither to conventional matter nor the plasma physics regime.
Hence, the term Warm Dense Matter (WDM) [33, 34| has emerged to describe this regime. In this regime, the
density of the material goes from an order of magnitude below that of the solid (pg/10) to ten times its value, (10
p0). The temperature varies up to a few tens of eV. Figure 1.3 (a) shows the thermodynamic regime upon ultrafast
laser irradiation [35]. Our focus in this work is on LIPSS formation on metals, so the regime is located at the

solid-liquid transition and is not supposed to go beyond the liquid-gas binodal line.
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Figure 1.3: (a), Thermodynamic diagram representing the transient phases achieved by the material as a result of
ultrafast laser irradiation as adapted from [35] (b), Molecular Dynamics simulations showing the evolution of Al
surface as a result of 100 fs laser irradiation, adapted from [36].

1.2.2 Laser induced melting and ablation

As the energy deposited on the metal is absorbed by the electrons and transferred to the lattice, ablation takes
place, which is the removal of material from the surface. Mechanisms driving laser ablation are strongly dependent
on laser fluence. It involves melting and resolidification at lower fluences, cavitation and spallation regimes as
the fluence increases and explosive boiling at higher fluences [36] as shown in figure 1.3 (b). In this work, we are
focusing on LIPSS, which usually occur between the melting and ablation regimes. Specifically, we are interested

in high-frequency LIPSS (HSFLs), that exist in the melting regime.

Usually, for slow normal heating (when the heating time is longer than the time needed for the melting

front to pass through the heated region), heterogeneous melting occurs [37, 38|, where the nucleation of the



liquid melt happens at the surface and around crystal defects, at the melting point of the material. This melting
front travels into the bulk of the crystal and requires almost a nanosecond to reach the melting depth. However,
the heating rates associated with fs laser irradiation (104 K/s and higher [39]) are very high and hence move
faster than the heterogeneous melting front. Therefore, fs laser irradiation is dominated by homogeneous melting
[40, 39], which is a volumetric process where random nuclei of melt appear and join together as shown in figure

1.4. Laser-induced removal of material can occur in various forms including normal boiling, normal evaporation,

(a) Heterogeneous Melting (b) Homogeneous Melting
NN NN NN N NN NN NN N
Liquid Liquid

—~—— Q002 ¢
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Figure 1.4: Schematic illustrations of (a) heterogeneous melting process and (b) of laser-induced melting where
homogeneous nucleation occurs ahead of the melting front, illustrations inspired from [37].

spallation, or phase explosion. The specific mechanism usually depends upon the laser pulse duration and fluence.

For ultrashort laser pulses, spallation and phase explosion dominate as discussed below.

1.2.3 Laser induced stress waves and nucleation

Laser irradiation is accompanied by the build-up of strong mechanical stresses. The rapid localized energy
deposition of fs laser pulses results in the generation of mechanical stresses in the material. They can be
categorized as (1) dynamic transient stresses and stress waves due to stress confinement, (2) thermo-elastic stresses
due to temperature gradients, and (3) residual stresses due to the structural changes in the material [38]. Since
the time scale for mechanical relaxation of the heated material is longer than the laser pulse duration there will
be high-stress confinement and hence generation of compressive stresses. Rapid melting of the surfaces also adds
to this compressive stress which will propagate into the bulk of the target. A tensile wave is also generated
as a result of material relaxation, which will be traveling in the opposite direction to this compressive wave,
resulting in cavitation bubbles in the molten material. These cavitation bubbles can either collapse, be frozen
upon resolidification leading to surface swelling, or grow and join together leading to photo-mechanical spallation,
which will separate the molten part from the material [41, 42, 43]. This is visualized using simulations as shown

in figure 1.5.

Photo-mechanical spallation is the separation or ejection of the molten layer due to the relaxation of the
photo-mechanical stresses and the creation and coalescence of vapor nuclei [44, 36]. For a higher energy deposition,

when a liquid is heated beyond its melting point into a super-heated meta-stable thermodynamic state, a rapid
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Figure 1.5: Temporal and spatial evolution of temperature (a), pressure (b), density (c) free energy barrier for
the onset of cavitation (d) inside femtosecond laser irradiated bulk Ni. The solid-liquid interface is outlined by
the black line. Figure (b) shows the compression (red) and rarefaction wave (blue) inside the target. The region
enclosed in purple dotted lines is the region of nucleation for cavitation having a free energy barrier below 25.5
KpT as theoretically predicted and as seen by the simulations [43], (pictures adapted from [43]).

phase transition to the vapor state occurs, resembling an explosion, and is called phase explosion or explosive
boiling [36, 38]. This arises when the laser-induced super-heating of the melt leads to a rapid phase transition to

vapor, like an explosion.

For a spherical cavity in the regime of photo mechanical spallation, the Gibbs energy change, AG is zero

at the critical radius r. of the void for the onset of cavitation [38],

(dﬁrG)rc =0, (1.4)

where,
AG = PV + v, A (1.5)

where P, and ~;, are the pressure of the liquid and the surface tension of the liquid-vapor interface. V and A are
the volume and area of the cavity of radius r, respectively. In the phase explosion regime, equation 1.5 will also

include P,, the vapor pressure as P, — P, instead of just P,.



The cavity nucleation rate can be given as,
R = Ry exp(—Go/kpT) (1.6)

Where Ry is expressed in nuclei per second per cubic meter, kg and T are Boltzmann constant and temperature

respectively. For instance, in the case of Al and Au [45, 46], this rate is found to be around 103 s~'m~=3, with
a nucleation-free energy barrier G{* ~ 23 kgT. Hence, the temperature dependent threshold for cavitation by

tensile pressure is given as,

Pp, o< /T (1.7)

While the laser-induced stresses come back to zero, the thermo-elastic stresses cannot completely relax due to the
constrictions in the lateral direction by the surrounding material. As a result, some residual compressive stresses
may remain after resolidification, until the temperature drops to room temperature. This lateral compression can

give rise to vacancies and dislocations during cooling [47, 48].

1.2.4 Resolidification

As the laser-induced heat conducts into the bulk of the sample, cooling takes place. This cooling rate can be
as high as 1012 K/s [49], especially for metals due to their high conductivity. This leads to strong under-cooling
and very rapid resolidification. Depending on the material and irradiation conditions, simulations show that for
ultrafast laser irradiations melting and resolidification of metals occur in a time span of a few nanoseconds [50, 51].
This rapid solidification can control surface phase composition and homogenization, generation of crystal defects,
size and distribution of grains, and complex surface morphology [52]. Surface amorphization using laser pulses has
been observed for crystalline Al-Cu-Ce alloy [53]. Various defects like twin boundaries for Ni [51] and vacancy
formations in Fe-Ni alloy [49] are reported as a result of the fast-moving melt front. Since ultrafast laser irradiation
can result in a thin nanolayer of melt, the deep under-cooling can result in nanograins of random crystal orientation
accommodating various defects like high-density twin boundaries resulting in high strength and ductility [38, 54,
55, 56] as shown in figure 1.6. The final surface roughness of a laser-irradiated Cr crystal has been shown to depend

on the velocity of the solidification front and crystal orientation [57].

1.3 Laser Induced Topographies

1.3.1 Types of nanostructures: LIPSS

Laser-Induced Periodic Surface Structures or LIPSS are the most typical kind of laser-induced nanostructure.
As the name suggests, they are laser-induced nano/micro-structures having a particular period and are usually
found to be oriented in a specific direction with respect to laser polarization. There are various types of LIPSS:
they can be ripple-like structures commonly called low spatial frequency LIPSS (LSFLs) or high spatial frequency
LIPSS (HSFLs) or they can be grooves, spikes, nano pits, or nano peaks as shown in figure 1.7. In most cases,

their period (A), orientation, and type can be controlled by polarization, irradiation wavelength (1)), fluence, and
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Figure 1.6: Frozen nanospike generated in fs laser irradiated Ag by simulations where the yellow atoms correspond
to FCC structure, red represents stacking faults and twin boundaries, and purple stands for other kinds of defects,
adapted from [56].

number of laser pulses.

The most common LIPSS are low spatial frequency LIPSS or LSFLs and high spatial frequency LIPSS or
HSFLs. LSFLs have periods larger than half the wavelength of the laser used (figure 1.7 (d)) and HSFLs have
smaller periods, less than half the wavelength of the laser used (figure 1.7 (a)). LSFLs can be perpendicular
(LSFL-I) (figure 1.7 (e)) or parallel (LSFL-II) to the polarization of the laser beam (figure 1.7 (f)). Depending on
their depth-to-period aspect ratio (A), HSFLs can either be deep HSFL, HSFL-I (A > 1), perpendicular to laser
polarization (figure 1.7 (b)) or shallow HSFL, HSFL-II (A<1), parallel to the laser polarization (figure 1.7 (c))
[58]. Local laser fluence highly influences the formation of LIPSS and for metals, generally, the period of LIPSS
(especially for LSFLs) decreases with an increase in the number of pulses with the inter-pulse feedback effects
considerably influencing the morphology of the LIPSS. As mentioned earlier, the polarization of the laser beam
mainly influences the orientation of LIPSS, making it parallel or perpendicular to the electric field vector of the
laser beam. While the wavelength of the laser beam can be used to control the period of LIPSS, they are not
significantly influenced by the laser pulse duration. Moreover, the angle of incidence of the laser beam affects the

LSFL period but does not significantly affect the HSFLs period.
In addition to LSFLs and HSFLs, the other kinds of LIPSS obtained at higher fluences like grooves are
oriented usually parallel to laser polarisation (figure 1.7 (g)) and have a size of a few micrometers, whereas spikes

are more irregular and have negligible relation to the laser polarisation (figure 1.7 (h)).

There are recent reports of self-organised periodic structures with smaller dimensions, up to ten times

smaller than conventional LIPSS, like nanocavities and nanobumps [59, 60] as shown in figure 1.7 (i).

The origin of these nanostructures has been explored widely and many theories based on electromagnetic
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Figure 1.7: Various types of LIPSS that can be generated. SEM images of - HSFLs (a)-(c): on steel (a), Indium
oxide film (b), and Ti (¢). LSFLs (d)-(f): on steel (d), Ti (e), and fused silica (f). Grooves (on steel) (g) and Spikes
(on steel) (h). AFM image of self-organized nanostructures produced on nickel (i) such as ripples, nano stripes,
and nanocavities by femtosecond laser irradiation.((a)-(i) adapted from [61, 62, 63, 60])

models, hydrodynamic phenomena, and surface oxidation have been put forward to explain the formation of

LIPSS.

1.3.2 Theories proposed for LIPSS formation

Electromagnetic theories

The most widely accepted theory on LIPSS formation is the electromagnetic theory as put forward by Emmony
et al. [53] and later developed by Sipe, which is based on the interference of scattered electromagnetic waves
(SEWs) from surface roughness. The idea is simply illustrated in figure 1.8. When a laser beam interacts with
the material surface, it is scattered by roughness in the material. In addition to this, other surface modes also get
excited such as surface plasmon polaritons (SPPs), which are electromagnetic (EM) waves that propagate along
the metal-dielectric interface arising from delocalized coherent electron density oscillations [64]. These SEWs and
SPPs will interfere with the incoming laser beam, giving rise to an interference pattern, and spatially modulating
the intensity [65]. This gives rise to spatially modulated removal of the material from the surface, resulting in
LIPSS, a term put forward by Van Driel et al. [66]. Sipe and his co-workers put forward an analytical approach

to analyze the interaction of the electromagnetic (EM) wave with the surface roughness by introducing a scalar
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Figure 1.8: LIPSS formation based on the electromagnetic model (image inspired from [67] )

factor proportional to the inhomogeneous energy absorption, called the efficacy factor, n [68]. The relation is
given by [68], A o< 1 x |b|, where b is the Fourier spectrum of surface roughness and 7 is the efficacy with which
the surface roughness leads to the inhomogeneous energy absorption. This theory was able to predict the period

of LIPSS by considering the laser and surface parameters.

Later Skolski et al. [69] put forward a numerical approach based on Finite Difference Time Domain (FDTD) (as
we will discuss in the next section) that confirmed the Sipe model. Even though Sipe’s approach successfully
predicted the formation of LIPSS to some extent, they were not able to incorporate the pulse-by-pulse feedback

mechanisms influencing the topography.

Self-organization theories

Matter reorganization theories are based on the laser-induced melt flow governed by hydrodynamic instabilities,
which will transport the melt and rearrange the surface morphology as shown in figure 1.9. These self-organization
regimes are triggered depending on the laser parameters, initial surface conditions, and inhomogeneous response of
different crystal orientations. The role of hydro-dynamic effects is detailed by various groups considering surface
tension dependence on temperature or recoil pressure. Surface tension dependence on temperature gives rise to
the Marangoni effect or thermocapillary forces. The hydrodynamic flow at the surface can be computed by using
the Navier-stokes equation (NSE) in combination with the continuity equation, in space and time [65]. The NSE

equation is given by [70],

aaif + (@.V)(pit) + (p.@0)V.ii = =V P + uVZ3i + 1/3(uV(V.i0)) (1.8)

Where p is the mass density, p is the viscosity, P is the pressure and « is the displacement velocity of the fluid.

The continuity equation for a volume V is,

9(pV)
ot

+V.(pVd)=0 (1.9)

This can be combined with electromagnetic theories to explain the formation of nanostructures (like in 3D FDTD
approaches). By combining these approaches it was observed that there is an EM field enhancement at surface

defects causing local heat confinement triggering Marangoni convection instability and hence the destabilization
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Figure 1.9: Mechanism of hydrodynamic instabilities upon laser irradiation leading to ripples formation (image
adapted from [71] )

of laser-induced melt layer causing the nanostructure topography. This approach can also reproduce many

experimental results [70].

Self-organization theories are based on laser-induced non-equilibrium defects like vacancies, voids, etc., in
the subsurface, a few nanometers thick. The destabilization of the crystal lattice in this thin layer, which is far
away from thermodynamic equilibrium, causes the formation of nanostructures [85, 65]. The time evolution of the
growing surface profile is described by the competition of elementary processes taking place (surface erosion and
smoothing) and surface tension gradients. This can be represented as follows which shows the temporal evolution

of a growing surface profile h(x,y,t) [86, 87],

O] — o) T 5 (VAP — DA (1.10)

The first term on the right-hand side is for surface erosion and the second term is for thermal self-diffusion. v(h)
is the surface curvature-dependent erosion velocity and D is the diffusion that depends on surface diffusivity,

activation energy, temperature, and surface density of diffusing atoms.
Different types of surface structures and their possible feedback mechanisms are given in table 1.1.

Oxidation based theories

One of the very notable attempts in recent years to understand the formation of HSFLs is to recognize the role
of oxidation associated with it. Oktem et al. [88] proposed a theory based on a feedback mechanism between

oxide and nanostructure formation, where an initially positive feedback for nanostructure formation takes place by
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Types of LIPSS Origin of periodic- Feedback References

ity
HSFL-1 Marangoni convec- Melt flow [72], [73], [74], [75],
tion instability [76]
HSFL-L Marangoni convec- Melt flow + possi- [75], [76], [77]
tion instability ble ablation
LSFL-L Interference Ablation [78], [77], [79], [80]
Grooves-11
(electromagnetic) Interference Ablation [75], [81]
Grooves-11
(hydrodynamic) Marangoni convec- Melt flow [81], [82]
tion instability
Hexagonal
nanostructures Marangoni convec- Melt flow + Cavita-  [83], [82]
tion instability tion
Hexagonal
micro-structures (spikes)  Marangoni convec- Melt flow + Abla- [84], [82]
tion instability tion

Table 1.1: Different types of LIPSS as a result of femtosecond laser irradiation, their origin of periodicity, and
feedback as reported over time, adapted from [71].

oxygen incorporation into the surface followed by a negative feedback as the thickness of this oxide layer increases,
slowly breaking the nanostructure growth as shown in figure 1.10. Dostovalov et al. [89] introduced TLIPSS
(Thermochemical LIPSS) which are LIPSS formed due to metal oxidation rather than ablation. These TLIPSS
have unique characteristics including a rise in relief height, a high degree of order, and an orientation parallel to
the polarization direction of the incident beam. The formation of TLIPSS on Ti, Ni, and Cr is explained based on
a thermodynamic theory called Wagner theory [90],[6]. The same group later recognized that HSFLs cannot be
explained by Sipe’s theory [68], and proposed an HSFL formation mechanism based on different modes of propaga-
tion associated with SEWs (Scattered Electromagnetic Waves) which evolve with different percentage fractions of
oxide [91]. Another recent study by Florian et al. [92] based on FDTD simulations, is the requirement for a 100 nm
thick oxide layer for the formation of HSFLs on CrN (figure 1.12). But the existence of sub-100 nm HSFLs with

amplitude as small as a few tens of nanometers [63, 51| may appear contradictory to previously mentioned theories.
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Figure 1.10: (a) Oxidation influencing LIPSS formation (inspired from [88]).
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While oxidation as a necessity for the formation of LIPSS is still debated, studies show that oxidation can
influence their formation. The generation of anomalous LIPSS or a-LIPSS (oriented parallel to the polarisation
with a spatial period in the deep sub-wavelength regime and whose formation mechanism is attributed to
scattering of laser light by surface roughness) obtained in ambient conditions and normal LIPSS or n-LIPSS
(oriented perpendicular to the polarisation with a spatial period at the sub-wavelength regime and whose formation
is attributed to the surface plasmon excitation) obtained in a vacuum environment on Cr/Si films is discussed
by Xie et al. [93] (as shown in figure 1.11 (a) & (b)). Here, the formation of anomalous LIPSS (a-LIPSS) is
attributed to the transverse electric scattered surface wave (TE-SSW) first excited on the oxide layer and the
further interference between the incident wave and TE-SSW giving rise to a-LIPSS with strong oxidation on the
intensity maxima. On the other hand, the transverse magnetic hybrid plasmon wave (TM-HPW) in the absence
of an oxide layer is given as the reason for the formation of normal LIPSS or n-LIPSS. In other words, a transition
from n-LIPSS to a-LIPSS is observed as the air pressure changes and as oxygen becomes more available in the
surroundings. This puts forwards a concept where surrounding oxygen will have a significant role in the formation

of these nanostructures.

@) (b)

TM-HPW

Figure 1.11: (a) formation of anomalous LIPSS (a-LIPSS), oriented parallel to polarization with period at the
deep sub-wavelength regime, (b) formation of normal LIPSS (n-LIPSS), oriented perpendicular to the polarization
and period at the sub-wavelength regime on Cr/Si films (adapted from [93]).

1.3.3 Numerical models for laser-matter interactions

FDTD simulations

Finite Difference Time Domain (FDTD) simulations introduced by Yee [94], are based on the electromagnetic field
analysis surrounding the nanostructures obtained by solving Maxwell’s equations. Since it uses an electromagnetic
approach it can take into account the laser beam propagation effects, field enhancement, scattering, and propagation
in addition to considering the spatio-temporal intensity distribution of the beam. The FDTD model was expanded
to include inter-pulse feedback effects, which later was developed by Diezel et al. [76] to explain expansion-like
phenomena based on hydrodynamics to account for the laser-generated morphologies on metals. While they are

prominently used to discuss semiconductors and dielectrics, this model was applied to metals by Zhang et al. [95]
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to detail the LSFL and HSFL formation on the basis of interference of scattered far-field and scattered near-field
waves with the incident beam respectively. Rudenko et al. [77] (figure 1.12 (a)) have demonstrated that laser
energy deposition and the resultant interference patterns from nanoholes and nanobumps in dielectrics and metals
influence the absorbed energy being perpendicular or parallel to the light polarisation and ultimately influence the
formation of nanostructures. This study provides qualitative and quantitative analysis of scattered radiative and
non-radiative patterns below the material surfaces. In addition, FDTD models have also been used (as mentioned

earlier) to confirm the necessity of an oxide layer for the formation of certain nanostructures [92] as shown in figure

1.12 (b).
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Figure 1.12: (a) FDTD simulations showing the energy deposition below a metal surface with a bump and a hole,
adapted from [77], (b) FDTD simulations showing the necessity of 100 nm oxide layer for HSFL formation on CrN,
adapted from [92].

PIC simulations

Particle-in-cell (PIC), simulations are based on the collective coupled behavior of electrons and enable the calcu-
lation of the trajectories of charged particles in a self-consistent electromagnetic field. Djouder et al.’s work [96,
97] based on this simulation on Cu has indications of LIPSS appearing after a laser pulse with sub-wavelength
characteristics as shown in figure 1.13. Further, the evidence of strong near-field enhancement due to surface
electromagnetic wave excitations caused solely by laser pulses on the Cu surface upon fs laser irradiations was
elaborated by Russel et al. [98] using this model. Wang et al. [99] have also made use of PIC simulations to
show that a competition between the surface Coulomb ablation and direct laser ultrafast ablation results in the
structuring of the material by a Gaussian pulse. However, the disadvantage of the PIC approach involves noisy

results because of simulating a finite number of macro-particles and poor statistical resolution [100].

Two Temperature Model - Molecular Dynamics (TTM-MD) simulations

The two-temperature model: When a laser beam interacts with a metal, the free electrons absorb the heat
energy first and then transfer it to the lattice by electron-phonon scattering. For metals, the electrons to lattice

energy transfer rate (10 W/m?/s [101]) and hence the electron-phonon coupling time (few ps) is much slower

17



)

:

X(pm)

Figure 1.13: PIC simulations giving the electron density profile (a) and the electrical field profile (b) for fs laser
irradiated copper. The patterns obtained by PIC simulations are similar to those of ripples, whose periods as seen
from the simulations agree with the experimental observations, adapted from [96].

than the material expansion time (several tens of ps). Hence we need to consider the electrons and ions subsystem
separately. This electron-phonon coupling is continuous until a thermal equilibrium is established between the hot

electron system and cold ion system [102, 103].

The two-temperature model (TTM), proposed by Anisimov et al. [104] gives the energy balance between
the electron bath and the lattice by two differential heat diffusion equations governing the temporal evolution
of electron and lattice through a coupling parameter related to the electron-phonon scattering rate. Because
of the limitations with finding these imbalances experimentally, TTM equations can theoretically predict the

heating rates or melting thresholds and are extensively applied for various laser-matter interaction studies [104, 18].

The equations are given by [105, 106],

CGW =V.(k — eVT.) —vei(T. — T}) + S(t, z, 2) (1.11)
T
Ci% = V(szTz) - ’Yei(Te - Tz) (1'12)

where T is the temperature with ’e’ and i’ standing for electrons and lattice respectively. C is the specific heat
capacity, k is the conductivity and 7,; is the coupling factor. S(t,x,z) is the source term representing the absorption

of laser energy.
This model was applied to metals such as Ti [107] and Au [106] to include phase transition and heat dif-

fusion effects. This model explains LSFLs having few hundred nm periods. But it has to be further extended

to include the sub-wavelength period of HSFLs and laser ablation resulting in a phase transition to vapor. The
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limitation in explaining the small periods of HSFLs comes from thermal diffusion effects washing out the small

spatial modulation in the absorbed energy [108].

To summarise the basic concept, the interference between the incident beam and surface electromagnetic
waves will induce spatially modulated electron density and electron temperatures within a specific period.
The electron-phonon coupling and heat diffusion will modulate the lattice temperature exceeding the boiling

temperature. Later, the ablation, material transport, and solidification will lead to the final topography [65].

In another model called Molecular Dynamics (MD) model, trajectories of interacting atoms in 3-D
space and time are evaluated by using Newton’s equations of motion [109]. It uses empiric interatomic potentials
to account for the potential energies and the forces acting between the atoms. Time-dependent interatomic
potentials to calculate the collective motion of atoms are not well suited as they cannot properly explain the
thermal or non-thermal melting. Hence, the most commonly used model is the time-independent embedded atom

model (EAM) for metals [110].

Analyzing all the above models to study ultrafast laser-matter interactions, the best suited will be the one
that will consider heat diffusion in thermal non-equilibrium between the electron-lattice system and also the
behavior of atoms in 3-D space and time to properly capture ultrafast laser-matter interactions and morphology

changes. Hence, a hybrid model, TTM-MD has been proposed.

Ivanov et al. [111] were one of the first to combine TTM and MD to explain laser-induced topography
based on material reorganization on an Au target. They identified laser-induced compressive stresses and material
relaxation giving rise to tensile waves resulting in subsurface voids. This relaxation gives rise to a hydrodynamic
motion of the melted material. At the same time, due to heat conduction into the bulk, high cooling rates resulted
in rapid solidification. Another study by Shugaev et al. [112] on Cr targets under air and vacuum irradiation
conditions related the surface morphology observed to phase explosion as shown in figure 1.14. These studies show
that rather than liquid flow from the molten region of the sample experiencing recoil pressure from ablation, the

redistribution of material below the ablated part plays a key role in the final morphology [65].

1.3.4 Applications of LIPSS

Ultrafast laser-induced periodic nanostructures or LIPSS are highly advantageous for various industrial applica-
tions, because of their simplicity, cost-effectiveness, and robustness. In this section, topography-based applications

for the LIPSS are discussed.

Structural Colors: The colors on material surfaces generated by a material structure are called struc-
tural colors. They can be observed in nature when you look at a Morpho butterfly, where the wings exhibit bright
colors due to the light interference and diffraction on periodic structures naturally present on its wings. LIPSS

on metallic surfaces are also seen to exhibit a similar type of behavior. In fact, these kinds of structured surfaces
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Figure 1.14: Temporal evolution of atomic snapshots obtained by TTM-MD of a Cr target irradiated by fs laser
demonstrating the formation of a liquid wall in the ablation process followed by rupture of the wall and generation
of a solidified protrusion. Dark blue corresponds to the solid phase, light blue and green to the liquid phase, and
the red atoms to the vapor phase, as adapted from [112].

change their colors with different viewing angles because of diffraction. An example of this is shown in the figure
1.15 (a), where LIPSS on the surface of platinum shows iridescent colors [31]. On a much larger scale, Dusser et
al. [26] have shown that it is also possible to achieve color pictures by producing LIPSS on metallic surfaces with

different orientations.

Tribological applications: LIPSS are widely known to exhibit efficient tribological performance. Bonse
et al. [113], [61], Wang et al. [114], and Voyer et al. [115] have reported a reduction in the friction and wear of
LIPSS-incorporated metallic surfaces. The most recent studies were made by Bonse et al. on Ti and steel surfaces.
It was seen that compared to a polished surface the wear on LIPSS-generated surfaces is negligible. This is as

shown in the figure 1.15 (b), where you can see wear tracks on Ti surfaces [116].

Biomedical applications: Biomedical engineering of surfaces based on femtosecond laser irradiation is
becoming a popular advanced technology. LIPSS have a significant influence on the cell growth. Kai Borcherding
et al. [117] have seen that for laser-textured Ti surfaces the cell adhesion (osteoblast-like cells) is greatly improved
compared to non-textured surfaces. Raimbault et al. [118] have studied the influence of initial cell response for
femtosecond laser generated structures on Ti surfaces and found that stem cells are more sensitive to nano-scale
structures than micro-scale structures, unless the size of the cells are comparable with those of the micro scale
structures. In addition, for LIPSS-generated Ti surfaces cell area and adhesion area were also seen to be enhanced
for human stem cells [119] as can be seen from figure 1.15 (c). It was also observed that for Fe-Mn alloy surfaces

with LIPSS bio-degradation rate can be significantly improved [120].

Femtosecond laser-induced ripples have also found other applications such as enhancement in thermal emis-
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sion [121, 122], surface-enhanced Raman spectroscopy (SERS) [123, 124], heat transfer performances [125],

applications with improved thermoelectric properties [126] etc. While industrial applications mostly use laser-

Structural Colors Biomedical Applications

Figure 1.15: (a) structural colors on Pt surfaces covered with LIPSS, (as adapted from [127]) (b) The SEM images
after the tribological tests done on Ti surfaces covered with grooves, LSFLs and spikes along with a polished,
non-irradaited surface, (as adapted from [116]) (¢) SEM images of cell adhesion on Ti covered with LIPSS (type
1), grooves and ripples (type 2) and columns with overlapping LIPSS (type 3), (as adapted from [119]).

based morphologies created on a variety of materials, some applications require control over surface chemistry

which will be explored in the following section.

1.4 Surface chemistry due to laser-matter interactions

1.4.1 Laser induced surface chemistry

Laser-induced surface chemistry points to the chemical changes occurring on a material surface during or due to
laser irradiation. While lasers in gas-surface studies are known to provide fundamental insight into the mechanism

and dynamics involved in chemical interactions, they also help in achieving various practical applications.

The laser-induced chemical change can occur during or after the laser pulse. When dealing with laser-
induced surface chemistry one should think about the thermal and non-thermal aspects of surface chemical
alterations caused by the laser. Non-thermal laser-induced surface chemistry is mainly the result of electronic
or vibrational excitations of the gas and the direct laser excitation of the solid [128, 129|. For example, SFg is
usually inert towards Silicon but can be made to react with Si by bringing SFs to a laser-induced excited state
[130]. Even in the case of laser-induced oxidation by UV photons, non-thermal effects are responsible for enhanced
oxidation in semiconductors like Si, or GaAs [131, 132]. Most of these studies focus on continuous wave lasers or
UV lasers, with limited available information on ultrashort laser pulse systems. In addition, all these cases saw

a laser enhanced chemical reaction like enhanced oxidation for semiconductors [131, 132] or SFg becoming more
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reactive towards Si, that could not be solely explained by the classical thermodynamic approaches.

Laser radiation can trigger chemical reactions between a gas and a solid target, ultimately resulting in a
new chemical product at the surface. Laser-induced nitrides on metals are one such case that arises due to the
reaction between the metal and the nitrogen from the atmosphere. For example, a surface compound Ta3Ns
along with Ta oxides is formed on Ta irradiated with ns laser, in a mix of oxygen and nitrogen atmosphere as
characterized with XPS [133]. It is concluded that the composition of the gas phase, the ratio between oxygen and
nitrogen, and the laser irradiance are the key factors influencing the surface chemistry in this case. Similar surface
nitration of Ti, Zr, and Hf has also been achieved with pulsed lasers [134]. For Ti, TiN is formed under both fs and
ns laser pulses [135, 136]. A recent study [137] focuses on the influence of different processing and further exposure
environments on femtosecond laser-generated LIPSS on Cu surfaces to explore the variation in the levels of
carbon contamination after laser texturing. This study indicates that femtosecond laser-texturing makes surfaces

more sensitive to carbon contamination from the atmosphere, and is highly dependent on the exposure surroundings.

However, the common surface chemical modification associated with laser irradiation on metals is the for-
mation of oxides since most laser machining takes place in ambient conditions [20, 21, 22]. In all cases, irradiation
with lasers, whether it be CW, pulsed, or ultrafast, the metal surfaces are always accompanied by oxidation.
The thickness of these oxide layers increases with accumulated fluence [138]. For fs laser irradiated Al, it is
seen that at low laser fluences hydroxides dominate over oxides and as the fluence increases, more oxides are
accumulated [139]. In another study involving Ta and Al, laser irradiation in a vacuum and inert gas atmosphere
(respectively) does not eliminate surface oxidation [133, 140]. This could be due to contamination from the
atmosphere accumulated after laser irradiation or could be due to contamination inside the chamber. In the case of

Ti, under inert gas conditions (Ar gas), 102 formed in ambient conditions restructures to form TiO and T%O3 [135].

LIPSS on metals are also seen to be associated with oxides. For example, LSFLs, grooves, and spikes pro-
duced on Ti alloy by femtosecond laser irradiation show a few hundred nm of oxide layer as indicated by glow
discharge optical emission spectroscopy (GD-OES) [116]. This is in accordance with another study on Ti that
reported a 200 nm thick oxide layer for LSFLs and around 150 nm for HSFLs as confirmed by micro Raman, AES
(Auger Electron Spectroscopy), and XPS (X-ray Photon Spectroscopy) analyses [141]. HSFLs with relief heights
as small as a few tens of nanometers have also been reported. As small as 20 nm for HSFLs on Ni [51] and 50
nm for ps-induced HSFLs on Ti [63], meaning they could be generated with a smaller thickness of oxide layer

depending on the material and laser parameters.

Surface oxidation therefore appears to be an inevitable surface chemical modification accompanying laser
processing in ambient conditions and it is important to understand the mechanism of oxidation associated with
laser processing to utilize it to maximum potential. And while there has been no significant work done to
understand the oxidation mechanism and the surface chemical alterations taking place during ultrafast laser

irradiation, a significant amount of work exist on the aging of laser-irradiated surfaces as follows.
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1.4.2 Aging of laser irradiated surfaces

Surface chemistry in laser-matter interactions is not a new topic but is studied to some extent. A major part of
these studies deals with the aging associated with wettability of laser-irradiated surfaces. That is, these studies
analyze how surface chemistry and hence the water contact angle evolves over time after laser irradiation. Two

main approaches are usually encountered as shown in figure 1.16:
(i), wettability and aging is a result of surface carbon contamination,

(ii), wettability and aging is related to oxides.
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Figure 1.16: surface chemical alterations with aging explaining wettability transition

Regarding the first point on carbon contamination, Kietzig et al. [142] were one of the first in 2009 to ex-
plain the wettability evolution on the basis of surface chemistry after laser irradiation. It was shown that metallic
alloys under femtosecond laser irradiations become super-hydrophobic over time with laser-generated dual-scale
roughness. The explanation was grounded on the decomposition of carbon dioxide into carbon at the iron
oxide sites. Similarly, for micro-pillars and micro-cavities produced on Al by ps laser stored in an organic-rich
environment [143], a transition from super hydrophilicity to superhydrophobicity was observed contrary to samples
stored in carbon dioxide, oxygen, and nitrogen which remained super-hydrophilic. This was a clear indication
that the transition to superhydrophobicity is highly influenced by the organic compounds in the surrounding
environment. The C/Al ratio obtained from XPS spectra is used as an indicator for the amount of adsorbed
organic compounds under various conditions. Recent studies in Al irradiated by ns laser show identical behavior,
where the XPS spectra on laser-generated protrusions reveal that the increase in C-C/C-H bonds increases the
non-polarity of the surfaces and contributes to the hydrophobicity [144]. This transition is also seen for fs laser

irradiated copper surfaces, with micro-pits and micro protrusions [145] and is attributed to carbon contamination.

Another study looked at fs laser generated 1D and 2D periodic structures on stainless steel and observed
C-C, C-H, C-O, and C=0, constituting adventitious carbon from C 1s XPS spectra. They observed that the
surfaces became richer in hydrocarbons over time. Hence, the evolution of contact angle is backed by the variation

of adventitious carbon content [146]. Further, we can see investigations done on microgrooves produced in brass
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by a ns laser and kept in different liquid storage conditions (vinegar, IPA Sodium bicarbonate, saltwater compared
to air). The samples stored in IPA attained hydrophobicity faster than in the other conditions, confirming that

the presence of the organic compounds dramatically influences the wettability transitions [147].

The role of carbon contamination in the wettability transition is also discussed for various femtosecond
laser-textured metals like Cu, Co, Fe, Al [148]. Here they conclude that laser-induced surface reaction must be
responsible for the evolution of contact angle over time and is independent of the type of metal [148], which is
what we can also say from the above literature analysis. Most of these papers draw similar conclusions where the
surface goes from super hydrophilic to super-hydrophobic over time due to non-polar organic contamination or
adventitious carbon (airborne molecular contaminations) compound from the atmosphere as shown in figure 1.16.
In fact, the presence of even a monolayer of hydrocarbon contamination is widely accepted as the reason for this
behavior of the laser-irradiated surfaces [149].

The other factor influencing wettability is related to oxides. Laser-processed surfaces are initially super
hydrophilic due to laser-generated oxides, which are polar in nature [144, 150]. In fact, there have been some
attempts to explain the wettability transition over time based on the type of oxides on Cu surfaces [151] and
Ti surfaces [152]. In picosecond laser-textured copper surfaces it was observed that partial deoxidation of
laser-generated CuO to form CusO over time is the reason for the transition to hydrophobicity [151]. And for
femtosecond laser-irradiated Ti surfaces the transition from Ti2Os to TiO5 over time is regarded as the major

contributor to hydrophobicity with aging [152]. These significant results are shown in table 1.2.

Material Laser Types of structures  Surface chemistry on aging Reference
Steel ~ Femtosecond laser ~ dual scale rough- Carbon contamination [142],[146]
ness, 1-D & 2-D pe-
riodic structures
Ti Femtosecond laser ~ LSFLs Oxide transformation [152]
Cu Femtosecond laser =~ mix of micro pits, Carbon contamination [145]
micro-grooves &
nano structures
Cu Picosecond laser mix of ripples, mi- Oxide transformation [151]
cro & nanostruc-
tures
Al Picosecond laser micro pillars & mi- Carbon contamination [143]
cro cavities
Al Nanosecond laser micro protrusions Carbon contamination [144]
Brass  Nanosecond laser micro & nano dual Carbon contamination [147]

scale structures

Table 1.2: Tabular representation of review on wettability transition of various materials

These results show that the literature on aging of laser-irradiated surfaces is mature in the scientific com-
munity. The data collected from XPS spectra together with water contact angle studies are accepted as good
indicators of the surface chemistry alterations upon femtosecond laser irradiation. Not only wettability but also
other surface properties are dependent on laser-induced surface chemistry alteration as will be seen in the following

section.
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1.4.3 Influence of ultrafast laser-assisted oxidation on surface properties

Kruse et al. [3, 4] have studied the heat transfer performance of laser-machined surfaces, made of mounds and
LIPSS on Cu and stainless steel. It was observed that the heat transfer coefficients are highly dependent on the
thickness and type of nanoparticles containing layer generated by the laser, which are oxides that usually act as
insulating layers due to their low thermal conductivity. Ultimately the heat transfer performance depends on the
change in surface area, capillary wicking, effective thermal conductivity, escaping vapor efficiency, and potential

nucleation sites in this oxide layer.

The tribological performance of LIPSS is also strongly dependent on this laser-generated oxide layer. For
example in Ti, HSFLs - which have a modulation depth 5 times smaller than LSFLs - do not endure the RSTT
(Reciprocal Sliding Tribological Tests), and the first layers removed by this wear test are oxide layers. Whereas for
LSFLs the coefficient of friction was reduced by a factor of 2-3 with a strong reduction in wear. This is attributed
to the oxide layer on HSFLs not being sufficient enough for the lubricants to deploy their beneficial tribological
activity [1, 2].

Metal color marking is also an important property that depends on the oxide layer. Antonczak et al. [5]
produced different colors on Ti surfaces which were dependent on the oxide layer thickness. In an interesting
study by Jwad et al. [153] on Ti, it is shown that such laser-induced oxide-dependant colors can be erased from
the surfaces using laser-induced oxygen reduction to eject the oxygen. Similar results can also be seen for LIPSS
obtained on Cu by Graham et al. [154] where the complex colors obtained on the laser-fabricated surfaces are
attributed to the thickness of copper oxide. They observe that this copper oxide can retain the color generated by
laser irradiation over a long period of time since it (laser-generated copper oxide) is stable at room temperature

and low humidity.

Hence, it can be concluded from the last few sections (mainly section 1.3.4 and section 1.4.3) that by
carefully tuning the surface chemistry together with the surface topography, plausible enhancement in the
efficiency of laser-based applications can be achieved. This is however possible only by carefully understanding

the chemical modifications accompanying the laser irradiation on various materials.

1.4.4 Mechanism of oxidation

Classical theories of oxidation and laser-assisted oxidation

Conventionally, oxidation on metals is associated with theories such as the Cabrera-Mott theory or Wagner theory.
Some groups have tried to associate these classical theories with laser-assisted oxidation. For example, for a metal
like nickel, Nanai et al. [155] have shown that Cabrera-Mott is valid for oxide layer thickness ranging from 0 to 10
nm and that the Wagner theory is relevant for 100 nm to 1000 nm thick oxide layers.

Cabrera-Mott theory is usually applied at lower temperatures for metallic surfaces and for thin oxide
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films, where initially the oxidation rate is very rapid but slows down after some time. It is based on the hypothesis
that the electric field due to the Cabrera-Mott potential developed between the positively charged metal ions and
negatively charged oxygen ions leads to the formation of oxides. Oxide growth follows a logarithmic pattern, given
by [156],

1/X = A — Bint, (1.13)

Where, X is the thickness of the oxide at time t, and A and B are constants.

Xia et al. [157] have shown that for Ti surfaces, under ms pulsed laser irradiations, Cabrera-Mott theory
of oxidation seems to be a match, a conclusion based on simulations where their experimental oxide layer thickness
for different laser powers was in accordance with the simulation results based on Cabrera Mott theory as shown

in the figure 1.17.

24

T T T T T T . T T T T T T
g 1600
22 O Simualtion M
] O Experiment §
= Simulation 8 L] - 1400
20 ® Experiment o i
E 6 o ©° ' J1200 g
£ g : Z
= -
o0 b . - 41000 5
) _ H §
= 8
16 luJ = -| 800
L ]
6 g s
- 600
[
14 Q -
T T T T T T 1 —T T 71— 71— 400

X . ¥ J T
3 4 5 6 7 8 9 10 11 12 13 14 15 16

Laser power /mW

Figure 1.17: The simulation based on Cabrera-Mott theory and experimental results of the width and height of
ms laser-induced oxidation on titanium. The graph shows the widths (hollow blue) and heights (solid red)of lines
written by laser-induced oxidation for simulation results (square) and experiment results (circle). Adapted from
[157].

The Wagner’s theory is usually applied to explain the growth of thick oxide layers. It is based on ion
migration due to a chemical potential gradient across the oxide layer. The oxidation rate follows a parabolic
equation in this case, given by [158],

X = Kyt~ 1/? (1.14)
Where X is the oxide layer thickness at time t and K, is the parabolic oxidation rate constant.
While Lian et al [159] have shown that the surface oxidation kinetics of polycrystalline Cr films irradiated

by a Nd:YAG laser depends on the grain size. For example, they show that the Cabrera-Mott law is more

apt for grain sizes smaller than 100 nm while Wagner’s theory is applicable for grain sizes larger than 100 nm.
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They explain this based on defect formation due to laser irradiation together with the laser-induced desorption
of initially chemisorbed oxide layers [159] which could be different for different grains. But, Dostovlev et al.
[160] have used an approach based on the parabolic oxidation rate to explain the oxide layer formed on LSFLs
due to fs laser irradiation on chromium, where they extrapolate the parabolic oxidation constant of Cr to the
high-temperature regime induced by the laser to explain several hundreds of nanometers of oxide layer thickness

seen on LSFLs.

It is not yet clear whether Cabrera-Mott’s or Wagner’s theory is more suitable to explain laser-induced ox-
idation, both are based on the diffusion of ionic species in order to form an oxide layer. Hence it is important to
analyse whether or not such ionic diffusion can happen within the short time scales associated with ultrafast laser
irradiation. Following is the literature evidence that discussed diffusion-based oxidation mechanisms for CW and

pulsed lasers.

Ursu et al [161] have proposed a diffusion model for CW laser-assisted oxidation on Cu surfaces. They
calculate the diffusion coefficient based on parabolic oxidation resulting in copper oxide and theoretically predict
the possible oxide thickness achieved for particular laser parameters. The good agreement between these
predictions and the experimentally observed oxide layer thickness suggests a diffusion-based mechanism leading to
the formation of copper oxide upon CW laser irradiation of Cu. Similarly, Zeng et al [162] have shown that for Ti
samples under CW laser irradiation oxygen and nitrogen diffuse into the metal, and Ni is found to be under the
oxygen-enriched layer as shown in figure 1.18. The diffusion coefficients of oxygen and nitrogen calculated from
the classical diffusion equations are used to explain the larger diffusion length of nitrogen compared to that of
oxygen. For ns laser irradiated steel samples [163], using different kinds of lasers (Nd:YAG, KrF, and XeCl lasers),
it was found that the iron oxides accumulate at the top and the nitrides at the bottom after laser irradiation. But
here, the thermodynamics calculations are not in agreement with the time needed for nitrogen diffusion in the
case of Nd:YAG laser irradiation. The enhanced diffusion rate of nitrogen is attributed to the higher temperatures

established by the laser-generated plasma and to the higher pulse repetition rate.
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Figure 1.18: (a) cross-sectional area of laser irradiated Ti where the EDS was done, (b) elemental distribution of
O as given by EDS & (c) elemental distribution of N as given by EDS, adapted from [162].

In the case of femtosecond laser pulses, the application of these classical theories is more complicated be-

cause of the very short pulse duration. Femtosecond laser irradiation involves the deposition of a large amount
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of energy over a small region and involves variable temperature profiles over a very short period of time. One
would therefore expect a different oxidation mechanism compared to a furnace-treated sample, and could result
in different structures, compositions, and even oxidation kinetics [164]. Temperature variation could be faster
than the chemical reactions taking place. This might lead one to think of the difficulties in combining existing
kinetics theory with femtosecond pulsed laser irradiation. However, experimental evidence supports oxygen ion
migration as a reason for fs laser-assisted oxidation. Kotsedi et al’s work on chromium [165] using depth profiling
combined with Rutherford back scattering spectrometry (figure 1.19) concludes that ... CryO3 formation in thin
films using nanosecond and femtosecond lasers follows similar oxygen diffusion as for CroOs chemically.” This
hints that Cry03 formation in thin films using nanosecond and femtosecond lasers could be similar to the classical

oxidation mechanism based on diffusion resulting in C'r2Os.
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Figure 1.19: (a) and (b) represent the schematic diagram of Rutherford back-scattering spectrometry and the
multiple scattering obtained from the laser irradiated sample, where the depth profiling indicated the oxygen
diffusion into the sample, as adapted from [165].

A clear picture of the chemical modifications accompanying laser irradiation along with specific topogra-
phies is still lacking. This might be due to the difficulty in generalizing such a process since it depends upon a
combination of various factors including laser processing environment, laser parameters, material properties, etc.
Moreover, the answer to the question of whether the resulting chemistry at the surface is due to the interaction of

surrounding gases with the metal during laser irradiation or due to aging is still not clear.

1.5 Motivations for this work

1.5.1 Why Surface Chemistry?

Ultrafast laser-induced nanostructures are of great interest, with new studies emerging frequently because of their
vast potential for industrial applications. The topography-based studies of laser-induced periodic structures are

widely available - (their types, origin, applications, formation on metals, alloys, polymers, and dielectrics, depen-
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dence on laser parameters, etc.) but, the ultrafast laser-induced surface chemistry is seldom accounted for. While
the understanding of laser-induced topography is the first step in realizing various applications, surface chemistry
alterations accompanied by laser irradiation plays an as significant role. The goal of this thesis is to understand
surface chemistry modifications accompanied by ultrafast lasers. The most common chemical changes is surface
oxidation when the irradiation is carried out in ambient conditions [166, 167, 141, 168]. It should be noted that
not only is the formation of nanostructures influenced by oxidation, but so is also the final physicochemical re-
sponse of a laser-irradiated surface [4, 1, 153]. The laser-generated oxides can also have a significant impact on the
final response of the surfaces and it is important to distinguish them from oxides accumulated during aging under

ambient exposure.

1.5.2 How to study laser-induced oxidation?

From the literature review, we can formulate two major points to address regarding the femtosecond laser-assisted

surface chemical alteration:

e The role of oxidation in the formation of fs laser-induced nanostructures

e How to control femtosecond laser assisted oxidation?

One of the most timely aspect to address regarding ultrafast laser-induced oxidation is its role in the formation of
nanostructures, specifically the question is - Is oxidation necessary for the formation of nanostructures? Just like
electrodynamics and hydrodynamics based explanations for LIPSS, the oxidation-based formation of LIPSS is a
topic lacking consensus in the literature. Hence it is important to address whether oxidation is an unavoidable

significant factor influencing nanostructure formation.

Another research direction is the extend to which oxidation resulting from femtosecond laser irradiation
can be controlled. This can be accomplished by understanding the oxidation mechanism during the
ultrafast laser processing. This will also help us to answer a key question: does laser-assisted oxidation
happen during or after the end of a fs-laser pulse, i.e. is oxidation taking place within the timescale

associated with ultrafast laser irradiation.

As a first step in addressing the physicochemical response based on surface chemistry, wettability studies
of the surfaces are a good choice since the technique is already widely established. In addition to wettability
studies, other characterization techniques will be used including SEM (scanning electron microscopy), AFM
(atomic force microscopy) and TEM (transmission electron microscopy) for topography analyses, and XPS
(x-ray photon spectroscopy), STEM-EELS (scanning-TEM electron energy loss spectroscopy) and STEM-EDX

(scanning-TEM energy dispersive electron spectroscopy) for extracting surface chemistry.

In order to achieve these goals, we have to distinguish between laser-generated oxides and oxides accumu-
lated over time. This can be established by performing the irradiation in ambient air, under high vacuum

conditions, and under various gaseous environments - i.e. in the presence of a reactive gas like nitrogen and, a
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non-reactive gas like argon. To decouple chemical from morphological effects, a set of laser parameters will be
chosen to obtain the same nanostructure under all environmental conditions. This will make it easier to com-

pare the surface chemistry solely based on the surrounding environment in which the laser irradiation is carried out.

Numerical simulations (TTM-MD) giving the spatial and temporal evolution of the thermodynamics of

femtosecond laser irradiated samples will support the experimental investigations and explanation.

1.5.3 What nanostructures to study?

As discussed in previous sections, a wide variety of nanostructures is achievable with femtosecond lasers. They
can be LSFLs, HSFLs, spikes, grooves, etc. Laser-induced oxidation is usually associated with each of these
nanostructures. The nanostructure of choice has to be one that remains unchanged for a set of laser parameters
(laser fluence and number of pulses) regardless of the environmental conditions in which the experiments are
performed. Moreover, a nanostructure that can be generated at smaller fluences and a lower number of pulses is
preferable since this will avoid ablation of the material surface and significant redeposition of debris which can have
their own chemistry. HSFLs or high-frequency ripples fit this criteria. As will be discussed in the coming chapters,
HSFLs can be generated using a constant set of laser fluence and number of pulses for all the environments in
which the irradiation is performed. Generation of HSFLs will ensure negligible ablation or no ablation and hence no
redeposition or plasma formation [169, 170]. HSFLs are selected because their formation does not involve significant
material removal (mainly melting), allowing for a precise understanding of how irradiated surfaces become oxidized

during laser processing.

1.5.4 Which material to study?

When dealing with surface oxidation, the kinetics are highly influenced by the material on which the irradiation
is performed. In this thesis, metals and more specifically tungsten (W) is chosen due to the wide variety of

applications of its oxides such as in catalysis [171, 172] and wettability.

Another important reason for choosing W is its high melting point at around 3673 K [173]. The classical
oxidation kinetics of W gives rise to the most common tungsten oxide WOs3, a process that takes place at 600 K
to 1273 K, below the melting point of W [174, 175, 176]. This means that W is in the solid state during this time
and hence the complexity of phase transitions during oxidation can be avoided. The vast literature on oxidation
mechanism of tungsten is another reason for choosing this material. In addition to this, tungsten forms oxides of
various stochiometry and crystal structures depending on the pressure and temperature combinations [176]. This
aspect introduces new interesting possibilities of extracting different oxides by controlling laser fluence, cooling

rates and other laser parameters.
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Tungsten

Tungsten (W) belongs to group 6 of the periodic table with atomic number 74. It is one of the metals with a very
high melting point, around 3673 K, high tensile strength, and low coefficient of thermal expansion [173]. It has

various applications such as filaments, microchip technology, liquid crystal displays, etc.
The most common oxide of tungsten is WOs. In addition, it has many sub-stoichiometric phases where
the x changes from 2.625 to 2.92 in WO,,, and are called the Magneli phases. They are W15049,W30g,W320s4

W17047,W5014, W20Os8, Wa5073 [177].

Oxidation Kinetics of W
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Figure 1.20: Phase diagram of tungsten oxygen system where «, 3, 7, and ¢ represents tetragonal, orthorhombic,
monoclinic and triclinic crystal structures, adapted from [176]

Like many other metals, at room temperature W reacts with atmospheric oxygen to form a native
oxide scale at its surface. Metals usually follow an inverse logarithmic law for the native oxide formation [156,

178]. As temperature increases ( ~ 873K), the kinetics follow a parabolic behavior [179]. Further, an increase in
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Figure 1.21: Polymorphism exhibited by WOs, idea inspired from [174]

temperature ( 873K — 1023K) results in a porous oxide layer formed by linear oxidation kinetics [179].

On the other hand, WOj3 exhibits polymorphism during heating and cooling [174, 175, 176]. Up to 600 K
monoclinic WOj3 exists (7-WO3). Between 600 K and 1013 K, it transforms to orthorhombic WO3 (8-WO3).
This is shown in figure 1.20 and in figure 1.21. Above 1013 K, tetragonal WO3 (a-WOQ3) is stable. Upon cooling,
the reverse order follows and these phases are converted back to v-WO3 [176]. As can be seen from figure 1.20

as the partial pressure of oxygen increases the stoichiometry changes from WO, to W,,03,_2 to W,,03,,_1 to WOs3.

The adsorption mechanics of oxygen on the surface of tungsten are as follows (figure 1.22). If we assume
three layers of oxygen adsorbed on the topmost layer of tungsten, the first layer of oxygen in contact with W
will be strongly chemisorbed since it forms bonds directly with the tungsten surface. The second layer of oxygen
on the top of this first layer will be under weak chemisorption and the third layer will be weakly physisorbed
since it has no direct contact with tungsten [180]. The chemisorbed layer of oxygen does not get desorbed since
it shares electrons with tungsten. The diffusion of oxygen ions into the bulk of tungsten is driven by the electric
field due to the chemical potential developed between the metal and oxygen ions. This diffusion, determined by
the diffusion coefficient (D) is limited by the coverage of oxygen on the top of the tungsten and the temperature.
Initially, the first layer of oxygen then diffuses into the W surface. This causes the second layer to be under
strong chemisorption and in contact with the W surface, the third layer is now the new second layer and is weakly
chemisorbed. At this point, a new layer can replace the previous third layer and will be weakly physisorbed [180].

This will happen continuously as long as the oxygen layers diffuse into W and new layers of oxygen form on top

Weak Physisorption
Weak chemisorption
Strong chemisorption

Figure 1.22: Adsorption mechanics

of it.
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Pressure dependence of oxidation

The oxidation rate of tungsten is dependent on the surrounding pressure P. As the pressure decreases the rate

constants also decrease. The pressure P dependence of the reaction rate is [180] [181],

d
d—? = kP (1.15)

Where %‘ is the rate of oxidation and K is a constant. In the study by Gulbransen et al. [181] it was observed
that at temperatures where tungsten oxide is volatile, the pressure had a major influence in the formation of the

oxide, and low oxygen pressure usually favored the volatilization of oxide for a given temperature.

However, ultrafast laser irradiation generates very high-pressure gradients in the range of GPa and hence

it is necessary to understand the behavior of tungsten oxides at these pressures as given below.

Stability of tungsten oxides at laser generated pressure gradients

Laser irradiation generates very large pressures in the range of GPa. The most common oxide of W, W03, is
stable under these pressures [182, 183, 184, 185]. In fact, it undergoes structural phase transformations at higher
pressure gradients [182]. Triclinic WO3-1 (P-1) transforms to monoclinic WOs3-1I (P2;/c) at 1 GPa, WO3-11
to WOs-1II (P2;/c) at 27 GPa and to WOs3-IV above 37 GPa. Phases I and II are made of corner-sharing
octahedra while phases III and IV are made of mixed edge or corner-sharing heptahedra. Above 30 GPa it is
reported that W03 transforms to monoclinic WO3-III which is stable up to 54 GPa [182]. Moreover, as evident

from the figure 1.20 for different partial pressures of oxygen different stoichiometries of tungsten oxides are possible.

To conclude, we have identified from the literature review that there is a big gap in understanding the
mechanism of ultrafast laser-assisted surface chemistry alterations at the surface of a material. This thesis
hence is focused on filling this gap by investigating whether oxidation is necessary for the formation of HSFLs
on tungsten, and to control the oxidation associated with HSFLs on tungsten by understanding the oxidation
mechanism. This is done by performing laser irradiation in various gaseous conditions to generate HSFLs. Later
the oxidation mechanism is established by focusing on HSFLs generated in ambient and vacuum conditions.
Classical oxidation approaches based on diffusion are studied for femtosecond laser-assisted oxidation with an aim

to control femtosecond laser-assisted oxidation.

X % X%

33



34



Chapter 2

Experimental Methods

21

2.2

2.3

24

2.5

2.6

Sample Preparation: Polishing Techniques
Ultrafast laser interaction with metals

Laser Techniques

Vacuum System

Determination of peak fluence : Liu or D? method

Characterisation Techniques

35



"Experiment, the interpreter of nature, is a most valid mode of making inquiry. "

-Francis Bacon, Novum Organum, 1620

This chapter deals with the instrumentation and techniques used for the experiments and characterizations
carried out in this thesis. It starts with the different types of polishing performed (using the apparatus at Ecole
Nationale Supérieure Des Mines de Saint-Etienne) to prepare the sample surface for laser irradiation. This is
followed by a description of the femtosecond laser system and the high vacuum system with a built-in sputtering
apparatus. In the following section, Liu’s method used to find the threshold fluence is described. Further, different
characterization techniques focusing on topography and surface chemistry are proposed. Topography studies are
done using different microscopy methods such as scanning electron microscopy (SEM), atomic force microscopy
(AFM), and transmission electron microscopy (TEM). Surface chemical analyses are performed with methods
including x-ray photoelectron spectroscopy (XPS), scanning TEM- electron dispersive spectroscopy (STEM-EDS),
and STEM- electron energy loss spectroscopy (EELS). In addition, crystallography analysis using selected area
diffraction (SAD) is presented. Finally, the setup used for measuring the wettability response of the laser irradiated

surface is described.
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2.1 Sample Preparation: Polishing Techniques

Polishing is the process of producing a smooth surface by grinding the surface or by using a chemical process.
Nanostructure formation upon ultrafast laser irradiation can be influenced by the initial surface roughness. Sipe
et al. [68] has proven that the surface roughness, confined to a region of height much less than the wavelength of
light is responsible for the inhomogeneous energy absorption leading to the formation of nanostructures. Nakhoul
et al. [60] have demonstrated this for the formation of fs laser-induced nanostructures on Ni where depending on
the initial surface roughness (bumpy or spiky surfaces) the concentration and scale of nanostructures obtained were
different. Hence to ensure the reproducibility of laser-generated structures and to reduce the contamination on
the surface, it is important to establish a reproducible polishing technique. Poly-crystalline Tungsten (W) samples
(Good-fellow SARL, Lille, France) were polished by mechanical polishing followed by electrochemical polishing to
achieve the required nano-roughness needed for the formation of LIPSS (laser-induced periodic surface structures)

on tungsten by a femtosecond laser of wavelength in the range of hundreds of nanometers.

Polymer Mounting

Poly-crystalline W samples of dimensions 10 mm x 10 mm x 1 mm were mounted on a plastic mount. A special
resin (ProntoFix, 40200108) is mixed with a hardener (in the ratio 2:1) to form a solution and is later polymerized
to form the mount by keeping at 2 Bar pressure for 20 minutes. The W sample is placed on the mold and the
mixture of resin and hardener is poured on the top of it so that after polymerization we get the tungsten sample to
be stuck on the top of the polymer mount. These processes are shown in figure 2.1 (a) and (b). The purpose of such
mounting is for the easiness of mechanical polishing. After mechanical polishing, the polymer mount was removed
by grinding the mount on a polishing machine until the thickness was reduced and later cut off with a cutting
machine very carefully, to ensure there were no remains of the resin that could outgas during the experiments

involving high vacuum.

Mechanical Polishing

Mechanical polishing usually consists of rotating an extremely flat plate covered by a pad onto which the sample
that is being polished is mounted upside down. The pressure applied to the surface, the duration of the polishing

process, and the rotation speed are major factors influencing the outcome of mechanical polishing.

Here, mechanical polishing involves grinding with SiC discs using a force of 50 N and 300 rpm in steps of
grit sizes P180, P320, P600, P1200, and P2500 discs. The apparatus used is shown in figure 2.1 (¢). The grit
size indicates the abrasive grade on the abrasive side of the sandpaper. P180, P320, P600, P1200, and P2500
discs correspond to 192 um, 46 um, 25.8 um, 15.3 wm and 8.4 um average grain size diameter of the sandpaper
respectively. A 'P’ in front of the grit size suggests that the product is graded in accordance with the Federation
of European Producers of Abrasives (FEPA). This process is followed by diamond polishing with 3 um and 1 pm
particles solutions with a force of 60 N and 300 rpm. The final step is vibratory polishing with an SiOs solution,

with nanoparticles of size 0.05 um as shown in figure 2.1 (d). Later, to remove any SiOs residue the sample is
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cleaned with a nonabrasive pad and hot water (figure 2.1 (e)). This is in addition to cleaning the samples in an
ultrasonic bath between each step to yield better polishing results and avoid any accumulation of contaminants.

An overview of the whole mechanical polishing process is given in table 2.1.

Type & size Duration (minutes) | Speed (rpm) | Pressure (N)
SiC grits
P180 40 300 50
P320 6 300 50
P600 6 300 50
P1200 6 300 50
P2500 ) 300 50
Diamond polishing
3pm 8 300 60
1 pum 8 300 60
Vibratory polishing
0.05 p m 420 - -

Table 2.1: Overview of the mechanical polishing parameters used

Electrochemical Polishing

Electrochemical or electrolytic polishing uses an electric current to dissolve a thin layer of metal ions into the
electrolyte solution. This kind of polishing will improve the surface finish of the metal resulting in a smoother
and reflective surface. The instrumentation consists of an electrolytic cell, in which the metal to be polished will
act as the anode and an appropriate conductor (stainless steel) will act as the cathode. When an electric current
passes through the electrolyte, in which the anode and cathode are present, the metal ions will be attracted to the
cathode or stay in the solution. The apparatus that we use here is a Lectro-Pol5 machine by Struers company.
The polishing parameters are the polishing voltage, polishing time, and the flow rate of the electrolyte. These

parameters are determined depending on the finish we need and the metal that needs polishing.

W samples after mechanical polishing are unmounted from the resin, by cutting into the resin, for electro-
chemical polishing. Using a solution of NaOH and water (20 g of NaOH in 1000 ml of water) electrochemical
polishing is done at 20 V for 20 seconds. This voltage and time is unique to this tungsten sample obtained after
the specific mechanical polishing procedure explained above, so as to generate near to mirror-like finish on the
samples. The setup used is given in figure 2.1 (f). This step produces an almost mirror-like finish (bright, shiny,
reflective surfaces) for W samples. After electrochemical polishing, we were able to obtain W surfaces with an
average roughness (Ra) smaller than 6 nm as shown in figure 2.2 (d) as measured by AFM. SEM (figure 2.2 (a)
and (b)) and AFM ( figure 2.2 (c) and (d)) images after mechanical and electrochemical polishing show how
important is electrochemical polishing in producing a smooth W surface. In addition, since this is a study of
surface chemistry we have ensured that the W surface is not contaminated by any of the polishing chemicals by

performing an SEM-EDX spectra analysis as shown in figure 2.2 (e) and (f).

All polishing required for the experiments was done at Ecole des Mines de Saint-Etienne with the help of

Dr.Anthony Nakhoul.
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Figure 2.1: (a)Plastic mount preparation (b) W mounted on the polymer mount (c) SiC grinding apparatus (d)
Vibratory polishing (e) Hot water cleaning (f) Electrochemical polishing.

2.2 Laser Techniques

2.2.1 Femtosecond Laser System

A Femtosecond laser system generates ultrashort optical pulses on the order of 107!® seconds. For this thesis
work, we are using a Ti: Sapphire laser equipped with Ti: sapphire crystal. The whole system consists of a pump

laser, an oscillator, and an amplifier.

Amplifier pumping is achieved by a Q-switched, diode-pumped, solid-state nanosecond laser that is an
Nd:YAG laser. Using an LBO (Lithium Borate) crystal it produces 20 mJ pulses with wavelength, A = 532nm

and 1 kHz repetition rate.

The oscillator is a mode-locked Ti: Sapphire laser (Mantis, Coherent) that generates femtosecond pulses of
more than 300 mW of average power at the center wavelength of 800 nm and frequency of 80 MHz with a
bandwidth of more than 70 nm, which can be compressed to less than 20 fs. Mode locking produces ultrashort
pulses by producing constructive interference between different modes inside the resonant cavity by inducing a
fixed phase relationship between these longitudinal modes. It is usually used for seeding short pulse amplifier to

generate tunable high energy.

The amplifier consists of a stretcher, regenerative amplifier, and a compressor. As the name suggests, the
stretcher consists of a grating that will stretch out the pulse in time. In the regenerative amplifier, this pulse
will be amplified and the compressor which consists of another grating will compress the pulse to the ultrashort
time domain. In other words, to amplify the laser pulse without damaging the active medium Chirped Pulse
Amplification (CPA) is employed [24]. This is a concept based on the principle of frequency drift amplification
as developed by the 2018 Nobel prize winners Gerard Mourou and Donna Strickland. In this technique a pair of
gratings are used, where initially the first pair act as a stretcher, stretching the pulse duration to the picosecond
regime. The compressor gratings then compress the pulses back into short pulses. The given figure 2.3 depicts

how this happens in the Coherent LEGEND laser.
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Figure 2.2: (a) SEM image after mechanical polishing (b) SEM image after electrochemical polishing (¢) AFM
profile after mechanical polishing (d)AFM profile after electrochemical polishing (e) SEM-EDX spectra obtained
after electrochemical polishing which can be compared with full standard EDX spectra of tungsten material in (f),
Reprinted from [186].

The laser beam trajectory used in this experiment is given in figure 2.4 (a). The femtosecond output from
the Coherent laser is directed to a converging lens with the help of mirrors and then focused onto the sample kept

inside a vacuum chamber.

While at uOttawa, the femtosecond laser was a linearly polarized Yb: KGW laser (PHAROS, Light Con-

version, Inc) with A\ = 1030 nm, 1 KHz repetition rate, and 300 fs in pulse duration. The large-area laser
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Figure 2.3: Schematics of the generation of femtosecond pulses.

irradiations were performed by using a galvanometric scanner (AEROTECH AGV-10 HPO) mounted on a
positioning lift stage as shown in figure 2.4 (b).

2.3 Vacuum System

For most experiments, the vacuum chamber used is similar to that used for Pulse Laser Deposition (PLD). This
ultrahigh vacuum set-up can go down to 1078 mbars of pressure and is equipped with an in-situ sputtering
apparatus and an external heating mechanism. Dry pumping using a turbo pump along with the heating of the
chamber and nitrogen venting ensures minimum contamination inside the vacuum chamber. The setup consists
of two pumps: a primary pump, which takes the pressure down to 1072 mbars, and a secondary pump (a turbo
pump, VINCI Technologies, Nanterre, France) which starts after this pressure is achieved (after closing primary

pump) and can go down to 10~ mbars.

The sputtering setup relies on a potential difference between the vacuum chamber which is grounded and
steel (the substrate holder) which is at a negative potential generated by DC current. This causes the generation
of positive ions of a gas (usually Argon) filling the chamber. These ions get accelerated to the cathode (substrate

holder) and sputter off the target surface. This is shown in figure 2.4 (c).

It is possible to fill the chamber with different types of gases like nitrogen, argon, and even air by control-
ling the pressure using the knobs attached to the valves and the pressure gauges (Leybold vakuum, ConvecTorr).
Primary vacuum, 10~2 mbars, was achieved before introducing the gases (to be at a pressure ~ 10 mbars). To
avoid any change in the fluence delivered by the laser, all irradiations in different environmental conditions were

performed by keeping the sample inside a vacuum chamber.
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Figure 2.4: (a), Laser beam trajectory used at labHC: laser path focused with a converging lens to the target inside
a vacuum chamber. (b), Laser beam trajectory used at uOttawa: raster scanning was achieved for a sample kept
inside the vacuum chamber by using a galvanometric scanner. (c), The vacuum system with the in-built sputtering
apparatus.
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2.4 Determination of peak fluence : Liu or D? method

Fluence is the energy per pulse (E) per unit area expressed in .J/cm?. Femtosecond lasers usually have a
non-uniform Gaussian distribution of energy as shown in figure 2.5 (a). So the average energy of the pulse is not
the same everywhere. Hence we need a method for relating the energy of the pulse and the area of the ablated

surface which is given by Liu [187].
For a Gaussian beam, the spatial fluence profile is given by,
F(r) = F, e /< (2.1)

where, F(r) is the local fluence at radial position r, F), is the peak fluence, w, is the radial Gaussian beam waist

at (1)? of the peak value.

Liu’s method, defines the ablation fluence threshold, Fji,, as the local fluence corresponding to the border

of the laser-induced crater, with a radius R. Hence, we can write,

Fyp = F, e 28/ (2.2)

Taking the logarithm of this equation we can write,

2 F

2 0 p
R In—= 2.3
2 nFth ( )

But experimentally we measure not the peak fluence but the integrated pulse energy, E. If F}, is the peak fluence

in J/em?, E is the energy deposited on the surface (in joules) and EBA is the effective beam area of impact, then,

E = //S F(z,y) ds=F, . EBA (2.4)

For a Gaussian beam, by solving for the above equation one can get,

2
EBA="20 (2.5)
Giving us,
2F
F,=— 2.6
b= (26)

If 4, is the ablation threshold energy, that is the minimum energy of the laser pulse to produce ablation then,

(2.7)
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For an ablated area mR?, by substituting equations 2.6 and 2.7 in equation 2.3 we can write,

2
w E
R =2 In— 2.8

2 &y, (2:8)
This is the main equation of the Liu’s method. When we plot a graph with In(E) in the x-axis and R? in the y-axis
we get a straight line. The Gaussian beam waist (wp) is obtained from the slope of this line. The threshold energy
and hence the threshold fluence can be obtained from the x-axis intercept. This method is also called D? method
since we can replace R? with the diameter of the crater D? and get the following equation,

E
D? =2 w2 In— (2.9)
th

If D? and In(E) vary linearly with slope ’s’. Hence, wy can be written as,
wo = /5/2 (2.10)
If s’ is the slope and ’a’ is the x-intercept for the straight line related by D? = f(In(E)) given by,
sx In(Ewy)+b=0 (2.11)

we get

Ey, = exp(—a/s) (2.12)

For our experiments, the peak ablation fluence is found by irradiating the tungsten surface at different energies, E,
for the same number of pulses. Later the surface area of the impacts is measured by an optical microscope with
the visible circle of damage due to the laser as the reference. Then the square of the surface area (SA?) of laser
impacts versus the energy is plotted and the data was fitted for a straight line as shown in figure (2.5) (b). As
an example, for tungsten, the peak ablation threshold fluence corresponding to 25 pulses (N=25), which was the

number of pulses used mostly for getting the main results, was found to be, F, = 0.24 J/em?.

2.5 Characterisation Techniques

A combination of various characterization techniques is used for obtaining information on the topographical, sur-
face chemical, and crystallographic modifications accompanied by laser irradiations. The topographical changes are
analyzed with scanning electron microscopy (SEM), atomic force microscopy (AFM), and Transmission electron
microscopy (TEM). Electron microscopes like SEM and TEM use an electron beam as probes which produces a
broad range of signal electrons after interacting with the material as shown in figure 2.6 [188]. The high resolution
of an electron microscope comes from the short wavelengths associated with high energy electrons. Surface chemical
variations are examined with the help of surface-sensitive characterization methods like X-ray photo-electron spec-
troscopy (XPS), Scanning TEM (STEM) energy dispersive X-ray spectroscopy (EDX), and STEM-electron energy
loss spectroscopy (EELS). The surface chemical characterization techniques used here have an interaction depths

of only tens of nanometers. In addition, TEM has a technique called selected area diffraction (SAD) that provides
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Figure 2.5: (a) Radial distribution of fluence for a Gaussian beam. (b) Linear fit obtained on laser-ablated areas on
a Tungsten sample at the focal plane corresponding to different energies to determine the peak ablation threshold.

crystallographic information on the material. Finally, the physicochemical response of the laser-textured surface

was characterized with a home-built Contact Angle (CA) measurement set up to analyze the wetting behavior of

the laser-textured surface.
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Figure 2.6: Different signals generated as a result of electron-matter interaction, inspired from [189].
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2.5.1 Topography Characterisations

SEM Analysis

SEM is one of the most widely used types of electron microscopes. It examines the microscopic surface structures
by scanning the surface of materials using a focused electron beam. The signal electrons collected by a detector is
then amplified and an image is generated. As the electron beam strikes the surface, part of the signal electrons are
produced by elastic scattering and are called back-scattered electrons (BSEs) and used to achieve compositional
contrast while other electron signals are produced by inelastic scattering called secondary electrons (SEs) and are
useful for giving topographical contrast. The difference in electron signal intensities obtained from the sample

surface forms the SEM images with a spatial resolution as good as 1 nm [190].

The SEM instrumentation used to image most of the surfaces in this project is an FEI Novanano SEM
200, allowing a lateral resolution of 1 nm. The detector used is the Through lens detector (TLD) that allows the
detection of SEs to obtain images with ultra-high resolution and works in high vacuum conditions. Some of the
SEM analysis was performed at the Centre for Research in Photonics (CRPuO), University of Ottawa (UOttawa),
and the instrument used there is a Zeiss Gemini SEM 500 field emission microscope. For both the instruments
the images were obtained with a voltage within the range 10 kV to 20 kV for a working distance around 5 mm.
Since the SEM apparatus only gives us a 2-D images and no information on roughness or the amplitude of the

laser-generated surfaces, AFM was used to obtain more detailed topographical information.

AFM Analysis

AFM uses near-field forces between atoms of the probe tip and the surface to generate surface topography
information. The sensor of an AFM is a cantilever onto which a tip is mounted. The force between the tip and
sample generates elastic bending of the cantilever and this deflection is converted to topographical information.
It has static and dynamic operational modes. In static mode which are usually contact mode, the cantilever
deflects statically and the feedback loop maintains this set value of deflection during scanning. In dynamic
mode, which could be contact or non-contact or intermittent contact modes, the cantilever oscillates at a
fixed frequency and the feedback loop tries to maintain a set value of the amplitude of oscillation during scan-

ning [191]. Generally, AFM has a lateral resolution of approximately 30 nm and a vertical resolution of 0.1 nm [192].

In our experiments, we use BRUKER ICON AFM apparatus, which works in the intermittent contact
mode or the tapping mode both at LabHC and uOttawa. Mappings were obtained with Scan Assist in Air mode
that were able to generate a resolution of 2 nm with 1 kHz scan frequency. The tip of the cantilever used for the
measurements in this mode is made of silicon nitride. In this mode, the cantilever oscillates and the tip touches
the surface lightly to avoid surface damage. This slight contact reduces the cantilever oscillation. This change
in oscillation is used to identify the surface features. The radius of the tip was around 10 nm to measure the
few nanometers of amplitude and height of some nanostructures generated. The measured roughness given in the

thesis is the average roughness (Ra) measured over the area.
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While SEM and AFM are good indicators of topography analysis, TEM analysis will help us to reaffirm
the topography data in addition to providing sub-topography information.

TEM analysis

TEM, like SEM, is also an electron microscope, where the signal electrons are transmitted through the sample.
Here the electron beam illuminates the area of analysis rather than hitting it in a small spot area like in SEM. The
samples must be so thin that they should be transparent to the incoming electrons. This is achieved by preparing
lamellae. A lamella with a thickness smaller than 100 nm and hence transparent to the electron beam is obtained
by ion milling. Initially, the sample undergoes electron beam-induced deposition (EBID) of a platinum layer as
thick as 300 nm followed by ion beam-induced deposition (IBID) of a carbon layer with a thickness between 2 um
and 3 pum as shown in figure 2.7 (a). Finally, this part of the sample (approximately 15 pm x 25 pum in dimensions)
is lifted out by ion milling and is placed on a Cu grid (figure 2.7 (b) and (c)). Such a lamella is again thinned
using the ion beam to attain a thickness as small than 100 nm for a length of approximately 3 um at the center of

the lamella as shown in figure 2.7 (e) and (f).

STEM is another mode in TEM where the electron beam scans the surface like that in SEM. It consists of
a source, condenser lens, specimen stage, objective lens, and a projector lens just like in any light microscope,
except that it has an electron beam as the light source and an electromagnetic lens for guiding the electron beam
to the sample. The scattered electrons are then projected onto a fluorescent screen coupled with a CCD camera.
The mechanisms of the generation of images by scattered electrons are mass-density contrast, diffraction contrast,
and phase contrast. Mass density contrast results from the deflection of electrons due to the interaction between
electrons and an atomic nucleus. Diffraction contrast is the primary mechanism of image formation in crystalline
materials. Phase contrast is often referred to as high-resolution TEM (HRTEM) and utilizes the phase difference
in electron waves to generate contrast [191]. Using HRTEM imaging, it is possible to reach a spatial resolution in

the range of 0.05 nm [193].

In TEM/STEM the primary detector called the bright field (BF) detector collects the forward scattered
electrons on the axis. The annular dark-field (ADF) detector collects the scattered electrons in small angles.
The high angular annular dark field (HAADF) detector collects the electrons scattered at high angles. In our
experiments, we used a JEOL NEOARM instrument (with HAADF image resolution up to 1 to 2 Angstroms)
for TEM with an electron acceleration voltage of 200 kV for various detectors. This instrument is equipped with

STEM-EELS and STEM-EDX techniques which will be discussed in the next sections.

The FIB extraction in addition to TEM and STEM techniques were done with the help of S. Reynaud.
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2.5.2 Chemical Characterisations

XPS Analysis

This technique uses electrons emitted using photon energy for elemental analysis. The X-ray photons cause the
photo-emission of electrons from the atoms whose binding energy depends on both the atom’s nature and its
chemical bond. Basically, an X-ray photon with sufficient energy interacts with the specimen surface and knocks
out an inner shell electron. This electron is called an X-ray photo-electron. If we assume such a photo-electron

escaped from the K shell of an atom with kinetic energy Ej we can calculate the binding energy (BE) [191],

EBZhl/—EK—¢ (213)

¢ represents the energy required for an electron to escape from the surface, h is Plank’s constant, and v is the

frequency.

The XPS spectra are the plot of binding energy against the intensity of photo-electrons. The peak posi-
tions of elements in XPS spectra are sensitive to their chemical status. This is called the chemical shift in which
the position of the peak is shifted to the side of greater BE for a more electronegative atom. This will also result

in an increase in the magnitude of the chemical shift as the oxidation state increases for a metal.

For our purposes, we use a Kratos Axis Nova spectrometer (with an energy resolution of < 0.48 €V, given
by the FWHM of Ag 3d) equipped with an Al X-ray source at Queen’s University Canada, with energy 1486.69
eV and operates in ultrahigh vacuum, 10~ torr, done by Dr. Gabriele Schatte. The analyzed area is about 55

um? x 55 um?. The spectra measured with ESCApe software are analyzed using the CasaXPS software.
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STEM-EDS and STEM-EELS Analysis

We can analyze the surface chemical composition of a material using the EDX and EELS techniques. EDX/EDS
is a type of X-ray spectroscopy that enables elemental analysis while examining the micro-structure of materials
by using the characteristic X-rays emitted by the surface to identify chemical elements when an electron beam is
incident on it. When a high-energy particle strikes an electron in the inner shell of an atom, the energy of the
particle can be high enough to knock an electron out and hence the atom becomes ionized. This excited atom
then goes back to its normal state after an outer shell electron refills the inner shell hole by the emission of an
X-ray photon and this is called a characteristic X-ray. EDS spectra are a plot of the intensity of this characteristic
X-ray against the X-ray energy range. Both qualitative and quantitative analysis is theoretically possible with
STEM-EDX. But for an accurate quantitative analysis, it is necessary to analyze separate standard samples

containing the elements under the same apparatus set-up conditions.

In the case of EELS, a beam of electrons with a known range of kinetic energy incident on the specimen
surface generates signal electrons produced by inelastic scattering. The energy distribution of all inelastically
scattered electrons provides information about the local environment of the atomic electrons which can be related
to the physical and chemical properties of the specimen. A typical EELS spectra consist of a plot of the range of

energy loss against the intensity of signal electrons.

In this thesis, we used a JEOL NEOARM instrumentation where a color mapping of chemical composition
using both these techniques are also possible, with the EDX analysis software and the gatan software for EELS
analysis. EELS and EDS analysis was done with a single pixel dimension of 0.25 nm x 0.25 nm for a total image
of 512 x 512 pixel count with an exposure time of 2 x 10~* seconds for a single pixel. This gives the total

acquisition time of around 15 minutes to 20 minutes for a single image.

2.5.3 Crystallography Characterisation

SAD Analysis

Since the lamallae used in the STEM/TEM analysis is transparent to the electrons accelerated at very high
voltages, some of the electrons will be diffracted by the crystal lattice (will act as a diffraction grating) at particular
angles while others will be transmitted through it without any diffraction. The transmitted beams will intersect
at the optical axis and the diffracted beams will form diffraction pattern on the back-focal plane of the objective
lens. This is recorded by the camera in the TEM. This pattern is useful in analyzing the crystal structure of the
specimen. This is because the diffracted beams intersect at certain distance from the optic axis corresponding to
the inter-planar distance of the planes diffracting the beams. Constructive interference of these diffracted electron
beam generates an intensity spot on the screen from a particular lattice plane (hkl). This is called a SAD pattern
composed of several such bright spots. The formation mechanism of the diffraction pattern in TEM is given in
figure 2.8. SAD is called ’selected area diffraction’ because it is possible to select a particular area of the sample

to be analysed from which the diffraction pattern can be acquired. This is done by using selected area apertures
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of various sizes located below the sample.
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Figure 2.8: Formation of the diffraction pattern in TEM, adapted from [191].

Bragg’s law for small angles is given by,

A = 2d0 (2.14)
Where A is the wavelength of the incoming wave, d is the crystallographic spacing and @ is the angle of incidence.

From the figure 2.8 the geometric relationship among theta, R and L is given by [191],

AL = Rd

(2.15)
where L is the distance between the crystal and the camera of the TEM. Equation 2.15 is the basic equation for

electron diffraction in the TEM. So it is possible to find the crystallographic plane spacing by measuring R.

In practice, initially we can obtain the diffraction pattern similar to the SAD pattern with the FFT of the
diffraction pattern if the imaging is done on the zone axis, which is how the analysis were performed in this thesis.

Then we have to index the pattern to know the crystal planes and crystal structure, which was done using the
Dif-Wshp23 software (developed by T. Epicier of INSA Lyon, [194]).

2.5.4 Physico-chemical Characterisation

Wettability Analysis

To analyze the physicochemical behavior of the laser-irradiated surface, wettability measurements were carried
out by measuring the water contact angle (WCA) of the W surfaces. Different cases of wettability of a solid
surface are hydrophobicity and hydrophilicity based on the contact between the solid-liquid interface. Contact

Angle (CA) determines the degree of wetting of a surface by a liquid. The contact angle is defined as the angle
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formed by the intersection of the liquid-solid interface and the liquid-vapor interface (geometrically acquired by
applying a tangent line from the contact point along the liquid-vapor interface in the droplet profile). Low CA
(<90°) indicates hydrophilicity and high CA (>90°), hydrophobicity. Further, if the CA is nearly 0° it is termed
as superhydrophilic and for CA>150°, superhydrophobic [195].

For our experiments, we measure the static contact angle (the contact angle in which the contact area be-
tween the liquid and the solid does not change during the measurements) using a sessile drop technique after
depositing 1 ul of deionized water from a computer-controlled micro-syringe on the sample surface, schematically
illustrated in figure 2.9. The CCD camera acquires the image of the droplet and is coupled to the computer where
the video/image capturing can be done by the user to measure the WCA. The WCA can later be extracted with
the ‘contact angle’ plugin in the Image J software [196]. This WCA can be used as a good indicator for changes

in the surface chemistry of laser-fabricated surfaces.

In conclusion, these are the state-of-the-art instrumentation and setups that were utilized at Hubert Curien
Laboratory, France, and the University of Ottawa, Canada. All these advanced characterization techniques
along with the experimental setups were crucial for this work to yield important results and to reach significant
conclusions regarding the topography, sub-topography, surface chemical, and physio-chemical aspects of the

laser-irradiated surface.

* % X%
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"The light-induced formation of arranged, assembled, and self-organized structures on solid surfaces has
a steady stream of deepened and extended research activity due to the ever-growing techmological importance of

on-demand tailored nanomaterials and surface functionalization”

- Razvan Stoian € Jorn Bonse, Chapter 5, ’Ultrafast Laser Nanostructuring : The Pursuit of FExtreme

Scales, 2023’

As seen from chapter one, one of the important questions to address will be - Is oxidation a precondition
for LIPSS formation? This chapter aims to answer this question. Before understanding the effect of oxidation
on nanostructure formation, it is important to know what kind of topographies can be achieved on Tungsten
surfaces under femtosecond laser irradiation. Hence, this chapter starts with the various types of laser-induced
nanostructures ( LSFLs, HSFLs, and nano bumps) that can be generated on W. These nanostructures are observed
for particular combinations of laser fluence and number of laser pulses. In addition, different nanostructures
generated under different gaseous conditions are also presented. This is followed by a study of the influence of
ozidation (laser-generated and native ozide layer) on nanostructure formation. Finally, subsurface void formation
observed using STEM and explained by TTM-MD simulations help us propose a mechanism for HSFL formation

on W based on a hydro-dynamical approach rather than an oxidation-based model.
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3.1 Types of Nanostructures

When a laser interacts with the tungsten surface, different types of topographical modifications can be achieved
depending on the laser parameters used. In this work, we obtained LSFLs, HSFLs, and nano-bumps for laser pulses
of 800 nm wavelength, 1 KHz pulse repetition rate, and set to 60 fs pulse duration. Below is a general overview of

the common type of nanostructures that will be encountered in this chapter.

Low Spatial Frequency LIPSS (LSFLs)

LSFLs are Low Spatial Frequency LIPSS and in the following experiments, they have a period, A = 500 nm—700 nm
close to the laser wavelength (A = 800 nm) and oriented perpendicular to the laser beam polarization for all peak
fluence (F},) and number of pulses (N) combinations. They have an amplitude that varies between 150 nm and

200 nm measured from AFM profiles.

High Spatial Frequency LIPPS (HSFLs)

HSFLs are High Spatial Frequency LIPSS and they have a period much smaller than A. HSFLs were observed in
three different situations. One type of HSFL has an orientation perpendicular to the laser polarisation, the other
parallel to the laser polarization, and finally, HSFLs covering the top of the LSFLs are also observed. In all cases,

they are seen to have a period between 50 nm to 150 nm and sub-20 nm amplitudes.

Nano-bumps

These are bump-like structures observed for a combination of a large number of pulses and small fluences. They

have an average height of 50 nm and an average width of 100 nm.

3.2 Generation of nanostructures on Tungsten

The three main types of nanostructures described above were observed on femtosecond laser irradiated W using
the following conditions: (1) by using the non-uniform fluence distribution from the Gaussian laser beam, (2) by

fixing the peak fluence (F},) and varying number of pulses (N), (3) by varying the F, and fixing N.

3.2.1 Gaussian distribution of fluence and nanostructure evolution

Gaussian beams have a unique radial fluence distribution where the maximum fluence at the center decreases
towards the periphery of the beam. When such a beam interacts with W surfaces, a circular laser spot
is created within which HSFLs, LSFLs, and even some nano-bumps are formed depending on the
fluence deposition at the surface. For Fp = 0.52 J/cm? and N=200 the evolution of topography modification
from the periphery to the center and hence when going from a smaller to a higher fluence, nano-bumps, ’interme-

diate’ region (a stage between nano-bumps and HSFLs), HSFLs, and finally, LSFLs are observed respectively as
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shown in figure 3.1 (a) & (b).

200.0 nm

-200.0 nm

Figure 3.1: (a) & (b) Evolution of nanostructures with the Gaussian distribution of fluence for Fp = 0.52 J/cm?
and N=200.(c), (d), (e), (f): SEM images of nano-bumps, intermediate region or oriented nano bumps, HSFLs, and
LSFLs respectively. (g), (h), (i), (j): AFM images of nano-bumps, intermediate or oriented nano-bumps region,
HSFLs, and LSFLs respectively along with their height profile.

When we plot this Gaussian distribution of fluence at Fp = 0.52 J/cm? and N= 200 (given in figure 3.2
(a)), it is evident that the formation of LSFLs takes place above 0.26 J/cm?, that they are perpendicular to the
polarization and with a period of approximately 600 nm and an amplitude of approximately 200 nm. HSFLs
are observed between 0.23 J/cm? and 0.26 J/cm?, perpendicular to the direction of polarisation, and have an
amplitude of 50 nm. Above 0.19 J/em? there is an intermediate region between nano-bumps and HSFLs. They

are 'intermediate’ since, from the top view SEM image, they appear to be periodic and are oriented like HSFLs
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Figure 3.2: (a) Gaussian distribution of fluence and nanostructure evolution for Fp = 0.52 J/cm? and N=200.

but AFM images show nano-bumps with a spiky appearance as shown in figure 3.1 (h) and (i) respectively. Below
0.19 J/cm? nano-bumps are formed. These bumps have a height of 20 nm and a width of 150 nm. The high
resolution (HR) SEM images for each of these regions are shown in figure 3.1 (c)-(f).

As the fluence increases the nano-bumps orient themselves perpendicular to the laser polar-
ization and join together to form HSFLs and LSFLs. 3-D AFM images (figure 3.1 (g)-(j)),
show independent bump-like structures on the surface for the first two cases (nano-bumps and

intermediate region), compared to the more oriented, bump-free situation for HSFLs and LSFLs.

3.2.2 Changing fluence (F},) and nanostructure evolution

The change in surface topography was studied by changing the peak fluence F}, and fixing the number of pulses at
N = 200. The results are shown in figure 3.3. At higher fluences (0.56 J/em? and 0.35 J/cm?) LSFLs are oriented
perpendicular to the laser polarization. As the fluence increases, LSFL with a larger period (A = 700 nm) are
present and that period decreases (A = 500 nm). Below that fluence (0.26 J/cm?) a mix of HSFLs and LSFLs is
observed, with HSFLs on top of LSFLs. LSFLs and HSFLs were seen to be perpendicular to the laser polarization.
At lower fluences (< 0.22 J/em?) nano-bumps were observed. It is interesting to see that these nano-bumps are

arranged in an LSFL-like array as shown in figure 3.3 (a).

3.2.3 Changing N and nanostrucutre evolution

Experiments were performed by fixing the fluence at F, = 0.52 J/cm? and changing N (N=5, 25, 55, 100). The
results are shown in figure 3.4. At N=5 we see HSFLs parallel to the direction of polarisation with a period

(A) of approximately 140 nm. As the number of pulses increases we see the period increasing with orientation
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perpendicular to the polarization. As N increases further, the period increases again with the formation of LSFLs.
We infer from these results that nano bumps might be specific to small fluences and larger numbers

of pulses since we do not see such structures at higher fluence and by varying the number of pulses.

To conclude, an overview of different nanostructures obtained for various combinations of F, and N is
shown in figure 3.5. These nanostructures are a result of laser machining under ambient conditions. LSFLs,
HSFLs, and nanobumps were obtained for fs laser irradiation in ambient conditions. Since our motive is to study
the surface chemistry of nanostructures obtained for various gaseous conditions, we must explore whether these

nanostructures are changing when machining under different laser processing environments.

0.56chm2

0.35J/cm?

0.26J/cm?

!

-900.0 nm

Figure 3.3: Evolution of nanostructures by increasing F}, and fixing N=200. (a) to (d): SEM images of nano-bumps
(a), LSFLs covered in HSFLs (b), and LSFLs (c and d). (e) to (h): AFM images of nano-bumps (e), LSFLs covered
in HSFLs (f), and LSFLs (g and h) along with their height profile taken along the blue line.

3.3 Nanostructures under different laser processing environments

Laser irradiations were performed in different gaseous conditions, specifically in argon, nitrogen, and air at
the same pressure i.e., at 10 mbar. The primary pump was first used to go down to 10~2 mbar and then gases
were introduced in the chamber until a pressure of 10 mbars was reached. The irradiations were repeated
for ambient and high vacuum (10~7 mbar) environments. Similar to previous sections, the evolution of
nanostructures in the various laser texturing environments with respect to the Gaussian fluence distribution and

for different combinations of peak fluence (F},) and number of pulses (N) is given in the following sections.
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Figure 3.4: Evolution of nanostructures by fixing F,, = 0.52 J/cm? and changing N. (a) to (d): SEM images of
nano-bumps (a), LSFLs covered in HSFLs (b), and LSFLs (c and d). (e) to (h): AFM images of nano-bumps (e),
LSFLs covered in HSFLs (f), and LSFLs (g and h) along with their height profile taken along the blue line.
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Figure 3.5: An overview of different structures formed for various combinations of F,, and N

3.3.1 Nanostructure Evolution-Gaussian Distribution of Fluence

Figure 3.6 a-e shows the evolution of nanostructures (SEM images) as a function of fluence along the Gaussian laser
pulse for W samples irradiated in various environments, namely ambient, air 10 mbar, nitrogen 10 mbar, argon
10 mbar and vacuum 10~7 mbar at constant Fp = 1.04 J/cm? and N=100. For ambient laser texturing, we see
the evolution from nano bumps to HSFLs (perpendicular to the laser polarisation) to LSFLs (perpendicular to the
laser polarization) going from the periphery to the center of the laser spot. For air 10 mbar, nitrogen 10 mbar, and

argon 10 mbar we see the evolution from nano bumps to HSFLs (parallel to polarization) to LSFLs (perpendicular
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to polarization) going from the periphery to the center of the laser spot. Interestingly, for vacuum 10~7 mbar,
we do not see nano bumps but instead HSFLs (parallel to polarization) and LSFLs (perpendicular

to polarization).

3.3.2 Nanostructure Evolution-Combinations of fluence (£,,) and number of pulses

(N)

The effect of laser peak fluence and the number of laser pulses on nanostructure formation is presented next. As
shown in figure 3.7, ambient irradiation is similar to the observations and discussions in sections 3.2.2 and 3.2.3.
As fluence increases nanostructures evolve from nano bumps to HSFLs to LSFLs. At the same 10 mbar pressure
but for different gaseous conditions (in air, nitrogen, and argon) similar nanostructures are observed but with nano
bumps appearing at lower fluence, and as the fluence increases HSFLs and LSFLs (with an ablated region with
micro-roughness between HSFLs and LSFLs). As the number of pulses increases HSFLs transform to LSFLs as
was the case in ambient conditions. No nano bumps are formed for vacuum conditions. This is shown in

figure 3.7 (e) & 3.10 (e).

3.3.3 The interesting case of nano bumps: A small detour

It is evident from the experiments that nano bumps are ultrafast laser-induced nanostructures usually seen for
a combination of a larger number of pulses and small peak fluences. They are formed under various gaseous
environments, but not in vacuum conditions. In fact, nano bump on tungsten is not new, as it was observed
for nanosecond laser irradiation on single crystalline tungsten at different wavelengths, 1064 nm and 532 nm,
under inert gas atmosphere [197, 198]. They seem to be more uniform in height and period throughout the laser
irradiated spot. Their reported height and diameter are 300 nm and 700 nm respectively as shown in figure 3.8 (d).
Whereas the nano bumps we observe here by femtosecond laser irradiation have an average height and diameter of
20 nm and 50 nm respectively (figure 3.8 (a), (b), (¢) and (e)). But the major difference here, in addition
to the fact that we used femtosecond laser, is that the literature only suggests the formation of
nano bumps on the borders of laser irradiation whereas, our experiments show the nano bumps
formation not only on the border together with LSFLs at the center of the spot but also at the

center when irradiated with lower fluence.

Several studies support the formation of nano bumps based on jet formation and droplet ejection mecha-
nism induced by laser irradiation. In gold, it is formulated based on the collapse of laser-generated molten material
similar to the collapse of cavitation bubbles at a liquid-air interface [199]. Generally, at lower fluences, nano
bumps are attributed to laser-induced melting and resolidification. The laser-induced molten part detaches itself
from the surface due to the compressive stresses coming from the thermal expansion induced by the laser. The
rapid resolidification of this detached layer causes the nano bump formation [200]. However, in this literature
[200], machining under 5 mbar pressure appears to have no effect on the nano bumps. But in our experiments,

we observe no nano bumps for vacuum (10~7 mbar). This is an interesting aspect for further study. Moreover,
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Ambient

~—3 Vacuum (107 mbar)

Figure 3.6: Nanostructures evolution of Gaussian fluence distribution for Fp = 1.04 J/em? and N = 100. (a) to
(e): SEM images of nanostructures generated in ambient (a), air 10 mbar (b), nitrogen 10 mbar (c), argon 10 mbar
(d) and vacuum 10~ "mbar (e) with zoomed-in images of LSFLs (al,bl,c1,d1,el), HSFLs (a2,b2,c2,d2,e2) and nano
bumps (a3,b3,c3,e3) for each case.

nanopeaks of high aspect ratio and sub-100 nm periodicity were recently reported by Nakhoul et al. [201] on nickel
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Mapping Of Structures: Different processing environments
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Figure 3.7: Nanostructures mapping for different Fp and N, based on SEM images for ambient (a), air 10 mbar
(b), nitrogen 10 mbar (c), argon 10 mbar (d) and vacuum 10~ "mbar (e).

upon femtosecond laser irradiations. But this is due to the utilization of cross-polarised ultrafast laser irradiation

resulting in the interplay between light coupling and hydrodynamic flow leading to their formation.

3.4 Oxidation: a precondition for nanostructure formation?

As discussed in the previous chapter, recent surface chemistry studies, especially laser-induced oxidation, have
proposed that oxidation is a necessary condition for nanostructure formation. Here, we challenge this proposal by

carrying out controlled laser irradiation experiments under various gaseous conditions.

If oxidation is to play a role in nanostructure formation, the sources of oxygen during laser irradiation
need to be investigated. Oxygen can be incorporated from either one of the following sources (or both) during
laser irradiation: (i) the native oxide layer, i.e., the adsorbed oxygen layer on the surface of materials here on tung-

sten (W) usually with a thickness of about 3 nm; (ii) the ambient air, which one might think is a major contributor.

Irradiations were also carried out in the presence of a reactive gas like nitrogen, inert gas like argon, and
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Figure 3.8: (a), (b) and (c): SEM images of nano bumps formed by laser irradiation in ambient conditions.(d) nano
bumps formed on W by ns laser irradiation (Reprinted from “Self-assembled coherent array of ultra-fine particles on
single-crystal tungsten substrate using SHG Nd: YAG laser” by Kawakami et al., 2000, Appl. Phys. A. Copyright
(2000) by Appl. Phys. A. (2000) (e)AFM profile of nano bumps corresponding to the SEM images.

also in air at the same pressure (10 mbar). Irradiations were also performed in ambient conditions for comparison
purposes. To avoid exposure to ambient oxygen, laser irradiation is performed in high vacuum conditions
(10=7 mbar). While these experiments do eliminate the possibility of surrounding oxygen exposure, we still have
to eliminate the native oxides on the surface. This is achieved with an in-situ sputtering apparatus, consisting of
a plasma generator that produces a current = 0.25 A, frequency = 120 kHz, power = 16 W, and voltage = 26 V,
to achieve the potential difference to create the plasma from argon gas at 1072 mbar. After the sample is loaded
in the vacuum chamber, it is sputtered with argon ions which will clean the W surface of any native oxide layer.
The sample is sputtered for a time period of 3 minutes to ensure the elimination of the native oxide layer. The
experiments are repeated in all five laser irradiation environment conditions. This procedure ensures that no
oxygen is present in the chamber prior to laser irradiation, neither from the native oxide layer nor

from the ambient oxygen.

The first experiments looked at whether oxidation takes place during ultrafast laser irradiation of W in
the ambient environment. SEM-EDX analyses (figure 3.9) show that the weight percent of oxygen increases with
an increase in fluence and the number of pulses. To decouple surface chemistry from surface morphology, the same
surface morphology is used for all laser irradiation environments. HSFLs is the nanostructure of choice since
ultrafast laser irradiations in various gaseous conditions generated very similar HSFLs using the
same set of laser parameters (F, = 0.35 J/cm?, and N=25) as shown in figure 3.10. A laser wavelength

A = 800 nm, a repetition rate of 1 kHz, and a pulse duration of 60 fs were used for these experiments.
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Figure 3.9: Variation of weight percentage (Wt % ) of Oxygen (obtained with SEM-EDX) with peak fluence (F},)
(a) and number of pulses (N) (b).

3.4.1 HSFLs without sputtering

The HSFLs generated without sputtering are parallel to the direction of polarisation and have sub-
100 nm periodicity and sub-20 nm amplitude as shown by the SEM and AFM profiles (1 pum x 1um
area) in figure 3.10. The obtained HSFL period (A) is 81 + 2 nm, 92 + 3 nm, 109 + 3 nm, 95 + 3 nm, and
123 £ 2 nm for ambient, air (10 mbar), N (10 mbar), Ar (10 mbar), and vacuum (10~7 mbar), respectively. This
indicates that irrespective of the surrounding gas, HSFLs can be produced. This result suggests that interaction

with ambient oxygen is not necessary for HSFLs formation on W.

Ambient
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Figure 3.10: HSFLs generated at different laser irradiation environments without sputtering (a) to (e): SEM images
with respective FFT images of HSFLs generated in ambient (a), air 10 mbar (b), nitrogen 10 mbar (c), argon 10
mbar (d) and vacuum 10~7 mbar AFM images and corresponding height profiles (corresponding to blue lines) of
HSFLs generated in ambient (f), air 10 mbar (g), nitrogen 10 mbar (h), argon 10 mbar (i) and vacuum 10~7 mbar

(3)-

64



3.4.2 HSFLs with sputtering
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Figure 3.11: HSFLs generated at different laser irradiation environments with sputtering (a) to (e): SEM images
with respective FFT images of HSFLs generated in ambient (a), air 10 mbar (b), nitrogen 10 mbar (c), argon 10
mbar (d) and vacuum 10~ "mbar AFM images (1um x 1um area) and corresponding height profiles (of the regions
marked in the blue line in AFM images) of HSFLs generated in ambient (f), air 10 mbar (g), nitrogen 10 mbar (h),
argon 10 mbar (i) and vacuum 10~ "mbar (j).

The HSFLs generated with sputtering are parallel to the direction of polarisation and
have sub-100 nm periodicity and sub-20 nm amplitude as shown by the SEM and AFM profiles
in figure 3.11. The HSFL period (A) is 5144 nm, 724+5 nm, 7943 nm, 88+4 nm, 1524+5 nm for ambient, air
(10 mbar), N (10 mbar), Ar (10 mbar), and vacuum (10~7 mbar), respectively. This indicates that irrespective
of the surrounding gases and in the absence of a native oxide layer and no interaction from ambient oxygen,
HSFLs can also be produced. One can conclude that interaction with ambient oxygen and native oxide
is not a precondition for HSFLs formation on W. If ultrafast laser-induced HSFLs on W do not have an

oxidation-based origin, another process is responsible as discussed below.

3.5 Influence of pressure: Hydrodynamic origin of HSFLs

The variation in the HSFLs period and amplitude with different processing atmospheres, with and without sput-
tering, is shown in figure 3.12. The generally observed trend, with and without sputtering, is that the
HSFLs period increases as the pressure decreases. As the ambient air was controlled to a pressure of 10
mbar (i.e., the condition of 10 mbar of air), the period increased compared with that of atmospheric pressure, and it
further continued to increase as the pressure was reduced to as low as 10~ mbar (under vacuum). The decrease
in ambient pressure can affect the hydro-dynamical aspects of laser-matter interaction by influencing
the surface tension of the molten liquid, thus leading to an increase in the period, as observed ex-

perimentally. Rather than originating from SEWs (Scattered Electromagnetic Waves) in the laser-induced oxide
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Figure 3.12: Variation in the period and amplitude of the HSFLs formed under different processing environments
with the error bars showing the variation of the period and amplitude over 6 areas for each of the samples.

layer, we propose that HSFLs are formed by molten material reorganization, driven by surface-tension-dependent
transverse Marangoni gradient process [95]. The observed periodicity of the HSFLs (A) is related to the Marangoni
instability as [202, 187],

A =2rL//(M,/8) (3.1)

where L is the liquid layer thickness, and M, is a dimensionless quantity called the Marangoni number, as given
by [202, 187|,
dvy LAT

Ma,:_d_T /,I,D 9 (3.2)

where j—% is the temperature-dependent surface tension gradient, AT is the temperature difference, u is the viscosity,

and D is the thermal diffusivity. The dependence of the surface tension gradient on pressure (P) is given by [203],
dy
T x_p )
ar o (3.3)
From these equations, we obtain the HSFL period,

N (3.4)

This equation agrees with our experimental observations where smaller HSFL periods are observed at higher

pressures and supports a molten material reorganization process.
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The small HSFL period of approximately A ~ A/8 can also be correlated to the confinement of the light
absorption, as Marangoni instability provides A o< v/L, where L is the liquid layer depth. Assuming that at this
low fluence and high electron—phonon coupling strength, the electron thermal energy diffusion is weak, the energy

confinement can roughly be estimated by the optical penetration depth for tungsten at 800 nm. This is given by,

AAmk = 25 nm, (3.5)

where k = 2.9 is the extinction coefficient for photo-excited W [204]. For this small penetration depth, a small

liquid layer, and thus a small HSFL period, is expected.

The sputtering prior to laser irradiation induces small changes in the structures’ periodicity, as shown in
figure 3.10 and figure 3.11. This may be due to the change in roughness on the tungsten target induced by
the sputtering process. It is known that the initial roughness can highly influence laser coupling and hence the
resulting topography [205]. In particular, the concentration of nano reliefs such as bumps and cavities resulting
from the sputtering process affects the final period. It is expected that the introduction of additional scattering
inhomogeneities on the surface with an average distance lower than the initial roughness would result in a higher
concentration of scattering centers. This favors dipole—dipole coupling for nonradioactive fields, reducing the pat-
tern period [204]. Topographical features in the SEM (figure 3.10 and figure 3.11), for different gaseous atmospheres,
are different arising from the polycrystallinity of the samples. Because of the variation in energy absorption, phase
transition, and lattice defects storage for different crystal orientations, their interaction with the laser beam can

be different [206]. Because of the lower fluence used for the generation of HSFLs, these changes can be more intense.

All observations in this work signal that the formation of HSFLs for a given fluence and number of pulses
under different laser processing atmospheres is mostly independent of any supply of oxygen. These results
strongly suggest that HSFLs are more likely to be explained by theories based on electromagnetics
coupling with hydro-dynamical concepts of laser-matter rather than the propagation modes
implying oxidation models. More specifically, inhomogeneous subsurface energy absorption arising from the
local non-radiative electromagnetic response can trigger nano-convective instabilities. These thermoconvective
instabilities mediated by temperature-gradient-dependent flow of capillary waves and their further solidification-
producing nanostructures [202, 187, 207] can explain the HSFL formation observed in the absence of oxygen and

the decrease in HSFLs period with ambient pressure.

Now, in order to better understand the surface chemistry of various HSFLs we performed cross-sectional
TEM images which revealed the formation of subsurface cavities, as detailed below. Even though sub-surface
cavitation is not our main topic of interest of this thesis, we decided to explore it in more detail since it will
provide precise answers on the formation mechanism of HSFLs giving more clarity on the influence of pressure

and surface tension.
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3.6 Subsurface cavitation

3.6.1 Subsurface Topography

(i), Non-irradiated W

20 nm

(ii), Ambient (iii), Air (10 mbar)

& 2 /500 nm

(iv), Ar (10 mbar) (v), Vacuum (107 mbar)

Figure 3.13: STEM cross-sectional images of, (i) non-irradiated tungsten, ((ii), a to f) HSFLs obtained at ambient
(with sputtering), ((iii), a to e) HSFLs obtained at air 10 mbar with different views on the subsurface voids
without sputtering, ((iv), a to g) HSFLs obtained at Ar 10 mbar with different views on the subsurface voids
without sputtering, ((v), a to f) HSFLs obtained at vacuum 10~ "mbar with different views on the subsurface voids
without sputtering: bursted, with voids absents and multiple voids.
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Thin lamellae were prepared from regions of HSFLs generated in ambient (with sputtering), air at 10
mbar (without sputtering), argon at 10 mbar (without sputtering), vacuum at 10~"mbar (without sputtering)
and non-irradiated W, and analyzed under STEM. Analysis of these images reveals the formation of nanovoids
below the crests of HSFLs in all four cases except for the non-irradiated W (figure 3.13 (i)), indicating they are
a result of laser-matter interaction. The presence of these nanovoids in all these environments also confirms the
hydrodynamic-based HSFL formation mechanism. Subsurface voids were seen significantly throughout the 3 um
length of the thin lamellae, even for different grain orientations. Some burst voids like in (figure 3.13 (iii) (c),
figure 3.13 (v), (f) are also observed along with closed ones as seen in (figure 3.13 (ii) (d)-(f), figure 3.13 (iii) (d)
& (e), figure 3.13 (iv) (d)-(g), 3.13 (v) (e), and in some crests, multiple voids (figure 3.13 (ii) (d)-(f), figure 3.13
(iii) (d), figure 3.13 (iv) (d) & (f)) can be seen. In general, voids are distributed within HSFL bumps, whether

they were formed with or without sputtering, and have diameters varying from 5 nm to 15 nm.

Images in figure 3.13, depict how the distribution and size of subsurface voids vary for ambient, air at 10
mbar, argon at 10 mbar, vacuum at 10~ mbar. They are as follows: for ambient HSFLs, the voids appear mostly
13 nm below the surface (measured from the center of the void) and have an average diameter of 11 nm (averaged
over 7 voids with a standard deviation of 4.5 nm). In the case of air at 10 mbar pressure, the voids appear mostly
20 nm below the surface (measured from the center of the void) and have an average diameter of 11 nm (averaged
over 7 voids with a standard deviation of 5.5 nm). For argon at 10 mbar pressure, the voids appear mostly 18 nm
below the surface (measured from the center of the void) and have an average diameter of 8 nm (averaged over 7
voids with a standard deviation of 5.5 nm). Finally, for vacaum HSFLs, the voids appear mostly 18 nm below the
surface and have an average diameter of 12 nm (averaged over 7 voids with a standard deviation of 3 nm). This is

represented in Table 3.1.

Irradiation conditions Depth Diameter
Ambient 13 nm 11 £ 4.5 nm
Air (10 mbar) 20 nm 11 £+ 5.5 nm
Argon (10 mbar) 18 nm 8 £ 5.5 nm
Vacuum (10~7 mbar) 18 nm 12 £ 3 nm

Table 3.1: Tabular representation of the depth at which the cavitations are seen along with the diameter of the
cavities

Furthermore, we see that the number of voids for the same length of lamellae (over 800 nm) is smaller for vacuum
conditions compared to lamellae obtained for other conditions. We observe evolution of void distribution density
over 800 nm length of the lamellae with above 20 for ambient (figure 3.13 (ii) (b)), between 15 and 20 for air 10
mbar (figure 3.13 (iii) (b)), around 15 for Ar 10 mbar (figure 3.13 (iv) (b)) and 3 for vacuum lamellae (v) (figure
3.13 (b)). This could also arise from the slight difference in the period as the pressure changes as we already
discussed in figure 3.12. Another possibility is that the surface topography generated by laser irradiation is highly

specific to crystal orientation [206], and hence influencing the sub-surface behavior.
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In order to better understand the surface chemistry resulting from laser irradiation, EDX, and EELS anal-

ysis was carried out.

3.6.2 Surface Chemistry: STEM EDX, STEM EELS

Figure 3.14 shows the STEM-EDX and STEM-EELS analyses with corresponding STEM images for HSFLs
obtained with and without sputtering to analyze the surface chemistry of various HSFLs obtained in different
conditions. In figure 3.14 (e), (f), (g), (h), (p), (q) & (r) a clear green boundary representing a high concentration
of oxygen between the platinum protective layer and W can be observed for all cases, that is for non-irradiated
W, ambient, air 10 mbar, argon 10 mbar and vacuum (cases involving with and without sputtering). The same
results were obtained from STEM-EELS analyses (figure 3.14 (i)-(1), (p)-(r)). It should be noted that we do see a
fine layer of oxygen on vacuum HSFLs since the lamellae were exposed to air between the time of laser irradiation
and STEM-EDX/EELS analyses (figure 3.15 (h) & (1), (r) & (u)). An oxide layer is also lining the subsurface
voids, but it is unclear whether this is a result of air exposure prior to TEM analysis or due to the laser irradiation
process. The oxide layer for vacuum and argon conditions does not seem to be as strong as that for non-irradiated

W and air 10 mbar.

In figure 3.14, even after sputtering, we see the presence of oxide for ambient and air 10 mbar,

but not a strong presence for vacuum (the O distribution appears more like noise).

Another interesting question to address is whether the surface chemistry is grain orientation-dependent.
To analyze this closely, we compared two-grain orientations for HSFLs obtained at 10 mbar, and the EELS
mapping of the crests and troughs associated with HSFLs for both grains are shown in figure 3.15. We see that

the surface chemistry seems to be the same for both grain orientations.

Even though we were not able to obtain more interesting results based on surface chemistry using these
techniques, the analysis on sub-surface voids as seen below re-affirms our hypothesis on a hydrodynamics-based

origin of HSFLs rather than an oxidation-based model as can be seen from the following section.

3.6.3 Formation of Subsurface Voids

The observation of subsurface voids on metals was reported earlier, but not associated with HSFLs on W. There
have been reports of subsurface voids of a few hundred nm in size as observed by STEM cross-sectional images
of laser irradiated Al target (under vacuum) giving rise to micro bumps [208]. Subsurface voids are seen to
be associated with periodic structures in Ni [209]. These periodic structures are a result of the interference of
near-field scattered waves or superposition of far-field scattered waves (nfy; and ff) respectively), with an incident
laser beam. STEM images of subsurface voids (tens of nm in size), associated with nf;; and ff, crests were
revealed in this case. In our work we are reporting sub-surface voids of a few nm in size associated with HSFLs
on W, observed for four different processing conditions (ambient, air (10 mbar), Ar (10 mbar), and vacuum (10~7

mbar)) with the same laser parameters.
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Figure 3.14: STEM images (a-d, m-n), STEM-EELS (i-], s-u) and STEM EDX (e-h, p-r) analysis of non-irradiated
W (without sputtering), air at 10 mbar pressure (with and without sputtering), argon at 10 mbar pressure (without
sputtering) and vacuum HSFLs (with and without sputtering). The color code for EDX mapping is orange - W;
Blue - Pt; Green - O; for EELS mapping Pink-W; Yellow - O.

While the STEM images of frozen subsurface voids in metals are limited in the literature, the mechanism
behind their formation is widely studied using TTM-MD. For example, in Ag, under vacuum conditions, the
surface swelling due to fs laser irradiation seen at very small fluences and without significant ablation, is attributed
to subsurface cavitation as confirmed by TTM-MD simulations [46]. In the fluence regime below the spallation

threshold, TTM-MD suggests that subsurface voids are the reason for surface swelling of Al irradiated in air [45].
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Figure 3.15: (a) and (b) correspond to STEM images of grain A and grain B of the same lamella (air 10 mbar)
with regions 1 and 2 for both the images being the zoom for the crest and trough of the HSFLs. Both 3 and 4 in
(a) and (b) correspond to the oxide layer formed on the top of HSFLs and it shows no major visible difference for
different grains.

In all cases, the reason for subsurface void formation is the same - they are seen in the pre-spallation regime, where
the rarefaction wave (resulting from material relaxation) that develops in the laser-induced melt and travels to
the surface of the target causing the nucleation of the subsurface voids [202, 209, 46, 57, 210, 41]. Due to the fast
cooling (1012 K /s for metals [211]) and solidification, these voids can be frozen under the surface of the material.
The origin of these sub-surface voids is usually associated with mater reorganization theories or hydrodynamics
principles. To better understand subsurface voids observed in W associated with HSFLs, TTM-MD simulations

were carried out.

3.6.4 TTM-MD study on the generation of voids

The following TTM-MD simulations were performed by Dr.Djafar Tabbaden in our group to support the experi-

mental findings.
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A hybrid simulation coupling two temperature models with a Molecular dynamics simulation (TTM-MD)
scheme implemented in LAMMPS [212, 213, 214, 215, 216, 217, 218, 219] was used to model ultrafast laser
interaction inducing voids formation within a tungsten target (W). For this purpose, a perfect initial BCC
(Body-centered cubic) W sample with dimensions [ x I, x I, of 314 x 18.2x 18.2 nm? containing 6728000 atoms
within a box having periodic boundary conditions on x, y, and z is shown in figure 3.16. A structural minimization
of the sample was first performed using a force norm criterion of 107 eV/ A. Then, this structure was heated
from 0 K to 300 K for 15 ps using the Nose-Hoover thermostat-barostat style (NPT ensemble). In the present
simulations, an embedded atom method (EAM) inter-atomic potential developed in [220] and an integrating time
step of 1 fs were utilized for both the sample preparation and the void formation. The TTM-MD scheme was
solved on a 702 x 1 x 1 electronic mesh, that was applied to the previous configuration (relaxed and thermalized)
during 12 ps with W electronic properties input parameters that can be found in [212, 204, 221]. The lateral
dimensions [, and [, were subjected to periodic boundary conditions. However, following the x-direction a free
boundary condition was created since the laser is applied in the same crystallographic direction. Moreover, to
avoid pressure wave reflection a non-reflecting boundary conditions (NRBC) with a damping factor viqmp =2
%1074 eV ps A~2 and dimension of Lyrpc = 63.3 nm following x was designed at the rear of the target. (222,
223]. The laser-mater simulations were performed by employing experimental laser operating conditions of 7 = 60
fs pulse duration and peak fluence = 0.35 J/cm?. Finally, the sample was subjected to a regular MD (Molecular
Dynamics) in the micro-canonical ensemble (NVE) for 68 ps. The local atomic structure is investigated using the

Polyhedral Template Matching Algorithm (PTM) [224] implemented in the OVITO software [225].

. BCC Tungsten

Figure 3.16: Initial sample geometry used to model ultrafast laser pulse interaction with tungsten target by
employing TTM-MD simulations. In blue are BCC crystalline structures located inside the rectangular box. The
rear region of the sample represents the NRBC zone.

3.6.5 Pressure map and Temperature map

The complex void formation processes in W were investigated, and the results are shown in figure 3.17 (a). Two
stages of void evolution are observed. The first one is in the time range of 0-40 ps where the ephemeral apparition
of voids in almost a spherical shape at t = 10 ps, grows and collapses with a bubble lifetime of 3-10 ps. Therefore,
no bubbles survive inside the target. However, during the second stage from 40-80 ps, voids appear and coalesce
to form larger voids. As shown at t = 80 ps, these small bubble accumulations give voids with different volumes.

Additionally, they are located 25 nm under the surface.
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Figure 3.17: (a): Snapshots of the voids evolution at several times : 0 ps, 10 ps, 20 ps, 30 ps, 40 ps, 50 ps, 60 ps, 70
ps, and 80 ps in W target during ultrafast laser irradiation of 7 = 60 fs pulse duration and Fj,cigent = 0.35 J/ em?
incident fluence. The surface meshing is constructed by the method as described and implemented in [226]. (b):
Spatiotemporal evolution of pressure following the x-direction in the W target during the formation of the voids.
(c): Spatiotemporal evolution of temperature in the target during the formation of the voids.

To understand the thermodynamics permitting the emergence of such voids within the W sample, pressure
and temperature profiles were established as shown in figure 3.17 (b) and (c). The observation of Fig 3.17 (b)
reveals that the target experiences a strong compressive pressure wave with a peak value of ~ 30 GPa after energy
deposition at t = 1 ps and this pressure decreases until reaching a value of ~ 3 GPa at t ~ 40 ps. The results
provide evidence that a rarefaction wave appears at a key time of t ~ 40 ps with a value of t ~ —10 GPa as
shown in figure 3.17 (b) by arrow marks. This analysis provides strong evidence of the role of rarefaction wave in
permitting the emergence and coalescence of voids in the irradiated surface region of W. Figure 3.17 (c) suggests
that the surface is completely melted with a maximum value of ~ 5000 K which decreases deeper inside the
material. Also, in the time range between 40-80 ps when voids appear, the contour shows that in this region the
temperature decreases to a value of ~ 4000 K. This means that this cavitation process mainly takes place in the

molten state. In addition, these simulations are consistent with the experimental results. Thus, the void formation
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mechanism is identified as a combination of two criteria, a fast liquefaction of the surface with a rarefaction wave
whereby voids are formed. In other words, for the set of laser parameters used here, subsurface voids
are formed while W is in a molten state, which confirms the hydrodynamics-based origin for HSFLs
on W. This helps us establish the origin of femtosecond laser-induced sub-surface cavitation on W associated
with HSFLs based on rarefaction waves generated in the fast liquefied molten W, which was later solidified below

the crests of HSFLs due to fast resolidification.

In our previous work [29], we noticed a trend of increasing HSFL period with decreasing atmospheric pres-
sure, which can be related to the hydrodynamics-based surface tension-dependent transverse Marangoni gradient
process. Therefore, the mechanism underlying the formation of HSFLs can be attributed to the interplay
between sub-surface cavitation and Marangoni instability. The acoustic relaxation of the irradiated target induces
hydrodynamic motion within the molten material, thereby playing a crucial role in the formation and elevation
of the resulting structure [227]. In addition, it has already been established for Ni with the help of simulations
coupling electromagnetics and hydrodynamics that the rarefaction wave destabilizes the laser-melted nanolayer
resulting in Marangoni instability and hence the formation of HSFLs with very small periods and amplitude [202],

similar to our case of sub-100 nm period and sub-20 nm amplitude HSFLs on W.

In summary, under fs laser irradiation W undergoes melting (few tens of nanometers) and is
under high compressive stresses, which is followed by a rarefaction wave, causing subsurface
cavitation. This destabilizes the molten nanolayer (since this rarefaction wave is directed towards
the temperature gradient) giving rise to Rayleigh-Bénard-Marangoni instability, redistributing the
material from hotter regions (valleys of HSFL) to colder regions (crest of HSFL). The orientation of
the HSFLs on W, which are parallel to the direction of light polarization can be explained by the direction of the
fluid flow (created by Marangoni instability) from hot spots located around subsurface voids, which usually results
in an orientation parallel to the laser polarization [70]. Moreover, from the STEM images, it is evident that the
formation of HSFLs as a result of Rayleigh-Bénard-Marangoni instability due to fs laser-induced rarefaction wave
should be applicable for all four different laser irradiation conditions (ambient, air at 10 mbar, argon at 10 mbar
and vacuum at 10~7 mbar) irrespective of the gaseous/pressure environments and hence mostly depends upon the

laser irradiation parameters.

To conclude, this chapter presents the LSFLs, HSFLs, and nanobumps formed for various combinations of
laser parameters and laser processing environments on the surface of tungsten by femtosecond laser irradiations.
It focuses on the formation mechanisms of HSFLs on W with sub-100 nm periodicity and sub-20 nm amplitude.
By using an experimental approach we are confirming the insignificance of oxidation during HSFL formation on
W, with a possible hydrodynamic origin as indicated by the pressure dependence of the HSFLs period. This is
then confirmed by the TTM-MD numerical method, which reveals that the subsurface cavitation as obtained by
STEM images, is formed by the resolidification of laser-induced W melt, hence invalidating an oxidation-based
approach and reaffirming a hydrodynamics-based thermocapillary model (Rayleigh-Bénard-Marangoni instability

induced by laser-induced rarefaction wave). Even though subsurface topography and the formation mechanism of
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HSFLs were not our main topic, the investigations on the original question- is oxidation a precondition for HSFL
formation? lead us to dive deeper into the hydrodynamics-based formation of nanostructures and the mentioned
findings. Now, our interest will be in establishing an oxidation mechanism associated with the formation of HSFLs

on tungsten.

X % X%
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Chapter 4

Establishing Ultrafast Laser-assisted
Oxidation Mechanism for HSFLs on

Tungsten

4.1 HSFLs generated in ambient and vacuum environments
4.2 Differentiating the oxides present in ambient and vacuum HSFL

4.3 Oxidation Mechanism
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"Knowing the oxidation mechanisms is crucial because this understanding provides routes to control

oxidation and the final oxide quality.”

-A.M. Stoneham, in Encyclopedia of Materials: Science and Technology, 2001

Although, the previous chapter concluded that laser-assisted ozidation on tungsten is not mecessary for the
formation of HSFLs there is a need to investigate the mechanism of this oxidation. Hence, in this fourth chapter,
we explore the oxidation mechanism accompanying femtosecond laser irradiation on Tungsten and giving rise to
tungsten oxides associated with HSFLs. Irradiations are carried out to obtain large-area HSFLs under ambient and
vacuum conditions. Wettability measurements together with XPS analyses give new insights into the laser-generated
oxides and oxides accumulated over time due to ambient exposure. The results are then used to derive an oxidation
mechanism based on the diffusion of oxygen on W and pulse accumulation by extracting the exact temperature

gradients and time using TTM-MD simulations.
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4.1 HSFLs generated in ambient and vacuum environments

All irradiation experiments were performed on poly-crystalline tungsten samples (Good fellow, SARL) electrochem-
ically polished down to an average roughness Ra ~ 6 nm measured with an Atomic Force Microscope (AFM). A
Linearly polarized Yb: KGW laser (PHAROS from Light Conversion, Inc) with a center wavelength (X) of 1030 nm,
pulse duration (t) of 300 fs, and repetition rate (f) of 1 KHz is focused onto the W sample placed below a galvano-
metric scanner (AEROTECH AGV-10HPO) mounted on nano-positioning lift stage (AEROTECH ANT130-L-ZS).

A 5 mm x 5 mm area was irradiated by raster scanning the laser beam of frequency f = 1 kHz, with a
scanning velocity (v) of 4 mm/s and a line spacing (distance between two consecutive lines in X and Y directions
while raster scanning) of 4 pwm. The laser spot diameter (D) was measured to be 20 um at the focus for a lens

with a focal length of 48 mm. This corresponds to a pulse overlap ratio (OL) on a line drawn by the laser as [228],
[1 —v(fD)~1100%, (4.1)

i.e,

[1— ((4mm/s)(1kHz)(20pm))~]100%, (4.2)

i.e., 80 % overlap with the parameters used here for the line. The peak laser fluence (F,= (2xlaser energy)/laser

spot area) used for the experiments is 0.32 J/cm?. Distance between lines,
d, =D(1—OL) = (20um)(1 —0.8) =4 um (4.3)
Number of pulses in a 1 mm line is,
n, = 1/d, = 1/(0.004 mm) = 250 number of pulses per mm (4.4)
The number of pulses per unit area is thus,
N, = (n,)? = (250)? = 62500 number of pulses per mm? (4.5)
The effective number of pulses,
N.ss = focal spot area x N, = 7 x (0.01mm)? x 62500 ~ 20 number of pulses (4.6)

So, Negy = 20. The experimental setup is given in figure 2.4 (b).

Laser irradiations were carried out in two processing environments, in ambient air and in high vacuum
conditions (10~7 mbar). HSFLs were obtained for ambient and high vacuum processing conditions (10~ "mbar)
for the same peak fluence Fj, = 0.32 J/cm? and an effective number of pulses of 20. The resulting HSFLs have a

period of 42 nm £+ 8 nm and 80 nm + 10 nm for ambient and vacuum conditions respectively as shown in the
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SEM images presented in figure 4.1 (a, b, d & e). The amplitude of the HSFLs is in the sub-20 nm range as

shown by AFM in figure 4.1 (c) and (f). Conducting experiments in these two conditions is significant because

Ambient HSFLs Vacuum HSFLs

Figure 4.1: (a, b, d & e): SEM images of W sample irradiated by fs laser with F}, = 0.32.J/cm? and N= 20 for
ambient HSFLs (a & b) and vacuum HSFLs (d & e). (e & f): AFM images (1 pm x 1 pm) of ambient (e) and
vacuum (f) HSFLs.

one environment involves the laser interacting with atmospheric oxygen, while the other environment has a
minimal oxygen presence. This will help us to distinguish between the laser-generated oxides and the oxides
accumulated over time after laser irradiation, as a first step towards an understanding of the oxidation mechanics.
The techniques used to better understand oxides on ambient and vacuum HSFLs are wettability measurements

together with XPS analyses over a period extending up to 84 days after the fabrication of HSFLs.

4.2 Differentiating the oxides present on ambient and vacuum

HSFLs

4.2.1 Laser generated oxides on HSFLs

Water Contact Angle (WCA) measurements and XPS analyses were performed on non-irradiated W and HSFLs
generated on W surfaces in ambient and high vacuum to analyze the surface chemistry. The WCA was extracted

with the ‘contact angle’ plugin in the Image J software [196].

The WCA measurement taken after the laser fabrication in ambient and vacuum conditions, and both
samples exposed to the same laboratory conditions for 10 minutes is as follows: Ambient HSFLs have a WCA of
~ 0° (super hydrophilic) while HSFL generated in high vacuum have a WCA of ~ 58° (hydrophilic) (figure 4.2
(a & b)). This is very close to the WCA seen for non-irradiated, polished W samples (taken over a period of 40
days and measurements started after 2 weeks of polishing), ~ 55°+3°. XPS results presented in figure 4.2 (¢) &
(d) show W 4f high resolution (HR) peaks one hour (with the samples exposed to the same laboratory conditions
after laser irradiation) after laser irradiation. For ambient HSFLs (figure 4.2 (c)) the doublet at 31.3 €V and
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33.43 eV corresponds to bulk W metal (W° oxidation state) and the doublet at 35.9 eV and 38 eV corresponds to
WO oxidation state, indicating that the oxide formed is WOj3 [229, 230]. However, for vacuum HSFLs (figure 4.2

(d)) the doublet corresponding to W5 is much weaker. The slight increase in WCA of laser irradiated samples

(a) wca ~oe (b) wcA ~sg°
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Figure 4.2: (a & b) Camera images of contact angles measured after 10 minutes of fabrication for (a) ambient
HSFLs (b) and vacuum HSFLs generated by fs laser with F, = 0.32 J/em? and N= 20. (¢ & d) HR XPS peaks
for W 4f spectra one hour after fs-laser irradiation. (c)Ambient HSFLs show the doublet peaks corresponding to
WF oxidation state. (d) Vacuum HSFLs have no doublet peaks corresponding to any oxidation states of W other
than those corresponding to the bulk W.

fabricated in vacuum or inert gas atmosphere compared to laser irradiated samples in ambient air is well explored
[150, 149]. Tt is usually attributed to non-polar functional groups being attached on the surface coming from the
contaminations inside the vacuum chamber and the absence of laser-generated oxides which are usually polar. For
laser-generated surfaces in ambient conditions the presence of oxides, being polar in nature is given as a reason for

the initial super hydrophilicity [150, 231].

This may be true here considering laser-generated W03 makes ambient HSFLs initially super hydrophilic
and the absence of this oxide increases the WCA for vacuum HSFLs. Ambient HSFLs therefore react
with atmospheric oxygen giving rise to a W0Oj3 film that doesn’t appear for vacuum HSFLs at this
stage (i.e., 1h after laser texturing). The oxide layer generated under an ambient environment is most likely
a laser-generated oxide layer formed by the interaction of atmospheric oxygen with the hot metal produced by

ultrafast laser heating.

4.2.2 Influence of carbon contamination and oxides on aging

The WCA for both ambient and vacuum HSFLs were measured after 1 hour, 2 hours, 3 hours, 4 hours, 1 day, 9
days, 24 days and 84 days of same kind of laboratory exposure. The WCA measurements were done for the same
irradiated area, each for ambient and vacuum HSFLs, with air blow used in between the measurements and also

making the consecutive time interval measurements (1 hour to 4 hours) at different locations of the irradiated area
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to ensure that there is no residual water affecting the contact angle measurements. The WCA of both ambient
and vacuum HSFLs increases with time (as shown in figure 4.3 (a)), while still remaining in a hydrophilic state

(i.e. <90°), as already reported in the literature for nanosecond laser-generated micro-structures on W [232].

As per literature [231, 233|, the reason for this WCA increase is the accumulation of C-C/C-H hydropho-
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Figure 4.3: (a) WCA evolution with time over a period of 84 days after fabrication for vacuum (red) and ambient
(black) HSFLs produced on W by fs laser irradiation with F,, = 0.32 J/em? and N= 20. The blue line indicates
WCA of the non-irradiated W surface. (b): High resolution W 4f XPS spectra obtained for different time frames
after fabrication for vacuum showing that the oxide accumulation does not change the peak position with 6+
oxidation state resulting in W03 stoichiometry. (¢ & d): The plot of relative concentrations (at. %) of all the
functional groups associated with carbon (C-C/C-H, C-O, C=0, O-C=0) from the Cls XPS spectra for vacuum
(c) and ambient (d).

bic functional group on the surface over time as seen in the XPS quantification derived from C 1s spectra for
ambient HSFLs in figure 4.3 (d). The evolution of WCA for ambient HSFLs is consistent with the carbon con-
taminations from the atmosphere, but not for vacuum HSFLs as shown in figure 4.3 (¢). For XPS measurements,
5 different samples were used to measure the data for the first four hours (one sample for each hour) to 1 day
after laser irradiation both for ambient and vacuum HSFLs. Later the same sample was used to measure the
variation of XPS data for 9 days, 28 days and 84 days each for ambient and vacuum HSFLs exposed to the same
laboratory conditions. The W 4f peaks for vacuum HSFLs show a change in W% peak intensity corresponding
to oxidized tungsten (figure 4.3 (b)). There are no recognizable W5+ peaks after 1 hour and clear peaks are
visible after 84 days (in figure 4.3 (b)). We infer that further oxidation takes place on the vacuum HSFLs surface.
Furthermore, the XPS peak positions suggest that the oxide formed over long delays is in the stoichiometry of WOs.
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As discussed in the previous section and as seen in the literature [150, 231], such an increase in WOj3 con-
tent should contribute to a decrease in WCA. But, figure 4.3 (a) clearly indicates an increase in WCA over
time for vacuum HSFLs. This discrepancy may be due to major differences between the laser-generated
oxides forming over short timescales (ns) and oxides accumulated over larger time scales (days),
in ambient and vacuum conditions respectively. In order to investigate this difference we are performing
STEM analysis of the HSFL cross-sections obtained for ambient and vacuum conditions (after 2 months of laser

fabrication and exposed to the same laboratory environment) along with non-irradiated W as elaborated below

4.2.3 Structure of oxides from STEM-crystallography analysis

In order to further investigate the different types of oxides involved in this study, high-resolution STEM cross-
sectional images are obtained for ambient HSFLs, vacuum HSFLs, and non-irradiated W lamellae as shown in
figure 4.4 (a) and figure 4.5 (a), (d) respectively. These images were taken two months after the fabrication process.
From figure 4.4 (a) - (e) the first few nanometers (approximately 2 nm) of the ambient HSFL are crystalline,
shown by the yellow arrows in figure 4.4 (e), a conclusion supported by the diffraction pattern obtained in figure

4.4 (f) and corresponding indexing in figure 4.4 (g).

HR STEM images of vacuum HSFLs (figure 4.5 (a) & (b)) show an amorphous-like layer at the tip of the
HSFL, as confirmed by the FFT in figure 4.5 (c).

A native WOj3 layer, which forms on the tungsten surface when it comes into contact with ambient air, is
also evident on the non-irradiated tungsten surface. This presence has been substantiated through STEM-EDX
and XPS data, as depicted in figure 4.5 (f) and (g), respectively. Edges of non-irradiated W in figure 4.5 (d) seem
to have a 3 nm thick amorphous layer (FFT in figure 4.5 (e)). The literature also corroborates our results where

the most common oxide of W at room temperature is amorphous W03 [234, 235].

For ambient HSFLs, the inter-planar distance calculated from figure 4.4 (e) is di30 = 0.23 nm. This mea-
surement closely aligns with the inter-planar distance of the (130) plane in monoclinic WO3 [236] where di30
= 0.22 nm. Further support for our hypothesis that the laser-generated W O3 may indeed possess a crystalline
structure, specifically monoclinic, is drawn from the FFT analysis of the inset in figure 4.4 (g). The indexing
process was carried out using the Dif-Wshp21 software [194]. We employed the CIF data for monoclinic WOs,
which was downloaded from the Crystallography Open Database (COD ID: 1528915), and found it to be in
agreement with our experimental FFT data, where d;30=0.23 nm. Haase et al. [237]| have also reported similar

observations on femtosecond laser irradiation of W giving rise to monoclinic W O3 nanoparticles.
Structure and wettability are known to be closely related in the case of W0O3. C. V. Ramana et al. [23§]

observed a change in WCA from ~ 75 degree to ~ 5 degree as the structure changes from amorphous W03 to

crystalline W O3 (amorphous W03 exhibits higher WCA than crystalline WO3). This is due to a change in surface
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Figure 4.4: High-resolution STEM probing of W irradiated by fs laser with F}, = 0.32 J/cm? and N= 20 for ambient
HSFLs: (a, b & ¢): HR-STEM images with different zooms showing the contrast between the bulk of W sample
and the edges (where the presence of WOj3 is supposed to be) (d & e) HR-STEM images of FIB-extracted lamellae
with FFT reported in (f) and crystal indexing in (g) for HSFLs produced .

energy, where a decrease in WCA is observed with increasing surface energy [239]. Crystalline WOs3 has a higher
surface energy compared to amorphous W03 due to its larger surface area, contributing to the observed change in
WCA [240, 241]. This is in perfect agreement with our results showing the amorphous WOj; layer on vacuum
HSFLs accumulated over time with ambient exposure is less hydrophilic than the crystalline W03

formed on ambient HSFLs on ultrafast laser irradiation.

4.3 Oxidation Mechanism

As seen in Chapter 1, while the laser-induced oxidation mechanism of CW or ps or ns lasers seems to agree with the
classical oxidation mechanism based on diffusion, the mechanism of femtosecond laser-induced oxides is scarcely
discussed. In order to establish an oxidation mechanism, specific to the femtosecond laser parameters that we have
used here, leading to the formation of monoclinic W03 on tungsten, along with the HSFLs we took the following

approach,
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Figure 4.5: High-resolution STEM probing of W irradiated by fs laser with F, = 0.32 J/em? and N= 20 in case
of vacuum HSFLs and non-irradiated W: (a & b) HR STEM image of FIB-extracted with FFT reported in (c) for
HSFLs produced under vacuum conditions. (d) HR-STEM image of tungsten surface without any laser irradiation
with its FFT reported in (e). (f & g): STEM-EDX mapping of non-irradiated W with (f) showing a fine layer of
oxide (represented by green color) on W (orange) protected with Pt layer (blue) for lamellae preparation. (g) is
HR XPS WA4f peaks corresponding to non-irradiated W.

e Finding the time scale (6t) for the temperature range favorable for the formation of monoclinic WOs.

e Finding the diffusion length of oxygen during this time scale (6¢) during the temperature range favorable for

the oxide formation.

e Does this diffusion length/observed oxide layer thickness agree with the dissociative chemisorption rate of

oxygen and the collision rate of oxygen on the W surface within §¢7

From the literature, it is possible to establish a temperature range for the oxidation of tungsten resulting in the
formation of monoclinic WQOs3. This data can be considered conventional, collected for higher temperature ranges
from mostly furnace oxidation data. After finding this temperature range (AT'), we need to know how long this
temperature range persists on our sample surface due to fs laser irradiation. This can be done by TTM-MD

simulations by giving the laser parameters used to generate the HSFLs as input data.

In the next step, we need to find out whether 6t obtained from TTM-MD simulations allows for the for-
mation of 2 nm thick monoclinic WOs3 (as observed from the STEM images) by diffusion of oxygen. This is done

by calculating the diffusion length of oxygen on W for AT and 6t.
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To validate the results, we have to verify that the rate of dissociative chemisorption of oxygen from the
atmosphere onto the W surface and the collision rate of oxygen molecules are sufficient within §t to generate an

oxide layer as thick as 2 nm.

4.3.1 TTM-MD simulations: temperature range and time scale for

femtosecond laser-assisted oxidation

The cool down after the laser pulse should result in monoclinic W03, as confirmed by STEM. As we have
already seen in chapter 1, W03 usually undergoes polymorphism resulting in monoclinic WOs below 600 K.
This indicates polymorphism during laser irradiation is a possible phenomenon to explain oxide formation.
Based on literature, we know that W QO3 is formed between 1273 K and 600 K probably and undergoes
polymorphism below 600 K resulting in monoclinic W03 (assuming that above 1273 K W03 is volatile).

This temperature window is the most likely temperature range where oxidation of W resulting in W O3 will happen.

The next objective is to determine the time scale (6¢) during which the sample stay at temperatures be-
tween 1273 K and 600 K following a laser pulse which can be achieved through simulations involving the solution

of the heat diffusion equations within W.

Solving 1D heat equation

Before proceeding to a proper usage of TTM-MD simulations (with Dr. Djafar Ibbaden), we obtained a rough
time scale (dt) by solving a 1D heat equation with a Python code as attached in the appendix of the thesis (section

A.1.2). The assumptions are as follows:

e By solving the 1-D partial differential heat equation for tungsten below its melting point (below 3695 K) we

can deduct an approximate time required for the formation of WOs.

e We chose to do the program below the melting point to avoid the complexity of phase transitions. In addition,
the temperature range favorable for the formation of monoclinic WO3 (1273 K to 600 K) is below the melting

point.

e We are finding the heat diffusion into one micrometer depth of tungsten, by defining specific number of

locations inside this region.

e We are finding out the thermal diffusivity corresponding to the temperature variation between 300 K and

3000 K along the depth of tungsten using extrapolation of values obtained from the literature.

e As the source term, we are using an input exponential equation as obtained from TTM-MD simulations to

account for the exponential heat dissipation into the depth of tungsten for the given laser parameters.

e In order to account for the source term, we are using an input exponential equation as obtained from TTM-MD

simulations.
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The 1-D heat equation is given by,

dr d*T

where T is the temperature at time t and depth x from the surface of the tungsten with thermal diffusivity ’a’

expressed in ¢cm?/s and is given by,

a=k/Cp (4.8)

where k is the thermal conductivity (W/m K), C is the specific heat capacity (J/Kg K) at temperature T, and p
is the density of W which is 19250 Kg/m?® when in the solid state. k and C), can be obtained for different values
of temperature ( 300 K to 3000 K) by interpolation [242, 243]. Later these values can be used to find the thermal

diffusivity (a) for tungsten using equation 4.8 as can be seen in figure 4.6.

Another input to give to the Python program is the source term or the initial temperature to be used,
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Figure 4.6: Variation of thermal diffusivity (a) of tungsten obtained from the interpolated values of k and Cp from
300K to 3000K.

which is the heat variation on the surface of tungsten around 3000 K. We used the TTM-MD to give us the
temperature profiles along the depth of few tens of nanometers of W. To be more precise, we used more than one
source term (giving the temperature profiles below 3000 K at various times after the laser pulse hits the surface,
like, at 500 ps, at 1500 ps, etc.) for the laser parameters we used (A = 1030 nm, 300 fs, Fp = 0.32 J/cm?). And

used these curve fits as the source terms to give us different outputs to compare.

Figure 4.7 shows the variation of temperature with time and cooling rates obtained by solving the 1-D
heat equation. The two outputs correspond to two source terms used in the program (at 500 ps and 1500 ps
respectively for figure 4.7 (a) & (b)). The cooling rates are obtained in both cases by finding the average dT/dt of
the consecutive points from the curves. Interestingly, in both cases, the cooling rates ~ 10'*K/s are similar and

are in agreement with the fast cooling associated with fs laser irradiation on metals [49].
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Most importantly, the curves which give the temperature profile of laser-irradiated W at the
surface at different times, enable us to find the time spent in the temperature window (1273 K to
600 K) which is given by 6t = 9.5 ns and 9.4 ns as derived from figure 4.7 (a) & (b) respectively.

This approximate calculation was helpful in establishing the need for wider and proper simulations and hence we

utilized TTM-MD simulations.
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Figure 4.7: (a) & (b): Temperature variation with time after laser irradiation at W surface obtained by solving 1
D heat equation. The cooling rates are obtained by averaging the mean of the consecutive points dT/dt on the
graphs. (a) is obtained by using the exponential equation at 500 K as the source term in the program and (b) is
obtained by using the exponential equation at 1500 K as the source term in the program.

TTM-MD Simulations (work done by Dr. Djafar Ibbaden)

Hybrid Computational Model

A hybrid method combining the Two Temperature Model (2TM) and Molecular Dynamics (MD) is performed
to simulate ultrafast light interactions with tungsten (W) using the LAMMPS package [244, 245]. The initial
domain of the simulation box is defined by the dimensions Lx x Ly x Lz = 1000 a0 x 30 a0 x 30 a0 ( with
a0 = 3.16 A) The tungsten atoms structure is defined as a Body-Centered Cubic (BCC) crystal spercell block
that fills the region [500 a0, 900 a0] along x-direction, equivalent to 900900 atoms. A non-periodic boundary
condition is set at the rear part of the system as described by Schiifer et al. [246]. The initial simulation domain
is divided into two distinct regions (figure 4.8). In the TTM-MD part, both classical Newton’s equation of
motion and the electronic part of the TTM equation are solved [27] in a grid of 100 x 3 x 3 equivalent to
3.16 x 9.48 x 9.48 nm3. The TTM part (bulk) is of thickness 4.5 pum and a mesh of 450 x 1 x 1 is built to
ensure both heat dissipation and pressure wave absorption. The TTM-MD and TTM regions are separated by
a Non-Reflecting Boundary Condition (NRBC) as described by Schéifer et al. [246]. The initial thickness of the
NRBC region ~ 8 A is slightly larger than the cutoff radius value of ~ 7.5 A provided by the interatomic potential.

TTM-MD model integrates non-equilibrium coefficients as electronic specific heat C.(T.), electron-phonon
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Figure 4.8: Initial setup geometry of the W sample used to model ultrafast laser interaction. The extreme upper
and bottom parts represent the surface vacuum part. TTM-MD and TTM schemes are solved in the red-blue and
gray-colored regions respectively. Tungsten atoms in the solid BCC and melted phase are colored in blue and red,
respectively

coupling factor (G.(T¢)), and electron thermal conductivity (ke(T%))). Ce(Te) used in this work is computed
by first-principles calculations as described in the study of Bevillon et al [247]. The k.(T¢) is computed using
Anisimov approximation [248] as,

He(Te) = "QOTe/Tl (4.9)

where rg = 170 Wm!K! at TO = 300 K (initial temperature of the system) as reported in the work of Stojanovic et
al. [221] and 7} is the ionic temperature. G.(T.) is also a function of electronic temperature (7.) where the values
estimated by Lin et al. [249]. The source term S of the laser has a Gaussian temporal shape and an exponentially
decreasing amplitude in depth x following a Beer-Lambert law:

—z

2F 2) (—din(2).l=p2
Me( 4in(2) R (4-10)

)

tply V-

S(x,t) = (

where t, is the pulse duration, and ¢y corresponds to the time of the laser pulse maximum. F is the absorbed
fluence defined by,
F =Fy(1-R(T.)) (4.11)

with Re(T.) the reflectivity and I,(T,) the laser penetration depth computed at the wavelength A = 1030 nm. Both

R.(T.) and [,,(T.) are temperature-dependent, as provided by ab initio calculations reported by Bevillon et al. [250].

The initial atomic configuration is heated up to 300 K using a micro-canonical ensemble (NVE) for 50 ps.
Additionally, the electronic temperature in the TTM continuum part is set to an initial temperature of 300 K.
Laser operating conditions similar to the experimental conditions with ¢,= 300 fs and F, = 0.32 J/cm? for pulse
duration and peak fluence are considered respectively. After the laser energy deposition, the thermodynamics of

the system was tracked for 9 ns. We employed a time step 6t = 1 fs and Embedded Atom Model (EAM) type
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potential developed by Marinica et al. [220]. The local atomic structures are investigated using the Common

Neighbor Analysis algorithm (CNA) [247, 251] as implemented within the OVITO software [225].

Temperature variation and time scale

From TTM-MD simulations, we obtain the temperature profile across W at different snapshots of time as shown
in figure 4.9 (a). From this, we have deduced the temperature profile at the surface of W as shown in figure 4.9
(b) and we can extract the time for the temperature to change from 600 K to 1273 K and should result
in monoclinic WOs; is 6t = 7.2 ns (close to the result obtained from solving the 1-D heat equation) for a single
pulse, for the laser parameters used (A=1030 nm, 300 fs, F'p = 0.32 .J/cm?). The second step is to see if oxygen

can diffuse through W within this short time scale to cause oxidation.
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Figure 4.9: (a) Temperature depth profile in W irradiated by femtosecond laser with Fp = 0.32 J/em? and N= 20
at different snapshots of time obtained from TTM-MD simulations (b) Temperature evolution versus time at the
surface of the W sample.

4.3.2 Diffusion of oxygen

The diffusion length (A) of oxygen during this 7.2 ns can be calculated knowing the diffusion coefficient (D) and
the diffusion time (7) using the equation [252],

A= (tD)%® (4.12)

Or
D=M\/r (4.13)

The sample only spends 0.82 ns in the temperature range 1273K to 1000K, a range for which the diffusion

coefficient value for oxygen in tungsten is approximately D = 10~% m?/s. The temperature transition from 1000
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K to 600 K takes a longer time span of 6.38 ns, but the diffusion coefficient is lower in this range is D = 1079 m?/s
[253]. According to equation 4.13, the diffusion lengths for the temperature ranges of 1273 K to 1000 K and 1000
K to 600 K are determined to be 2.8 nm and 2.5 nm, respectively. This result effectively confirms that the

time 0t is sufficient for oxygen to diffuse through a few nanometers of W and hence form oxides.

However, the experimental results demonstrate the existence of an extremely thin oxide layer, measuring
approximately 2 nm, as evidenced in the STEM ADF images (figure 4.4). This phenomenon can be attributed
to a significant factor: as a few mono-layers of W3 form, the restricted time window during this brief interval
poses a growing challenge for oxygen atoms to effectively penetrate and diffuse through these oxide mono-layers.
The diffusion length of oxygen atoms through W03 is much smaller in the given temperature range (the diffusion

constant is 5.55 x 10712.s71 at 1073 K) [254].

In order to confirm the formation of oxide through diffusion, we also have to make sure that the dissocia-
tion time of oxygen molecules and the collision rate of oxygen atoms is sufficient to support the observed oxide

layer thickness of about 2 nm.

4.3.3 Dissociative chemisorption and Collision rate of Oxygen

Proceeding to the third step, we have to confirm if the collision rate of oxygen on the W surface at the partial
pressure of oxygen in the atmosphere is enough to form a 2 nm thick oxide. To find out the collision rate, the kinetic
theory of gases can provide the number of oxygen molecules n impacting a W surface at a particular pressure and

temperature per square centimeter per second (n) [180],

n= _(PNa) (4.14)
(2rRMT) '

in m? /s, where P is pressure in Pa (oxygen pressure in the atmosphere = 21.22 x 10% pa), M is the molecular weight
of oxygen (0.032 Kg) and T is the temperature in Kelvin (298 K), N4 is the Avogardo number (6.022 x 10?3) and
R is the gas constant (8.314 J/mol K).

W [(21.22 x 10 pa)(6.022 x 1023)] 579 % 1022 (4.15)
[\/(27(8.314 J/molK)(0.032 K¢)(298 K)] '

We get the value of n is 5.72 x 10?2 molecules per square centimeter per second.

i.e. the total number of oxygen atoms will become 2n = 2 x 5.72 x 10?2 = 1.14 x 10?3 since one oxygen

molecule will contribute to two oxygen atoms.

The next step is to find the number of tungsten atoms per centimeter square. Keeping in mind that dif-

ferent atomic planes have different atomic densities and the monoclinic W03 we obtained from STEM indexing
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is in (130) configuration (figure 4.4), we assume the same configuration for the exposed W surface. The planar

density of (130) plane is 6.3 x 10'* W atoms per cm? [180].

This means that to form a monolayer of WOs, 3 x 6.3 x 10 oxygen atoms interacts with 6.3 x 10'* W

atoms per centimeter square per second. In other words, the time required to form a monolayer of WOy is,

W = 16.58 ns (4.16)
Using the 7.2 ns window computed through TTM-MD for a single pulse for oxidation to happen, we can calculate
that 20 pulses would lead to the formation of approximately 9 mono-layers of the oxide. This approximately
agrees with the observed oxide thickness from STEM images, which is 2 nm, meaning 9 mono-layers (inter-planar

spacing i.e., d = 0.22 nm, and 2 nm + 0.22 nm = 9 mono-layers) of monoclinic WOj3 (130 orientation). This also

corresponds to the 9 atomic planes visible in figure 4.4 (e).

To summarise, we are proposing a multiple pulse accumulation of oxide for the formation of monoclinic

W O3 seen in association with fs laser-induced HSFLs on W whose formation is based on diffusion mechanism.

The reason behind considering the potential for a pulse-by-pulse accumulation of the oxide layer stems
from the apparent absence of material ablation, also evidenced by TTM-MD simulations. These calculations
were performed on tungsten alone, whose evaporation point is comparatively high compared to that of WOs;
which sublimates above 1273 K. However, the simulations predict the sample remains at such temperature for less
than 0.5 ns per pulse. Considering a reported sublimation rate for W03 of ~ 1.5 x 107 16g.cm™2.s71 at 1643 K

[255], this would lead at worse to the evaporation of less than 3 oxygen atoms per cm?, which is negligible in any case.

Another crucial parameter to consider is the dissociation time of oxygen molecules: Literature suggests
that dissociative chemisorption of oxygen molecules can take place within 107!3 s on W surface at high temper-
atures [256]. Dissociation of oxygen molecules can therefore happen within the nanosecond time scale (7.2 ns)

obtained from TTM-MD simulations.

These calculations substantiate the formation of monoclinic W03 during femtosecond laser
interaction with tungsten surface by oxygen diffusion between 1273 K and 600 K with a pulse-
by-pulse accumulation of oxides. Moreover, WOj3 is known to exist at GPa pressures [257], hence making it

stable at the laser-induced high-pressure regime [258].

To conclude, this chapter sheds light on the oxidation mechanism associated with femtosecond laser irradi-
ation on tungsten resulting in HSFLs. It starts with the large area fabrication of HSFLs on W in ambient and
vacuum conditions. To get an initial idea of the surface chemistry both wettability analysis and XPS analysis
come in handy. These analyses reveal major differences in the laser-generated oxide and the oxides accumulated on

HSFLs over time from ambient exposure. Later with the help of crystallography indexing with the FFT obtained
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from STEM imaging, it is possible to differentiate these oxides - laser-generated oxides as monoclinic W03 and
the accumulated oxides over time as amorphous oxides. In addition, the variation in the wettability behavior
associated with these oxides holds the potential for tuning the physicochemical response of the laser-irradiated
surfaces. Further, an oxidation mechanism is put forward which is based on the multi-pulse accumulation of oxides,
in which fs laser-induced oxidation is explained by the diffusion mechanism. These main results are illustrated
in figure 4.10. These observations and analysis address most of the questions associated with the fs laser-assisted
oxidation seen with the formation of HSFLs on tungsten and open the door for tuning potential applications by
controlling the type of oxides that can be generated. Moreover, this study also contributes to future investigations

as will be discussed in the next section.
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Figure 4.10: An overview of the femtosecond laser-induced oxidation mechanism on W.
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Conclusion & Perspectives

While femtosecond laser-induced nanostructures have been explored greatly in the last 50-plus years,
surface chemistry accompanying topographical modification is yet to be fully understood. Even though laser-
generated oxides due to fs-laser irradiation are known to have a strong effect on the surface properties of materials
in various industrial applications including tribology, [259], color marking [153], etc., the mechanism of oxidation

and its role in nanostrucutre formation is scarcely discussed.

This thesis is aimed at understanding surface chemistry alterations accompanied during laser irradiation
using a combination of surface-sensitive characterization tools and numerical simulations. This theses focused on
the mechanism of laser-induced oxidation and its influence on nanostructure formation by performing experiments

in ambient as well as vacuum environmental conditions.
The important findings and conclusions are detailed below:

(i) Femtosecond laser-induced high-frequency LIPSS (HSFLs) with sub-100 nm periodicity and sub-
20 nm amplitude can be generated on polished W surface for a constant set of laser parameters (A
= 800 nm, 60 fs, Fj, = 0.35 J/em?, N = 25) under five different processing environments (ambient,
air 10 mbar, nitrogen 10 mbar, vacuum 10~ mbar and argon 10 mbar). This is an indication that

the formation of HSFLs on W is mostly dependent on the laser parameters rather than the processing environments.

(ii) The much-debated topic suggesting that oxidation/oxides are a precondition for nanostructure forma-
tion is invalidated. By performing experiments with in-situ sputtering (to remove the native oxides on W) and
under high vacuum conditions, we conclude that the idea of an oxidation-based origin of nanostructures
cannot be generalized for all the metals, especially for HSFLs on W. STEM-EDX and XPS data confirm

the presence of a very negligible oxide content on vacuum HSFLs.

(iii) Ambient pressure influences the period of HSFLs formed on tungsten by fs laser irradiation. The pe-
riod of HSFLs increases with the air pressure. This can be explained by a hydrodynamic concept
based on Marangoni instability suggesting a hydro-dynamical origin for HSFLs on W rather than

an oxidation-based origin.
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(iv) TTM-MD numerical simulations confirm the hydrodynamics origin of HSFLs by defining the temper-
ature and pressure maps of tungsten during ultrafast laser irradiation. Sub-surface cavitation is observed
(accompanying the formation of HSFLs as also observed in STEM) and is attributed to the resolidification of
molten tungsten. This reaffirms that HSFLs on W are formed due to Rayleigh-Bénard-Marangoni

instability induced by the rarefaction wave upon fs laser irradiation.

(v) Laser-generated WQOs3 is crystalline with monoclinic orientation for ambient HSFLs while
oxides accumulated over time are amorphous on vacuum HSFLs. This difference in the oxide structure
leads to a difference in the final physicochemical response of the fs laser textured surfaces, regardless of the

topography (HSFLs in vacuum and ambient conditions).

(vi) Formation of monoclinic WOs by polymorphism is possible due to the laser-generated temperatures
on the W surface. This oxidation accumulates by multi-pulse irradiation. The thickness of laser-induced
monoclinic W03 on ambient HSFLs as seen by STEM images (2 nm) can be explained by the diffusion length
and the classical collision rate of oxygen on tungsten, hence suggesting an oxidation mechanism based on

diffusion due to laser-induced temperatures and pulse-by-pulse accumulation of oxides.

These findings pave the way for potential future research as follows;

(i) An interesting future approach is to investigate the oxidation mechanism associated with different
temporal pulse shaping. By changing the pulse duration of the laser, we can limit the diffusion length of oxygen
on metals and hence the thickness of oxide. Similarly, we can investigate the influence of temporally modulating

the frequency, amplitude and phase of a laser pulse on the surface chemical modification.

(ii) Considering the wide potential for tungsten and its oxides in catalytic applications, exploring
the catalytic properties of nanostructures generated under various gaseous conditions could provide significant
contributions to laser-induced surface chemistry-based applications. The photo-catalytic property of tungsten
oxide is highly influenced by the percentage of amorphous to monoclinic WO3 at the surface [172]. It is also
reported that the change in the crystal structure of the tungsten oxide can influence the electro-catalytic properties

of the surface [171].

(iii) An in-depth study on the surface chemistry mechanisms during irradiations of tungsten in
nitrogen environments (and other gaseous conditions) will add to the chemical alterations associated with
laser irradiations. This is because, even though we did not go deeper into the surface chemistry of the tungsten irra-
diated in a nitrogen environment, it is quite often seen that metals irradiated in nitrogen-rich surroundings or even
in ambient shows the presence of nitrides [133, 135, 136]. Hence, it will be intriguing to examine the type, mecha-

nism, and change over time (in ambient exposure) to the tungsten nitrides formed during ultrafast laser irradiation.

(iv) Investigation of fs-laser irradiation of other metals like those belonging to the same group as tungsten
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(e.g. chromium), and from different groups (e.g. titanium) using a similar approach will shed light on how

material-specific ultrafast laser-assisted oxidation mechanism is.

(v) Finally, a thorough examination of the tunability of laser-based oxide for various surface-based
industrial applications including electrochemical, biomedical, photovoltaic, etc. by controlling the
type, etc. solely with laser parameters can ultimately make a significant contribution to society and can

ignite further research on this topic in the scientific community.

As we conclude this thesis, we are reminded that the pursuit of knowledge is a journey that never truly

ends; it merely transforms into new questions and discoveries, forever illuminating the path forward.
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Appendix A

XPS Analysis

A.1 XPS Acquisition

XPS data were extracted with the help of Dr. Gabriele Schatte of Queen’s University, Canada, and Oltion Kodra

of the National Research Council, Canada.

The XPS spectra were measured on a Kratos Axis Nova spectrometer equipped with an Al X-ray source.
The tungsten sample was mounted onto a coated aluminum plate using double-sided adhesive Cu tape and was
kept under a high vacuum (10~® Torr) overnight inside the preparation chamber before it was transferred into
the analysis chamber (ultrahigh vacuum, 10=2 Torr) of the spectrometer. The data is measured in the center of
the spot using an aperture of 55 um. The XPS data were collected using Al Ko radiation at 1486.69 eV (375 W,
25 mA), a charge neutralizer, and a delay-line detector (DLD) consisting of three multi-channel plates. Survey
spectra were recorded from -5 to 1200 €V at a pass energy of 160 eV (number of sweeps: 3) using an energy step
size of 1 eV and a dwell time of 200 ms. High-resolution spectra for Ols, Cls, and W4f were recorded in the
appropriate regions at pass energy of 40 eV for 9 number of sweeps/dwell time: Ols, 12/300 ms; Cls, 15/300 ms;
W4f, 10/300 ms; using an energy step size of 0.1 eV (resolution: 0.5472 eV). The analyzed area on the specimens
was about 55 x 55 um? (lens mode: FOV 2) at their positions.

The sampling depth for W for this particular energy of Al X-rays (1486.69 €V) is 6 nm. Given, the IMFP
(Inelastic Mean Free Path) of W= 20.16 A (calculated with QUASES-IMFP-TPP2M Ver. 3.0 TPP-2M formula
calculator based on [260]) and sampling depth = 3 x IMFP. For WO3; IMFP is 23.66 A and hence the sampling
depth is 7 nm.

A.2 Data used for XPS fitting

W 4f, O 1s, and Cls are the main peaks that were analyzed with CASA XPS software to have a good fit by adding

appropriate component peaks. After fitting, by carefully choosing the FWHM, peak positions, line shapes, etc.
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the quantitative information can be derived from the software.

W 4f has doublet peaks because of unfilled shells containing unpaired electrons in the f orbital. This means that
there will be two peaks in XPS corresponding to a single oxidation state for the f orbital in W. For example W6+
oxidation state has two peaks corresponding to W%+ 7/2 and W5+ 5/2 due to spin orbit splitting. The 4f 7/2 and
4 5/2 doublet separation is ~ 2.18 €V and with area ratios of 4:3. W 4f spectrum contains an additional component
corresponding to the W 5p 3/2 peak. But its RSF (Relative Sensitivity Factor, which is a factor used for deriv-
ing quantitative information) should be set to 0. The W 5p 3/2 peak is set at 5.5 €V above the W 4f 7/2 peak [261].

The O 1s peak is usually seen at 532 eV with the component peaks considered here are O=W, O=C, O-C,
0O-C=0. For C 1s, peak at 285 eV, the component peaks are C-C/C-H, C-O, C=0, and O-C=0 and this peak is
used for the calibration of the spectra. As you will see in the table below as the number of bonds between O and

C increases the binding energy will increase, similar to O 1s and W 4f.

The FWHM is usually set between 0.3 and 1.5 for almost all the XPS peaks. The background is given a
Shirley fit with line shapes GL (Gaussian Lorentzian) used for W 5p and C 1s and LA (asymmetric Lorentzian)
for W 4f and O 1s peaks.

Approximate component peak positions and references

Component Peaks Binding Energy (eV) std. References

devi-

ation

(V)
W 4f: WO 7/2 31.3 0.2 [261]
W 4f: Wt 7/2 35.8 0.4 [261]
W 5p 3/2 36.87 - [261]
0O 1s: O=W 530.7 0.3 [261]
O 1s: O=C 533 - [262]
O 1s: O-C 531.5 to 532 - [262]
0 1s: O-C=0 533.2 - [263]
C 1s: C-C/C-H 284.6 to 285 - [264]
C1s: C-O (C-C/C-H)+(1.2 or 1.5) - [264]
C 1s: C=0 (C- O)+ (1.2 or 1.5) - [264]
C 1s: O-C=0 (C=0)+ (1.2 or 1.5) - [264]

XXX1



XXXIi1



Appendix B

Python Program

B.1 Algorithm for Python program solving 1-D heat equation

Step 1: Define fixed parameters like L =depth of W, nx =number of locations on W, (dx = L) / (nx - 1) (distance
between two consecutive locations).

Step 2: interpolate the values of Cp and k from 300 K to 3000K.

Step 3: define, alpha = Cp/(k*density of W).

Step 4: set the initial temperature, define a source term with the fit equations at 500 ps or 1500 ps.

Step 5: Define the 1 D heat equation in a loop for each point of temperature.

Step 6: Define the no. of steps to compute.

Step 7: Define the time steps.

Step 8: print the time steps.

Step 9: plot the temperature-depth graph.

Step 10: print the temperature corresponding to the surface of tungsten.

B.2 Program

Created on Thu Oct 13 18:16:55 2022 @Qauthor: dop08358

import numpy

from matplotlib import pyplot

# Set the font family and size to use for matplotlib figures.
pyplot.rcParams| font.family’] = ’serif’
pyplot.rcParams|’font.size’] = 16

# Set parameters.

L = 1.1e-6 # in meter depth of W

nx = 1000 # number of locations on the rod
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dx =L / (nx - 1) # distance between two consecutive locations

#Finding alpha for each T by interpolating Cp and k
#alpha=k/(rho*Cp) :rtho=19250 Kg/m*3 ,Cp=f1 J/Kg*K, k=2 W/m-K
#interpolating Cp J/kg*K

import numpy as np

from scipy import interpolate

T+ = [300,500,700,900,1100,1300,1500,1700,1900,2100,2300,2500,2700,2900,3100|

Cp = [131.31,138,141.6,144.8,148.33,152.31,156.95,162.4,168.7,176.18,184.75,194.59,205.81,218.53,232.86]

f1 = interpolate.interpld(7, Cp, kind="cubic’)

Tnew = np.arange(300,3100)
Cnew = f1(Tnew)

#interpolating k W/m-K

T»= [300,400,500,600,800,1000,1200,1400,1600,1800,2000,2500,3000]
k = [174,159,146,137,125,118,112,108,104,101,98,91.4,84.5]

2 = interpolate.interpld (7', k, kind="cubic’)

Tnew = np.arange(300,3000)

knew = f2(Thew)

alpha = lambda x:f2(x) /(f1(x)*19250) #unit is m?/s

# Define the locations along the rod.

x = numpy.linspace(0.0, L, num=nx)

# Set the initial temperature along the rod.

T0 = numpy.zeros(nx)

T0 =300+942/(1+np.exp ((x-330e-9)*0.017¢9)) #in Kelvin,in meters

def ftes(TO, nt, dt, dx, alpha):

Computes and returns the temperature along the rod after a provided number of time steps, given the initial
temperature and thermal diffusivity. The diffusion equation is integrated using forward differencing in time and

central differencing in space.

Parameters
TO : numpy.ndarray
The initial temperature along the rod as a 1D array of floats.

nt : integer
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The number of time steps to compute.

dt: float

The time-step size to integrate.

dx : float

The distance between two consecutive locations.
alpha : float

The thermal diffusivity of the rod.

Returns

T : numpy.ndarray

The temperature along the rod as a 1D array of floats.

T = T0.copy()

sigma = lambda T:alpha(T) * dt / dx**2

for n in range(nt):

T[1:-1] = (T[1:-1] + sigma(T[1:-1]) * (T[2:] - 2.0 * T[1:-1] + T[:-2]))
T[0]=(T|[0] + sigma(T[1]) * (T[1] - 1.0 * T[0]))

T[-1]=(T[-1] + sigma(T[-1]) * (T[-2] - 1.0 * T[-1]))

return T

# Set the time-step size based on the CFL limit.

nt = 1000000 # number of time steps to compute

sigma = 0.06

dt = sigma * dx**2 / np.amax(alpha(Tnew)) time-step size in seconds

print(dt)

# Compute the temperature along the rod.

T = ftes(TO, nt, dt, dx, alpha)

# Plot the temperature along the rod.
pyplot.figure(figsize=(6.0, 4.0))
pyplot.xlabel(’Distance [m]’)
pyplot.ylabel("Temperature [K]’)

pyplot.grid()

pyplot.plot(x, T, color="C0’, linestyle="-’, linewidth=2)
pyplot.xlim (0.0, L)

pyplot.ylim(0.0, 4100)

Temp=np.interp(le-9,x,T) #Temperature at x=...nm
print(Temp)

pyplot.show()
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