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Abstract

Femtosecond laser-induced periodic surface structures (fs-LIPSS)
attract the scientific and technical attention due to the ability to
produce nanostructures below the optical wavelength. These are
essential for surface engineering and treatment, notably in tribology,
wettability, mechanics, marking and counterfeiting. Depending on
the regime of laser interaction, particularly on the laser fluence,
pulse number and material type, ultrashort pulses can induce the
low- and high-spatial-frequency-LIPPS (LSFL and HSFL), with the
orientation perpendicular (LE) or parallel (" E) to the laser
polarization. Considering their potential in the nano-manufacturing,
this work focuses on potential mechanisms for LIPSS formation,
especially HSFL formation on the metallic alloys.

In order to ivestigate the transient optical indices of excited
materials mn fs-LIPSS formation, we first developed time-resolved
ellipsometry to measure dynamic optical indices of excited materials.
Thus we gain insights in the dynamics of the dielectric function
where this 1s intrinsically related to the electronic configuration and
lattice structure. First principle simulations are then used to reveal
how the electronic configuration changes during the excitation,
responsible for the transient optical indices. The effects of transient
optical indices are considered in the LIPSS formation mechanisms.

Based on the experiments of fs-LIPSS formations on six
different materials, involving metal tungsten, semiconductor silicon,
dielectric fused silica, single-crystal superalloy CMSX-4, amorphous
alloy Zr-BMG and 1its corresponding crystal alloy Zr-CA, we
mvestigate the LIPSS formation mechanisms in the electromagnetic
domain by finite-difference time-domam (FDTD) smmulations,
related to the electromagnetic energy distribution followed by the
dynamics of optical excitation, evolving topologies with pulse
number and materials.

We focus on the electromagnetic origin of LIPSS formation and
reveal a potential primary factor for LIPSS formation. LIPSS
formation can be explained by deposited energy modulation on
surface via electromagnetic effects. The energy modulation mainly
comes from the interference between incident laser and scattered
surface wave (for LSFL(L1E)), being complemented by the
interference between scattered surface waves (for HSFL(LE)).
Specially, for HSFL (" E) on Zr-CA, we proposed that the formation
scenarios rely on individual anisotropic field-enhancement processes.
The evolving surface topology with laser pulse number leads to a
feedback-driven energy modulation deposited on surface.






Résumée

Les structures périodiques de surface induites par laser
femtoseconde(fs-LIPSS) attirent l'attention scientifique et technique
en raison de la possibilité de produire des nanostructures en dessous
de la longueur d'onde optique. Ces €léments sont essentiels pour
I''ngénierie de surface et les procédés, notamment en tribologie,
mouillabilité, la mécanique, le marquage et la lutte contre la
contrefagon. Selon le régime d'interaction laser, en particulier la
fluence du laser, le nombre d'impulsionset le type de matériaux, les
mpulsions ultracourtes peuvent induire des basses et des hautes
fréquences spatiales-LIPSS (LSFL et HSFL), avec l'orientation
perpendiculaire (--E) ou parallele ( | E) a la polarisation du laser.
Compte tenu de leur potentiel pour la nano-fabrication, ce travail se
concentre sur les mécanismes potentiels de formation des LIPSS, en
particulier la formation des HSFL sur les alliages métalliques.

Afin d'étudier les indices optiques transitoires de matériaux
excités dans la formation fs-LIPSS, nous avons d'abord développé de
I’ellipsométrie résolue en temps afin de mesurer les indices optiques
dynamiques des matériaux excités. Ainsi, nous avons obtenu un
apercu de la dynamique de la fonction diélectrique intrinsequement
lié¢e a la configuration électronique et au réseau cristallin. Des
simulations de premiers principes sont ensuite utilisées pour révéler
la fagon dont la configuration électronique change au cours de
I'excitation, responsable d’indices optiques transitoires. Les effets
des indices optiques transitoires sont pris en compte dans les
mécanismes de formation de LIPSS.

Sur la base d’expériences de formations des fs-LIPSS sur six
matériaux différents, incluant du tungstene métallique, du silicium
semiconducteur, de la silice fondue diclectrique,unsuperalliage
monocristallin CMSX-4, un alliage amorphe de Zr-BMG et son
alliage cristallin correspondant Zr-CA, nous étudions les mécanismes
de formation des LIPSS dans le domaine ¢€lectromagnétique par des
simulations de différences finies dans le domaine temporel (FDTD),
lides a la distribution d'énergie électromagnétique suivie par la
dynamique de l'excitation optique et par I'évolution dela topologie
avec le nombre d’impulsions et les matériaux.

Nous nous concentrons sur l'origine ¢lectromagnétique de la
formation des LIPSS et révélons un facteur principal potentiel de
leur formation. Elle peut étre expliquée par la modulation de
I'énergie déposéce sur la surface par des effets €lectromagnétiques. La
modulation de 1'énergie provient principalement de l'interférence



entre le laser mcident et les ondes de surface diffusées (pour LSFL
(- E)), complétée par l'interférence entre les ondes de surface
diffusées (pour HSFL (--E)). Spécialement, pour HSFL ( | E) sur
Zr-CA, nous avons propos¢ que les scénarios de formation reposent
sur des processus individuels d’exaltation anisotrope du champ. La
topologie de surface, évoluant avec le nombre d'impulsions
laser,induit une modulation d'énergie déposée sur la surface définieet
amplifiée par la rétroaction.
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Chapter 1

Introduction

Nanomanufacturing 1s the industrial-scale manufacture of
nanotechnology-based objects, with emphasis on low cost and
reliability. This mvolves scaled-up, reliable, and cost-effective
manufacturing of nanoscale materials, structures, devices, and
systems. Nanomanufacturing can improve the properties of materials,
making them stronger, lighter, more durable, with new functions and
capacities. In case of surface relevant examples include
water-repellent, anti-reflective, self-cleaning, ultraviolet- or
infrared-resistant, antifog, antimicrobial, scratch-resistant,
electrically conductive functionalized surface and so on [NNI16].
Among nanomanufacturing technologies, ultrafast lasers offer an
excellent capacity for time-effective fabrication, provided that the
nanoscale can be reliably achieved.

Since the invention of the laser in 1960 [Mai60], laser sources
showed a rapid and continuous development. Now laser sources can
achieve a wide range of wavelengths from ultraviolet to infrared,
output modes from continuous wave to ultrashort pulses, and even
ultra-high peak powers of 10?2 W/cm?, up to the field of relativistic
optics. Due to the multiple choices in the large domain of energy,
time and space, laser can satisfy the requirement of the
manufacturing in the range of macro-scale. Among several laser
sources of choice, ultrafast lasers, especially the femtosecond lasers
(fs), created a new scientific field devoted to ultrafast phenomena.
This mvestigates atomic motion, phase transitions or the formation
and breaking of chemical bonds in the time domain of electronic
excitation, beyond the more standard equilibrium aspects of physics,
chemistry and biology. Due to the ultrafast characteristic, fs laser
pulses directly excite the electronic system which occurs much faster
than the relaxation 1n the atomic system. The specific time
decoupling between excitation and relaxation allows to precisely
control the mteraction and to produce modifications on a micro scale.
Alongside nonlinear aspects, this i1s equally the prerequisite of
bypassing the diffraction limit and achieving nanoscale fabrication.
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As a consequence of its ultrashort pulse duration, fs laser allows to
concentrate laser energy of only few pJ to intensity values of tens of
TW/cm?, beyond the destruction threshold of any material.
Furthermore the high intensities of fs laser open the way to examine
previously unknown phenomena.

In the field of manufacturing, fs laser has several advantages:
Almost all the solid materials can be structured with femtosecond
lasers, such as metals, semiconductors, dielectrics, polymers, or
biological tissues, no matter if the solid material i1s transparent or
opaque, hard or fragile; Because the surrounding areas in the fs laser
machining are not affected, the post-processing is not needed; A
variety of micro-scale and nano-scale structures can be fabricated in
one-step procedure, for example, holes, grooves and laser mduced
periodic surface structure (LIPSS). More recently, with the increase
of mean output power in commercial fs lasers, fs laser becomes an
mmportant instrument for nanomanufacturlng in the mdustry
[Wanll].

A major axis 1n the research field of ultrafast laser
nanomanufacturing is the matenial surface processing. A variety of
precise micro-scale and nano-scale structures can be fabricated by fs
laser ablation on surfaces, given the ability to localize energy on
scales similar to the radiation wavelength. A prominent example 1s
the spectacular appearance of laser imduced periodic surface
structures (LIPSS) seen as a grating-like damage on the material
surface wrradiated with spatially and temporally coherent sources.
Observed almost 50 years ago [Bir65], they are today subject of
mcreased attention due to a number of scientific and technological
reasons, among them their universality and ability to localize energy
below the optical wavelength. LIPSS are generally scaling with the
laser wavelength, though several classes of periodicities are
observed [BMJ*14, SYP*83, BRK11], and mostly respond and align
according to the direction of the exciting electric field. LIPSS
provides a fast, precise and low-cost tool for surface
micro/nano-structuring. From a practical view, the generation of
regular nanoscale pattern in LIPSS can have apphcatlons in surface
engineering and treatment, notably in tribology, wettability,
mechanics, marking and counterfeltlng [VG13, HVG12, DSS*10,
BKH'15]. Given their potential in functionalizing materials, this
work will focus on potential mechanisms for LIPSS formation.

The formation mechanism of LIPSS and their similitude with
nanopatterns generated by other forms of irradiation (e.g. 1on beams
[VRV'15]) or with natural upscale phenomena are still under debate,
putting forward the challenge of bringing together coherent
uradiation-related features and non-coherent growth mechanisms
and material movement. Several mechanisms were suggested to
explain the formation of LIPSS, including probably the most
comprehensive approach-the generalized scattering and interference
(Sipe) model [SYP*83], optical transients models coupled to the
scattering approach [BRKI11], surface plasmon polariton (SPP)
mediated LIPSS formation [MMO08, DTS"12, OTN"11, MM12], o
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macroscopic self-organization of unstable matter [VRV™15]. They
mvolve optical coupling via transient optical indices, the onset of
scattering sources and energy deposition with the fulfillment of
synchronism and conservation laws, leading eventually to an ordered
material movement. A hypothesis with a large acceptance 1s based
on the interference of the incident laser radiation with
surface-scattered electromagnetic waves, which, in the case of
metals may take the form of surface plasmon polaritons [BRK11,
OTN"11], but other forms of scattered waves are not excluded (note
the existence of electromagnetic field structures “ radiation

remnants ”  in the Sipe model [SYP+83]). SPP induced formation
theory 1s based on the interference of the incident laser field with
laser induced SPPs for metals, however, SPPs are excited under the
condition of phase-matching, difficult to fulfill for flat surfaces or
for a range of materials where the optical indices do not support SPP.
From here appears the necessity of taking into consideration the role
of residual roughness [SRO"12, AKO"14] and, equally, its
generation and evolution with laser urradiation, notably its role in
assisting fulfilling momentum conservation laws for a large range of
wave vectors but equally the role of individual scattering centers.

The present work aims at responding to questions related to
electromagnetic energy distribution and will focus on the dynamics
of optical excitation, evolving topologies with irradiation dose, and
electromagnetic simulations. Several materials mapping metallic,
semiconducting and dielectric behaviors are used; emphasizing as
well multielement materials and particularly alloys m amorphous
and crystalline states.

In order to investigate the transient optical indices of excited
materials in LIPSS formation, we first developed time-resolved
techniques to follow dynarmcs of excited materials. Thus we gain
msights in the dynamics of the dielectric function where this 1s
mtrinsically related to the electronic configuration and lattice
structure. First principle simulations are then used to reveal how the
electronic configuration changes during the excitation, responsible
for the transient optical indices.

Observing the LIPSS formation mechanisms, experiments of
ripples formation on metal, semiconductor and dielectrics were
carried out. Then the morphologv of LIPSS 1s observed and analyzed
to mvestigate the role of surface micro/nano-structures in the LIPSS
formation.).

The first question relates to the distribution of electromagnetic
energy on surfaces. In order to mvestigate the role of
micro/nano-structures 1m  LIPSS formation, finite-difference
time-domain (FDTD) method [Yee66] 1s used to calculate the
inhomogeneous electromagnetic energy distribution on surface. A
comparative view 1s given with respect to the traditional Sipe model.
In the electromagnetic domain, LIPSS formation originates from the
mterference between all kinds of electromagnetic waves on surface,
mcluding surface scattered wave, incident laser, surface plasmon
polaritons (SPP) and composite diffractive evanescent wave [GAO06,
LM7]. We have tried to elucidate the main scattering phenomena
leading to LIPSS. Scattered electromagnetic wave (SEW) originates
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from the nano-protuberances on surface, emulated here as
nanoparticles on surface. The scattering characteristics of
nanoparticles in different materials led us to associate scattering to
surface rough topologies and to indicate the role of localized sur%a
plasmons (LSP) on metal nanoparticles [Mai07]. Several geometries
allowed us to build coherent scattering scenarios for overall
modulated energy fields. Particular paths to low- and
high-spatial-frequency-LIPPS (LSFL and HSFL) formation are
outlined.

The thesis is structured as follows:

Chapter 2 reviews general aspects of laser-induced periodic
surface structures (LIPSS). At first we review LIPSS reported on
different solids upon near-infrared fs-laser pulse 1wrradiation.
However, LIPSS formation mechanisms are not yet fully understood
and still under debate until now and we draw attention on the open
questions 1n the field. Several LIPSS formation theories with merits
and defects are troduced, including Sipe theory, FDTD-EM
approach, self-organization model of unstable matter and LIPSS
formation respectively mediated with surface plasmon polariton
(SPP), secon(f harmonic generation (SHG) as well as transient
optical properties during irradiation. We equally introduce material
transformations under LIPSS, related to the permanent changes of
the material mn the chermstry composition, crystal structure and
surface morphology. At last, we show the applications of LIPSS in
material surface processing, including surface wetting, tribology,
modification of optical properties, marking and coding, light
trapping and emitting, as well as bio-medical application.

In Chapter 3, we review main physical phenomena i laser
ablation related to electronic excitation and relaxation. With a focus
on optical coupling, at first we introduce the optical properties of
solids briefly. Next, we discuss various complex processes in the
ultrafast laser-matter interaction. Then the transient responses of
metals and semiconductors to ultrafast laser are reviewed to show
the complex processes related to the electronic configuration and
lattice structure, such as the photo-excitation of s/p- and d-electrons,
electron-electron thermalization, intraband and interband transitions,
changes of electronic configuration, electron-lattice thermalization,
lattice disorder and so on.

In Chapter 4, the experimental system of time-resolved
ellipsometry 1s built and experimental details are introduced. Finally,
the measured results on the dielectric functions and optical dynamics
of single-crystal silicon, tungsten and Zr-based bulk metal glass
(Zr-BMG) are introduced and discussed respectively.

Chapter 5 describes the experiments of fs-LIPSS on six
different materials, involving metal tungsten, semiconductor silicon,
dielectric fused silica, single-crystal superalloy CMSX-4, amorphous
alloy Zr-BMG and its corresponding crystal alloy Zr- CA. Then the
morphology of LIPSS 1s J’ir_))serve(‘(ffI and analyzed with scanning
electron microscopy (SEM) and atomic force microscope (AFM). In
addition, for Zr-BMG, the structural changes within LIPSS are
measured by electron back-scatter diffraction (EBSD). Finally,
LIPSS characteristics for six materials are respectively analyzed and
summarized, providing the experimental results for the investigating
the LIPSS formation mechanism.
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In Chapter 6, at first, FDTD method 1s briefly introduced and
then it is used to simulate the case of Sipe theory. Secondly,
localized surface plasmons in mnanostructures, their effect on
scattering electromagnetic wave, as well as the roles of micro/ nano-
structures in LIPSS formation are introduced and analyzed by FDTD
simulations. Next, the formation mechanisms of LSFL and HSFL on
several superalloys are respectively analyzed and discussed. Finally,
LIPSS formation on fused silica is analyzed by FDTD simulations.

Finally, the conclusion part of Chapter 7 resumes the main
experimental results and the discussion section, putting forward a
synthesis of the proposed LIPSS formation scenarios. The
perspectives section offers an emphasis on the fundamental
questions about the experiments and FDTD simulations regarding
LIPSS formations, as well as on the associated applications as well.



Chapter 2

General aspects of LIPSS

In this chapter, general aspects of laser-induced periodic surface
structures (LIPSS) are introduced. At first we discuss various
complex processes in the ultrafast laser-matter interaction. We
underline the role of optical and structural transients and their role in
ripple formation. Selected types of LIPSS reported on different
solids upon near-infrared fs-laser pulse irradiation are summarized.
Then several LIPSS formation theories with their merits and defects
are discussed. Next, we mtroduce material transformations under
LIPSS, related to the permanent changes of the material in the
chemistry, composition, crystal structure and surface morphology.
Finally, we review some potential applications of LIPSS in material
surface processing and consequences n optics and mechanics.

2.1 Introduction of LIPSS

The laser induced periodic surface structures (LIPSS) represent
a regular succession of structures resembling a grating arrangement,
spontaneously generated by coherent laser radiation on material
surfaces; some examples of LIPSS are shown in Fig. 2.1. In 1965,
Birnbaum firstly observed the phenomenon of ripples induced by a
ruby laser on semiconductor surfaces, which 1s consisted of regular
patterns of cracks and a system of parallel grooves (spacing of about
I pym) [Bir65]. This was the beginning of a prolific research field
with respect to formation mechanisms and applications fields. In the
following years LIPSS were created and observed on many kinds of
solid materials for a range of laser pulse durations. This suggests that
we are 1n the presence of a universal phenomenon induced by light,
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forming equally the object of study of this work. More recently,
ultrashort pulsed radiation has received a specific attention for its
potential in determining rippled surfaces, following the idea that
nonlinear excitation and electronic non-equilibrium can induce novel
mteraction features. In particular, femtosecond (fs) laser-induced
ripples show a range of orientation and periodicities that go on scales,
much smaller than laser wavelength [BNJ14]. Under the ultrafast
laser ablation 1n the range from femtosecond to picosecond laser, we
observe  several types of regular ripple  patterns:
low-spatial-frequency LIPSS (LSFL), high-spatial-frequency LIPSS
(HSFL), with the different orientation parallel (" E) or perpendicular
(LE) to the laser polarization. They appear on a wide range of
materials depending on wrradiation conditions and some indicative
examples are pointed below. For example in Fig 2.1, LSFL(L1E)
exist widely on metal tungsten, semiconductor single crystal silicon,
bulk metal glass (BMG), crystal alloy (CA) from BMG and the
superalloy CMSX-4. They characterize mostly metallic and
low-bandgap materials. LSFL( " E) exist on a range of dielectrics and
we observed them on fused silica (Fig. 2.1(c)). High spatial
frequency structures are equally reported on various materials with
periodicities (down to 100 nm), HSFL(”E) exist on the CA (Fig.
2.1(e)). Fig. 2.1(f) shows an example where HSFL(LE) become
visible on the superalloy CMSX-4. In addition, coarse macro-ripples
(also called groove) are observed with the spatial periods of several
microns much bigger than laser-wavelength, for example, grooves
are observed on the silicon in Fig 2.1(b).

In general, LIPSS formation 1s affected by wradiation
conditions, ambience and material state. The mrradiation conditions
mclude laser fluence, number of laser pulses, polarization state,
mcident angle, scanning speed, etc. Typical ambient conditions
mcludes air, oxygen, vacuum, water, high refractive index liquid and
other factors that can modify the properties around the interface.
These factors exercise a complex influence as they affect light
coupling and scattering, the dynamic aspect of nascent topologies
and feedback issues. In this work, we investigated LIPPS formation
m air environments. Material condition includes complex optical
characteristics 1.e. refractive index, surface roughness and thermal
properties, such as thermal coefficients and transition points (melting
point, vaporizing temperature, etc).

As a typical product of laser ablation or structuring, LIPSS
formation involves a complex chain of physical processes related to
the laser-material interaction; from laser excitation, energy
deposition down to material movement and the development of
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surface topologies. It equally involves a multiscale dynamics fixed
by the optical and thermal material response. Brief presentations of
excitation and transformation processes are introduced in the
following chapter and we will focused here on characteristic features
leading to ordered structured patterns.

(b) Si

LSFL(1E) : =
10pum LSFL([|[E) ~

(d) BMG : . (f) CMSX-4
LSFL(LE)

usrL(|E) HSFL (LE)
2pm LSFL(‘LE)
Figure 2.1: SEM images of LIPSS on different materials irradiated by
linearly-polarized fs laser pulses: (a) metal tungsten; (b) semiconductor single
crystal silicon; (c) Fused silica; (d) Bulk metal glass (BMG); (e) Crystal alloy
(CA) from BMG; (f) CMSX-4.The laser polarization (E) direction is indicated
in (a) with a double-head arrow. Note that different scales in each image.

2.2 Mechanisms of LIPSS

We have seen in the introductory part that LIPSS is a universal
phenomenon on almost all the solids, including metals [DTS"12,
GIK"11], semiconductors [BH03, BBK™02], dielectrics [CKR04,
HCT'07], ceramics [DRW™03] and polymers [BBK99]. The
continuous wave laser [KIA"11] and pulse lasers with long pulse
duration can generate the classical ripples with periods of about the
laser wavelength, which is often termed as low-spatial-frequency
LIPSS (LSFL) [BNJ14]|. Under the ultrafast laser ablation in the
range from femtosecond to picosecond laser, except LSFL, fine
nano-ripples are generated with the spatial periods much smaller
than the half of applied laser wavelength, which 1s often termed as
high-spatial-frequency LIPSS (HSFL) [BNJ14]. Furthermore, coarse
macro-ripples with the spatial periods in a several microns range, as
well as the arrays of conical features are generated in ultrafast laser



ablation [BBK™02]. Generally, LIPSS completely form after a
certain number of pulses at the fluence near the single-pulse ablation
threshold. The feedback process between incident laser and surface
nanostructures plays an important role m the ripple formation
[LCC'16]. The LIPSS orientation is controlled by the polarization of
the laser electric field. However, surface defects also play an
mmportant role in LIPSS orientation [LCC716].

Several LIPSS experiments on a wide range of materials under
different laser wavelengths have been carried out and analyzed with
mtensive theoretical studies, however, LIPSS formation mechanisms
are not yet fully understood and still under debate until now. Several
mechanisms were suggested to explain the formation of LIPSS,
mcluding probably to most comprehensive approach - the
generalized scattering and interference (Sipe) model [YPD'83,
SYP*83], plasma mediated LIPSS formation [BNJ14, SHT'09,
OHM*10], surface plasmon polariton (SPP) mediated LIPSS
formation [HG10, VMGO07, VG08b, CGB™12], and self-organization
of unstable matter [VRV'15]. Part of LIPSS reported on different
solids upon near-infrared fs-laser pulse mrradiation and proposed
formation mechanisms are summarized in table 2-1. The main
LIPSS formation mechanisms are discussed in the following.

Table 2-1: Literature summary of LIPSS reported on different solids (metals,
semiconductors and dielectrics) upon near-infrared fs-laser pulse irradiation
(A=740-800 nm, 1=25-160 fs, v<5 kHz) and nearly normal incidence in air or
vacuum, and proposed formation mechanisms. Lattice structure:
c—single-crystalline, a—amorphous; LIPSS orientation: - ripples aligned
perpendicular to polarization, || ripples aligned parallel to polarization; LIPSS
formation mechanism: Sipe: Sipe theory [SYP*83], SPP: surface plasmon
polariton, roughness effect, heat effect, surface plasma, interference mechanism,
Drude: Drude model for transient optical properties, CE: Coulomb explosion.
Material classes: metal-red color, semiconductor—green color, dielectric—blue
color.



Maranial ALSFL (am) AHSFL (am) Reference and mechanisms
[YPD'83] Sipe model, [ GIK'11,
Al 500-530 L 20 - 220 e
DIS12]
A chp b [HG10, VMGO7] SPP+roughness+heat
[WG05, W07 1
270-370 - [SHT08] Surface plasma
C 500- 700 L ’
b [WG05, WGOT]
Ni 750-760 - 200 || [ GCP*11, CGB'12] SPP+Drude
[ HG10, VMGO7] SPP+roughness+heat
Pt 550 - 700 L !
[0HM10] surface plasma
Tl [oHM"10] surface plasma.
200 - 400 L
500 - 700 - Ll .
70-90 | [BKH'12, GEI'09, VGO7I.
Interfernce+SPP
L 400 - 600 L [0HM'10], surface plasma [ZMWOT]
[0HM10], surface plasma
M 470-720 L :
O : [VGO8b] SPP+roughness+heat
CuZn 600-680 L [HZC'09] Interference+SPP
Steel 316L 660 L [DSS'10]
Steel X40Crl4 550-580 L [BVA+10]
c—InAs 700 L [BHO3]
[BKH'12, BRK0O9, DIT'13] SPP,
[YPD'83] Sipe model,
c-Si 560-730 L [BK10, BRK11] Sipe model+Drude+SPP
[BBK'02, WGO7]
[SRO'12, SR0713]
Sipe+Drude
e np 590 - 750 L 330 - 360 L [CKRO4, BMS05]
c—GaP 520- 680 L 150- 175 L [HCT'0T7]
c~Zn0 630-730 - 200- 280 L [DRD'09]
[WMF'03]
di d 750 L )
s 210 || [HZC'09] SPP+CE
[HRK'12] Sipe+Drude
a—Si0, 500 - 800 || 170 - 400 L [BKH'12, RDH+11, SLV 08, RR12],
[BNJ14] Surface plasma
c-Si0z 460-900 || 170-450 L [HRK'12] Sipe model + Drude
graphite 70-170 L [HZC'09] SPP+CE
c-SiC 500 L 250 L [YUK10]

2.2.1 The Sipe diffraction theory

For the classical LSFL ripples, Sipe theory has been widely
accepted to describe the formation, based on the interference
between the incident laser and surface-scattered electromagnetic
wave [YPD83, SYP'83]. I. E. Sipe et al developed the theory of
LIPSS formation by associating the Fourier component of LIPSS
with the corresponding Fourier component of inhomogeneous
energy deposition beneath the surface [SYP'83]. Sipe theory
describes the electric field intensity distribution created by a plane
wave mcident on a thin, rough surface selvedge region, whose height
1s much less than wavelength. The roughness of the surface selvedge
region 1s characterized by shape factor s and filling factor F. Shape
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factor s 1s the ratio of the correlation distance on the surface to the
thickness of the selvedge, corresponding to the shape of
nanoparticles which make up the rough surface. Filling factor F

represents the fraction of the surface filled up with the nanoparticles.
Ki

I"F

Figure 2.2: Drawing of laser beam incidence on rough surface in Sipe theory.

A sketch of the geometry of the laser beam incidence on a rough
surface in Sipe theory is shown in Fig. 2.2. The region z>0 1s air and
the region z <0 represents the bulk material. The surface roughness
1s confined in a region of thickness /;. The incident laser with s or p
polarization carrying the wave vector Kr is incident on the rough
surface at an angle of incidence €, which has a component K; in the
horizontal plane. The LIPSS wave vector 1s K=2n/A. Sipe theory
provides an expression for the inhomogeneous energy deposition on
the surface, which is proportional to #(K, K;i)*|b(K)|, where the
efficacy factor n(K, K;) describes the efficacy with which the
roughness leads to an inhomogeneous energy absorption at K; |b(K)|
represents a measure of amplitude of the surface roughness at K. It 1s
assumed that ripples grow where the absorbed energy is the largest.
Because |b(K)| varies slowly for a surface with homogeneously
distributed roughness, the efficacy factor #(K, K;) exhibits sharp
peaks at certain K, which determines the spatial ripple periodicity
[SYP'83].

Sipe model based on a modulated energy deposition was in
good agreement with many experimental results, such as LIPPS on
metals [YPD*83, SYP*83], semiconductors [YPD'83. SYP*83,
SRO"13] and dielectrics [HRK12].

However, along with 1its strong predictive character on
processing features, Sipe model itself has some limitations. Firstly,
Sipe model 1s an approximate solution, in which the longitudinal
component of the electromagnetic field is treated by a variational
principle and the transverse component of the electromagnetic field
1s treated by a perturbation series. The accuracy of Sipe model is
limited. Secondly, the physical nature of the electromagnetic field
structures “radiation remnants” in Sipe model 1s still a question,
which takes the place of the surface-scattered wave concept in the
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semiconductor. Finally, for metal, the excitation of surface plasmons
may take the place of radiation remnants in Sipe model. The
relationship between radiation remnants and surface plasmons is not
clear [SYP*83].

To overcome these problems in Sipe theory, other mechanisms
are proposed, such as second harmonic generation (SHG) on
surfaces [BHO3], transient changes of the optical properties in the
excited material during the laser pulse [WMF'03], as well as
self-organization based on the instability of excited materials
[VRV'15]. However, none of the above mentioned mechanisms can
explain all characteristics of LIPSS.

2.2.2 Surface plasmon polariton (SPP) mediated LIPSS
formation

In the Sipe theory, altemmatively or in addition to
surface-scattered electromagnetic waves on metal surface, surface
plasmon polaritons (SPPs) may play an mmportant role. Sipe et al
[SYP"83] indicated that the formation of LSFL ripples on metals can
m particular conditions, be seen as deriving from the interference
between the incident laser and SPPs where the former can be a type
of surface scattered wave.

When a linearly polarized laser pulse is urradiated at the
air-metal interface at the incident angle of 6, the period 4 of LIPSS
formed due to the interference between the incident laser and the
excited SPP 1s given by [FS82, ZFS82, SF86, VMGO07]

]

A
= 2-1
n+siné 2-1)
n=Re gil @-2)

Here 4 1s the incident laser wavelength, # 1s the real part of the
effective refractive index of the air-metal interface for surface
plasmons, ¢ 1s the dielectric constant of the metal. Under the intense
ultrafast mrradiation, the effective refractive index may change and
affect the scattered wave or surface plasmons.

C. Guo et al investigated fs-LIPSS on metal Pt and Au and
found that both the calculated periods of Pt and Au are
overestimated by about 30% in SPP theory, which was explained by
the mcrease in the real part of the refractive index duo to the effects

of surface nano- and micro-roughness, as well as a heating effect
[VMGO7].
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M. Huang et al proposed the mechanisms of initial direct
surface plasmon (SP)-laser interference and the subsequent
grating-assisted SP-laser coupling to explain the LIPPS formation on
all the solids including metals, semiconductors and dielectrics,
which 1mvolve the grating-coupling mechanism leading to the
decrease of spatial periods  with the increase of groove depth.
[HZC*09].

The theory of SPP-mediated LIPSS formation can explain some
experiment results on metals [ZCL"15], for example, LSFL on metal
Ni [GCP'11], Al and brass [YPD83]. However, J. Z. P. Skolski et
al ‘s investigation by FDTD simulations showed that the propagation
of SPPs 1s not a necessary condition for LSFL formation, moreover,
the grating-assisted SP-laser coupling mechanism proposed by M.
Huang [HZC709] seems inapplicable because the spatial periods of
surface structures are same as the periods of energy modulation. This
mdicates a need for further experimental clarification and evidence
towards the behavior of non-plasmonic metals, semiconductor and
dielectric surfaces and the potential that they may support SPP
during the 1rradiation by short-pulse laser around the
damage-threshold fluence.

2.2.3 FDTD-electromagnetic (EM) approach

The finite-difference time-domain (FDTD) method can simulate
light propagation, scattering and diffraction phenomena by solving
Maxwell’s equations numerically. The method was introduced by
Yee in 1966[Yee66] and since then has been a powerful engineering
tool for integrated and diffractive optics device simulations. J. Z. P.
Skolski et al proposed the numerical method based on the
finite-difference time-domain (FDTD) method to investigate
qualitatively LIPSS formation on rough surface and the effect of
mter-pulse feedback mechanisms [SRO"12, SRO"13, SRO"14],
which 1s smplified as FDTD-EM approach here. Not including
mcubation effects and the thermodynamics of molten or ablated
materials,ablation model (HAM) 1s used as rough surface model in
this approach, shown in Fig 2.3(a). The FDTD method can provide
electric field distributions in the vicinity of the surface, identifying
thus electromagnetic effect in the definition of anisotropic energy
absorption patterns. Present approaches takes into account the role of
scattering from surface roughness and the creation of stationary field
patterns with evanescent components. It will be shown n this work
that the FDTD approach can take into account the effect of
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polarization and topographic surface features, being thus a powerful
mstrument in LIPSS analysis [ZCL™15].

A recent advance in FDTD methods applied to LIPSS consists
of the attempt of accounting for feedback effects. After the first laser
pulse, the absorbed electromagnetic energy i the surface layer
causes the modification of rough surface by material removal. After
next laser pulse, the new surface morphology is used for subsequent
FDTD simulation, leading to a new absorbed energy profile and a
further modification of the rough surface. Hence, the feedback cycle
can be iterated many times until expected LIPSS form. The sketch
map of inter-pulse feedback mechanisms in FDTD smmulations 1is
shown in Fig. 2.3(b).
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Figure 2.3: (a) holographic ablation model used in FDTD simulations. (b)
Inter-pulse feedback mechanisms in FDTD simulations [SRO"14].

“Abkution l Foodack

Some of the main conclusions derived from employing FDTD
methods are emphasized here [SRO™14]:
(a) For LSFL formation, surface plasmon polaritons (SPPs) are not a
necessary condition. The grating-assisted mechanism proposed in
Ref. [HZCT09] can’t explain the periodicity decreasing of LSFLs
with increasing pulses because the spatial periods of surface
structures are same as the periods of laser-induced energy
modulation.
(b) HSFL orthogonal to the polarization looks like double frequency
of LSFL 1n spatial frequency domain, which 1s a striking result of the
FDTD-feedback simulations.
(c) Except HSFL on semiconductors and dielectrics, HSFLs parallel
to the polarization can be expected on metals, which are m
agreement with experimental results.

14



(d) Groove (micro-ripples) parallel to the polarization can be
predicted by the approach. Grooves without LSFLs were not found.
However, the deficiencies of FDTD-feedback simulations are
also listed in the following:
(a) HSFLs parallel to the polarization form only when Re(i)> Im(1),
which 1s not in agreement with the experiment results on alloyed
steel and titanium [SRO*14]. The reason may be from the algorithm
chosen for the FDTD calculations depended on the optical properties
of the medium. In cases where Re(fi))<Im(il), the Yee algorithm 1s
unstable [Kok12] and the auxiliary differential equation method was
used [THOS].
(b) The FDTD-EM approach provides a rather embedded result of
EM numerical calculations, that does not uncover the underlying
physics of LIPSS formation, for example, HSFL orthogonal to the
polarization with double frequency of LSFL in spatial frequency
domain, grooves only with LSFL. Giving global field solutions, the
access to sources and electronic currents is problematic.
(c) The FDTD-EM remains simplistic without the inclusion the
complex processes, such as transient excitation, incubation effect,
SHG [DRD"09] and self-organization based on material movement.

2.2.4 Self-organization model based on material instability

Inspired by the similarity of the laser-generated patterns with
the patterns induced by energetic 1ons, self-organization model upon
femtosecond laser ablation [RCH™02, RVV'll] is proposed
according to the existing formation theory of ion-beam induced
ripples [BH88] with a dependence on laser polarization related to an
asymmetry in the ionized Kkinetic energy distribution [RVV™11],
which supposes an active contribution of the uradiated unstable
material. The absorbed laser energy causes an unstable surface
region by the perturbation and softening of the crystal bonding,
where self-organization 1s driven by competition between surface
roughening due to erosion and smoothing, leading to LIPSS
formation in the laser-modified area [RCB06, VRR10]. Spatial and
temporal evolution of the perturbed surface can be represented by
nonlinear equations of the Kuramoto-Sivashinsky type [KT76,
S1v79]. Marangoni effect may also play a role in LIPSS formation.
Marangoni effect cause the liquid flowing from the hotter to the
cooler regions in the molten material because surface tension
decreases with increasing temperature for most liquids [BKG™97],
which 1s also called thermo-capillary convection [Get98].
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Until now, self-organization model has estimated LIPSS
formation, interaction times/number of incident pulses, as well as the
relative influence of input energy on the ripple period [VRRI10].
However, self-organization model 1s just a possible scenario and was
not yet verified by experiments. It nevertheless positions itself as an
alternative process to the coherent interference model nvolving
surface waves.

2.2.5 Second harmonic generation (SHG)

Femtosecond laser ablation towards regular patterns may
equally include some nonlinear effects generated at the surface, as
among them second harmonic generation (SHG). SHG 1s related to
the surface-generated symmetry breaking. It 1s still in debate if SHG
might be mvolved in the formation of the HSFL, however its
mvolvement was justified by the appearance of structures of higher
periodicities. For example, J. Bonse’s investigation revealed the
SHG 1s generated in the regime of HSFL formation on ZnO by
spectroscopic experiments [DRD*09]. However, other experiments
on TiOz and Al;Os surfaces confirmed that SHG does not affect
ripple periodicity [BRS*11]. The inconsistencies of these results still
promote a debate if SHG contributes to LIPSS formation.

2.2.6 Transient optical coupling for LIPSS

In order to explain the LIPSS spatial periods of subwavelength
range 1n ultrafast laser ablation of various semiconductors, J. Bonse
et al proposed an approach, which combines the Sipe theory with the
transient excitation and the intra-pulse transient changes of the
optical properties in the wrradiated materials [BRK11]. Thus, with
Drude-like free-electron contributions in the optical response, the
real part of the dielectric function will go down, potentially allowing
plasmonic excitation if the synchronism conditions permit. This
approach 1s proposed to explain the LSFL formation on silicon
originating 1n a spatially modulated energy deposition at the surface
due to the interference between the incident laser beam and the
excitation of surface plasmon polaritons on the dense
free-electron-plasma in the excited material during the pulse. This
approach and the role of the feedback upon the multi-pulse
rrradiation are shown 1n Fig. 2 4.

However, LIPSS formation on Ge can be explained by Sipe
theory without transient optical properties [YPD83]. In addition, it
1s an important question if transient changes of the optical properties

16



m the irradiated semiconductors could support SPPs in the pulse
duration. And it needs strong experimental evidences that the
mtra-pulse transient changes of the optical properties in the
irradiated materials contribute to the LSFL formation.

Due to the importance of the time-varying optical coupling
during wrradiation, the issue of optical transients will be detailed in
the next chapter, in a general context of ultrafast laser-material
mteraction.
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Figure 2.4: Scheme of physical processes involved in the formation of LSFL on
silicon surface upon femtosecond laser pulse irradiation [HHR15].

Recently, J. Bonse et al reported the experiments, in which
LIPSS formations on fused silica, silicon and titantum were studied
with linear, parallel or cross-polarized, two-color double-fs-pulse
sequences (50 fs, 400 nm and 800 nm) under sub-threshold
conditions i the temporal pulse delay (-10 ps < t< +10 ps)
[HHR"15]. They concluded that LIPSS on silicon and titanium can
be explained by a plasmonic mechanism. In contrast, LIPSS on
fused silica can be explained by a non-plasmonic mechanism, m
which the transient carrier profiles generated by laser pulses scatter
mto self-trapped excitons (STE) and color centers as a seed for
mcubation effects leading to locally modulated ablation.

All these observations show the multitude of hypotheses and
scenarios 1n ripple formation, requiring thus novel physical insights
to foster further understanding.
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2.3 Materials transformations under LIPSS

Material response to laser irradiation usually results
permanent changes to the chemistry, composition, crystal structure
and morphology of material surface.

For multi-component materials, the species in the surface layer
may be depleted at different speeds in laser ablation in fluence
regimes connected with mmhomogeneous heating, leading to the
changed chemical composition of the remaining material [MCRO98].

In ultra-fast laser wrradiation, the large temperature gradients
mduced by rapid heating generate thermal stresses and
thermo-elastic acoustic waves, resulting in the mechanical response
of the material, for example, hardening and warping [CFW™77].
When the material 1s heated above melting point, hydrodynamic
motion can reshape the molten material. For example, convective
and thermo-capillary forces can cause the retribution of molten
material which frozen during solidification. Laser ablation 1s always
accompanied by a dense vapor plume including atomic and
molecular species, and solid and liquid clusters of material ejected
from the irradiated surface. Recoil from the plume also generates
shockwaves, resulting in plastic deformation and hardening of the
material. The recoil can also expulse the remaining molten material.
Residual heat left in the remaining material can cause further melting
or other thermally activated processes.

After rapid heating, the condensation of plume material leads to
the formation of clusters and nanoparticles at the surrounding areas
of the ablated region. Rapid self-quenching of the material can
freeze in defects, supersaturated solutes and metastable phases.
Slower re-solidification can induce the recrystalization of the
material.

Energy relaxation depends on the strength of electron-phonon
coupling [CGF*12]. This shows an influence of the strength of the
electron-phonon coupling on ripple formation.

Material responses and final properties are dependent on the
laser parameters. For the desired application, final materal
properties after urradiation can be precisely controlled by choosing
the appropriate laser parameters.

18



2.4 Applications of LIPSS in material surface
processing

There are several conventional techniques for surface
processing, for example, mechanical surface processing, sand
blasting with Al,Os particles or acid etching that roughen surface
randomly but may contaminate the material [BLZ*11]. These are
complex procedures and cannot process non-planar surfaces in the
micro/nano-scale. Ton beam and electron beam milling which can
fabricate nanostructures precisely but cost expensively and need the
vacuum condition [SMZ*13].

Unlike conventional techniques, lasers provide a fast,
non-contact, precise and clean alternative for surface processing in
ambient conditions. As one of the major advantages, laser has the
ability to precisely control deposited energy i desired regions and
energy rates by many methods, for example, beam steering by
galvanometric scanning mirrors, beam shaping with amplitude
masks, refractive elements [RD96] and diffractive optical elements
[MNK 98] as well as spatial light modulators [SHA05]. Duo to the
advantages, laser has been applied widely n the surface processing.
Beyond the idea of accurate remote processing, the possibility of
achieving multiscale structuring in periodic patterns is of interest.
Thus, LIPSS provides a fast, precise and low-cost tool for surface
micro/nano-structuring and the possibility to design hierarchical
surfaces and models for structured contact interfaces in optics and
mechanics. Some specific applications of LIPSS are discussed in the
following.

2.4.1 Surface wetting

Inspired by the remarkable nature example of the lotus leaf,
super-hydrophobic surfaces mduced by hierarchical
micro/nano-structures were demonstrated, as shown in Fig. 2.5(a, b)
[Blo03, ZSB'08]. Except the hierarchical topography surface
chemistry also contributes to the wettability, such as pH, H
adsorption, oxidation, etc. LIPSS including hierarchical
micro/nano-structures can thus precisely control the surface wetting
characteristics with super-hydrophobic [BZS™09] or
super-hydrophilic properties [VG10] by the choice of laser
parameters. An example of laser-induced hydrophobicity 1s shown in
Fig. 2.5(c, d) [BZS™09]. Laser surface processing has been widely in
the applications for surface wetting, for example, self-cleaning
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surfaces [BZS709], micro fluidics [GVM™12], water proof and
de-icing coatin s for aviation CNM*H :

Figure 2.5: (a) Water drops on a lotus leaf (b) SEM image of the
micro-structures on the surface of a lotus leaf (scale bar 10 um) and inset:
nano-structures (scale bar 5 um) [Blo03]. (¢) SEM images of femtosecond laser
textured Si surface showing micro-structures (scale bar Sum) and inset:
nano-structures (scale bar 1 pum) . (d) A water droplet on a laser-structured Si
surface [BZS709].

2.4.2 Tribology and microfluidics

For years, laser surface texturing (LST) has been used to enhance
the tribological properties of material surface [DWC'15]. For
mstance, the structuring of cylinder walls in combustion engines
serving as reservoirs for oil can prevent the breakdown of oil-film,
resulting in significantly reduced particle emission [AKOI]. In this
case, ultrashort laser pulses can produce high quality shallow
structures, for example, LIPSS, without recast layers and burr
[WDO04]. LIPSS can align and orient the liquid flow, offering the
potential application in the microfluidics.

2.4.3 Modification of optical properties

LIPSS can be used as a dye-free coloring on materials allowing
changing the color appearance, for instance, A. Y. Vorobyev et al
produced a light yellow Al, a bluish Ti using a diffractive effect
generated on rippled surfaces [VGO7]|. The color appearances on
metal are dependent on the spatial periods and orientation of
nano-ripples, which can be controlled by laser parameters [DSS*10].
Fig. 2.6 shows a remarkable example of colorful picture created by
fs-LIPSS on a stainless steel [DSS™10].
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Figure 2.6: Colorful picture comprised of controlled nanostructures by
femtosecond laser pulses on 316L stainless steel [DSS™10].

2.4.4 Marking and coding

LIPSS can be applied in marking and coding for authentification
and traceability. Color marking is made by the use of ordered
nano-ripples with designed orientation and spatial periods on desired
regions, which are controlled by laser parameters [DSS*10].
Two-dimensional data codes can be written, consisting in an array of
controlled nanostructures by femtosecond laser pulses which are
useful for traceability [Lanl1]. The process can be rendered parallel
by laser beam shaping technologies employing spatial light
modulators. An example 1s the colorful marking and
two-dimensional code created on stamless steel by femtosecond laser
pulses from French Qiova Company in Fig. 2.7 [Qi016].

Figure 2.7: Marking “Qiova” and two-dimensional codes consisting of
controlled nanostructures by femtosecond laser pulses on stainless steel [Qio16]
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2.4.5 Light trapping and emitting

Light trapping 1s useful for photodiodes, sensors and solar
harvesting cells. Multiple length scales of surface features reduce the
reflections based on three mechanisms dependent on the size of
surface features: (a) For feature size much longer than the incident
wavelength, light trapping due to multiple reflections from
protruding structures enhances coupling into the material, moreover,
refraction at oblique angles increases the effective optical path
length; (b) For feature size close to incident wavelength, light
trapping due to scatter increases the effective optical path length and
enhances absorption; (c) For feature size much smaller than incident
wavelength, light trapping due to moth-eye effect reduces reflection
[SMP10].

LIPSS, smmilar to a surface grating, induces the dispersion, but
LIPSS usually doesn’t enhance the absorption significantly due to
their shallow height [VGO8a]. However, laser-induced arrays of
high-aspect-ratio cones or columns features can trap light efficiently
[SMA™96]. For example, the micro-structured silicon with
micro-cones by femtosecond laser in the atmosphere of SFs shows
the broadband reduction in reflectivity [SWC¥05].

LIPSS can enhance the efficiency in light emitting devices,
useful for solid state illumination. Increased emission by LIPSS 1s
due to the surface increase and sharp surface nanostructures reducing
the work function of material [BSS™11]. LIPSS can also change the
emission spectrum. For example, the efficiency of lamp was
mcreased and the emission spectrum can be controlled by making
LIPSS on the tungsten filament in lamp by fs laser [VMGO9,
Wan09].

2.4.6 Bio-medical application

LIPSS has been widely used m biological and medical
applications. For example, LIPSS on biological implants encourages
cell growth and improves osseo-integration [KCB™04, CBB*02].
Another example 1s the black S1 with LIPSS created by fs laser,
which has the bactericidal function [I[HW7*13]. For a remarkable
example, LIPSS on noble metals can be used as high-efficiency
substrates for surface-enhanced Raman spectroscopy (SERS)
[MDL*14].
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2.5 Challenges and opportunities

LIPSS formation involves a range of complex processes related
to optics, photophysics, photochemistry, thermodynamics,
hydrodynamics, condensed matter physics, plasma and so on. Only
considering optical features, the scenarios of LIPSS formation put
forward features of linear and nonlinear optics, such as scattering,
mterference, excitation of surface plasmon polaritons (SPPs),
excitation of plasma, second harmonic generation (SHG) and
transient changes of the optical properties in the nrradiated materials.
For ultrafast laser ablation, it i1s a challenge to investigate the
complex LIPSS formation in fs-ns time domain, in which limited
mstruments can be applied.

Until now, LIPSS formation mechanisms are not yet fully
understood and still under debate. Sipe theory has been widely
accepted to explain the LSFL formation based on scattering and
mterference, but Sipe theory still faces some challenges especially in
the limited accuracy. However, potential self-organization model
only works 1n ultra-short pulse, not proper for the laser with long
pulse duration related to the weaker laser peak fluence. FDTD-EM
approach offers a precise numerical tool to investigate LIPSS
formation in the electromagnetic domain, which showed that the
propagation of SPPs 1s not a necessary condition for LSFL formation
and the grating-assisted SP-laser coupling mechanism seems
mapplicable because the spatial periods of surface structures are
same as the periods of laser-induced energy modulation. In that
concern LIPSS formation theories respectively mediated with SPP,
SHG and mtra-pulse transient optical properties, they still need
strong experimental evidences.

LIPSS 1s a universal phenomenon on almost all the solids
mduced by the lasers ranging from long pulse to ultra-short pulse.
Their appearance on the different materials such as metals,
semiconductors and dielectrics, the parts of LIPSS mainly related to
LSFL are very similar, which reveals a common LIPSS formation
mechanism existing in all solids in the electromagnetic domain.
However, now the LIPSS formation theories are different on metals,
semiconductors and dielectrics. For example, the interference with
SPPs 1n Sipe theory for metals, the interference with
surface-scattered electromagnetic wave 1n Sipe theory for
semiconductors, plasma-mediated formation resulting m regular
patterns of self-trapped excitons (STE) and color centers-mediated
structural transitions for dielectrics need to converge towards more
unified frames. This implies further consideration and we have
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identified opportunities to find common LIPSS formation
mechanisms on metals, semiconductors and dielectrics 1n the
electromagnetic domain by FDTD-EM approach.

Except LSFL and HSFL, other laser-induced
micro/nano-features such as such as bubbles, cones, columns and
abnormal ripples as well as macro-structures, and in general surface
topographies should be taken into LIPSS formation theory.

In order to explain the complex LIPSS formation i ultrafast
laser ablation, more experiments need to be designed and carried out.
For example, fs laser-induced transient optical properties can be
measured to check the LIPSS formation theory m connection to
transient optical properties. In addition, for some complex materials,
such as bulk metal glass, there are some distinctive types of LIPSS,
which also need more investigations.

2.6 Conclusion

In this chapter, we introduce the general aspects of
laser-induced periodic surface structures (LIPSS). Several LIPSS
forms and periodicities reported on different solids upon
near-infrared fs-laser pulse wrradiation were reviewed. However,
LIPSS formation mechanisms are not yet fully understood and still
under debate until now. Several LIPSS formation theories with
merits and limitations are introduced, including Sipe theory,
FDTD-EM approach, self-organization model of unstable matter and
LIPSS formation respectively mediated with surface plasmon
polariton (SPP), second harmonic generation (SHG) as well as with
the evolution of optical properties during mrradiation. We introduce
material transformations under LIPSS, related to the permanent
changes of the material in the chemistry, composition, crystal
structure and surface morphology. At last, we show the applications
of LIPSS 1n material surface processing, including surface wetting,
tribology, modification of optical properties, marking and coding,
light trapping and emitting, as well as bio-medical application.
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Chapter 3

Dynamics of excited materials:
fundamental processes 1n optical
coupling and laser ablation

In this chapter, with a brief introduction of optical properties, we
discuss various complex processes in the ultrafast laser-matter
mteraction. We also review fundamental transient electronic and
structural effect that define the coupling of ultrafast laser radiation
and material, from band population and Fermi smearing to
bond-breaking and structural rearrangements.

At first, this chapter briefly introduces the optical properties of
solids. Then the accent 1s put on the fundamental processes of laser
ablation. Next, the transient responses of metals to ultrafast laser are
mtroduced, focusing on the electronic, lattice structure and
plasmonic effects. Finally, we introduce the transient responses of
semiconductors to ultrafast laser radiation, involving the changes of
electronic configuration and lattice structure due to optical
excitation.

3.1 Optical properties of solids

At first, the electronic origin of optical properties in solids 1s briefly
mtroduced. The propagation of an electromagnetic wave n a
material 1s determined by the responses of the material to electric
and magnetic fields, which are characterized by the dielectric
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constant &, the magnetic permeability x and the electric conductivity
o. For the optical part of the electromagnetic spectrum, the magnetic
permeability can be taken to be p=1 [LL84]. As a result, the optical
response of a material 1s solely determined by the frequency w of the
oscillating electric field, and thus dispersion occurs. The
frequency-dependent phase velocity v of wave in a material 1s given

by

(@) = TS (3-1)

where &(®) 1s the dielectric function of the material; n(w) 1s the
refraction index, governing the linear response of a material to light.

Drude-Lorentz model describes successfully the optical
properties of many metals and semiconductors, particularly in the
near infrared range, despite the use of only a few parameters. For
example, Drude model of Ag and Lorentz model of Te are shown in
Fig. 3.1, matching reasonably the measurement results.

Optical properties are related to the electronic structure of
materials. In metals, the dominant contribution to the dielectric
function arises most commonly from free-carrier interaction. The
excited electrons undergo intraband transitions from an occupied to
an unoccupied state in the same band around the Fermu level.
Considering the response of free electrons (considered as individual,
non-correlated particles) to the electromagnetic wave of the
oscillating frequency ®, the dielectric constant 1s given by Drude
model:

g(@)=1- { Ne’ J L. &' (o) +ie" (o) (3-2)

me, |@* +iyw

Here N is the number of free electrons, e 1s electron charge, m is
electron mass, o 1s the light frequency, y is the collision frequency,
go 1s the electric permittivity of free space, ¢’(w) 1s the real part of
dielectric function and &”(w) 1s the imaginary part of dielectric
function. The collision frequency y 1s the damping factor of electrons,
contributing the 1imaginary part of dielectric function, which
determines the absorption. In the framework of Landau’s theory, n
the low temperature limit Te << Tr (Fermi temperature), the collision
frequency vy 1is proportional to Te? [FFH01]. The collision frequency
1s a sum of contribution of electron-electron interactions (provided
that the total momentum changes, e.g. umklapp teractions),
electron-phonon/ion and electron-defect contributions.

If y9<<w (for collisionless materials, such as plasma), the
maginary part of dielectric function vanishes and the real part
becomes
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Here wp 1s the plasma frequency. In addition, for plasma of free
electrons with small nonzero damping, the effect of the collision
frequency y 1s to reduce the forbidden band of frequencies.
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Figure 3.1: (a) Drude model of Ag. (b) Lorentz model of Te. Black lines
represent literature values of Re[e] (solid) and Im[e] (dashed) [Pal85], while
gray lines represent the best-fit values of Re[€modet] (solid) and Im|emodel]
(dash-dotted).

Particularly n transition metals, d-orbitals can contribute to the
dielectric function via interband transitions. Generally intraband
transitions of polyvalent metals are evaluated as Ashcroft-Sturm
contributions to the Drude-like dielectric functions [AS71].

In semiconductors, the excited electrons undergo interband
transitions between valence band and conduction band. Considering
non-excited semiconductors and the response of bound electrons to
the electromagnetic wave of the oscillating frequency w, the
dielectric constant can be described using the Drude-Lorentz model:

(@) =1- { 2 J L + e /s (3-4)

®° +iyw &,m ZJ: (0] —0*)—iy,o

Here N 1s the total number of electrons and f; is the fraction of
electrons having a resonant frequency @; and damping constant ;.
The dissipation of electromagnetic energy absorbed by electrons is
maximal at resonance, which shows that the peak in the imaginary
part of the dielectric constant and the real part through zero are at the
resonance frequency (Fig. 3.1(b)).

The real and the imaginary parts of dielectric function are
linked by the Kramers — Kronig relations [Jac75].
vim[e(v)]

me,

Re[e(@)] =1+ %Pr dv—— (3-5)
0 vi—o

Im[z(®)] = 2w pjmdv#[g(:)] (3-6)
7w VvV —@
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Here P represents the Cauchy principal value. The real and
mmaginary parts of dielectric function are not imdependent, so that the
changes 1n one part cause the variation of the other.

Once the dielectric function of a material 1s known, all the
linear optical properties can be deduced. For example, the
reflectivity of a material 1s related to its dielectric function by the

Fresnel formula:
‘0059,. —J&—sin’ 6,

2

R o= 3-7
’ ‘0058,. ++/&—sin’ 6, G-D
R :‘gcosé’i—,ig—sinzﬂi [ (3-8)

‘ECOSQ +,/&—sin’ 6,

Here Rs, Ry, are respectively the reflectivities of s- and p-polarised
light at the plane interface between the vaccum and a medium of
dieletric constant &; @ 1s the incident angle. Fig. 3.2 shows the
reflectivities of of single-crystal silicon for s- and p-polarised 800
nm-light. For s-polarisation, the reflectivity monotonically increases
with the incident angle. However, for p-polarisation, there 1s a
minimum reflectivity at the Brewster angle of 74.86°. At normal
mcidence, the reflectivities for s- and p-polarised light are equal.
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Figure 3.2 Reflectivity of single-crystal silicon for p-polarised (red curve) and
s-polarised (blue curve) 800 nm-light as a function of the incident angle.

3.2 Ultra-short pulse laser interaction with solids

The laser—matter interaction has been the object of intense
research in the last few decades [BNJ14]. The laser—matter
mteraction in the ultrashort mode involves several complex
processes which put forward specific features related to
non-equilibrium and damped heat diffusion.

The first step in the laser—matter interaction 1s the deposition of
a certain amount of laser energy in the material. The spatial and
temporal laser energy distribution alongside material response
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determines the final modification of the solid surface. The process of
energy deposition 1s initiated by the absorption of photons by the
electrons by inverse Bremsstrahlung [SW79]. Consequently, the
electrons are excited from their equilibrium states to some excited
states and their distribution becomes broader by electron-electron
mteractions [CMN*96]. Both optical and electronic properties of the
excited metals can be described by the free electron gas
theory-Drude model in formula (3-2). For many transition metals,
except the free electrons, the quasi-bonded electrons in d-band also
contribute to the optical properties by the non-Drude interband
transitions.

For insulators and semiconductors, after photon excitation,
quasi-free electrons are created in the conduction band formed
mainly from antibonding states, meanwhile, holes are created mn the
valence band. A Drude-like contribution appears in the expression of
the dielectric function. The generated free-carriers are due to the
multi-photon 1onization, field 1onization, impact ionization and
avalanche 1onization [Sze81|. The dielectric constant of excited
msulators and semiconductors can be described using the
Drude-Lorentz model in formula (3-4).

The second step i1s the excited carrier thermalization. The
thermalization occurs via electron-electron collisions, and 1its
characteristic time depends on the energetic characteristics (ranging
from few tens of fs at low carrier energies to few fs at higher levels
of excitation). This process changes neither the total energy in the
carriers nor the carrier density but assists in defining an electronic
temperature by redistributing carriers over the band. At the same
time the total momentum stays unchanged unless for collisions
mvolving reciprocal lattice vectors (umklapp process), a
characteristics that will impact both optical and transport properties.
To exemplify in the case of metal, there are three processes of
excited carrier thermalizations after ultrafast laser pulse, shown in
Fig. 3.3. At first, ballistic electrons are generated upon ultrafast laser
rradiation and move into deeper parts of the sample (Fig. 3.3(a))
without suffering many collisional events. After the absorption of
ultrafast laser pulse, the thermalization of electrons occurs (Fig.
3.3(b)), leading to the Fermi-Dirac distribution of the electron
energy. At last, the electron-lattice system comes into equilibrium
state via electron—phonon coupling (Fig. 3.3(c)).
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Figure 3.3: Three processes of excited carrier thermalization by ultrafast laser
pulse in metals. (a) Photon absorption within the optical penetration depth
generates ballistic electrons which move with high velocity into deeper parts of
the sample. (b) Diffusive energy transport starts within the electron gas by
electron-electron collisions forming the equilibrium electron subsystem with a
Fermi distribution at electron temperature Te. (¢) The electron-lattice comes into
equilibrium state via electron—phonon coupling, energy transport now proceeds
by lattice thermal diffusion [HWG™00].

In semiconductors, there are three separate processes In
carrier-carrier scattering: electron-electron scattering, hole-hole
scattering, and electron-hole scattering [SMO02]. All three play a role
m carrier thermalization on different time scales. The time scale for
electron-electron scattering deceases with increasing conduction
electron density and 1t 1s less than 20 fs for electron densities greater

than 10'® cm™ 1n GaAs [LSF88].
(b)

ATNB ATVB N\
Figure 3.4: Relaxation processes in semiconductors: (a) radiative recombination,
(b) Auger recombination [Hua97] .

In various materials the excited carriers relax also in terms of
population number. To exemplify in the case of semiconductor, free
electrons and holes can recombine in the radiative or non-radiative
way, shown m Fig. 3.4.

Electron-phonon non-equilibrium: in ultrashort laser irradiation,
the laser pulse duration is shorter than the energy relaxation within
the electron-lattice system, resulting in the strong nonequilibrium
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system including the electron subsystem and lattice subsystem (Fig.
3.3(b)). To describe the nonequilibrium system, Anisimov ef al
proposed the one-dimensional two-temperature model (TTM)
[AKP74]:

oI, o o7,
,_ 0 et 3-9
%= 2 k%) -6t -1+ st (-9)
oI, o oL
am% -2 & )roa-n (3-10)

Here 7. and 7; denote the electron and lattice temperatures
respectively, Ce and C; are the electron and lattice heat capacities per
unit volume respectively, G 1s the -electron-lattice coupling
coefficient, K. and K; are the electron and lattice thermal
conductivity respectively, S(x,7) i1s the heat flux. Considering the
Gaussian laser pulse and ballistic electron range, the heat flux 1s
described by [HWG™00]

S(x.1) = 0_941RTJ-exp[x - 2.77[i] ] ! (3-11)
t,(5+6,) (5+3,) , { [ d }}
1—exp

(6+6,)

Here R and T denote reflectivity and transmissivity respectively, J 1s
the absorbed fraction of the incident mtensity, ¢ 1s the optical
penetration depth, dp 1s the ballistic electron range, d 1s the film
thickness on sample surface and #, 1s the laser pulse duration.

The last step 1s the material removal following the temperature
mcrease at the level of the lattice. Thermal processes occur after the
carrier-phonon relaxation and final lattice temperatures can be
calculated according to the two-temperature model. The material
response 1n the laser ablation is not only controlled by the physics of
coupling the optical energy into the material, but also by the
subsequent thermodynamics, following with the generation of a
liquid-solid interface and a vapor plume above the surface.

The mechanisms of matter removal via specific thermodynamic
trajectories can be visualized by the time evolution of the system
the phase space. Particularly instructive i1s the visualization in the
p-T plane [LLMO3] as it shows the material evolution via the local
density. A schematic overview of the thermodynamic pathways of a
hypothetical semiconductor or metal under laser irradiation 1s
depicted in Fig. 3.5 and this 1s discussed below:

Thermodynamic phases in laser ablation including solid, liquid,
gas, warm dense matter (WDM) [Gral4]| and plasma. Binodal line 1s
a boundary between the one-phase region (vapor, liquid,
supercritical) and the two-phase region (gas-liquid). Spinodal line 1s
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the coexistence of stable and unstable states and the boundary of
absolute instability. The common vertex of binodal and spinodal
lines 1s the critical point. The metastable regions (super-cooled gas
and superheated liquid (SHL)) are in the regions between the binodal
and spinodal lines.

Under fs 1irradiation, isochoric heating results in a strong
compression and pressure increase in the material in the GPa domain.
Later the pressure is released via adiabatic mechanical expansion. At
high energies, the rapid expansion causes the transition into plasma
and gas phases without crossing a liquid boundary, through
fragmentation (A-A”-U). In contrast, at the middle energy density
domain, closer to the ablation threshold, the excited material enters
the metastable regime near the spinodal limit in adiabatic cooling
(A-A’-W-Y). Then the metastable material converts into a mixture
of liquid and gas via the homogeneous bubble nucleation (Y-Z).

In the case of nonisochoric heating, the excited material cools
along the binodal line by thermal diffusion towards the liquid-gas
regime (B-B’-W), The ablation by fragmentation only occurs in the
regions above the critical point.

In the case of slow heating with a slow expansion along the
binodal limit, the material likely reaches the critical point where
phase separation occurs. For laser duration 1™100 ns, surface
evaporation may also occur.

T

Plasma Az

Figure 3.5: Thermodynamic pathways of a hypothetical semiconductor or metal
under laser wrradiation. Thin black line: binodal; thick green line: spinodal; cross:
critical point. L: liquid; G: gas. SCG: supercooled gas. SHL: superheated liquid.
[LLMO3]

From Fig. 3.5, the ablation mechanisms by ultrafast laser
nradiation are summarized as follows: (a) Near-threshold ablation
(A-A’-Y-Z) involving the rarefaction wave [SBC98]. bubble and
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liquid generation, and shock wave in the time domain from hundreds
of ps to tens of ns after excitation [RSL702]. (b) Fragmentation
(A-A"-U) mvolving the generation of WDM and plasma. (c)
Explosive boiling (Y-Z near the critical point) meaning a rapid
transition from a superheated liquid to a mixture of vapor and liquid
droplets with an explosive development of nucleation centers. (d)
Ultrafast melting involving heterogeneous nucleation (at possible
defects on material surface at melting point Twm), homogeneous
nucleation (at temperatures T>1.5%Tw), as well as non-thermal
melting (1onic deformations faster than the picosecond time scale of
thermal melting [SBJ703]). (e) Critical point phase separation (CPPS)
[VIL™01] (A-A"-X) involving the spinodal decomposition near the
critical point.

In total, the ablation mechanisms mentioned above and their
characteristic time scales are summarized m Fig. 3.6.

Intensity

Metals Semiconductors & Dielectrics

Excitation

Melting

overcritical
fluid

/- Rarehacion wave>
Fleterogeneous Horlﬂog-en s
nucleation _nucleation

Y aporization st Phase explosion
Normal boiling CPPS

ns [~/ heterogeneous
Ablation i melting

Figure 3.6: Map of excitation/ablation mechanisms and their characteristic time
scales (based on [RSL704]).

After ablation, the re-solidification or condensation of excited
material takes place as the temperature of lattice decreases below the
melting or boiling points respectively. However, some changes
occur in the surface layer. For example, a micro-crater is formed
after evaporation and ablation. In addition, material phase may be
changed after ablation. Examples mvolve a range of structural
transitions occurring either under pressure drives or by rapid cooling
from liquid phases. An illustrative example is the transition from
crystalline to amorphous phases in GeSb films [SSB™98] but
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graphite to diamond transitions [IKM™*15] or crystalline changes in
metals [SMG™14] are equally seen.

3.3 Transient responses of metals to ultrafast laser

The dielectric function is an intrinsic material property, related
to the electronic configuration and lattice structure. Any variation in
the electronic configuration or lattice structure can change the
dielectric function. Transient responses of metals to ultrafast laser
radiation involve complex processes related to the -electronic
configuration and lattice structure, such as the photo-excitation of
s/p- and d-electrons, electron-electron thermalization, changes of
electronic configuration, electron-lattice thermalization, lattice
disorder and so on. The complex processes in excited metals are
briefly introduced in the three aspects of electronic effects, lattice
structure effects and plasmonic effects in the following:

3.3.1 Electronic effects

Irradiating metals by ultrashort laser pulses (in the order of
sub-picosecond) can result in a significant rise of the electronic
temperature while preserving at the same time a cold 1onic lattice.
Such extreme nonequilibrium on picosecond time scale impact the
excited material properties in terms of optical coupling, transport
characteristics and phase transitions. The extreme nonequilibrium
state triggers new thermodynamic regimes for highly excited solid
materials 1including the excitation-dependent band structure
evolution.

At first, the variation of electronic configuration and transient
optical responses to ultrafast laser radiation are introduced by the
example of metal gold. Fig. 3.7 shows the schematic of the density
of energy states (DOS) of gold [HWG™00]. The free electrons are in
the s/p band. The energy difference between Fermi energy Er and
the top of the d band 1s 2.47 eV (502 nm), called interband transition
threshold (ITT). For the excitation photon energy below ITT, only
free electrons are excited and the d band is not perturbed. However,
for the excitation photon energy above ITT, electrons in the d band
are excited and absorb the energy.
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Figure 3.7: Schematic of the DOS of gold [HWG00].

Under ultrafast laser irradiation, the electronic configuration of
gold changes, leading to the transient optical responses. For example,
the transient reflectivity of gold excited by 800-nm (1.55 eV) fs
pump and with fs probes of varying wavelengths 1s depicted in Fig.
3.8, showing that the transient optical dynamics are related to the
variation of electronic configurations [GX14].
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Figure 3.8: (a) Transient reflectivity of gold excited by 800nm pump-photons at
5.28 mJ/cm? fluence and probed by varying wavelengths, with curves shifted
vertically for clarity. (b) Dependence of the amplitude of the transient
reflectivity on the probe photon energy (the vertical dashed line marks the
energy for ITT) [GX14].
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For 150-fs pump at higher photon energy of 3.1 eV (400 nm) and
the fs probe with the associated spectrum varying from 1.50 eV to
2.85 eV, the transient dielectric function of the warm dense gold are
shown in Fig. 3.9, showing the dielectric function dynamics of
mtraband (below 2.37 eV) and interband (above 2.37 eV)
components [PCO™09]. Typically, the intraband components of
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dielectric function can be fitted well by the Drude model (Fig.
3.9(b)), revealing that the free electrons play the main role in the
dynamics of intraband components of dielectric function.
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Figure 3.9: (a) Real part of &(@) and (b) imaginary part of e(®) at different times
for an energy density of 2.9x10° J/ kg with an off-set of +5 along the vetical axis
between time steps. Sample error bars are included in (a). The dashed curves are
best-fit Drude functions [PCO+09].

For warm dense gold, because of the increase of the collision
frequency due to the excitation of d-band electrons, collision
frequency y in Drude model significantly deviates from the T¢?
scaling [MR13]. C. Fourment et al [FDD"14] used a pump-probe
frequency domain interferometry to measure the collision frequency,
and found that collision frequency y increases linearly with T,
shown in Fig. 3.10. To these, additional effects such as a global
variation of the number of free electrons as a function of T. with
associated shift in the density of states can play a role [BCR"14],
giving an intricate effect of population and collision effects.
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Figure 3.10: Measured electron damping rate as a function of T. (blue
experimental points), and the contributions from collision with phonons (vpn)
and electrons m the conduction band (v%.) [FDD'14]|. The sum of both
contributions is depicted in the red dashed line. Also plotted are the collision
frequencies due to the phonons and d-band electrons according to our simple
model (solid line), and due to phonons and electrons according to the Petrov et
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al. calculation [PIM13].

Other metals with different electronic configurations may have
different transient optical response to ultrafast laser heating. For
simple metals (Na, Mg, Al, etc.), s/p-electrons contribute to the
optical processes. However, for transition metals, such as N1, Cu, Au,
W, T1 and so on, d-electrons with a higher degree of localization
than s/p-electrons can still participate to the optical and at the same
structural response, potentially by the electron confinement within
more or less diffuse orbitals. In addition, the increase of the
electronic temperature strongly changes the shape of the d-band
[RCZ706]. In transition metals, the strong adjustments of the
electronic structures are related to the variations of electronic
occupation in localized d bands, via change in electronic screening
and electron-ion effective potential, leading to the corresponding
changes of electronic chemical potentials, free-electron numbers,
electronic heat capacities, and electronic pressures. These serve as a
base to correctly describe ultrafast structural dynamics, ablation
dynamics and phase transitions [BCR"14].

E. Bévillon ef al [BCR"14] in our group performed a systematic
study on the electronic behavior of a free-electron-like metal (Al)
and the transition metals (N1, Cu, Au, W and T1) by first-principle
calculations with the Abinit package based on the density functional
theory (DFT), which reveals that density of states (DOS) exhibit
different dynamics with the increase of the electronic temperature Te
and the Fermi smearing across the chemical potential: (a) the DOS
of Al 1s almost insensitive to Te; (b) transition metals with d-block
fully or almost fully occupied by electrons (N1, Cu and Au) exhibit a
shrinking and a strong shift of the d-block toward lower energies as
Te mcreases; (c) transition metals with partially filled d-block (Ti
and W) display an expansion and a shift toward higher energies of
their d-block as T. increases (minimal for W). In addition, during the
ultrafast heating, the effective free electron number per atom N, can
be estimated, shown in Fig. 3.11, revealing the different dynamics of
ultrafast laser-induced effective free-like electrons with the increase
of Te.
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Figure 3.11: Evolution of the number of free electrons per atom (Ne) with the
increase of Te for the metals Al, Ni, Cu, Au, W and Ti.

3.3.2 Lattice structure effects

Photo-induced structural dynamics of crystals have been
directly studied by femtosecond electron [SDJ*03] and x-ray
[LLS™05, CCTR11] diffraction combining atomic scale spatial and
femtosecond temporal resolution. Under strong optical excitation,
the lattice response 1s determined by the rate of energy transfer from
the excited electrons to the nuclei and the instantaneous effect of
change 1n electron distribution on the interatomic potential energy
landscape [EHH09].

The solids with different bonding characteristics have specific
dynamics of the order-to-disorder structural transition. For example,
m the canonical free-electron metals like Al, the lattice stability
appears to be almost unaffected by optical excitation [RCZ™06].
However, for gold, strong electronic excitation affects the screening
of the attractive inter-nuclear potential, resulting in a hardening of
the lattice [EHH09].

3.3.3 Plasmonic effects

When light waves interact with metallic surfaces, the resulting
electron density wave that propagates along the surface of the metal,
called as a surface plasmon polariton (SPP) [Mai07]. SPPs can be
excited by phase-matching techniques.

When ultrashort laser pulses incident on the metal surface
disturb the equilibrium in the energy-momentum distribution of
electrons, the wvariation of optical properties can affect SPP
propagation along the surface. Thus, via the electronic temperature
and electronic redistribution, the process can take a nonlinear aspect.
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The nonlinear interaction between a propagating SPP and a fs laser
pulse takes place in the femtosecond timescale, which can be used to
modulate the propagating SPP [MSS™09]. One example is the
plasmonic interferometry on structured surfaces in the presence of
light excitation [TNAT09].

3.4 Transient responses of semiconductors to
ultrafast laser

Transient responses of semiconductors to ultrafast laser
radiation also involve additional complexity related to the electronic
configuration and the lattice structure, such as the photo-excitation
of electron-hole pairs, carrier thermalization, carrier relaxation,
carrier diffusion and so on. Most details of these processes have been
mtroduced in section 3.2. The carrier excitation and relaxation can
change the electronic configuration m semiconductors, resulting in
the changes of optical properties [Hua97].

Several physical effects i1n electronic configuration are
responsible for the changes of the optical properties of the
semiconductor state: band filling, renormalization of the band
structure and the free-carrier response [SLOO]. Assuming the three
effects contribute to the dielectric constant separately, the dielectric
function of an optically excited semiconductor 1s derived [SLOO]:

g =&, +Ag,, +As,, +As,, (3-12)

where €, 1s the dielectric constant of the unexcited semiconductor,
Asgpop 1s the changes of dielectric constant due to the state and band
filling [BA82], Aepgs 1s the changes of dielectric constant due to the
band-structure renormalization, Asgr 1s the changes of dielectric
constant due to free carriers. Band-structure renormalization
describes the changes of the single-particle energy in the carriers
because of the many-body interactions mn the excited plasma, which
was treated as a rigid shift of the band structure, leading to the
shrinkage of the energy gap. The changes of the optical properties
due to the band-structure renormalization were described by the rigid
band shift model [RZW790].

The changes of the optical properties due to the free carriers can
be described by the Drude model [SLOO]

N, e ’
Ag, =— f—"’e - 1 . :_(&] 1 : (3-13)
EoMopt™Me @ 1 4 g~ 1+i

opt

T, T,
Here gp 1s the electric permittivity of free space, e is the electric
charge, me 1s electron mass, @ 1s the oscillating frequency of the
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electromagnetic wave, mgp 15 the optical effective mass of the
carriers, to 1s Drude damping time, and wp 1s the plasma frequency.
In the case of silicon, mep—=0.15 for low-density relaxed plasmas,
however, mqy: 1s dependent on the density and temperature. 1p=100
fs for low densities of plasma in silicon, however, 1p~1 fs for higher
densities. [SLOO]. The dielectric function on ultrafast scales 1is
determined by the creation and relaxation of the electron-hole
plasma.

Excitation by ultrafast laser pulses can induce the changes in
the semiconductor lattice by two mechanisms. One mechanism i1s the
thermal melting, with the energy transferring from carriers to lattice.
This 1s typically regulated by electron-phonon coupling up to the
achievement of a molten phase via a mix of heterogeneous and
homogeneous processes. The other one 1s the non-thermal melting
due to the lattice instability induced by intense optical excitation. As
the conduction band has typically an antibonding character, strong
excitation and pumping of CB bands weakens the covalent bonding,
and softens the lattice, resulting in electronically driven disordering
of the lattice [RCZ"06]. Displacive excitation and anharmonicity can
lead to the collapse of transverse phonon modes and a depart from
crystalline stability. Consequently the semiconductor may lose the
lattice structure and undergo a phase transition by the destabilization
of the bonds and softening of phonon modes in less than 1 ps, in a
trajectory which 1s not driven by temperature.

In the case of silicon, for fluences near Fmer, the solid-liquid
phase transition 1s a slow, thermal process occurring on a 10 - 100
ps time scale. For higher fluences above Fueit, melting occurs on a
sub-picosecond time scale, and these effects should be accounted for
n ablation scenarios.

3.5 Conclusion

In this chapter, we review the optical properties of solids and
the transient responses of solids to ultrafast laser radiation, involving
the metals and semiconductors. The dielectric function is an intrinsic
material property, related to the electronic configuration and lattice
structure. Any variation in the electronic configuration or lattice
structure can change the dielectric function.

We equally review main processes in ultrafast laser-matter
mteraction: the deposition of laser energy in the material, the
excitation of electrons by absorbing photons, excited carrier
thermalization which can be described by two-temperature model
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(TTM), excited carrier decay in semiconductors and dielectrics, as
well as material removal which can be determined by the time
evolution of the material thermodynamic trajectories.

Transient responses of metals to ultrafast laser radiation are
briefly mtroduced with three dominant aspects: (a) electronic effects
contribute to the intraband and interband components of dielectric
function. Fermi smearing and contribution from low lying orbitals
are major components in modifying the dielectric function; (b)
lattice structure effects, with the corresponding dynamics of the
order-to-disorder structural transition due to mtense laser excitation;
(c) plasmonic effects, where femtosecond laser pulse can excite and
control a propagating SPP.

Transient responses of semiconductors to ultrafast laser
radiation involve additional complexity related to the electronic
configuration and lattice structure, electronic effects, state and band
filling, renormalization of the band structure, as well as the
free-carrier response are responsible for the optical response. With
respect to structural effects, excitation by ultrafast laser pulses can
mduce the changes in the semiconductor lattice by thermal heating
and the faster non-thermal melting.

These serve as a base to correctly describe ultrafast structural
dynamics, ablation dynamics and phase transitions.

41



Chapter 4

Dynamics of excited materials:
Experiments of time-resolved
reflectometry and ellipsometry

In this chapter, we developed time-resolved reflectometry and
ellipsometry techniques that enable access to the optical indices of
excited materials. The dynamic measurements of the transient
optical properties of several materials are carried out and discussed
respectively, including single-crystal silicon, tungsten, and Zr-based
bulk metal glass (Zr-BMG). The objective is the gains of transients
m optical coupling potentially intervening in LIPSS formation.

By time-resolved ellipsometry experiments, we aim to gain
mformation about dynamics of excited materials by measuring their
transient optical properties. The ultrafast laser-matter interaction is
examined by measuring the changes of reflectivity and retrieving
thus relative variations of the dielectric function in the vicinity of the
ablation threshold. The dielectric function is mtrinsically related to
the electronic configuration and lattice structure. Our measurements
show complex dynamic processes involved in affecting optical
properties in metals and semiconductors excited by ultrafast pulses.
We then use first principle simulations to reveal how the electronic
configuration changes during the excitation, responsible for the
measured optical transients. The measured results of excitation
effects on the optical properties of single-crystal silicon, tungsten
and Zr-based bulk metal glass (Zr-BMG) are introduced and
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discussed respectively in the following, emphasizing their potential
mfluence on LIPSS.

4.1 Time-resolved ellipsometry

In order to measure the transient responses of matter to ultrafast
laser, a pump-probe method is often used in optical techniques, in
which the matter 1s excited by a strong pump pulse and then the
resulting changes are probed by a weak probe pulse m a
time-resolved manner. The probe pulse 1s delayed with respect to the
pump pulse by controlling an optical delay path. There are several
probing techniques, including the linear (transmission, reflectivity)
and nonlinear (SHG, Raman scattering, luminescence). Among these
probing techniques, reflectivity measurement 1s the simplest of the
pump-probe techniques. Single angle reflectivity measurement can’t
obtain both real and imaginary parts of the dielectric function.
However, the dielectric function can be determimed by measuring
reflectivity at two angles, which forms the present concept of
reflectrometry/ellipsometry. Time-resolved ellipsometry can provide
the information on both carrier and lattice dynamics following the
excitation. Thus we use a dual-angle time-resolved ellipsometry
technique to measure the transient changes of optical indices in the
matter during ultrafast laser ablation.

A regenerative Ti: sapphire oscillator-amplifier system
(Concerto Inc) based on the chirped-pulsed amplification technique
at a central wavelength of 800 nm with pulse duration of 150 fs and
repetition rate of 1 kHz was used to perform the experiments. As a
pump, the linearly polarized Gaussian laser was focused at the
sample surface with a convex lens of focal length =500 mm down
to a spot of 110 pm. The laser fluence was adjusted using the
combination of a waveplate and a polarizer. The number of pulses is
controlled by laser shutter. The sample was mounted on a
computer-controlled XYZ translation stage. All experiments were
performed in an ambient atmosphere.
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Figure 4.1: (a) Photographic ge of experimental time-resolved ellipsometry
setup. (b) Schematic of time-resolved ellipsometry arrangement.

Fig. 4.1(a) shows the photographic image of the experimental
time-resolved ellipsometry setup, and Fig. 4.1(b) shows the
schematic of time-resolved ellipsometry arrangement, which was
built according to Ref. [RKC03]. The s-polarized pump pulse of
150 fs 800 nm arrives at normal incidence on the sample surface and
excites the material, determining the changes of transient reflectivity.
The 150 fs 800 nm low energy non-perturbing double probes
measure reflectivity changes at two different incident angles 28.7°
and 65.8° at the same time, which allows for recovery of changes in
the refractive index. Two incident angles are chosen according to the
reflectivity of unexcited silicon, which has been shown m Fig. 3.2.
The single pump pulse arrives at a variable time delay with respect
to the double probe pulses. After a beam splitter BS2 and a
half-wave plate, probe pulses change into p-polarization before the
sample. The superposition of the three laser spots on the sample i1s
monitored by a CCD-camera with a 20xzoom objective. The probed
zone 1s significantly smaller than the spatial extent of the pump
excited region and therefore assures that the two smaller probe
beams probe a preferably uniformly excited region of the sample.
Two photo-diode detectors (PD1, PD2) are used to measure the
probe signals. In order to minimize scattered light from s-polarized
pump pulse, high-contrast polarizers are used before two
photo-diode detectors. To minimize the influence of fluctuations in
laser, another photo-diode detector (PD3) is used to measure the
fluctuations of the laser fluence. The measured values of the
transient reflectivity are recorded and controlled by a LabVIEW
program. The corresponding complex refractive index 7=n+k1 with
different delay times are obtained by inverting Fresnel formulas at
the given angles. The accuracy of the measurement 1s affected by the
roughness and local planarity of the sample surface.
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Next, we used the time-resolved ellipsometry setup to measure
the transient optical properties of several materials. At first,
single-crystal silicon was the first object, as many previous
experimental results [ACS84, CC88, Hua97, SLO0] can be used to
check the effectiveness of our experimental setup. Secondly, the
non-plasmonic metal tungsten is measured to mvestigate the effect
of d-band electrons. At last, the amorphous alloy Zr-based bulk
metal glass (Zr-BMG) 1s measured to research the ionic structure
effect.

4.2 Transient responses of silicon to ultrafast laser

4.2.1 The electronic and opftical properties of single crystal
silicon

At first, the electronic and optical properties of unexcited
silicon are briefly introduced. The band structure of the silicon is
shown in Fig. 4.2(a). Si has the nearly parallel dispersion of the
lowest conduction and the highest valence bands, where the
maximum of the valence band 1s at the G-point while the minimal of
the valence band i1s near the X-point, leading to the indirect
minimum bandgap of 1.12 eV. Consequently, the dielectric function
m Fig. 4.2(b) shows a very large imaginary part between 3.2 and 4.3
eV [Hua97].
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Figure 4.2: (a) Band structure [CC88] and (b) the dielectric function of
single-crystal silicon [Pal85].

4.2.2 Measurement of multi-pulse modification thresholds
on silicon

The polished (100) surface of n-doped single crystal silicon
samples (ITME product) are used in the experiment. The
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modification threshold of silicon 1s dependent on laser wavelength,
pulse duration, pulse number and the base temperature of silicon
|[BBK+02]. For example, the modification threshold on (111) surface
of n-doped silicon induced by 800 nm 130 fs laser pulses 1s 0.26
J/em?* [BBK'02]. Before measuring the transient optical indices in
excited silicon, we investigate the modification thresholds of silicon
samples.

Because of incubation effect, the modification thresholds
depend on the number of applied laser pulses. In reference [PER™91],
the dependence was found in the form of a power law:

F noa(N) = F moa(1) - N*™* (4-1)
Here Fmoa(N) 1s the modification threshold fluence for laser pulse
number N, (Fmoda(1)=0.21 J/cm? according to experiment data for Si),
and & 1s a coefficient, which 1s dependent in material and reflect a
certain fatigue. In Fig. 4.3, the experiment data of modification
thresholds depending on the number of pulses are plotted. A
least-squares-fit with formula (4-1), yields a coefficient & of 0.89,
close to the coefficient in reference [BBK™02]. For the finite pulse
number N, when the laser fluence 1s lower than Fmod(XN), laser will
not modify the silicon surface. So the transient optical indices in
excited silicon are measured below the laser fluence of 0.0825 J/cm?.
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Figure 4.3 Threshold fluence of laser-induced modification of silicon versus the
number of incident laser pulses with a duration of =150 fs and A=800 nm in an
air environment. The solid line represents a least-squares-fit with formula (4-1),
where &= 0.89.

4.2.3 Measurement of the transient optical indices of
excited silicon in large pump fluence range

For the pump fluence below the modification threshold, the
sample 1s immobile during the measurements and all the pump
pulses are shot at one same spot on the sample in order to diminish
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the noise from the roughness of silicon sample. However, for the
pump fluence close to or above the modification threshold, the
silicon sample was raster scanned during the measurements by a
two-axis translation stage in order to ensure that each pump pulse
strikes a fresh, unexcited area on the silicon surface.

Fig. 4.4 depicts the transient changes of reflectivity at the
mcident angle of 28.7° and 65.8° following the excitation for
different pump fluences and the corresponding time-resolved
refractive mdices 7i=n+k1 are retrieved by inverting Fresnel formulas.

As the fluence of the pump pulse 1s below single-shot
modification threshold, both reflectivities at the two angles undergo
a fast drop 1n about 1 ps followed by a slower recovery (Fig. 4.4(a)).
Correspondingly, the real part » of refractive index undergoes a fast
drop followed by a slower recovery, however, the imagimary part &
of refractive index experiences a fast increase followed by a slower
recovery.

As the fluence of the pump pulse is varied from 0.256 J/cm? up
to 0.611 J/cm? above single-shot modification threshold, both the
reflectivity at the two angles undergoes a fast increase in about 1 ps
followed by a quasi-steady-state (QSS) in about 5 ps (Fig. 4.4(b-d)).
Correspondingly, the real part » of refractive index undergoes a fast
drop followed by a quasi-steady value of about 0.66, however, the
mmaginary part k of refractive index experiences a fast increase
followed by a quasi-steady value of about 1.84. After the pulse
duration of 150 fs, the real part » starts to be smaller than the
mmaginary part k of the refractive index, representing that the QSS 1s
the metal-like state, as evidenced by the negative real part of
dielectric function for most typical metals. So the transition from the
semiconductor to the metal state from an optical point of view
occurs 1 ultrafast laser ablation at high energy (when typically 10%
of the valence band 1s pumped in the conduction band).
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Figure 4.4. Transient changes of reflectivity m silicon at the incident angle of
28.7° and 65.8° following the excitation and the corresponding retrieved
time-resolved refractive indices #=n+ki1 at the pump fluence of (a) F=0.084
J/em?; (b) F=0.256 J/cm?; (¢) F=0.318 J/cm?; (d) F=0.611 J/cm?.

The experimental transient changes of reflectivity m the
laser-excited silicon are analyzed from the perspective of electronic
configuration. Because the free carriers dominate the optical
response of the excited material in the early stages [SLOO], it is
appropriate to describe the transient dielectric function of the excited
silicon by Drude model. Except other effects, such as state and band

filling, band-structure renormalization, the dielectric permittivity is
given by the Drude model [SLOO]:

g':gg B, (4_2)
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Here &’ 1s the dielectric constant of the excited silicon, e 1s the
dielectric constant of the unexcited silicon, £,=7*= (3.6959+0.00471)*
=13.6597+0.03471; Other parameters have been ntroduced m
Chapter 3.4. According to reference [BRK09], mop~0.18 and =1.1
fs are chosen for femtosecond-laser-excited silicon. So the free
carrier density N, can be calculated based on the refractive indices in
the excited silicon using the formula (4-2) and (4-3).

Before the Drude model 1s used to analyze our reflectivity, we
briefly introduce the absorption of light in solid silicon. In silicon,
electron-hole pairs are created by linear and by two-photon
absorption (TPA). Neglecting recombination and diffusion during
excitation, as well as the changes of the reflectivity R during the
pump pulse, the free carrier density m  NIR
femtosecond-laser-excited silicon can be calculated from the pump
fluence Fop [SLOO]:

80 mapt

_ 5 Q) A-R)

(4-4)
Here ap describe the linear absorption coefficient, ap=1.1%x10% cm™
[Pal85]. f 1s the two-photon absorption coefficient, /=6.8 cm/GW
[BRKO09]. Reflectivity R(6=0°)=0.33, according to experiment data,
hw 1s the photo energy, Zw=1.55eV (A=800 nm), #, 1s the pulse
duration, #%~=150 fs. According to the pump fluences in the
experiments and equation (4-4), the free carrier density is calculated
and drawn in Fig. 4.5. Fig. 4.5 shows that the excited free carrier
density increase nonlinearly with the increase of laser fluence.
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Figure 4.5: Free carrier density as the function of excitation fluence.
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Then according to the Drude model (4-2) and Fresnel formula
(3-8), the reflectivity at the incident angles of 28.7° and 65.8° are
respectively calculated and drawn 1n Fig. 4.6(a) and (b).
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Figure 4.6: Theoretical predictions for the reflectivity of silicon as a function of

the excited carrier density at 800-nm wavelength and p polarization at the
incidence angle of (a) 28.7° and (b) 65.8°.

Fig. 4.6 shows that the main reflectivity features are the
decrease at lower densities and a drastic increase at higher densities,
m which the reflectivity minimum corresponds to the density where
the real part of ¢’ 1s equal to 1. The reflectivity start to increase when
the carrier density exceeds the critical density Ne corresponding to
the real part of &’ 1s equal to 0 [SLOO]. With Drude model and the
parameters of mep~0.18 and r=1.1 fs, the critical density on the
surface is No=0.3602x10%'cm™ and the critical density in the bulk is
Ne—=4.92x10%! cm™. Moreover, in Fig. 4.6, the reflectivity starts to
mcrease above the critical density on the surface. However,
compared with experiment results, the critical density N in the bulk
1s overestimated. This 1s because that the calculations only involve
Drude model, not including other effects. For example, the state and
band filling, as well as band-structure renormalization contribute to
the decrease of critical density [SLOO|. Moreover, the critical density
1s affect by the density- and temperature- dependent mop: and 7, as
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well as the imprecisions of these parameters at high electronic
densities where bands are destabilized.

After the pump pulse, the dynamics of carrier and lattice are
followed in the time-resolved reflectivity data in Fig. 4.4. The
excited carriers 1n silicon cause changes in the dielectric function by
carrier absorption, the screening of the i1onic potential and
many-body effects. At early times (t<lps), the changes of dielectric
function are mainly from electronic configuration in nature, for
example, band structure change and free carrier absorption. We will
discuss particular cases below:

In the case of the low pump fluence below the modification
threshold, the fast drop in the reflectivity m Fig. 4.4(a) can be
explained by the free carrier response at low density below critical
density. The 1nitial decrease of reflectivity at two incident angles can
be estimated by Drude model, which shows the free carrier density
of 3.42x10% cm? at the end of the pulse duration in Fig. 4.4(a),
revealing that the excited free carriers in sub-critical density
contribute to the initial decease of the reflectivity.

As the pump fluence increases above the modification threshold,
the drastic increase in the reflectivity occurs in Fig. 4.4(b-d), which
can be explained by the free carrier response at high density above
critical density. The drastic increase in the reflectivity can be also
theoretically predicted by Drude model, which shows that the free
carrier densities of 1.88x10%! cm™ in Fig. 4.4(b), 2.62x10*' cm™ n
Fig. 4.4(c) and 7.89%x10?! cm™ in Fig. 4.4(d) are higher than the
surface critical density. So the excited free carriers of over-critical
density play a main role in the drastic increase of the reflectivity. In
addition, for the highest fluence, the hydrodynamic expansion leads
to the reflectivity decay.

Except the main role of free carrier response, many-body
effects and the screening of the 1onic potential more or less affect the
reflectivity data in Fig. 4.4, which are difficult to be distinguished in
our reflectivity data. Many-body effects lead to the bandgap
renormalization, which decreases the bandgap, for example, the
shrinkage of the bandgap 1s about 400 meV over the entire band at
the carrier density of 10*'cm= [ACS84]. The screening of the 1onic
potential may cause a large change of the band structure, such as the
change at L and X-valley m Fig. 4.2(a).

In addition, in high pump fluencies, destabilizing the band
structure has severe structural effects. Transverse modes are softened
and the matrix loses stability [GDJ04, LLS05]. Band and structural
collapse occur towards a state with liquid-like order and metallic
optical properties. The semiconductor-to-metal transition may occur
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m sub-picosecond timescale after the excitation, which can be

directly measured by femtosecond electron [SDJ'03] and x-ray
[LLST05, CCTR11] diffraction.

4.3 Transient responses of tungsten to ultrafast
laser

Tungsten 1s a hard brittle steel-grey metal, which has a stable
crystalline form of a body-centered cubic structure. Tungsten has the
highest melting point (3422 °C), lowest vapor pressure and the
highest tensile strength in all pure metals. Tungsten also has the high
density of 19.25 g-cm 3. Typically, tungsten does not support surface
plasmon polaritons (SPP) in the wavelength range of 240-920 nm.
Tungsten has numerous applications in incandescent light bulb
filaments, X-ray tubes, superalloys, radiation shielding, etc.
[HamO04]

The frequency-dependent refractive index of tungsten i1s shown
m Fig. 4.7. The interband transition threshold of tungsten in the
ambient conditions 1s 0.3 eV [NKN71], which is lower than the
pump photon energy of 1.55 eV in the experiment.
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Figure 4.7: The frequency-dependent refractive index of tungsten [HamO04|.

The single-side polished tungsten samples (Goodfellow Inc.)
with dimensions of 25mmx*25 mm X Imm are used in the experiment.
The polishing was done with either diamond paste and alumina
powder with grit size down to 0.1 pm. The refractive index of the
single-side polished tungsten sample 1s N=3.5+3.151 at 800-nm
wavelength, measured by spectroscopic phase modulated
ellipsometer (Uvisel, Horba Jobin Yvon). Before and after laser
fabrication, the samples were cleaned ultrasonically in ethanol for 5
min.

In our experiment, the single-shot ablation threshold of tungsten
sample 1s about 0.6 J/cm? (peak fluence) [BSC*10]. For the pump
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fluence below the ablation threshold, the sample 1s immobile during
the measurements and all the pump pulses are shot on a same spot on
the sample in order to diminish the noise level from the surface
roughness of sample. However, for the pump fluence close to or
above the modification threshold, the tungsten sample is raster
scanned during the measurements by a two-axis translation stage in
order to ensure that each pump pulse strikes a fresh, unexcited area
on the W surface.

Fig. 4.8 depicts the transient changes of reflectivity in tungsten
at the incident angle of 28.7° and 65.8° following the excitation of
different pump fluencies. Depending on fluence, two characteristic
regions are observed. A swift reflectivity increase can be noted for
low fluences up to just above the modification threshold. Just after
the maximum, the reflectivity is then followed by ps scale recovery
(Fig. 4.8(a, b)). This optical behavior i1s usually associated with
variation of collisional frequencies, electronic number, or occupation
degree of free-like electronic states. We will see below that the
characteristic electronic bands of W with partially filled structured d
blocks plays a specific role in the optical dynamics, and as well in a
structural response to excitation.

After a transitional domain where the reflectivity increase
seems balanced by an opposite effect, the high fluence regime (Fig.
4 .8(c-1)) shows a different behavior. In this case, a sub-ps (below 0.5
ps) reflectivity decrease 1s followed by a stationary low-reflectivity
phase of several ps. The rapid decay of reflectivity 1s potentially
linked to a lower density state and thus to ablation, as typical
ablative behaviors are associated with thermal and hydrodynamic
changes on several ps timescale.
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Figure 4.8: Transient changes of reflectivity in tungsten at the incident angle of
28.7° and 65.8° following the excitation at the pump fluence of (a) F=0.047
J/em?; (b) F=0.622 J/cm?; (c) F=1.456 J/cm?; (d) F=2.450 J/cm?; (e) F=4.634
J/em?; (f) F=5.338 J/cm?.
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Figure 4.9: Refractive indices (n, k) as a function of pump fluence. Note that
accurate values can be determined for the below and in the vicinity of ablation
threshold (Gray color bar), the other values being indicative [ZLB*16].

In our research work [ZLB"16], according to parts of our
experiment results, the refractive indices (n, k) retrieved from the
extremum of the reflectivities at two incident angles after excitation
are drawn in Fig. 4.9. Fig. 4.9 shows that the excited tungsten in low
fluence below 0.1 J/cm? could not support the SPP propagating
because of n > k. However, in the higher fluence in the vicmity of
ablation threshold, excited tungsten satisfies the condition of
n*-k*<-1 [VGO8b], which supports SPP propagation, meaning that
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the excited tungsten during the excitation follows a transition from
the non-plasmon state to the plasmon state. We will see in the next
chapter the potential implication in LIPSS.

To mvestigate the nonplasmonic-to-plasmonic transition in
excited tungsten, E. Bévillon ef al. in our research group [BCR16]
propose a possible explanation by first-principles molecular
dynamics. The first-principle simulations are carried out by Abinit
code [GAAT09]. A 54 atoms supercell of body centered cubic (bcc)
W is built as the model with 5s%5p®5d*6s? valence electronic
configuration. At first the simulations are performed at room
temperature (T; =Te = 300 K, Ti : 1on temperature, Te: electron
temperature) during 2 ps, providing an average thermodynamic
equilibrium to extract the 1onic configurations. Then electronic
structures are computed at Te of 300, 10* and 2.5x10* K, in order to
evaluate optical properties in solid phase at these levels of electronic
excitation. The simulation results are shown i Fig. 4.10 and 4.11

Fig. 4.10 shows the DOS of W model computed at T;i=300, 10*
and 2.5x10* K. Dark colored areas at different Te in DOS correspond
to [~hv—32kTe, hv+32kTe] responsible for photon-induced transitions
[HDS*08], showing occupied electronic states mainly impacted by
800 nm photons. Tungsten with partially filled d-block displays an
expansion and a shift toward higher energies of their d-block when
Te 1s increased. The changes of plasmon properties are due to Fermi
broadening within a structured d-block, extending the optical
mtra-band transition space for visible frequencies. In other words,
the presence of a d-band pseudogap reduces the optically “metallic”
character of W, an effect which becomes less influential with the
development of available electronic states within the d-block due to
electron heating and Fermi smearing.

Fig. 4.11 shows the real part » and imaginary part k£ of the
optical indices for the electronic temperatures of 300 K, 10* K and
2.5 x 10* K, showing that the »n decreases and k increases with the
mcrease of Te, which 1s consistent with the experimental detection of
optical indices in Fig. 4.8.
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Figure 4.10: DOS of bcc W computed at T1 = 300 K and its evolution with Te.
Dashed lines indicate the Fermi levels and dark colored areas show occupied
electronic states mainly impacted by 800 nm photons [BCR"16].
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Figure 4.11: (a) Real and (b) mmaginary part of the optical indices for the
electronic temperatures of 300 K, 10* K and 2.5 x 10* K. The squares represent
the experimental data for non-excited W [WOL75]. [BCR"16]

Low excitation levels determines electronic transfer around a
chemical potential located within a partially filled d-band, leading to
an icrease of imaginary and a decrease of real indices towards a
nonplasmonic-to-plasmonic state transition.

With gradual influence on molecular binding, higher input
fluences determine ultrafast transitions to 1onized low density phases
where charge-induced, mechanical pressure-induced and thermal,
heat-induced drives concur to destabilize the solid matrix on sub ps
scales typically associated with non-thermal transitions.

4.4 Transient responses of BMG to ultrafast laser
Bulk metallic glasses (BMG) are solid non-crystalline metallic
alloys with disordered atomic-scale structure. They are ideal material

supports for micro geometries due to lack of crystallites, grain
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boundaries and dislocations in material structure [WDS04]. BMG
can be produced by the rapid cooling. Zr-based superalloy is a kind
of bulk metallic glasses, which has been widely mvestigated
[SNK+07] Therefore a Zr-BMG: ZI’41_2Ti13_3CH12_5Ni10B625_5 (at%)
alloy 1s used as the research object.

Because BMG has the disordered atomic-scale structures, the
theory accompanying periodicity in the crystalline solid is not
helpful for the analysis of BMG, However a chemical-bonding
viewpoint 1s used instead. In order to mvestigate the electronic
structure of disordered systems, N. F. Mott and P. W. Anderson
proposed new theory of localization theory and percolation, for
which they were awarded the Nobel Prize in Physics in 1977 [MJ58,
And78]. However, most research works focus on the ground state of
BMG, not the excited state. So the excited state of BMG 1s
mvestigated by our single-pump double-probes experimental system.

The single-side polished Zr-BMG samples with the diameter of
8 mm and thickness of 3 mm are used i the experiment.
Z1412T113.8Cu125N110Be2s s (at%) 1s produced by arc melting under a
purified Ar atmosphere and dropping into a copper mold. After
cutting, polishing was done by diamond paste and alumina powder
with grit size down to 0.1 um. Zr-BMG samples before experiments
were 1dentified by electron back-scatter diffraction (EBSD). The
optical indices of Zr-BMG samples are evaluated ex-situ by using a
commercial ellipsometer (Uvisel, Horiba Jobin Yvon). Under 800
nm-wavelength 1rradiation, the refractive mmdex of Zr-BMG 1s fi=
3.114+3.6791.

In the experiment, the single-shot ablation threshold of
Zr-BMG sample 1s about 0.3 J/cm? (peak fluence). Fig. 4.12 depicts
the transient changes of reflectivity at the incident angle of 28.7° and
65.8° following the excitation of different pump fluences and the
corresponding time-resolved dielectric function are retrieved by
mverting Fresnel formulas. Fig. 4.12(a, b) shows the changes of
reflectivity at two incident angles under pump fluence of 0.0378
J/em? in the wvicinity of multi-pulse pulse ablation threshold
(approximately 0.04 J/cm?), the reflectivity is remarkably stable
upon excitation, so the refractive index (n, k) 1s considered to be
constant at this pump energy. This can be seen as a consequence of
the multi-metal composition which should lead to a multitude of
electronic states and a quasi-continuum density of states (DOS),
where the effect of laser-induced electronic population/depopulation
seems minimal. A similar behavior can be noticed for fluences
below the single shot ablation threshold. In between these values,
multi-shot sequences affect the optical properties via the
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accumulation of damage-induced topological features. Before
onsetting obvious transient refractive index changes, BMG surface
could be damaged by multi-pulses and nanoscale surface structures
appear.

Fig. 4.12(c, d) shows the changes of reflectivity under pump
fluence of 1.22 J/cm?. Both reflectivities at two angles decreased
significantly. The transient refractive index (n, k) and dielectric
mdex extracted from these behaviors are shown i Fig. 4.12(e) and
4.12(f) respectively. Despite the fact that the inversion assumes a
sharp mterface, a condition that may not be fulfilled for high
fluences, we note the qualitative decrease of n and k, indicating the
fast appearance of a plasma phase.
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Figure 4.12: Transient changes of reflectivity in Zr-BMG at the incident angle
of 28.7° and 65.8° following the excitation and the corresponding retrieved
time-resolved refractive indices 77=n-+ki at the pump fluence of (a, b) F=0.038 J
/em?; (c, d) F= 1.22J/cm?; (e, f) Retrieved n, k behavior in the high fluence
domain from (c, d). Note that the decrease signalizes a fast onset of a low
density plasma phase.

In order to investigate the effect of ultrafast laser heating on the
optical properties, first-principle simulations are carried out by
CASTEP program [CSP705]. Considering the limit of the computing
power with CASTEP, a 50-atoms cell (Zry0Be2T17CugNis) 1s used as
the Zr-BMG model, shown in Fig. 4.13(a). The amorphous cell 1s
built in a Monte Carlo fashion, by minimizing close contacts
between atoms, whilst ensuring a realistic distribution of torsion
angles for any given force field for any component at the solid
density of 6.125g/cm? at the temperature of 300 K.

At first the first principle simulation 1s performed at room
temperature (T; = Te = 300 K), providing the DOS and optical
properties of Zr-BMG 1n ground state. Then Zr-BMG model 1s
computed at the temperatures (Ti= 300 K, T.= 10000 K), in order to
evaluate the DOS and optical properties in the excited state. The
simulation results are shown 1n Fig. 4.13(b, c).

Fig. 4.13(b) 1s the DOS of Zr-BMG model computed at Ti=300
K and Te= 300 K, 10* K, which shows that Zr-BMG exhibits a small
shift of the d-block toward lower energies (visible at the energy
range of (-5~1) eV) when T. increases, leading to the small decrease
of reflectivity in excited state.

Fig. 4.13(c) shows the real part » and imaginary part k of the
refractive indices computed at T; = 300 K and Te= 300 K, 10*K. At
the 1.55-eV probe energy, with the increase of Te from 300 K to 10*
K, n increases and k decreases slightly. The minor changes of optical
indices also reflect the stable reflectivity upon weak excitation in Fig.
4.12(a, b).

With the increase of pump energy, the reflectivity decreases
(Fig. 4.12(c d)). These can be explained by the onset of low density
plasma absorbing the probe pulses.
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4.5 Conclusion

In this chapter,

Figure 4.13: (a) Zr-BMG model of 50 atoms; (b) DOS of Zr-BMG model
computed at T; = 300 K and T.= 300 K, 10* K. The electronic chemical potential
(Fermu level) 1s at 0 eV. (¢) Real and imaginary part of the refractive indices
computed at T; =300 K and T.= 300 K, 10* K.

we have observed the transient optical
properties of silicon, tungsten and Zr-BMG excited by ultrafast laser
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pulses. A single-color two-angle time-resolved ellipsometry method
was presented.

For semiconductor silicon, in the case of the low pump fluence
below the modification threshold, the fast drop of the reflectivity can
be explained by the free carrier response at low density below
critical density. As the pump fluence increases above the
modification threshold, the drastic increase of the reflectivity occurs,
due to the free carrier response at high density above critical density,
many-body effects, as well as the screening of the ionic potential.
The transition from the semiconductor to the metal-like liquid phase
occurs 1n ultrafast laser ablation at high energy.

For metal tungsten, at low pump fluence, the initial fast
mcrease of the reflectivity in about 0.5 ps can be explained by a
redistribution of electron population around the chemical potential
within a d-block pseudogap. With the increase of pump fluence, the
reflectivity shows a sudden decrease signaling a fast achievement of
the plasma state. Particularly, the excitation achieved the transition
from the non-plasmon state to the plasmon state, a feature that will
be verified in LIPSS calculations. Experimental plasmon transition 1s
mvestigated by first-principle molecular dynamics based on Abinit
code. The plasmon transition is due to Fermi broadening within a
structured d-block, extending the optical intra-band transition space
for visible frequencies.

For amorphous alloy Zr-BMG, at low pump fluence the
reflectivity 1s remarkably stable upon excitation. As the fluence of
the pump pulse increases above the threshold the reflectivity at the
two angles decreases. In order to investigate the effect of ultrafast
laser heating on the optical properties, first-principle simulations are
carried out by CASTEP program. The calculated DOS and optical
properties of Zr-BMG 1n both ground state and excited state show
that Zr-BMG exhibits a small shift of the d-block toward lower
energies at the energies of i the (-5~1) eV range when Te. increases,
leading to the small decrease of reflectivity in excited state. The
minor changes of optical indices also reflect the stable reflectivity
upon weak excitation.

These experimental results offer the information for the next
mvestigation of ultrafast laser ablation and fs-LIPSS formation.
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Chapter S

LIPSS experiments on selected
materials

We review here a range of ripple-like structures obtained on
materials ranging from amorphous to crystalline materials with
various bandgaps. We have specifically chosen tungsten, a metallic
material with non-plasmonic characteristics in the NIR-VIS range,
multi-component metallic alloys with different degrees of surface
finish, as well as  semiconductor and dielectric materials (silicon,
fused silica) where collective carrier response 1s induced by
electronic excitation. We will focus therefore on the influence of
material, surface and excitation effects in defining LIPSS.

We have seen that laser-induced periodic surface structure
(LIPSS) 1s a universal phenomenon occurring on almost all solids.
The typical femtosecond (fs) laser-induced ripples have typically a
smaller spatial period than laser wavelength and various orientations.
We have equally indicated the potential application in
micro/nano-machining. In this chapter, we focus on several typical
materials to investigate the general mechanism of {fs-LIPSS
formation. At first, the effects of the matenials with different
electronic energy band structures are mvestigated, imvolving W
(metal), S1 (semiconductor) and Si0: (dielectric). Secondly, we
focus on the LIPSS formation on W in view of its pristine
non-plasmonic condition. Finally, the effect of 1onic multi-element
structures 1s discussed in the single-crystal superalloy CMSX-4,
amorphous alloy Zr-BMG and its corresponding crystal alloy Zr-CA.
The range of experiments presented here underline that the feedback
process between incident laser and surface nanostructures plays an
mmportant role in the ripple formation. Therefore surface roughness
and defects will affect the LIPSS orientation and arrangement
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quality and we have designed experiments to outline topography and
electronic effects, namely the surface roughness, the dynamics of the
dielectric function, the material composition and its structural state.
We give examples of LIPSS formation on metals, semiconductors
and dielectrics, underlining factors that can assist the formulation of
general scenarios for LIPSS formation. We couple morphology
observations (electron microscopy (SEM), atomic force microscopy
(AFM)), chemical and structural analysis (in specific cases the
chemical compositional changes of LIPSS are measured by energy
dispersive X-ray spectrometry (EDX) and the structural state via
electron back-scatter diffraction (EBSD).) together with controlled
state transformation of the materials (crystalline versus amorphous).
Finally, LIPSS characteristics of six materials dependent on different
pulses and laser fluencies are respectively analyzed and summarized,
providing the experimental results for the investigation of the LIPSS
formation mechanism from an electromagnetic viewpoint.

5.1 LIPSS experimental setup

All LIPSS experiments are performed by using as radiation
source a regenerative Ti:sapphire oscillator-amplifier system
(Legend Coherent Inc) based on the chirped-pulsed amplification
technique at a central wavelength of 800 nm with pulse duration of
50 fs and repetition rate of 1 kHz. The linearly polarized Gaussian
laser beam 1s focused with a convex lens of 100-mm focal length
down to a spot of radius=13 um at 1/e? intensity. The laser fluence is
adjusted by using the combination of a waveplate and a polarizer.
The number of pulses 1s controlled by laser shutter. Increasing laser
pulse numbers are used to mvestigate the mitial LIPSS formation.
The sample 1s mounted on a computer-controlled XYZ translation
stage with a spatial resolution of 125 nm and the nradiated zone 1s
observed in real time by a magnifying imaging system and projected
on a CCD monitor. All the experiments are performed in ambient
atmosphere with the sample surface perpendicular to laser beam. The
experimental details and results of LIPSS on tungsten, silicon, fused
silica, CMSX-4, Zr-BMG and Zr-CA are respectively introduced in
the following.

5.1.1 LIPSS experiments on tungsten

The single-side polished tungsten sample (Goodfellow Inc)
with the size of 25 mmx25 mmx1 mm 1s used in the experiment.
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The polishing was done with diamond paste and alumina powder
with grit size down to 0.1 pm. Before and after laser fabrication, the
samples are cleaned ultrasonically in ethanol for 5 min.

In order to investigate LIPSS formation, increasing numbers
laser pulses are shot at the laser fluence of F=0.38 J-cm™ (in the
vicinity of the single-shot ablation threshold of F=0.4 J-cm™) at
different spots on the tungsten sample. The morphology of LIPSS
was observed by SEM and the periodicity of ripples is analyzed by
two-dimensional Fast Fourier Transform (2D-FFT).

004

0.8

Figure 5.1: SEM images of tungsten surfaces after nradiation at fluence F=0.38
Jem? by fs laser pulses: (al) N=1; (bl) N=20; (c1) N=40; (d1) N=100; (el)
N=200; (f1) N=500; (a2-f2) shows the 2D-FFT of (al-fl) images respectively,
representing the periodicity in the spatial frequency space. The laser polarization
direction indicated with a double-head arrow and scale are shown in (a).

Fig. 5.1 shows the SEM images of LIPSS formed on tungsten
surface with increasing pulse number (N) of linearly polarized laser
radiation at a fixed fluence F=0.38 Jem™. Fig. 5.1(al) represents the
morphology of the irradiated tungsten surface after 1 pulse, showing
that 1solated nanostructures are formed 1n a disordered distribution,
leading to the enhancement of surface roughness. These were
previously discussed and localized nucleation centers of phase
transitions [ARL"15]. Fig. 5.1(a2) is the 2D-FFT of Fig. 5.1(al),
representing the periodicity in the frequency space, which shows that
the surface nanostructures have the Gaussian distribution of spatial
frequency, without an obvious periodicity. Note that the amplitude
of color bar represents the intensity of distributed spatial frequency
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m Fig. 5.1(bl); In Fig. 5.1(bl), after 20 pulses, LSFL ripples with
direction perpendicular to laser polarization are observed within the
uradiated spot. Fig. 5.1(b2) 1s the 2D-FFT of Fig. 5.1(b1), showing
that LSFL ripples have the spatial periodicity of 625+16nm; In Fig.
5.1(cl), after 40 pulses, LSFL ripples become much clearer, while
faint HSFL ripples appear with the direction perpendicular to laser
polarization. Fig. 5.1(c2) 1s the 2D-FFT of Fig. 5.1(c1), showing that
LSFL ripples have the spatial periodicity of 597+15 nm and HSFL
ripples have the spatial periodicity of 320+5 nm; Fig. 5.1(d1, d2)
show that after 100 pulses, LSFL ripples i the full spot have the
spatial periodicity of 581415 nm. Typically, in the red rectangle
region in Fig. 5.1(d1), LSFL ripples have the spatial periodicity of
568+15 nm and HSFL ripples have the spatial periodicity of
303+10nm. However, in the region outside the red rectangle i Fig.
5.1(dl), LSFL ripples have the spatial periodicity of 625£15 nm; Fig.
5.1(el, e2) show that after 200 pulses, LSFL ripples in the full spot
have the spatial periodicity of 568+15 nm. Typically, in the red
rectangle region in Fig. 5.1(el), LSFL ripples have the spatial
periodicity of 520+15 nm and HSFL ripples have the spatial
periodicity of 285+10 nm. However, in the region outside the red
rectangle in Fig. 5.1(el), LSFL ripples have the spatial periodicity of
568+15 nm; Fig. 5.1(fl, £2) show that after 500 pulses, the spatial
periodicity of LIPSS becomes unclear and the amplitude of color bar
m Fig. 5.1(f2) decreases, revealing that the formed LIPSS have been
damaged by subsequent pulses. This behavior is not actually new but
it will be useful for the follow-up discussion.
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Figure 5.2: The relationship between LIPSS spatial periods and pulse number.

The relationship between LIPSS spatial periodicity from Fig.
5.1 and pulse number 1s summarized and drawn m Fig. 5.2. Fig. 5.2
shows that the LSFL periodicity decreases with the increase of laser
pulses, which 1s consistent with the reference [VGO8b]| and the
similar phenomenon in other materials [HZC09]. In addition, at
100-200 pulses, the LSFL periodicity in the center region is bigger
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than the peripheral region of the irradiated spot. On the other hand,
HSFL periodicity decreases a little with the increase of laser pulses,
which 1s nearly the half of LSFL periodicity formed at the same
pulses.

In Sipe theory, LIPSS are commonly attributed to the
mterference between the incident laser light and the excited surface
electromagnetic wave. Particularly, LIPSS on metals are believed to
be generated by the imterference between the incident light and
excited surface plasmons (SPP) (provided that the latter can be
mdeed excited n synchronism—momentum-conservation-
conditions). For a smooth planar dielectric/metal interface, SPP
wave vector parallel to the interface Kspp 1s given by [Rae88]:

£ &,

e, +¢&, (5-1)
Here K 1s the light wave vector in vacuum, en=¢ ymt+1€’y 1s the
dielectric constant of the metal, and sq=<’q¢t1€”q 1s the dielectric
constant of the dielectric medium, g4~1 when the medium 1s vacuum
or air. The conditions for SPP propagating on the metal planar
surface 1n air 1s Re(e’'m)<—1 [Rae88]|. Then due to SPP, the spatial
periodicity A of LSFL ripples formed on metal surface in the air by a
linearly polarized laser light 1s given [VGO8b]:

A= A,Rz—{ngJ (52)

Here A 1s the incident laser wavelength, A=800 nm in the
experiments.

In the experiment, the dielectric constant of unexcited tungsten
1s em=2.33+22.051 at 800-nm wavelength. This optical state could
not support SPP propagating on the planar surface because of the
positive real part of dielectric constant.

Considering the experiments of transient optical indices in the
excited W 1n Chapter 4.3, the ultrafast laser excitation can bring the
real part of dielectric constant below -1, which satisfies for a short
moment the condition for SPP (we recall that this 1s achieved at peak
electronic temperatures, almost during the pulse duration). For
example, according to the experiment data in Chapter 4.3, the
dielectric constant of excited W can be -4.18+15.751 at the end of the
laser pulse duration at the energy close to the ablation threshold.
According to the equation (5-2), the calculated spatial period on the
excited W 1s A=794 nm, which 1s much bigger than the experimental
LSFL periodicity of 625 - 568 nm. So the SPP seems to contribute a
little for LSFL formation on the planar W.

Kopp=K

66



In general, the periodicity of LSFL ripples decreases as the
number of laser pulses increases [HZC09, BMS05, HCT 07]. The
mitial SPP-laser interference and the subsequent grating-assisted
SPP-laser coupling were used to explain the periodicity-decreasing
phenomenon [HZC™09]. These indicate the smaller periodicity in the
periphery area than the center area of the irradiated spot [HZC09],
which 1s not consistent with our experiment results of the smaller
periodicity in the center region (Fig. 5.2). In addition, J. Z. P.
Skolski et al‘s investigation by FDTD simulations showed that the
propagation of SPPs 1s not a necessary condition for LSFL formation
[SRO*14]. So it is a question if the SPP contribute to the LSFL
formation on tungsten.

At this point we postulate that, except the transient optical
mdices during the excitation, the nanostructures on W surface also
play a role in the LIPSS formation, which will be discussed in the
next Chapter.

5.1.2 LIPSS experiments on the semiconductor (Si)

The polished (100) surface of n-doped single crystal silicon
samples (ITME product) are used in experiment. In order to
mvestigate LIPSS formation on silicon, increasing numbers of laser
pulses are shot at the laser fluence of F=0.30 J-cm™ (slightly above
the modification threshold) at different spots on the silicon sample.
The morphology of LIPSS was observed by SEM and the periodicity
of nipples 1s analyzed by two-dimensional Fast Fourier Transform
(2D-FFT).
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(b)N=20
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Figure 5.3: SEM images of a silicon surface after irradiation at the fluence
F=0.30 Jem? by different numbers of fs laser pulses: (a) N=10; (b) N=20; (c)
N=50; (d) N=100; (e) N=200; (f) N=500. The laser polarization direction
indicated with a double-head arrow and scale are shown in (a).

Fig. 5.3 shows the SEM images of LIPSS formed on silicon
surface with increasing pulse number (N) of linearly polarized laser
radiation at a fixed fluence F=0.30 Jem™. Fig. 5.3(a) represents the
morphology of the irradiated silicon surface after 1 pulse, showing a
dark coloration spot in the center without LIPSS. In Fig. 5.3(b), after
20 pulses, LSFL rnpples with direction perpendicular to laser
polarization are observed within the wrradiated spot, which have the
quasi-constant spatial periodicity centered at 744 nm by 2D-FFT; In
Fig. 5.3(c), after 50 pulses, LSFL ripples become much clearer,
while faint macro-ripples appear in the center of wrradiated spot with
the direction parallel to laser polarization, showing that LSFL ripples
have the quasi-constant spatial periodicity centered at 646 nm and
macro-tipples have the quasi-constant spatial periodicity centered at
1534 nm; Fig. 5.3(d) shows that after 100 pulses, LSFL ripples in the
full spot have the quasi-constant spatial periodicity centered at 663
nm. However, macro-ripples are not seen clearly; Fig. 5.3(e) shows
that after 200 pulses, instead of macro-ripples, micro-scale pillars
appear in the center of the irradiated spot, LSFL ripples in the
peripheral have the quasi-constant spatial periodicity centered at 663
nm; Fig. 5.3(f) show that after 300 pulses, micro-scale pillars also
appear in the center of the irradiated spot, LSFL ripples in the
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peripheral have the quasi-constant spatial periodicity centered at 614
nm.

Next, we analyze these experimental results from a perspective
given by Sipe theory and Drude model. According to the formula
(4-4) of laser-induced free carrier density, the calculated free carrier
density 1s N,=2.362x10%! cm™ from F=0.30 J/cm? in the experiment.
Then the dielectric constant of excited silicon at this density can be
derived as &= 7.10+2.571 (7= 2.71+0.471), from the Drude model in
formula (4-2) and (4-3).

Then Sipe model is used to predict the LIPSS formation on
silicon. In Sipe model, the maximum values in the efficacy factor n
map correspond to the LIPSS with the orientation and periods. The
Sipe model underlines the effect of rough surface, and the shape
factor s and filling factor F are set to be (F, s) = (0.1, 0.4) for the
rough surface [SYP"83. BRK09]. Fig. 5.4 are the two-dimensional n
maps for normal incident radiation (6=0°) at A=800 nm for unexcited
silicon (i=3.6959+0.00471) and excited silicon (i=2.4751+0.00131).
The laser polarization 1s parallel to the Y axis. In Fig. 5.4, the feature
mdicated by a single-headed arrow can be associated with LSFLs
being predominantly perpendicular to the polarization and having
periods close to the laser wavelength. On the unexcited silicon, the
LSFLs have the spatial period of A=800/1.04=769.2 nm.
Considering the transient optical indices due to laser-induced free
carriers in the experiment (Fig. 5.3), the LSFLs on the excited
silicon are predicted to have the spatial period of A=800/1.08=740.7
nm, which 1s consistent with the experiment results in Fig. 5.3. So
both the effects of rough surface (surface nanostructures) and the
mtra-pulse transient optical indices can contribute to the LSFL
formation.

Efficacy factor n Efficacy factor n

Kx Kx

Figure 5.4: 2D maps of the efficacy factor n for single-crystalline silicon as a
function of the normalized LIPSS wave vector Kx, Ky, for normal incident
radiation (6=0°) at A=800 nm for: (a) unexcited silicon (i=3.6959+0.00471); (b)
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excited silicon (D=2.4751+0.00131). The polarization E is indicated in a
double-heated arrow in (a).

5.1.3 LIPSS experiments on the dielectric fused silica

Amorphous fused silica (a-S102) 1s the pure form of the silica
glass; when molten silicon dioxide is rapidly cooled, it solidifies as a
glass. Pure fused silica has the glass transition temperature of 1202
°C and the softening temperature of 1585 °C [0Ojo04]. Dielectric
fused silica 1s a largely used optical material due to its good
transmission in a wide spectral range (from 180 nm 1in the ultraviolet
region to 2.5 um in the infrared region), and low coefficient of
thermal expansion. Fused silica has high stability to thermal shock
over large temperature excursions and high laser damage threshold.
Besides its optical properties, fused silica 1s also a key material in
microelectronics and chromatography due to 1its mechanical
resistance, high dielectric strength, wide temperature operating range
and selectivity for chemical modification [Mis12].

In order to investigate LIPSS formation on fused silica,
mcreasing numbers of laser pulses are shot at the laser fluences of
F=3.23-3.8 J-cm™ at different spots on the fused silica sample. The
morphology of LIPSS 1s observed by SEM and the periodicity of
ripples 1s analyzed by 2D-FFT.

Fig. 5.5 shows the SEM images of LIPSS formed on fused
silica with increasing pulse number (N) of linearly polarized laser
radiation at a fixed fluence F=3.23 Jem™. In Fig. 5.5(a), after 8
pulses, HSFL ripples with direction perpendicular to laser
polarization are observed within the wirradiated spot, which have the
quasi-constant spatial periodicity centered at 239 nm with large
range by 2D-FFT; In Fig. 5.5(b), after 10 pulses, HSFL ripples have
the quasi-constant spatial periodicity centered at 274 nm with large
range by 2D-FFT; In Fig. 5.5(c), after 20 pulses, remarkably, new
surface structures appear in the center of irradiated spot. However,
HSFL only exist in the periphery of the spot; Fig. 5.5(d) shows that
after 50 pulses, LSFL ripples in the full spot have the quasi-constant
spatial periodicity centered at 575 nm with the direction parallel to
laser polarization.
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Figure 5.5: SEM images of silicon surface after irradiation at fluence F=3.23
Jecm by fs laser pulses: (a) N=8; (b) N=10; (c) N=20; (d) N=50. The laser
polarization direction is indicated in (a) with a double-head arrow. Note that
different scales in each image.

Fig. 5.6 shows the SEM images of LIPSS formed on fused
silica with increasing pulse number (N) of linearly polarized laser
radiation at a fixed fluence F=3.80 J-cm™. In Fig. 5.6(a), after 4
pulses, LSFL ripples with direction parallel to laser polarization are
observed within the urradiated spot. LSFL mipples have the
quasi-constant spatial periodicity centered at 681 nm by 2D-FFT; In
Fig. 5.6(b), after 6 pulses, LSFL ripples with direction parallel to
laser polarization are observed within the irradiated spot, having the
quasi-constant spatial periodicity centered at 614 nm (given by
2D-FFT); In Fig. 5.6(c), after 10 pulses, LSFL ripples with direction
parallel to laser polarization are observed within the wrradiated spot,
with the quasi-constant spatial periodicity centered at 646 nm by
2D-FFT; Fig. 5.6(d) shows that after 20 pulses, LSFL ripples in the
full spot have the quasi-constant spatial periodicity centered at 557
nm with the direction parallel to laser polarization.
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Figure 5.6: SEM es of silicon surface er irradiation at fluence F=3.80
J-em? by fs laser pulses: (a) N=4; (b) N=6; (c) N=10; (d) N=20. The laser
polarization direction indicated with a double-head arrow and scale are shown in

(a).

In summary, there are two types of LIPSS on fused silica,
mvolving HSFL ripples perpendicular to laser polarization (direction
is marked as -E), LSFL ripples parallel to laser polarization
(direction 1s marked as " E). With the increase of laser pulses, the
LSFL periodicity gradually decreases, going in the range of 681 -
558 nm, similar to the case of LSFL on tungsten and silicon.
Remarkably, at the fluence of F=3.23 Jcm™, with the increase in the
number of laser pulses, the transition from HSFL ripples (LE) to
LSFL (" E) is observed. However, at higher fluence of F=3.80 Jecm™,
only LSFL (" E) ripples are observed.

Compared with semiconductors, the dielectric materials have
larger bandgap. For fused silica, the bandgap 1s equal to Eg=9 eV
[Mis12]. Since the photon energy (1.55 eV) in the experiments is
much smaller than the band gap, no linear absorption takes place,
leading to transparency for the 800-nm light at low intensities. In
Sipe model, LIPSS formations on metals and semiconductors are
commonly attributed to the interference between the incident laser
light and the excited surface electromagnetic wave. Compared with a
situation where reflection dominates (most light photons are
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reflected on metal and semiconductor surfaces), a large part of the
mcoming light can refract into the bulk dielectric materials and bulk
and surface effect will mix. So the interference between refracted
light in the vicinity of the surface layer and excited surface
electromagnetic wave plays an important role in LIPSS formations
on dielectric materials. The complexity can go beyond the Sipe
theory and lead to different LIPSS characteristics. For example,
LSFL (||E) on fused silica are different from the LSFL (LE) on
tungsten and silicon in our experiments. The scattering
characteristics and the effects of dielectric function in fused silica on
LSFL formation will be investigated in next Chapter by FDTD
simulations.

In addition, focused femtosecond pulses allow laser intensities
to be sufficiently high for triggering processes of nonlinear optical
absorption (photo-ionization), leading to the generation of free
electrons in the conduction band. Various nonlinear effects resulting
from the strong laser fields in the dielectric material and the
additional free electrons appearing in the focal region affect the
energy deposition on surface. For example, we observed the
transition from HSFL(LE) in low fluence to LSFL (" E) in high
fluence on the fused silica, related to the effect of free carrier
density.

Finally, the LIPSS on dielectric materials are so different from
the LIPSS on metals and semiconductors, because of the transparent
properties due to the dielectric functions. These will be discussed in
the next chapter.

5.1.4 LIPSS experiments on the single-crystal superalloy
CMSX-4

CMSX-4 1s an ultra-high strength, single crystal nickel-base
alloy with a composition given as 62.17 N1, 12.58 Al, 9.86 Co, 7.45
Cr, 2.17Ta, 2.11 W,1.297Ti, 0.94 Re, 0.38 Mo and 1.05 other
elements in atomic percent. CMSX-4 has the melting point of
1455°C, and boiling point of 2730°C. CMSX-4 has the solid density
of 8.90 g/cm®. The alloy can be operated at high peak temperature of
at least 1163°C. Nickel-based superalloys are widely used for
turbine blades in aircraft engine and power generation systems
[RGNO7]. Therefore CMSX-4 can serve as good model metallic
systems for ablation mechanism studies in particular thermodynamic
conditions of high melting point. In addition, they are two-phase
materials containing no high-angle boundaries.
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Fig. 5.7 1s the SEM 1mages of the typical two-phase (y (Ni) and
v’(N13Al)) microstructure of the CMSX-4 after solution and aging
treatment, showing that cubic ordered y’(Ni3Al) precipitates with an
edge length of 0.6 ym are embedded m the y (Ni1) matrix with a
channel width of approximately 90 nm [MMT 07]. After fs laser
ablation, such two-phase matrix structures could induce surface
nanostructures, enhancing the nanoscaled surface roughness and
promoting the LIPSS formation.

mfje;ﬁ
o
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Figure 5.7: SEM lmages of the two-phase m1c:rostructure of the single-crystal
superalloy CMSX-4 [MMT+07].

Ultrashort pulsed laser ablation in nickel-base superalloy
CMSX-4 has been investigated so far in different aspects. These are
targeting processing thresholds (single-shot ablation thresholds in
CMSX-4 as 0.3+0.03 J/cm? [MMT 07]) including the conditions for
generating liquid layers, or ablating processes including the
developments of shock wave. Zhang ef al.’s investigations [ZCF'11,
ZCF"12] showed that, similar to a range of metallic systems, fs laser
ablation produces low-spatial-frequency LIPSS (LSFL), high
spatial-frequency LIPSS (HSFL) and spikes on CMSX-4. Spatial
periodicities are reported as 730-760 nm for LSFL, 360 nm for
HSFL with both directions perpendicular to laser polarization. We
will follow below the role of local surface topography in forming
LIPSS.

The surface of the Ni-based superalloy CMSX-4 sample was
polished by conventional metallographic procedures with a final
polish of 0.05 pm Al;O3 suspensions. The sample was subsequently
cleaned in an ultrasonic ethanol bath for 5~10 min prior to the
femtosecond laser ablation. The refractive index of CMSX-4 was
measured by a spectroscopic phase modulated ellipsometer (Uvisel,
Horiba Jobin Yvon) as 1i=2.05+4.241 at 800 nm wavelength.

We first determine the influence of the dose accumulation in a
cumulative regime and we observe the topology evolution. In order
to investigate LIPSS formation, an increasing number of laser pulses
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are shot at different spots on the CMSX-4 sample. The morphology
of the laser-induced periodic microstructure was examined
aposterior1 by SEM and the periodicity of ripples is analyzed by
two-dimensional Fast Fourier Transform (2D-FFT).

Fig. 5.8 shows the SEM mmages of LIPSS formed on CMSX-4
surface with increasing pulse number (N) of linearly polarized laser
radiation at a fixed fluence F=0.507 Jecm™. For N=1, we observe
several nano-protuberances and nanoholes on surface in the center of
the mrradiated spot [Fig. 5.8(a)]. For N=4, well-marked HSFL ripples
with direction parallel to laser polarization are generated and, at the
same time, faint LSFL ripples with direction perpendicular to laser
polarization are observed within the wrradiated spot. Above N=10,
well defined LSFL ripples are observed (Fig. 5.8(c, d, e)). This
evolution 1s confirmed by a 2D-FFT analysis of the patterns (Fig. 5.8
(f7)), equivalent to a description in the space frequency domain. If
Fig. 5.8(f) does not allow to define a periodic pattern for N=1 but
merely a randomly rough topology, HSFL are imprinted for a low
number of pulses (Fig. 5.8(g)). Fig. 5.8(g), the 2D-FFT profile of Fig.
5.8(b) at N=4 confirms HSFL rpples with a quasiconstant
periodicity centered at 337 nm and LSFL ripples with a
quasiconstant periodicity centered at 725 nm. For N=10, HSFL
ripples and clear LSFL ripples are observed. Remarkably, because of
a defect line marked in red line in Fig. 5.8(c), the direction of a few
LSFL ripples near the defect i1s changed [Fig. 5.8(c)]. Fig. 5.8(h) 1s
2D-FFT of Fig. 5.8(c) that shows HSFL ripples with a quasiconstant
periodicity centered at 349 nm and LSFL ripples with a periodicity
value centered at 665 nm. For N=20, HSFL rnpples with direction
parallel to laser polarization disappear [Fig. 5.8(d)]. Fig. 5.8(1), the
2D-FFT of Fig. 5.8(d), shows LSFL ripples with a quasiconstant
periodicity centered at 672 nm. A new kind of HSFL ripples with
direction perpendicular to laser polarization starts to appear having a
quasiconstant periodicity centered at 343 nm, which has been
reported in references [ZCF'11, ZCF12]. For N=50, both LSFL and
HSFL npples with direction perpendicular to laser polarization are
observed [Fig. 5.8(e)]. Fig. 5.8() 1s 2D-FFT of Fig. 5.8(e) that
shows LSFL ripples with a quasiconstant periodicity centered at 656
nm and HSFL ripples with the periodicity centered at 328 nm. It 1s
noted that the periodicity of LSFL ripples decreases with increasing
number of laser pulses.

In summary, the morphology of LIPSS on CMSX-4 shows
three kinds of LIPSS: LSFL perpendicular to laser polarization,
HSFL parallel to laser polarization and HSFL perpendicular to laser
polarization. LSFL perpendicular to laser polarization has the
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periodicity of 725-629 nm and the periodicity decreases gradually
with an increasing number of laser pulses. HSFL parallel to laser
polarization exists i the initial LIPSS formation stage, having the
periodicity of about 340-350 nm. As laser pulse number increases,
HSFL parallel to laser polarization disappear and HSFL ripples
perpendicular to laser polarization appear with the periodicity of
about 340 nm, nearly half the periodicity of LSFL.

¢)N=10

(e)N=50



Figure 5.8: SEM images of the CMSX-4surface after mradiation with an
increasing number of linearly polarized laser pulses at the fluence of F = 0.507
J-cm. The respective pulse numbers are as follows: (a) N=1; (b) N=4; (c) N=10;
(d) N=20; (e) N=50; (f) 2D-FFT of the image (a), representing the periodicity in
the k-space; (g) 2D-FFT of the image (b); (h) 2D-FFT of the image (c); (1)
2D-FFT of the image (d); (j) 2D-FFT of the image (e). The laser polarization is
indicated with a double-headed arrow in (a).

5.1.5 LIPSS experiments on the amorphous alloy Zr-BMG
and its corresponding crystal alloy Zr-CA

Zr-based Bulk metallic glasses (Zr-BMG) are solid
non-crystalline metallic alloys with disordered atomic-scale structure
and 1deal material supports for micro geometries due to lack of
crystallites, grain boundaries and dislocations in material structure.
Z1r-BMG Zr412T113.8Cu12.5N110Be2s s (at%) 1s studied in our work.

The lattice structure of Zr-BMG can be controlled by annealing
at special temperature above crystallization temperature, applied
pressure and annealing time. Reference [Wan02| shows that the
lattice structure of Zr-BMG transforms to stable crystalline phases: a
significant amount of Zr,Cu phase (tetragonal, a=0.32 nm, c=1.14
nm), an MgZn; type of Laves phase ZrTiN1 (hex, a=0.52 nm, ¢=0.85
nm), and a small amount of Zr2Ni phase after annealing at and above
773K for 5 hours. In our work, Zr-based crystalline alloy (Zr-CA)
was obtained by annealing Zr-BMG at 800K for 50 hours. After
crystallization of Zr-BMG, lattice structures and properties change.

Single-side polished Zr-BMG and Zr-CA samples are used in
the experiment. Polishing was done by diamond paste and alumina
powder with grit size down to 0.1 um. Zr-BMG and CA samples
before experiments are identified by electron back-scatter diffraction
(EBSD) and confirmed as amorphous or crystalline. The optical
mdices of Zr-BMG and Zr-CA samples were evaluated ex-situ by
using a commercial ellipsometer (Uvisel, Horiba Jobin Yvon).
Under 800 nm-wavelength irradiation, the refractive index of
Zr-BMG 1s fi= 3.114+3.6791 and the refractive index of Zr-CA 1s ii
=2.591+3.3011. Before and after the fs laser ablation, the samples are
cleaned 1n an ultrasonic ethanol bath for 5~10 min.

The first striking element comes from the inspection of the
surface topography for the two materials. The surface topologies of
the Zr-BMG and Zr-CA samples were analyzed using SEM. Fig. 5.9
presents SEM 1mages of pristine Zr-BMG and Zr-CA surfaces with
the following characteristics. Zr-BMG surface has a flat aspect with
low roughness (a defect hole 1s shown in Fig. 5.9(a) as a reference).
The annealing treatment had nonetheless as strong influence on the
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CA, as we observe a range of high-density randomly-distributed
nano-particles with the size smaller than 200 nm on Zr-CA surface
(Fig. 5.9(b)). These are intrinsically related to the process of
re-crystallization, generating thus a surface with nano-protuberances
m the 100-200 nm range and 200-300 nm spacing.

Energy dispersive X-ray spectrometry (EDX) analysis of the
chemical composition (inset in Fig. 5.9(b)) indicates that the main
elements composing the nanoparticles are Zr and Cu demonstrating
potential nano-particles of Zr2Cu crystalline phase in the Zr-CA. The
two different topographies will have a strong mfluence on the
formation of LIPSS.

(a) BMG

Figure 5.9: SEM images of (a) Zr-BMG surface and (b) Zr-CA surface. The
presence of nano-particulates and protuberances is visible for the crystalline
alloy surface and is a product of the annealing procedure. Inset: EDX analysis of
nano-crystallites.

In order to investigate lattice structure effects on LIPSS
formation, comparison experiments about LIPSS formation on
Zr-BMG and Zr-CA are carried out. The morphology of the
laser-induced periodic microstructure is examined aposteriori by
SEM and the periodicity of ripples 1s analyzed by two-dimensional
Fast Fourier Transform (2D-FFT). The difference of surface
topology 1s analyzed and discussed 1n the following.

At laser fluence of 0.38 J-cm?, LIPSS on Zr-BMG with
mcreasing pulse number from 1 to 50 are shown m Fig. 5.10(al-f1).
In contrast, LIPSS on Zr-CA are shown in Fig. 5.10(a2-2). Except
LSFL mpples perpendicular to laser polarization on both Zr-BMG
and Zr-CA after 1 pulse, HSFL ripples parallel to laser polarization
appear only on Zr-CA within 10 pulses. The periodicity of LIPSS is
analyzed by two dimensional Fast-Fourier-transform (2D-FFT). Fig.
5.11(a) 1s the 2D-FFT of Fig. 5.10(cl), representing the spatial
periodicity n the k-space, which shows LSFL ripples perpendicular
to laser polarization with a quasiconstant periodicity centered at 742
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nm on Zr-BMG. In contrast, Fig. 5.11(b) 1s the 2D-FFT of Fig.
5.10(c2), which shows LSFL rpples perpendicular to laser
polarization with a quasiconstant periodicity centered at 708 nm and
HSFL npples parallel to laser polarization with a quasiconstant
periodicity centered at 384 nm.

At laser fluence of 0.15 J-cm™2, LIPSS on Zr-BMG with 20, 50,
100 pulses are shown in Fig. 5.10(gl-11). In contrast, LIPSS on
Zr-CA are shown in Fig. 5.10(g2-12). The difference is that LIPSS
on Zr-BMG shows more regular than LIPSS on Zr-CA. This is
because that Zr-BMG lacks crystallites, grain boundaries and
dislocations in material, and 1s easier to form regular ripples due to
the plasticity.

At laser fluence of 0.60 J-cm™?, LIPSS on Zr-BMG with 1, 2, 4
pulses are shown in Fig. 5.10(j1-11). In contrast, LIPSS on Zr-CA
are shown in Fig. 5.10(32-12). Obviously, after 4 laser pulses, Zr-CA
has LIPSS 1in the center. However, the spot center 1s a flat surface
without LIPSS on Zr-BMG. This can be put in connection with the
achievement a certain thickness of a heated, low viscosity “lquid”
layer that will attenuate and damp spatial light modulation or
capillary waves.
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Figure 5.10: SEM images of Zr-BMG and Zr-CA surface after nrradiation with
linearly polarized laser pulses at different fluences: (al-fl) Zr-BMG, (a2-2)
Zr-CA at $=0.38 J-cm?; (gl-11) Zr-BMG, (g2-12) Zr-CA at ¢=0.15 J-cm™?; (j1-11)
Zr-BMG, (j2-12) Zr-CA at $=0.60 J-cm™.The pulse number is shown in every
image. The electric polarization direction of the laser beam 1s indicated with a
double-headed arrow in (al, a2).

Kx Kx
Figure 5.11: (a) 2D-FFT of Fig. 5.10(cl), representing the spatial periodicity in
the k-space on Zr-BMG:; (b) 2D-FFT of Fig. 5.10(c2), representing the spatial
periodicity in the k-space on Zr-CA.

In summary, the differences of surface topologies in amorphous
and crystalline Zr-based superalloys affect LIPSS formation. Three
differences of LIPSS upon the accumulation of laser pulses at
various fluences are observed: (1) At low laser fluence, LIPSS on
Zr-BMG shows more regular aspect than LIPSS on Zr-CA. (2) At
moderate fluence, except LSFL mpples perpendicular to laser
polarization on both Zr-BMG and Zr-CA, HSFL ripples parallel to
laser polarization appear only on Zr-CA within 10 pulses. (3) At
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high laser fluence, Zr-CA has LIPSS in the center. However, the
spot center 1s a flat surface without LIPSS on Zr-BMG.

Comparing the results we may deduce that the formation of
HSFL rpples on Zr-CA 1s strongly related to the specific
nano-structured surface of Zr-CA with a high density of
nanoparticles, while LSFL generation can be related to an itial
roughness as well as to a laser-induced evolving topology on both
surfaces in terms of laser-induced additional roughness and
corrugation. We will discuss the consequences of the high density
nano-roughness on electromagnetic energy distribution in the
vicinity of the surface in next Chapter.

However, beside the nanoscale roughness, Zr-BMG and Zr-CA
present opposite thermodynamic features notably a thermoplastic
character for Zr-BMG and a more brittle character with sharp
thermodynamic transition points for Zr-CA. The thermoplastic
moldable character of Zr-BMG 1s presumably responsible for the
quality arrangement and morphology of LSFL. The HSFL
morphology on Zr-CA depends on the input energy and ranges from
droplet-like forms to inner-structure texturing, suggesting equally a
dewetting mechanism. This shows a strong iter-relation between
field and thermodynamic i1ssues in building a comprehensive
scenario for ripple formation. We will see below subtle changes in
structure and composition of the Zr-BMG.

5.2 Crystallization effects during fs ablation of
Zr-BMG

Besides structure changes, the question 1s if the structure was
equally altered, and we will observe structural changes in Zr-BMG.
Femtosecond laser can induce crystallization mm some amorphous
materials [ZLZ715, LHW'15, EKK"14]. In our case the analysis of
surface crystallization 1n the laser impact area i1s performed using a
scanning electron microscope (SEM, Zeiss SupraS5S FEG-SEM),
equipped with an HKL-Oxford Instruments EBSD system composed
of a Nordlys II camera and Channel 5 software suit. EBSD
acquisitions were performed with the accelerating voltage varying
from 7 to 20 keV, with a working distance of 15 mm and sample tilt
of 70° with respect to horizontal. The spatial resolution of the EBSD
1s typically about 20nm*x60nmx10nm (horizontal axisxtilted
axisxdepth) [SMF*14]. Direct interrogation of EBSD pattern (EBSP)
1s used to analyze the lattice structure by EBSD data analysis after
LIPSS formation.
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Fig. 5.12(a) shows the SEM mmage of the LIPSS on Zr-BMG
surface, which is made by 50 pulses at laser fluence of 0.67 J-cm™.
Fig. 5.12(b) 1s the EBSD diffraction pattern, measured from the
small region marked m a red cross in Fig. 5.12(a). EBSD diffraction
pattern shows the existence of crystalline phase in nano-size region
on LIPSS, which 1s mostly the tetragonal phase, potentially Zr,Cu. It
1s to be emphasized though that these structures appear only at a
relatively high number of pulses and are not typically found in the
rippled area.

Figure 5.12-(a) S a of the LIPSS on Zr-BMG surface after 50 pulses at
laser fluence of 0.67 J-cm?2. (b) EBSD diffraction patterns measured from the
small region marked in a red cross in (a).

5.3 Conclusion

In this chapter, the experiments of fs-LIPSS on six different
materials are carried out, mmvolving metal tungsten, semiconductor
silicon, dielectric fused silica, single-crystal superalloy CMSX-4,
amorphous alloy Zr-BMG and its corresponding crystal alloy Zr-CA.
The experimental results of LIPSS are respectively summarized
below.

On tungsten, there are two types of LIPSS: LSFL and HSFL
ripples perpendicular to laser polarization. For LSFL on W, the SPP
seems to contribute only to a minor extent for LSFL formation on
the planar W. The iitial SPP-laser interference and the subsequent
grating-assisted SPP-laser coupling indicate the smaller periodicity
m the periphery area than the center area of the irradiated spot,
which 1s not consistent with our experiment results of the smaller
periodicity in the center area. In result, it 1s a question if the SPP
contribute to the LSFL formation on tungsten.

For silicon, there are only LSFL ripples perpendicular to laser
polarization. With the increase of laser pulse numbers, the LSFL
periodicity gradually decreases, which 1s in the range of 744 - 614
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nm. LSFL formation on silicon can be explained by Sipe theory and
Drude model, revealing the main effects of rough surface (surface
nanostructures) and the intra-pulse transient optical indices.

For fused silica, there are two types of LIPSS: HSFL ripples
perpendicular to laser polarization (LE), LSFL ripples parallel to
laser polarization (||E) In case of dielectrics, refractive light
components play a larger role and a stronger flexibility as a function
of the local fluence can be foreseen.

For CMSX-4, three are three kinds of LIPSS: LSFL (L1E),
HSFL (||E) and HSFL (1E). LSFL (1E) has the periodicity of
725-629 nm and the periodicity decreases gradually with an
mcreasing number of laser pulses. HSFL (" E) exists in the initial
LIPSS formation, having the periodicity of about 340-350 nm. As
laser pulses increase, after HSFL (|| E) disappears and HSFL ripples
(LE) appear with the periodicity of about 340 nm, nearly half the
periodicity of LSFL.

In the comparison of LIPSS on Zr-BMG on Zr-CA, we may
deduce that the formation of HSFL ripples on Zr-CA 1is strongly
related to the specific nano-structured surface of Zr-CA with a high
density of nanoparticles, while LSFL generation can be related to an
mitial roughness as well as to a laser-induced evolving topology on
both surfaces mn terms of laser-induced additional roughness and
corrugation. However, beside the nanoscale roughness, Zr-BMG and
Zr-CA present opposite thermodynamic features notably a
thermoplastic character for Zr-BMG and a more brittle character
with sharp thermodynamic transition points for Zr-CA. The
thermoplastic moldable character of Zr-BMG 1s presumably
responsible for the quality arrangement and morphology of LSFL.

From the wview of lattice structure, the laser-induced
crystallization on amorphous alloy Zr-BMG 1s evidenced by electron
back-scatter diffraction (EBSD). Although LIPPS pattern are mainly
amorphous, at large doses EBSD diffraction pattern shows the
existence of crystalline phase in nanoscale region on LIPSS, which
1s maybe the tetragonal phase Zr,Cu.

LIPSS experimental results in this chapter will provide the
experimental data for investigating the LIPSS formation mechanism
mn next chapter.
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Chapter 6

LIPSS formation mechanisms and the
role of micro/nano-structures

Here we approach using numerical solving of Maxwell equations the
topic of light interaction with rough surfaces, emphasizing the role
of nanostructures in determining periodic scattered field pattems.
We will thus offer an electromagnetic perspective on the apparition
of spatially modulated light fields.

LIPSS formation involves a complex chain of physical
processes, which have been introduced in Chapter 2. LIPSS
formation 1s affected by irradiation and material conditions.
Particularly, ultrafast laser can induce the transient changes of
optical properties in matter, which has been mvestigated and
discussed in Chapter 4. In Chapter 5, fs-LIPSS experiments on
tungsten, silicon, and metallic superalloys in three structural
configurations (CMSX-4, Zr-BMG and Zr-CA) show different
LIPSS characteristics, however, LIPSS formed on the these
materials have a common point: LSFL structures form perpendicular
to the laser polarization, revealing a common formation mechanism
of regular LIPSS on metal, semiconductor and alloys.

Because of the complexity of LIPSS formation, the growth
mechanisms of some LIPSS features are not yet fully understood.
Several mechanisms of LIPSS formation have been introduced with
their merits and drawbacks in Chapter 2. Among them, Sipe theory
1s widely accepted to describe the LIPSS formation, based on the
mterference between the incident laser and surface-scattered
electromagnetic wave [SYP*83, YPD"83]. Sipe theory is a useful
and valuable approach, which relies on diffraction to explain
periodic optical coupling features and predicts major LIPSS
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characteristics in a simpler, intuitive form. However, Sipe theory is
an approximate solution of the scattered field induced by a simple
rough surface model [SYP"83]. Finite-difference time-domain
(FDTD) approach 1s a precise numerical method that can simulate
the interference and scattering of the electromagnetic waves on
rough surfaces [SRO*12]. Therefore in order to overcome
approximations in Sipe theory, FDTD simulations are used to
mvestigate qualitatively the LIPSS formation on rough surfaces and
the role of micro/nano-structures in LIPSS formation.

In this chapter, at first, FDTD method 1s briefly mtroduced and
then 1t 1s used to simulate the case of Sipe theory on a comparative
basis. Secondly, localized surface plasmon in nanostructures, its
effect on scattering electromagnetic wave, as well as the roles of
micro/ nano- structures in LIPSS formation are introduced and
analyzed by FDTD smmulations. Finally, the formation mechanisms
of LSFL and HSFL on several superalloys are respectively analyzed
and discussed.

6.1 FDTD method

Maxwell’s equations are fundamental to any description of
light-matter interactions. Differential Maxwell’s equations are given
below, mcluding Ampere’s law, Faraday’s law, Gauss’s law for

electric field, and Gauss’s law for magnetic field respectively.

e@+0E:VxH
ot

o (6-1)
;JE =—VxE 6-2)
V.- ,uH =0 (6—3)
V-eE=0 (6-4)

Here ¢ 1s the time, u 1s permeability, ¢ 1s permittivity, ¢ 1s the
conductivity, E 1s the electric field and H 1s the magnetic field.

Finite-difference time-domain (FDTD) method can solve
Maxwell’s equations numerically. The method was introduced by
Yee in 1966 [Yee66]. In Yee’s algorithm, Maxwell’s curl equations
(6-1) and (6-2) are expressed in a Cartesian frame. To numerically
evaluate the equations, central differences are used for the
finite-difference expressions of the space and time derivatives. For
example, applying the central differences to all derivatives equation
(6-1) along the X axis and denoting the temporal grid by a
superscript n, one arrives at the following finite-difference update
equations [THOS]:
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Here superscript » indicates the time steps, A7 is the time increment,
A 1s the space increment, and 7, j and k& are the discretized space
coordinates.

Fig. 6.1 shows a Yee unit cell. In Yee cell, electric and
magnetic field vector components are distributed. Each component
of E and H 1s respectively surrounded by four circulating
components of H and E. A three-dimensional space lattice consists
of a multiplicity of such Yee cells. The so-called leapfrog
arrangement of Yee cell 1s used for the time derivatives, meaning
that each component of H 1s computed and stored using a previous E,
then all the E components are updated from H and the cycle starts
again. An electromagnetic wave interaction structure i1s mapped into
the space lattice by assigning appropriate values of permittivity to
each electric field component, and permeability to each magnetic
field component [Yee66].

Yee
grid

Figure 6.1: Yee unit cell used for FDTD [Yee66].

In order to ensure the simulation accuracy, the dimensions of
Yee cell (Ax, Ay, Az ) are chosen by
(Ax, Ay, Az) < M(10n) (6-8)
where A 1s the laser wavelength; » i1s the refractive index of the
medium. When the dimensions of Yee cell are determined, in order
to ensure the algorithm’s numerical stability, the imcrement Af
follows the condition [THOS]|:
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Here, ¢ 1s the light speed; (Ax, Ay, Az) are the dimensions of the
space grid. Uniaxial Perfectly matched layer (UPML) method was
used as absorbing boundary condition, to avoid nonphysical
reflections. FDTD method has been a powerful engineering tool for
mtegrated and diffractive optics device simulations [THOS].

In this chapter, FDTD method 1s used to compute the
mhomogeneous energy distribution of electromagnetic field on the
surface.

6.2 FDTD simulations on Sipe theory

Sipe theory has been largely applied to describe the LIPSS
formation, based on the mterference between the mcident laser and
surface-scattered electromagnetic wave [YPD'83, SYP"83]. The
Sipe theory can predict major features of periodic field patterns and
optical coupling, however the approximate description of roughness
and interaction can be improved using FDTD.

In this section, at first, a Sipe model about LIPSS formed on Ge
and Al 1s calculated. Next, compared with Sipe theory, 3D-FDTD
simulations are used to estimate modulated fields and thus anticipate
the LIPSS positions on Ge and Al. Finally, FDTD simulations on
energy distribution induced by nanoscale hemispheres on surface are
performed to investigate the origin of LIPSS formed on rough
surface.

6.2.1 Sipe theory about LIPSS formed on Ge and Al

J. E. Sipe et al developed the theory of LIPSS formation by
associating the Fourier component of LIPSS with the corresponding
Fourier component of inhomogeneous energy deposition beneath the
surface [SYP83]. Sipe theory describes the electric field intensity
distribution created by a plane wave incident on a thin, rough surface
selvedge region, whose height 1s much less than wavelength. In Sipe
theory, the surface roughness 1s built according to the shape factor s
and filling factor F. Sipe theory provides an expression for the
mhomogeneous energy deposition on the surface, which 1s
proportional to n(K, Ki)x|b(K)|, where the efficacy factor n(K, Kj)
describes the efficacy with which the roughness leads to an
mhomogeneous energy absorption at K; |b(K)| represents a measure
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of amplitude of the surface roughness at K. It 1s assumed that ripples
grow where the absorbed energy is the largest. |b(K)| varies slowly
for a surface with homogeneously distributed roughness, and the
efficacy factor #(K, K;) exhibits sharp peaks at certain K values, so
the efficacy factor (K, K;) determines the spatial ripple periodicity
[SYP*83].

The efficacy factor n(K, Kj) is calculated according to the
formulas of Sipe theory in the reference [SYP83]. The shape factor
s and filling factor F are set to be (F, s) = (0.1, 0.4) for the rough
surface [SYP783]. Fig. 6.2(a) gives the two-dimensional n map for
1060-nm p-polarized laser radiation incident on Ge at the incident
angle 60°. The laser polarization 1s parallel to the X axis. The
refractive index of Ge 1s #=4+0.11 at 1060-nm wavelength. In Fig.
6.2(a), there are clearly observable intersecting circular patterns that
correspond to quasi periodic field energy patterns in the real space.
In the wave-vector space (1 map), the double rings center at
+(2n/M)xsin(60°) with the radmus of (2w/A), derived from the
synchronism condition nvolving momentum conservation between
the surface scattered wave vector and the non-normally incident
beam [SYP'83]. Inhomogeneous energy focuses on the lateral
side-part of the intersecting circular patterns, which relates to the
period and direction of ripples, where energy deposition peaks. Fig.
6.2(b) 1s the two-dimensional | map for 1060-nm s-polarized laser
radiation incident on Ge at the incident angle 60°. The laser
polarization 1s parallel to Y axis. In Fig. 6.2(b), we can observe
mtersecting circular patterns and two fan-shaped structures outside
the crossed circles in Kx axis. Inhomogeneous energy deposition
occurs preferentially in patterns corresponding to two fan-shaped
structures.
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(a) p-polarization on Ge (b) s-polarization on Ge
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Figure 6.2: 2D-n maps for 1060-nm p-polarized laser at the incident angle 60°
and (F,s) = (0.1,0.4). (a) 2D-n map for p-polarized laser on Ge (ii=4+0.11); (b)
2D-n map for s-polarized laser on Ge; (c) 2D-n map for p-polarized laser on Al
(=1.8+9.31). (d) 2D-n map for s-polarized laser on Al. The polarization
direction is indicated by black arrow.
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Fig. 6.2(c) represents the two-dimensional n map for 1060-nm
p-polarized laser incident on Al at the incident angle 60°. The laser
polarization 1s parallel to X axis. The refractive index of Al 1s
7=1.8+9.31 at 1060 nm wavelength. Here we can observe only
mtersecting circular patterns. Inhomogeneous energy focuses on part
of intersecting circular patterns corresponding to the external lateral
lobes. Fig. 6.2(d) 1s two-dimensional 1 map for 1060-nm s-polarized
laser incident on Al at the incident angle 60°. The laser polarization
1s parallel to Y axis. In Fig. 6.2(d), inhomogeneous energy focuses
on part of double crossed circles corresponding to the vertical lobes.

In their experiment, J. E. Sipe, J. F. Young et al. reported
LIPSS on Ge, Si, Al and brass by linearly polarized 1060-nm
nanosecond laser pulses. Incident angle and beam polarization are
changed in the experiment. They analyzed the information from the
Fourier transform of LIPSS wvia an experimental Fraunhofer
diffraction pattern produced by exposing the LIPSS-patterned
surface to a cw laser beam. For example, Fig. 6.3 shows the
photograph of the diffraction pattern reflected on Ge surfaces with
LIPSS generated by p-polarized 1060-nm radiation incident at the
angle of 60°. There are 3 types of ripples: type s™, type s, type ¢ and
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exceptionally bright dots seen m Fig. 6.3. Type s™ and type s
represent the ripples perpendicular to the laser polarization, and type
s* has smaller periods, while type s™ has larger periods than laser
wavelength. The difference in wavelength derives directly from the
synchronism condition mvolving momentum conservation between
the ripples wavevector and the non-normally incident beam [SF86].
Type ¢ represents the ripples parallel to the laser polarization. We
draw attention to the visible dots in Fig. 6.3 which may correspond
to the ripples with period close to laser wavelength parallel to the
polarization. The exceptionally bright dots are only seen on Ge,
however, not seen on Al at any incident angle. This feature does not
explicitly appear from a Sipe theory analysis and therefore this was
thought be linked to the role of feedback and details of the actual
damage approach [YPD'83].

Figure 6.3: Photograph of the diffraction pattern reflected on Ge with LIPSS
fabricated by p-polarized 1060-nm radiation incident at the angle of 60°. The
polarization direction is indicated by the white arrow [YPD+83].

In Sipe theory, the electromagnetic field is decomposed into
longitudinal and transverse components. The longitudinal
component 1s short ranged and responsible for the local field
collections, which i1s treated by a vanation principle and finding an
approximate solution for polarization in the selvedge. The transverse
component describes multiple scattering, which 1s treated by a
perturbation series [SYP"83]. From here a certain loss of accuracy
may be corrected using numerical approaches.

6.2.2 3D-FDTD simulations about LIPSS on Ge and Al

Sipe theory only solved the inhomogeneous energy deposition
beneath the rough surface. In order to study the energy transfer from
the electromagnetic field above the surface to the material beneath
the rough surface, both the energy distribution above and beneath the
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rough surface of Ge and Al are calculated by 3D-FDTD method. The
rough surface 1s irradiated at the incident angle of 60° in air with
p-or s-polarized laser pulses of 20-ns duration at 1060-nm
wavelength in the simulation model. The refractive indices are
chosen to be the same as in Fig. 6.2. The surface roughness 1s built
according to the shape factor s and filling factor F. The nanoparticles
with the same size of 25 nm x 25 nm % 40 nm are used according to
the shape factor s of 0.4, which 1s related to the spherical particle
appropriately. There 1s 10% of all the surface area filled up with
these nanoparticles in a random manner, according to filling factor F
of 0.1. The range of rough surface selvedge region 1s 0-40 nm mn Z
axis. The bulk material is below the surface and air is above the
surface. The incident plane 1s in XOZ plane. The p-polarization is
along X axis and s-polarization 1s along Y axis. The electric field
amplitude of the plane wave 1s set to 1 V/m. Total-field
scattered-field (TFSF) method and perfect match layer (PML)
boundary are used in the simulation. Because the simulation time of
20 nanoseconds needs lots of memory in computer, only 100
femtoseconds in the middle of one pulse are chosen as the simulation
time. The simulation results show that 100 femtoseconds are enough
for the calculation accuracy.

At first, the exposed semiconductor Ge 1s simulated and the
results are shown m Fig. 64. Fig. 6.4(a) shows thus the
time-averaged E? for the simulation time for Ge at the plane of
7=0.15 pm above the surface in the case of p-polarized plane wave
mcident at the angle 60°. Fig. 6.4(b) 1s 2D Fourier transform of Fig.
6.4(a), which 1s smmilar to the efficacy factor n map i Fig. 6.2(a).
The type s* in the intersecting circular patterns and the exceptionally
bright dots are seen in Fig. 6.4(b). So the exceptionally bright dots
can be seen in one pulse, not linked to the role of inter-pulse
feedback between laser pulses and evolving surface proposed in Ref.
[YPD*83].

Fig. 6.4(c) shows the time-averaged E? for the simulation time
for Ge at the plane of Z=-0.03 pum plane below the surface by
p-polarized plane wave incident at the angle 60°. Fig. 6.4(d) 1s 2D
Fourier transform of Fig. 6.4(c). The mtersecting circular patterns
which show diffuse localization (without specifically defined
wavevectors) and two fan-shaped structures outside the crossing
circles along Kx axis are seen in Fig. 6.4(d). Comparing Fig. 6.4(b)
with Fig. 6.4(d), the double crossed circles exist above the surface,
but they are not clearly defined below the surface. Double crossed
circles are induced by the interference between the scattered light
and incident laser [YPD'83]. Below the surface, the effect of
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mterference between the scattered light and incident laser becomes
weak 1n view of the losses. Two fan-shaped structures are only seen
below the surface, so two fan-shaped structures along the laser
polarization are related to the interference between scattered light

and refracted light in Ge.
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Figure 6.4: (a) Time-averaged E? for Ge at Z=0.15 um above the surface for a
p-polarized plane wave incident at 60°; (b) 2D- FT of (a); (c) Time-averaged E?
for Ge at Z=0.03 pm below the surface for a p-polarized plane wave incident at
60°; (d) 2D-FT of (c); (e) Time-averaged E> for Ge at Z=-0.03 pm below the
surface for s-polarized plane wave incident at 60°; (f) 2D-FT of (e).

For the case of s-polarization, Fig. 6.4(e) shows the
time-averaged E? (for the simulation time) for Ge at the plane of
7=0.15 pm above the surface for a plane wave incident at the angle
60°. Fig. 6.4(f) 1s 2D Fourier transform of Fig. 6.4(e), which i1s
similar to the efficacy factor n map m Fig. 6.2(b). In Fig. 6.4(f), the
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double crossed circles are not clear, two fan-shaped structures along
Kx axis and two fan-shaped structures along Ky axis appear, which
are also seen in Fig. 6.2(b). Two fan-shaped structures along the
laser polarization are related to the interference between scattered
light and refractive light in Ge as 1t will be discussed latter in the
text.

Next, the metal Al 1s simulated and the results are shown in Fig.
6.5. Fig. 6.5(a) shows the time-averaged E? for the simulation time
for Al at the plane of Z=0.15 pm above the surface in the case of a
p-polarized plane wave incident at the angle 60°. Fig. 6.5(b) 1s 2D
Fourier transform of Fig. 6.5(a), which 1s similar to the efficacy
factor n map in Fig. 6.2(c). The type s™ and type s ripples in the
mtersecting circular patterns and the exceptionally bright dots are
seen in Fig. 6.5(b), in which bears similarities with Fig. 6.2(c),
except the exceptionally bright dots.

Fig. 6.5(c) shows the time-averaged E? for the simulation time
for Al at the plane of Z=-0.03 pum plane below the surface for a
p-polarized plane wave incident at the angle 60°. Fig. 6.5(d) 1s 2D
Fourier transform of Fig. 6.5(c). The double crossed circles and
exceptionally bright dots are not seen in Fig. 6.5(d). This 1s because
that metal Al has larger extinction coefficient than semiconductor Ge
and less light could go through the surface region. In view of the
losses the effect of interference between the scattered light and
mcident laser disappears gradually below the surface and the energy
distribution transforms into the Gaussian shape of the k-vectors
space.
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Figure 6.5: (a) Time-averaged E> for Al at Z=0.15 um above the surface for
p-polarized plane wave incident at the angle 60°; (b) 2D- FT of (a); (c)
Time-averaged E? for Ge at Z=-0.03 pm below the surface for p-polarized plane
wave incident at 60°; (d) 2D-FT of (c).

After the simulations of the energy distributions above and
beneath the rough surface of Ge and Al, we found that 3D-FDTD
method can simulate the case of Sipe theory successfully and offer
more information about the energy transferring. So we will use the
FDTD method to investigate the LIPSS formation.

6.2.3 FDTD simulations on energy distribution induced by
nanoscale hemispheres on surface

In order to investigate the exceptionally bright dots in Fig.
6.4(b), 3D-FDTD smmulations for a Ge hemisphere on Ge surface are
analyzed. In the simulation model, a hemisphere 1s located in the
coordinate origin and 1ts radius 1s 0.1 ym. The incident plane wave
has an incident angle of 60° in XOZ plane and 1t has the wavelength
of 1060 nm. The p polarization 1s along X axis. The electric field
amplitude of the plane wave 1s set to 1 V/m. Perfect match layer
(PML) boundary 1s used in the simulation. Simulation results are
shown 1 Fig. 6.6.
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Fig. 6.6(a) shows time-averaged E? distribution on Ge flat
surface with a Ge hemisphere of radius R=0.1 pm induced by the
plane wave of 1060-nm wavelength at the incident angle of 60°. The
electromagnetic energy distribution has a comet-like shape along X
axis and it shows energy modulation around the hemisphere. Fig.
6.6(b) 1s the binary image of Fig. 6.6(a), which shows the periodic
modulation clearly. Fig. 6.6(c) 1s 2D- FT of Fig. 6.4(b), which shows
the two crossed circles in the center and part of bigger circles
corresponding to diffraction. The exceptionally bright dots are
junctions of bigger circles. So the exceptionally bright dots in Fig.
6.4(b) are due to the energy modulation induced by single
nanoparticle on surface at large incident angle, which i1s an
mdividual effect, just involving the interference between incident
wave and scattered wave.

Binary image

-5 0 5
Kx

Figure 6.6 (a) Time-averaged E? distribution on Ge flat surface with a Ge
hemisphere of radius R=0.1 pm induced by the plane wave of 1060-nm
wavelength at the incident angle of 60°; (b) Binary image of (a); (c) 2D-FT of
(b).

In order to study the energy deposition induced by an ensemble
of hemispheres, 8 hemispheres are built in the same model
Simulation results are shown m Fig. 6.7. Fig. 6.7(a) shows
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time-averaged E? distribution induced by the plane wave of 1060-nm
wavelength on Ge flat surface with eight Ge hemispheres of radius
R=0.1 pm positioned on the top of it. In Fig. 6.7(a), electromagnetic
energy distribution 1s the sum of energy modulation induced by each
hemisphere. Fig. 6.7(b) 1s the binary image of Fig. 6.7(a), which
shows the periodic modulation clearly. Fig. 6.7(c) 1s 2D-FT of Fig.
6.7(b), which shows the two crossed circles in the center and part of
bigger circles, similarly to energy deposition induced by 1
hemisphere.

(a) <E2> Binary image

Kx

Figure 6.7: (a) Time-averaged E? distribution on Ge flat surface with eight Ge
hemispheres of radius R=0.1 pum induced by plane wave of 1060-nm wavelength
at the incident angle of 60°; (b) Binary image of (a); (c) 2D-FT of (b).

As the number of hemispheres on surface increases, surface
roughness gets bigger. The energy deposition induced by rough
surface 1s the sum of energy deposition induced by every
nanoparticle on surface in Fig. 6.4(a), and the coherent interference
between nanoparticles. As Fig. 6.4(b) shows, the energy deposition
by rough surface 1s as same as in Fig. 6.6(c) and 6.7(c) in the onset
of central double crossed circles.

In summary, the exceptionally bright dots in Fig. 6.4(b) are due
to the energy modulation induced by single nanoparticle on surface
at an incident angle, which 1s an individual effect, involving the
mterference between incident wave and scattered wave. The
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exceptionally bright dots represent the ripples parallel to the laser
polarization with the periods close to the laser wavelength. The
energy deposition induced by rough surface 1s mainly the sum of the
mdividual effect of nanoparticles on surface. In addition, the
coherent interference between nanoparticles may also play a role m
energy modulation, which will be discussed in section 6.6.

6.3 Localized surface plasmons (LSP) and
scattering electromagnetic wave (SEW)

In Sipe theory, radiation remnants are the electromagnetic field
structures in the rough surface layer on semiconductor, which
behave as a dipole sheet and take the place of the “surface-scattered
wave” concept in phenomenological theories of ripple formation
particularly for semiconductors. Radiation remnants have transverse
and longitudinal polarization, so they are not classical radiation
fields. However, radiation remnants satisfy the dispersion relations
m air and underlying medium, so they are similar to radiation fields.
However, the physical nature of radiation remnants was not clearly
specified [SYP83].

For metal, instead of radiation remmants as defined for
semiconductor, the excitation of surface plasmon on rough surface
plays an important role in the LIPSS formation n Sipe theory
[SYP*83]. There are two types of surface plasmon, called as surface
plasmon polariton and localized surface plasmon. Surface plasmon
polaritons (SPP) are propagating, dispersive electromagnetic waves
coupled to the electron plasma of a conductor at a dielectric interface.
SPPs can be excited by phase-matching techniques. When light
waves interact with metallic surfaces, the resulting electron density
wave may propagate along the surface of the metal, defining a
surface plasmon polariton. Owing to the strong frequency
dependence of the metal complex permittivity, plasmons exhibit
strong frequency dependence leading to surface plasmon resonances
[Mai07].

On the other hand, localized surface plasmons (LSP) are
non-propagating excitations of the conduction electrons of metallic
nanostructures coupled to the electromagnetic field. LSP can be
excited by direct light 1llumination [Mai07].
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Figure 6.8: Drawing of a sphere placed in an electromagnetic field [Mai07].

When the laser irradiates a particle with sub-wavelength size in
air or on the surface, scattering electromagnetic wave (SEW) is
mduced. SEW can be modeled by a dipole source model. LSP is
coupled to the scattering electromagnetic wave. For example, Fig.
6.8 shows the case of a homogeneous, 1sotropic sphere of radius a
with dielectric constant € in the surrounding isotropic, non-absorbing
medium with the medium dielectric constant &, (for medium air,
em=1). Radius a 1s in the range of sub-wavelength values. When the
sphere 1s urradiated by the electric field Ep, the induced electric field
E outside the sphere is represented by a dipole source located at the

sphere center. The dipole moment p 1s represented by the formula:
e—g,

p =A4nge,a’ E,
£+ 28m (6—1 0)

This formula shows that the dipole source experiences a
resonant enhancement under the condition that [e+2gy| 1S @ minimum.
This resonance 1s called the localized surface plasmon (LSP)
[Mai107]. In physics, the applied electromagnetic field induces an
effective restoring force on the driven electrons on the surface, so
that a resonance can arise, leading to field amplification both inside
and 1n the near-field zone outside the metal sphere.

From another viewpoint of optics, the resonantly enhanced
dipole source leads to the enhancement in the efficiency with which
a metal nanoparticle scatters and absorbs light in the air, measured
by extinction cross section Cext, Including scattering cross section
Csea and absorption cross section Cans. The corresponding cross
sections for scattering and absorption Cse, and Caps can be calculated
via the formulas [Mai07]:

2
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O =€ L (6-13)
where k=2n/A. From formula (6-13), the resonant wavelength of a
silver sphere in the air 1S Amax=400nm.

The resonant enhancement of polarization in LSP 1s dependent
on the incident laser wavelength. The resonantly enhanced
polarization in LSP can be measured by scattering cross sections in
far field. In order to investigate the effect of LSP, 3D-FDTD
simulations on the scattering cross sections of single Ag sphere m
the air or an Ag hemisphere on the flat Ag surface are carried out. In
the simulation model, both the sphere and hemisphere have the same
radius of 50 nm. The incident plane wave propagates along Z axis
and has the wavelength range of 300 nm-1200 nm. The wave
polarization is in the X axis. The sphere center 1s at coordinate origin.
The amplitude of electric field in the plane wave 1s set to 1V/m.
Simulation time is set to be enough for the wave propagation in all
the simulation space. Total-field scattered-field (TFSF) method 1s
used to analyze the scattered field. Ag Drude model 1s built based on
the tabulated data from Palik [Pal85]. The simulation results are
shown m Fig. 6.9.

Fig. 6.9 shows that a single Ag sphere in air has the maximum
scattering cross sections at 400 nm wavelength, while an Ag
hemisphere on flat Ag surface has the maximum scattering cross
sections at 363 nm wavelength, revealing that metal nanoparticles on
the surface have similar LSP, in which the resonant frequency is
close to the one of metal particles mn air. Note that the resonant

wavelength 1s related to nanoparticle size and shape [Mai07].
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Figure 6.9: Extinction cross sections of single Ag hemisphere in air or on the
flat Ag surface in the wavelength range of 300 nm-1200 nm.

8

In order to investigate the scattering characteristics of
nanoparticles of different materials, 3D-FDTD simulations on the
scattering cross sections of single hemisphere on the flat surface for
three types of materials Ag, Ge and silica are carried out. In the
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simulation model, all the hemispheres have the same radius of 50 nm.
The dielectric functions of Ag, Ge and silica in unexcited state are
built based on the tabulated data from Palik [Pal85]. Other
simulation conditions are same as in Fig. 6.9. The simulation results
are shown in Fig. 6.10.
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Figure 6.10: Extinction cross sections of single hemisphere on the flat surface in
the wavelength range of 300nm-1200nm, for three types of materials: Ag, Ge
and silica.
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Fig. 6.10 shows that an Ag hemisphere on flat Ag surface has
the resonant enhancement in scattering at the 363 nm wavelength,
however, both the Ge and silica hemispheres have an increasing
scattering cross sections with the decreasing wavelength, without the
resonant enhancement at the given frequency range. Fig. 6.10 reveals
that metal nanoparticles on the surface have much stronger scattering
enhancement than both semiconductor and dielectric nanoparticles,
because of LSP on metal.

In summary, metal nanoparticles on the surface have strong
scattering enhancement originating from LSP, in which the resonant
frequency 1s close to the one of metal particles in air.

For LIPSS formation, Sipe model indicates the necessary
mvolvement of a surface wave. The nature of this wave can imply
several options, such as diffracted waves with evanescent
components [GAO06] or surface plasmon polaritons (SPP). It will be
argued m the following that, if the SPP wave has a role, it 1s not a
necessary and sufficient condition to the development of LIPSS. We
will point out to the surface topography and the presence of
nanoparticles(nanoprotuberances) or nanoholes. We will focus first
on a single nanoparticle effect and we will show that in the scattering
characteristics, the role of LSP 1s inherently present.
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6.4 The roles of micro/ nano- structures in LIPSS
formation

Motivated by the features of lack crystallites, grain boundaries
and dislocations, we focused on Zr-BMG Zrs4T111Cui0N110Be2s (at%)
as the investigated material in the mitial LIPSS formation steps from
a topological and compositional viewpoint.

6.4.1 Micro/ nano- structures during LIPSS formation on
Zr-BMG

The experiments of LIPSS formation on Zr-BMG have been
mtroduced 1 Section 5.1.5. We follow first the topology changes
upon the accumulation of first incident pulses in Fig. 5.10, which
shows LSFL with the periodicity of 730+40 nm formed by four
consecutive linearly polarized laser pulses.

When the laser pulse energy 1s at the level of smngle-pulse
ablation threshold, the first laser pulse can damage the surface in a
localized imhomogeneous manner at the sites of intrinsic surface
defects or induce local nucleation of phase transformations [[ZA15].
Therefore nanostructures on the surface appear in a dominantly
random manner, as seen in Fig. 5.10(al). The ablative features
follow generally the main characteristic of an ultrafast ablation
process with rapid, quasi-isochoric heating, build-up of temperature
and pressure gradients and thermo-mechanical relaxation with
thermodynamic evolutions below or beyond the critical point
[CCA™12]. The main consequence is the onset of nanoscale surface
structures.

We follow below potential sources and geometries of field
mterference at the surface.

6.4.2 Energy modulation induced by single surface
nanostructure

In order to investigate the effect of surface nanostructures m
LIPSS formation scenarios, we first analyze the energy modulation
mduced by single surface nanostructure using FDTD simulations.
Then, the space period and patterns of energy modulation are
evaluated, equally considering the interaction with the incident field.
To assess conductor and 1solator roles and emphasize their specific
scattering features, simulations were carried on Zr-based BMG and
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dielectric material silica glass models. Finally, near-field
enhancement of localized surface plasmon 1s discussed.

The FDTD method 1s used to compute the mhomogeneous
electric field distribution on the surface in the presence of a single
scatterer. Effects of single hemisphere form placed on planar surface
of BMG are analyzed. The surface 1s nrradiated at normal incidence
mn air with linearly polarized laser pulses of 50 fs duration FWHM at
800 nm central wavelength. In the model geometry in Fig. 6.11(a), a
hemisphere with the radius of 0.1 um 1s located in the coordinate
origin. BMG planar surface i1s at Z=0. The incident plane wave
propagates 1n Z axis from the source plane. The laser polarization 1s
along X axis. The amplitude of laser pulse 1s set to 1 V/m. Because
dielectric constants of Zr-based BMG change little during the laser
pulse duration of 50 fs at low laser fluence and the linear response 1s
mvestigated, the refractive index of ZraT1;:CuioN110Bess 1s kept
constant at the level of #i=2.27+3.341 mm FDTD simulation.
Total-field scattered-field method 1s used to analyze the scattered
field [ATO02]. We recall that the polarization vector of the plane
wave polarization is defined along Ex, and thus the electric field Ex
quasi-represents the total field. Coherent interactions including the
mcident field mmvolve the X directions. Upon interaction, new
developed electric field E; components only include the scattered
field.

The result in Fig. 6.11(b) shows the time-averaged E? around
the BMG hemisphere placed on BMG planar surface for one pulse
duration of 50 fs in the XOZ plane. The time-averaged quantity 1s
equivalent to a stationary energy field distribution. The interference
between scattered light and incident laser field takes place in the
space between the source plane and the surface. The electric field
energy distribution arranges stationarily in a regular interference
pattern and the periodic energy modulation appears on the surface.
The 1D-FFT of energy modulation on surface is given in the mset of
Fig. 6.11(b), which shows that the spacing period 1s 727+20 nm. The
period depends slightly on the geometry of the nanoparticle on
surface.
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Figure 6.11: (a) Schematic geometry of interaction. (b) Time-averaged E? values
determined by a BMG hemisphere (radius=0.1 pm) on the BMG surface in XOZ
plane. 1D-FFT of E? values on surface is inserted in (b). A logarithmic color bar

scale was used to emphasize the details. Note that X axis and Y axis are in
different scales.
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Figure 6.12: (a) Total energy distribution pattern on surface derived from
stationary fields (time-averaged E?) with (b) its Fourier decomposition. (c)
Energy distribution of interferential terms pattern (time-averaged Ex?) on surface
with (d) its Fourier (FT) decomposition. Note that laser polarization is along X
axis. Identical color bars are used for (b) and (d).

104



We will then focus on the scattering energy and field pattern for
the case of a ¢$=100-nm hemisphere on the surface. Fig. 6.12(a) gives
the time-averaged E? distribution on the surface equivalent to a
stationary structured energy pattern. This shows that a main channel
m the energy modulation comes from the near-field enhancement at
the edge of nano-protuberance. At the same time a larger distance
field modulation 1s observed, driven by scattering patterns and
mterference with the incident fields. FT analysis in Fig. 6.12(b)
shows two main components in the spatial wave-vectors space
(K=27/A with A=800 nm), a component oriented along the Kx axis
(and thus corresponding to modulations perpendicular to the
polarization axis) and a higher spatial frequency component along
the Ky axis (with modulations parallel to the polarization). These are
consistent with our previous research work [ZCL"15].

In order to analyze the origin of these modulations, we have
verified the Ex* component (equivalent to a scalar energy value
corresponding to the resulting field component in the vicinity of the
surface containing the incident polarization) in Fig. 6.12(c, d). The
mterferential pattern shows similar amplitude and distributions as
the total field, with a difference related to the higher frequency
component along Ky (Fig. 6.12(d)). We conclude that the higher
spatial frequency component has a mixed origin, scattering in a
characteristic pattern and potential interferential interactions along
the polarization direction.

To assess conductor and i1solator roles and emphasize their
specific scattering features, the energy modulation on two materials:
Zr-based BMG and silica glass are analyzed by FDTD simulations
respectively. The energy modulations are induced by metallic and
dielectric scattering centers, equivalent to protuberances and
nanoholes in the surface. The same hemisphere model as in Fig. 6.12
1s used in 3D-FDTD simulation. To emphasize the linear response,
the dielectric constants of silica in non-excited state are chosen. In
FDTD simulation, the refractive index of silica glass 1s 7=1.45+01
under 800nm-wavelength 1rradiation.

As the size of the surface nanostructure is comparable to the
wavelength of the laser, the scattering light can be associated with
Mie scattering, but we observe here a general scattering and
mterference phenomenon involving incident and scattered fields.
The results are analyzed and shown in Fig. 6.13 in terms of surface
pattern distribution and field diffusion patterns.

Time-averaged E? distributing on surface in XOY plane for the
case of BMG material illuminated by 800-nm plane wave 1s given in
Fig. 6.13(a). This shows a stationary spatially modulated pattern.
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Time-averaged electric field magnitude E? distribution is ripple-like
shaped along the polarization direction and the spacing period is
727+20 nm. It 1s now of mterest to observe the near-field diffusion
pattern. Fig. 6.13(c) shows the peak electric fields E; in the XOZ
plane. We note that maximum E; 1s 1.25, higher than the incident
laser field magnitude, indicating an enhancement mechanism. To
verify to which extent this is related to the material properties,
particularly to the conductive characteristics which may enable
collective charge oscillations or to the geometry, we verify the
situation in case of a dielectric medium. Fig. 6.13(b) shows
time-averaged E? distribution on surface in the XOY plane for a
silica hemisphere of same size located on silica material and excited
by a planewave. Time-averaged E? distribution is a mix of patterns
with two periodicities given by fields above and below surface, the
central spacing periods are 571 nm, 727 nm respectively. The period
of 571 nm 1s related to interference between the refractive wave in
silica glass and scattered light. The period of 727 nm 1s related to
mterference between incident plane wave and scattered light on the
top of the surface. We thus observe space period and pattern of
energy modulation dependent on substrate materials. Fig. 6.13(d)
shows electric fields E; in XOZ plane. The maximum E; 1s 0.25 in
this case.

For comparison with hemispheres on surface, the energy
modulations by nanoscale air holes on BMG and silica are also
mvestigated by 3D-FDTD simulation. In the same model conditions
as m Fig. 6.13(a) and (b), instead of a hemisphere, an air sphere 1s
considered, that has the radius of 0.1 um and its center placed on the
surface and the results are given in Fig. 6.13(e, f). Fig. 6.13(e) gives
time-averaged E? in the XOY plane for a hole on BMG, which
shows the same pattern as in Fig. 6.13(a). Fig. 6.13 (f) shows
time-averaged E? in the XOY plane for a hole on silica, which shows
the same pattern as in Fig. 6.13 (b). We may conclude that the
nanoscale particles or holes on surface play the same role in energy
modulation on surface induced by interference between incident
laser and scattered light.

Note that the maximum E; in metal BMG 1s stronger than the
maximum E; in dielectric material silica glass, as seen in Fig. 6.13(c,
d). Such near-field enhancement can likely involve localized surface
plasmons (LSP) on metal, namely non-propagating conduction
electronic oscillations coupled to the electromagnetic field [Mai07].
LSP are typical product of light excitation of small structure with
free mobile electrons and resonant excitation can determine locally
field amplification.
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The characteristic patterns in Fig. 6.13(a) and near-field
enhancement in Fig. 6.13(b) represent potential evidence that LSP
excitation occurs on the BMG hemisphere under laser wrradiation.
LSP enhances the electric field in the near-field zone of BMG
hemisphere surface, amplifying thus the yield of scattered light and
inﬂuencing the energy modulation on surface.
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Figure 6.13: (a) Time-averaged E?> in XOY plane for a hemisphere (radius=0.1
um) on BMG; (b) Time-averaged E? in XOY plane for a hemisphere on silica; (c)
Maximum electric field Ez in XOZ plane for a hemisphere on BMG; (d)
Maximum electric field Ez in XOZ plane for a hemisphere on silica. (e)
Time-averaged E? in XOY plane for a hole on BMG, (f) Time-averaged E*> in
XOY plane for a hole on silica.

6.4.3 LSFL formation from multiple scattering centers

Based on the results on single scattering centers, we can discuss
field diffusion impact on low spatial frequency LIPSS formation.
The N-pulse dependence of the surface topology upon irradiation
mdicates cumulative effects that can be resumed as follows. When a
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few pulses impact on a flat metal surface with low roughness, the
sub-wavelength surface structures will be generated, such as
nanoscale hemispheres and nanoscale holes. The origin of these
structures can be associated with inhomogeneous distribution of
phase-transition nucleation centers [AIZ12]. A sub-wavelength
surface metallic structure upon irradiation can scatter light assisted
by potentially excited LSPs and act as a dipole source. An
mterference phenomenon between the incident field and the
scattered field occurs, with the onset of regular patters at the typical
wavelength of ripples. The modulated energy deposition can thus
contribute to generation of LIPSS.

In order to evaluate the interaction between multiple dipole
sources, cases including two and multiple BMG hemispheres on a
planar surface are analyzed by FDTD simulations. In the simulation
models, BMG hemispheres on planar surface have the same radius
of 0.1 pm. The incident plane wave with 800 nm wavelength
propagates along the Z axis, and the polarization lays parallel to the
X axis. Simulation results are shown i Fig. 6.14 and Fig. 6.15.

Fig. 6.14(a) shows the time-averaged E? distribution induced by
two hemispheres separated by a distance of 4 um. We observe
already the superposition of the two individual patterns, leading to
the onset of quasi-parallel periodically aligned traces at the
mtersection point. As the electric field of the incident plane wave 1s
defined 1n the X-axis: Ex, the electric field E,; components only come
from the scattered field. The electric field magnitude E includes
three components: Ex, Ey and E, and we discuss the stationary
patterns associated with each of the component via the
time-averaged squared component of the field, artificially
assimilated to an energy-like component. Fig. 6.14(b) shows the
time-averaged Ex* distribution, which is similar to Fig. 6.14(a). Fig.
6.14(c) shows the time-averaged E.* distribution with a space period
of about 400 nm, which derives from the coherent interaction
between two scattering sources, as it will be justified below.
Interference effects between incident wave and scattered wave are
maximized in the X component, while z component i1s only
originating from scattering.

In order to prove the nature of coherent effects in E; distribution
without involving interaction with the incident wave (given the
polarization direction, the interferential action of the incident field
does not occur along Z which contains only scattered artefacts),
FDTD simulation of the interaction between 2 dipole sources m the
absence of the incident plane wave 1s performed. In this model, two
dipole sources with distance of 4 um are located on the BMG surface
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as shown 1n Fig. 6.14(d). Both the dipole sources have the electric
field amplitude of 1 V/m, the wavelength of 800 nm, the pulse
period of 50 fs and the polarization along the X axis. Fig. 6.14 (d)
shows the time-averaged E? distribution induced by the two coherent
dipole sources, which 1s similar to Fig. 6.14(c) in both shape and
space period. So the time-averaged E; distribution arrives from the
coherent interaction between two scattering sources, and shows a
different periodicity than expected in low spatial frequency LIPSS.
In addition, the value of time-averaged E,? is much lower than E:%,
so the coherent interference between scattering sources doesn’t play
an 1mportant role in initial LIPSS formation m our case, a situation
that may evolve as a function of scatterer concentration. The energy
distribution pattern defining the regular ripples comes mainly from
the iterference between scattering wave and the incident laser.
Comparing Fig. 6.14(a) with 6.14(b) and 6.14(c), we conclude that
the energy modulation induced by two nanostructures comes from
the interference between scattered light and incident plane wave, and
also from the coherent interaction between all scattered sources,
however, the interference between scattered light and incident plane
wave plays a primary role in this case.
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Figure 6.14: (a) Time-averaged E? distribution induced by two laser-irradiated
hemispheres (radius=0.1 pm) separated by the distance of 4 pum; (b)
Time-averaged Ex? distribution; (¢) Time-averaged Ez’ distribution; (d)
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Time-averaged E? distribution induced by the mutual interaction of two coherent
dipole sources with the distance of 4 pm.

In order to simulate the rough surface induced by a few laser
pulses, the flat surface with 1000 cubic nanoparticles in random
distribution on the surface is built for the FDTD simulation model
[SRO12]. The cubic particle size is 40 nm x40 nmx40 nm. The
surface size 1s 25 pmx25 pum. The incident plane wave propagates
along the Z axis. It has the wavelength of 800 nm and the
polarization aligned along the X axis.
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Figure 6.15: (a) Time-averaged E? distribution just above the rough surface for
an ensemble of scatterers. (b) 2D-FFT of the intensity distribution in (a), the
values along Ky=0 1s shown at the bottom of Fig. 6.15(b). A logarithmic color

bar is used to emphasize the details.

Fig. 6.15 shows the time-averaged E? just above the rough
surface, and the energy modulation can be seen at this level. The
energy on the surface 1s modulated with a pattern similar to the
typical ripples, as shown in Fig. 6.15(a). Fig. 6.15(b) shows the
2D-FFT of the Fig. 6.15 (a), from which the energy modulation
distribution has the space period of 769+20 nm with the direction
perpendicular to the laser polarization. The theoretical results agree
reasonably well with that of the experiments considering that no
feedback issues are considered here.

Even though FDTD i1s not specific to the modulation source,
several points can be emphasized. The field enhancement around
metallic nanostructures points to a potential LSP involvement. The
optical 1indices can allow SPPs propagation and Composite
Diffractive Evanescent Wave (CDEW) can be excited on the
Zr-based BMG [GA06, LM7]. However a general scattering and
mterference model 1s sufficient to indicate optical modulation on the
surface.
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6.5 Role of one-dimensional nano/microstructure
and topography defects in LIPSS formation

The presence of defects and their role i scattering laser
radiation was largely discussed in the literature (with a recent
approach in references [MTA14, MTA'13]) and used as an
argument for the involvement of a scattered field. For example, a
defect line remarkably changed the direction of a few LSFL ripples
near the defect in Fig. 5.8(c). The relation between the geometry of
the defect and the laser vectorial field 1s complex and we observe
this relation on the multi-alloy CMSX-4.

6.5.1 Laser pulse exposure with fixed polarization
direction

With the intention to study the role of a defect line n Fig. 5.8(¢c)
m LIPSS formation, a sub-micron-sized groove was made on the flat
CMSX-4 sample by a mechanical scratch. The AFM image of the
groove 1s shown in Fig. 6.16(a). Fig. 6.16 (b) shows the
cross-section size of the groove from AFM. The groove has 600 nm
m width, 40 nm in depth and two ridges with height of 75 nm, 150
nm, respectively.

To grasp the features of the interaction between
sub-micron-sized groove and laser, the groove i1s exposed by
successive sequences of fs laser pulses at the same laser polarization
and with a fluence above the modification threshold. The laser
polarization forms an angle of 67.62° with the groove. The time
delay between two successive shots 1s about 1 second. The laser
fluence 1s 1.15 Jecm™. Fig. 6.16(a) shows the AFM images of the
groove 1rradiated by N=1 pulse, N=2 pulses and N=4 pulses
respectively in relation to the topology of the non-irradiated spot.
After N=1 pulse, ripples are produced at both sides of the groove,
albeit with a large periodicity. With increasing number of pulses the
period stabilizes at a slightly subwavelength value, and interestingly,
the ripple pattern gradually grows further away from the groove.

We discuss below the pattern evolution. Fig. 6.16(b) shows the
cross-section profile of the not irradiated groove. Fig. 6.16(c) shows
the cross-section profile of the groove after N=1 pulse. After the first
pulse, the ridges of the groove were etched away and the height of
the ridges was decreased. Fig. 6.16(d) shows the cross-section
profile of groove after N=2 pulses. Now ripples are produced at both
sides of the groove and one ripple was produced 1in the valley within
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the groove after N=2 pulses. As the pulse number increases to N=4,
the pattern extends spatially with more ripples being produced
further away from the ridges as seen m Fig. 6.16(e). The prominent
rippled-structure produced in the valley of the groove can be
explained assuming localized near-field effects. Localized near-field
energy modulation can appear in the scattering pattern around the
metal peaks of the ridges leading to an electric field enhancement. A
potential involvement of localized surface plasmons (LSP) can
contribute to the near-field energy modulation, with plasmonic
near-field enhancement [Sanl13, DZP"13, HSR"14, LMO07], resulting
m two new grooves near ridges in the valley.
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Figure 6.16: (a) AFM image of the groove shot by N=1, 2, and 4 pulses. The
laser polarization is indicated by the double-arrow in (a) and the laser fluence is
1.15 J/em?; (b-e) cross-section profiles of groove: (b) not irradiated; (c) after
N=1 pulse; (d) after N=2 pulses; (e) after N=4 pulses.
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6.5.2 Effect of varying polarization direction along the
groove

In order to study the effect of fs laser polarization in the
presence of defects of anisotropic geometries, the groove is now
wradiated by N=4 fs laser pulse sequences with different laser
polarizations. The delay between two successive shots was about 1
second. The laser energy is 1.15 J-cm™?. Fig. 6.17 shows SEM
mmages of the groove shot by N=4 pulses employing three
polarization directions.

Figure 6.17: SEM photos of the groove shot by N=4 pulses, the angles between
linear polarization and groove are the following: (a) 82.38°, (b) 52.38°, (c)
22.38° Laser polarization axis is shown as double-arrow and laser fluence is
1.I57=em?

In Fig. 6.17(a), the laser polarization i1s quasi-perpendicular to
the groove, making an angle of 82.38° with the groove axis. In this
case ripples are mainly parallel to the groove and distributed in
triangle-like shape at two sides of the groove. In Fig. 6.17(b), laser
polarization has the angle of 52.38° with groove axis. Some ripples
near the groove are distributed parallel to the groove. However,
ripples located away from the groove are oriented perpendicular to
the laser polarization. In Fig. 6.17(c), laser polarization has the angle
of 22.38° with the groove axis and ripples are distributed mainly
perpendicular to the laser polarization, however, some ripples in the
groove are perpendicular to the groove. This indicates that in the
vicinity of the groove the field has a complex structure that need to
be elucidated. Typically ripple formation is the related to deposited
energy on surface as ablative or phase transition processes are
mvolved. In order to investigate the effect of linear-geometry defects
m LIPSS formation, energy modulation is analyzed by FDTD
simulations.
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6.5.3 FDTD simulations on the effect of a linear groove

FDTD method 1s used to compute the electric field distribution
near the groove. The groove model 1s built based on the size
obtamned from Fig. 6.16(b). The refractive mdex of CMSX-4 is
2.05+4.241 1n the model, corresponding to the cold material. The
groove 1s 1rradiated at normal incidence in air with linearly polarized
laser pulses. The laser pulse 1s modeled with a 50-fs pulse duration
FWHM at the wavelength of 800 nm. For convenience, as we are
mterested in the spatial repartition of energy and in a linear regime,
the magnitude of input laser electric field 1s set to 1 V/m allowing
direct observation of field concentration effects with respect to the
mput. Convolutional perfectly matched layer method 1s used as
absorbing boundary condition.

In order to investigate the effect of polarization n Fig. 6.17,
FDTD smmulations are performed for one groove with sub-micron
section under urradiation with different laser polarizations. For
simplicity, a long rectangular hole on the alloy surface 1s chosen as
the groove model. The modeled groove has the width of 600 nm and
the depth of 80 nm 1in a rectangle cross section. In FDTD model, the
groove 1s aligned along the Y axis in the XOY plane and a Gaussian
laser beam 1s used now to give an idea about the dimensional size of
the affected area. The incident laser beam propagates along Z axis.
The magnitude of laser electric field is set to 1 V/m. The simulation
results i different polarization are shown in Fig. 6.18.

Fig. 6.18 shows time-averaged electric field energy E? on the
surface induced by laser pulses with different polarizations. In Fig.
6.18(a), under a laser polarization perpendicular to the groove,
energy modulation outside of the groove 1s parallel to the groove and
distributed in two triangular domains, which are similar to the
triangle-like distribution of ripples m Fig. 6.17(a). As the angle
between the groove and laser polarization decreases gradually from
90° to 60°, 30° and 0°, energy modulation outside of the groove also
decreases gradually (Fig. 6.18(b-c)). The responsible factor is related
to the fact that the groove can induce a scattered surface wave
propagating perpendicular to the groove, which interferes with the
mcident laser field, leading to energy modulation parallel to the
groove. The scattered surface wave pattern 1s dependent on the angle
between the groove and laser polarization, as only the component of
the incident laser with polarization perpendicular to the groove can
mduce the scattered surface wave. Therefore, as the angle between
the groove and laser polarization decreases gradually, the scattered
surface wave magnitude decreases as well, hence the energy
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modulation perpendicular to the groove decreases. This explains the
evolution of the ripples parallel to the groove n Fig. 6.17.

In Fig. 6.17(b) when the groove and polarization are moderately
deviating from orthogonality, there are remarkably two different
LSFL nipple directions: parallel to groove and perpendicular to laser
polarization. The ripples perpendicular to laser polarization can be
explained by invoking the interference between incident laser and
scattered surface wave induced by surface roughness. The ripples
parallel to groove can be explained by the interference between
mcident laser and scattered surface wave induced by the groove. In
Fig. 6.17(a), under a laser polarization perpendicular to the groove,
scattered surface waves parallel to groove are excited, mostly by the
groove anisotropic topography. Laser polarization 1s also parallel to
the normal vector of the groove, so both laser polarization and
scattered surface wave induced by groove contribute to the
appearance of ripples m Fig. 6.17(a). In Fig. 6.17(b), laser
polarization makes the angle of 52.38° with the groove and scattered
surface wave parallel to groove weakens, leading to only few ripples
near the groove that are parallel to the groove, however, ripple
direction in the zone away from groove 1s determined by laser
polarization [YPD'83, SYP™83]. In Fig. 6.17(c), laser polarization
has the angle of 22.38° with the groove, scattered surface wave
parallel to groove is too weak for ripple formation, so ripple
direction 1s mainly determined by laser polarization. Remarkably, a
few ripples in the groove are perpendicular to the groove, which will

be discussed in the following.
<e® <E>
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Figure 6.18: Time-averaged electric field energy E? on surface induced by (a)
90° polarized laser pulse; (b) 60° polarized laser pulse; (c¢) 30° polarized laser;
(d) 0° polarized laser pulse. The laser polarization i1s indicated with a
double-headed arrow.

The question of reorientation of ripples in the groove could be
easily understood assuming the existence of defects in the groove.
The transverse ripples perpendicular to the groove m Fig. 6.17(c)
could therefore be explained by scattered waves in the groove
mduced by large holes across two ridges of the groove. It i1s
presumable that some nanoholes form at the ridges, with the first
pulse induced ablation. After a few pulses, the holes at ridges
become larger and deeper. When the large holes are across the two
ridges, scattered wave i the groove appear. The groove model with
two nanoholes across ridges 1s used for FDTD simulation, as shown
m Fig. 6.19(a). The laser polarization has the angle of 22.38° with
the groove. The simulation result is shown in Fi%. 6.19 (b).
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Figure 6.19: (a) Groove model with two large holes across two ridges, two holes
are shown in white color; (b) Time-averaged electric field energy E? on surface
in XOY plane. The laser polarization is indicated with a double-headed arrow.

Fig. 6.19(b) shows time-averaged electric field energy E? on
surface. Besides the reorientation of ripple patterns outside the
groove, we note an observable periodic energy modulation in the
groove. The interference between the incident laser and scattered
wave 1n the groove results m the formation of transverse ripples
mside the groove. Transverse ripples i the groove could be
explained by scattered wave in the groove, which 1s induced by holes
at the ridges.

We observe therefore that the scattered wave induced by
nanostructure plays an important role in LIPSS formation, which is
consistent with the conclusion in references [MTA14, MTA"13]. In
addition to the case of single-pulse ablation in references [MTA14,
MTA"13], multi-pulse ablation is the feedback process between light
and nanostructures. Laser ablation can produce new surface
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nanostructures, at the same time, new nanostructures induce different
scattered surface wave, leading to a new feedback-driven energy
modulation deposited on surface. Therefore ripple formation m
multi-pulses 1s a result of the feedback process between light and
nanostructures involving a dynamic evolution in the scattering
pattern.

6.6 FDTD simulation for HSFL formation

High-spatial-frequency laser-induced periodic surface structures
(HSFL) driven by incident ultrafast laser fields, with their ability to
achieve structure resolutions below A/2, have the potential
application in the nano-machining. In Chapter 5, HSFL formations
on CMSX-4 (Fig. 5.8) and Zr-CA (Fig. 5.10) have been observed. In
this section, the origins of HSFL on CMSX-4 and Zr-CA are
mvestigated respectively in the following.

6.6.1 HSFL(L-E) on CMSX-4

In order to simulate the rough surface induced by a few laser
pulses, the flat surface with 1000 cubic nanoparticles in random
distribution on the surface is built as the 3D-FDTD simulation model
[SRO"12, SRH"10]. The cubic particle size is 50 nm*50 nmx40 nm.
The surface size 1s 25 pmx25 pm. The incident plane wave
propagates along the Z axis. It has the wavelength of 800 nm and the
polarization along the X axis.

Fig. 6.20(a) shows the time-integrated square field E? standing
as an average intensity value for whole pulse duration just below the
rough surface. This shows that a standing energy pattern was formed.
The energy on the surface 1s therefore spatially modulated. Fig.
6.20(b) shows the 2D-FFT of the Fig. 6.20(a), from which the
energy modulation distribution has the spatial period of 714-769.2
nm with the direction perpendicular to the laser polarization.
Simulation results agree well with LSFL ripples in the experiment
results in Fig. 5.8(c). In accordance with the precious discussion
[LZC*15], it appears that potentially it is the interference between
mcident laser and scattered wave along the surface that mainly
contributes to the energy modulation in Fig. 6.20(a) and which can
produce the LSFL ripples perpendicular to laser polarization. Except
the mterference between incident laser and scattered wave, the
mterference between scattered sources also plays a role in energy
modulation, discussed in the following.
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Figure 6.20: (a) Time-integrated E* distribution nearly or just below the rough
surface. (b) 2D-FFT of the intensity distribution given in (a).

In order to evaluate further subtle effects in the mteraction
between surface scattered sources, an idealized and simplified model
1s used to evaluate the interaction in the presence of multiple
scatterers. Two hemispheres placed on the planar surface of
CMSX-4 illuminated by plane wave are analyzed by 3D-FDTD
simulations. In the simulation model, CMSX-4 hemispheres on
planar surface have the same radius of 0.1 pm. The incident plane
wave propagates along the Z axis and the polarization direction is
parallel to the X axis. As the electric field of incident plane wave is
polarized along the X axis, only the electric field E; component
originates from the scattered field. Thus, the interference between
the incident laser and scattered wave becomes visible in the electric
field Ex while the interference between scattered sources can be seen
m the electric field component E,. As the energy stored in the
electric field component Ey 1s much smaller than Ex and E, cases, the
electric field Ey distribution 1s not discussed in the following.
Simulation results are shown in Fig. 6.21.

Fig. 6.21(a) shows the time-integrated Ex* distribution induced
by two hemispheres separated by a distance of 4 pm, and energy
modulation pattern has the periodicity of slightly smaller than 800
nm. The associated spatial energy modulation originates from the
mterference between incident laser and scattered waves, which,
based on the pattern similarity, seem to contribute to LSFL ripple
formation. At the same time, Fig. 6.21(b) shows the time-integrated
E/# distribution. This shows a space periodicity slightly smaller than
400 nm, which derives from the coherent interaction between two
scattering sources (similar to the case of the interference of counter
propagating beams giving fringes at A /2). In Fig. 6.21(a), the
amplitude of the base level of the time-averaged Ex* quantity is
about 6 VZm™, the amplitude of inhomogeneous time-averaged Ex
is about 0.86 V?*m? As a comparison, the amplitude of
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time-averaged E; is about 0.066 VZ>m™, much smaller than E:%.
Consequently, when the particle inter-distance 1s large, the coherent
mteraction between two scattering sources plays a weak role.
However, in the cases of short-range and assemble of
nano-structures, the value of time-averaged E,? can get significantly
larger. In the same simulation condition, two hemispheres with
radius of 0.1um separated by the distance of 0.67 um are analyzed in
3D-FDTD. Moreover, six same hemispheres separated by the
distance of 0.67 pm are also analyzed. The simulation results are
shown mn Fig. 6.22.

<Ef = <E32>

A [um] K [um]
Figure 6.21: (a) Time-integrated E,? distribution induced by two laser-irradiated
hemispheres separated by the distance of 4 pm; (b) Time-integrated E.?
distribution; Note that the laser polarization is along X axis.

Fig. 6.22(a) shows the time-integrated E,* distribution induced
by two hemispheres separated by 0.67 pm and the amplitude of
time-averaged E/ is about 028 V?m?2 Fig. 622(b) shows
time-integrated E,? distribution induced by six hemispheres
separated by 0.67 um and the amplitude of time-averaged E/Z is
about 0.5 V>m™2. Compared with the value of 0.8 V>m™ in the
amplitude of inhomogeneous time-averaged Ex*, E/* also contributes
to the energy modulation. The spatial period of energy modulation
pattern in Fig. 6.22(b) 1s about 360 nm as derived from FFT analysis,
which 1s close to the period of HSFL ripples in Fig. 5.8(c). This
mmplies that the coherent interaction between two scattering sources
may play an important role in energy modulation in the cases of
short-range and assemble of nano-structures. This 1s a factor that can
equally intervene in the formation of HSFL ripples with direction
perpendicular to laser polarization.
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Figure 6.22: (a) Time-integrated Ez? distribution induced by two hemispheres
separated by the distance of 0.67 um; (b) Time-integrated Ez2 distribution

induced by six hemispheres separated by the distance of 0.67 pm.

In order to investigate the formation of HSFL ripples
perpendicular to laser polarization, the rough surface model is built
according to the SEM data in Fig. 5.8(c) and the depth of rough
surface 1s set to 100 nm in the 3D-FDTD model. In the same
simulation conditions as in Fig. 6.20, FDTD simulation results are
given in Fig. 6.23. Fig. 6.23(a) shows the time-integrated Ej?
distribution, which has the space periodicity of 692 nm. At the same
time, Fig. 6.23(b) shows the time-integrated E/? scattering
distribution. This indicates a space periodicity of 375 nm, which
contributes to the formation of HSFL ripples in Fig. 5.8(d).
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Figure 6.23: Time-averaged electric field energy distribution induced by rough
surface from figure 5.8(c): (a) Time-integrated Ex’> distribution; (b)
Time-integrated Ez? distribution.

In summary, HSFL (L1E) with the spatial periods close to the
half of the LSFL periods can be explained by the coherent
mteraction between scattering sources in the cases of short-range and
assemble of nano-structures from rough surface.
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6.6.2 HSFL (||E) on CA

As LIPSS experiments on Zr-BMG and Zr-CA have been
mtroduced in Chapter 5.1.5, we prepared surfaces showing either
smooth appearances on thermoplastic BMG or high-density
nano-protuberances from randomly distributed embedded
nano-crystallites with average sizes below 200 nm on the
recrystallized alloy (Fig. 5.9). While the former material shows a
specific high quality arrangement of standard ripples around the
laser wavelength, the latter demonstrates strong predisposition to
form high spatial frequency rippled structures.

We follow the initial topology changes upon the accumulation
of incident pulses. Fig. 6.24 shows the SEM images of LIPSS on
Zr-BMG and Zr-CA after irradiation at the fluence ¢=0.38 J/cm? by
linearly polarized 1, 2, and 4 laser pulses respectively, which are the
partial enlarged views of Fig. 5.10(al, a2).

For Zr-BMG, after 4 pulses, there are clear LSFL (--E) with a
periodicity centered at 742 nm (Fig. 6.24(c)). In contrast, after 4
pulses, there are both LSFL (L1E) with a periodicity centered at 708
nm and HSFL (" E) with a periodicity centered at 384 nm on the
Zr-CA (Fig. 6.24(f)). In details, after 1 pulse, many nano-scale
protrusions appear on the Zr-CA, which are related to the initial
nano-particles on Zr-CA surface before experiments. After 2 pulses,
some short HSFL ripples parallel to laser polarization appear on the
Zr-CA. After 4 pulses, HSFL ripples become longer and LSFL
ripples perpendicular to laser polarization also appear on the Zr-CA.
From these comparison experiments, HSFL formation on Zr-CA 1s
related to the specific nanostructured surface of Zr-CA with
nanoparticles.
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Figure 6.24: SEM images of the sample surface after irradiation with linearly
polarized laser pulses at the fluence ¢=0.38 J/cm?: (a) Zr-BMG after 1 pulse, (b)
Zr-BMG after 2 pulses, (¢) Zr-BMG after 4 pulses, (d) Zr-CA after 1 pulse, (e)
Zr-CA after 2 pulses, (f) Zr-CA after 4 pulses. The pulse number is shown in
every image. The electric polarization direction of the laser beam is indicated
with a double-headed arrow in (a). LSFL(L) represents LSFL ripples
perpendicular to laser polarization. HSFL( || ) represents HSFL ripples parallel
to laser polarization.

The electromagnetic solutions of the field distribution are
strongly influenced by the surface state [SYP*83, GFS82, SRO"12,
ZCL"15, LCC"16]. We have seen that in the Zr-CA case we have an
mitial inherent roughness while on both BMG and Zr-CA,
subsequent laser exposure in the vicinity of the threshold will add
new topology features, from localized centers for phase transition
[AKO"14] to ordered corrugation. We estimate that the energy
distribution following the exposure of rough surfaces is driven by
local effects determined by single-nanoparticle scattering and
multiple-nanoparticles collective inter-coupling scattering effects.
The effect on LSFL being largely discussed and implying stationary
structured field distributions involving interference effects, we
concentrate here of fine HSFL structures oriented parallel to the
field.

At first, the role of the nanoparticle in the electromagnetic
energy modulation on Zr-CA surface 1s investigated by 3D
finite-difference time-domain (FDTD) simulations. Using the same
FDTD model in Fig. 6.12, with the Zr-CA refractive index i
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=2.59+3.301, the scattering energy and field pattern induced by a
single nano-protuberance i1s given in Fig. 6.25 for the case of a
¢=100-nm hemisphere on flat Zr-CA surface.
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Figure 6.25: Energy distribution patterns around a nanoscale topological feature
of a $=100 nm hemisphere on flat Zr-CA surface. (a) Total energy distribution
pattern derived from time-averaged E? with (b) its Fourier transformation (FT).
(c) Insights into the X-component of energy distribution derived from
time-averaged Ex*> with (d) its FT. Note that laser polarization is along X axis.
Identical color scales are used for (b) and (d).

Similar to Fig. 6.12, a main channel in the energy modulation
comes from the near-field enhancement at the edge of
nano-protuberance, while at larger distance field modulation along
Kk 1s driven by scattering patterns and interference with the incident
fields (Fig. 6.25(d)). The higher spatial frequency component has a
mixed origin, scattering in a characteristic pattern and potential
mterferential interactions along the polarization direction Ky (Fig.
6.25(b)). The field patterns generated by a single nanoscale
topological feature will be amplified and reordered in the case of an

ensemble of particles.
1

5

5

X [ﬂm]
Figure 6.26: Energy distribution patterns for an ensemble of nanoscale
topological features of randomly distributed nanoparticles on flat Zr-CA surface.
(a) Total energy distribution pattern derived from time-averaged E? with (b) its
FT. Note that laser polarization is along X axis.
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Fig. 6.26 represents modulated energy patterns resulting from
structured stationary fields distribution in the case of a high density
ensemble of nanoparticles (1000 nanoparticles with the same size of
40 nm X 40 nm X 40 nm are distributed randomly on the flat surface
with the size of 25 pm X 25 um). Fig. 6.26(a) is the time-averaged E?
distribution at the surface, with its Fourier analysis given in Fig. 6.26
(b). As 1n the case of a nanoparticle, the real space and K-space
analyses in Fig. 6.26 show a periodic spatial feature with its vector
aligned on Kx (structures perpendicular to the field). Their K value
of about 1.25 (corresponding to A/1.25) relates the features to LSFL
originating from interference between scattered and incident fields.
The features along Ky with higher spatial frequencies m the HSFL
range and width have a dual nature, originating in both interference
and scattering, with a strong inter-particle coupling and mutual
coherent interactions. We therefore relate spatial features in the
HSFL band to both coherent interactions with the incident field and
mter-particles scattering interactions without involving a modulating
mteraction with the incident field However, though an
electromagnetic (EM) approach satisfies the dimensional analysis,
one problem related to the EM interpretation 1s that the contrasts
typically associated to HSFL are significantly smaller than those of
LSFL, suggesting a lower probability of formation, somehow
contradiction with the experimental results. These effects depend on
the particle size and we therefore take mmto account the near-field
mteraction around the nanoparticle.

A complementary analysis of the field interaction with a single
nanoscale topography feature shows a singular feature of the
structured field in the near-range of the nanoparticle. A localized
field enhancement with poles aligned along the polarization becomes
visible already 1n Fig. 6.25(a). The field enhancement factor depends
on the geometry and the size of the nano features. Fig. 6.27(a) puts
mto the evidence of this effect by resuming the dimensional effect of
the nanoparticle with the different sizes of ¢$=100 nm, ¢$=200 nm,
¢=400 nm and ¢$=800 nm on energy redistribution. Observing the
time-averaged E? distribution along X (at Y=0) in Fig. 6.27(b), we
note both a near-field enhancement and an increase of modulation on
a larger scale coming from the interference between the incident and
the scattered wave. The modulation contrast maximizes when the
particle size approaches the incident wavelength suggesting an
mcrease in the scattering efficiency while the field enhancement
stays high for subwavelength sizes. We conclude that for
nano-particles with the size similar to those observed on the Zr-CA
surface, the near-field enhancement may play a role in the
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electromagnetic energy modulation. At the same time, as for the
bigger size of nanoparticles, the interference between scattered wave
and incident laser becomes stronger. This becomes a driving factor
m forming the LSFL ripples perpendicular to laser polarization.
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Figure 6.27: (a) Time-averaged E? distribution on the surface XOY plane
induced by a hemisphere of different diameters: $=100 nm, ¢$=200 nm , ¢=400
nm, $=800 nm; (b) Time-integrated E? distribution along Y=0 axis induced by
a hemisphere with different sections: $=100 nm, $=200 nm, ¢$=400 nm, ¢=800
nm; (c¢) Time-averaged E’? distribution on XOY plane induced by four
hemispheres of $=100 nm with the number of pulses. Top: a first incident pulse,
middle: elongated structures interact with a second pulse, bottom; more
elongated ripple in interaction with a forth pulse. The ripple domains are
indicated by the pink color. The polarization direction of the incident planewave
1s along X axis.

We speculate that the field enhancement in the near-field range
leads to energy localization at the sides and thus to thermal gradients.
Considering the material motion along this direction driven by the
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thermal gradients in thermo-capillary convection [VD12], we foresee
an anisotropic (linear) growth for the nano-features along the
polarization direction. Assuming that the material growth covers the
region of field-enhancement at the lower laser fluence below
single-shot ablation threshold, we can observe now a feedback
mechanism developing with the increase of the number of pulses.

The experimental results depicted in the inset of Fig. 6.24(d-f)
shows already a gradual evolution from spherical to elongated forms
with N varying from 1 to 4. Already after the 2" pulse, high
frequency short regular structures form along the direction of laser
polarization from an ensemble of many nano-particles (Fig. 6.24(e)).
After N=4 pulses, the pattern of HSFL becomes fully visible. This
supports a hypothesis of HSFL feature being influenced by the
feedback process between the surface nanostructures and laser
pulses.

We have tried to simulate the process by considering a
topological effect of the near-field enhancement. The effect is
visualized 1n the following 3D-FDTD simulations assuming a Zr-CA
flat surface with some same hemispheres on surface, built as the
surface model, and the results are given in Fig. 6.27(c).The diameter
of the hemispheres i1s set to 100 nm. The results show the
time-averaged E? distribution on XOY plane with the incoming
pulses on a variable topology. Near-field enhancement determines
energy modulation, and the maximum energy 1s distributed at the
edge of hemisphere along X axis, consistent with the polarization
direction of incident plane wave. It 1s presumed that the ripple grows
at first m the region absorbing maximum energy, so the itial
nano-particle becomes longer along X axis after first laser pulse,
forming one short ripple. This 1s related to material flow and
assumes that the ablation threshold i1s not achieved in the
enhancement region. According to the maximum energy distribution
m the case of N=1 pulse 1n Fig. 6.27(c), the next short nanostructure
model 1s built in the second step of the FDTD simulation. In the
same simulation conditions, after the second pulse, the
time-averaged E? distribution on XOY plane elongates furthermore,
as shown 1n the case of N=2 pulses in Fig. 6.27(c). Maximum energy
gets localized at the two ends of the initial short ripple, contributing
to additional enlargement along X axis. This 1s also confirmed after
an 1rradiation as shown in the case of N=4 pulses in Fig. 6.27(c).
This process can thus lead to the development of elongated
structures where the inter-distance is given by the initial distribution
of nano-particles. The scenario can be applied for the case of many
random distributed nano-particles on Zr-CA surface, contributing to
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the formation of mnitial HSFL ripples. Thus, the feedback process
that become apparent in the simulations in Fig. 6.27(c) can lead to a
polarization-assisted anisotropic grow of the structures in directions
parallel to the polarization.

The whole process has equally an influence on the LSFL, as
scattering depends on the size of the scatterers. As sizes of initial
nano-particles and short ripples enlarge gradually with increasing
laser pulses, the contrast of energy modulation originating in the
coherent interaction between the incoming field and the scattered
waves increases (shown i Fig. 6.27(a, b)), contributing to the
enhancement of LSFL ripples perpendicular to laser polarization.
The pulse-dependent size effect of surface nanostructures seems
consistent with the LIPSS evolution in the experiment in Fig.
6.24(d-f), in which HSFL ripples form in the first several pulses,
then LSFL ripples form in the following pulses with bigger size of
surface nanostructures. The evolutions of both HSFL and LSFL
ripples with the increasing pulses are discussed in the following.

Similar to Fig. 6.27(c), the feedback coupling laser pulses and
the rough surface with the nanoparticles including the near-field
mduced elongation 1s simulated by FDTD method. In the simulation,
the maitial rough surface model 1s a flat surface with an ensemble of
nanoparticles (500 nanoparticles with the same size of 100 nmx100
nmx*50 nm (lengthxwidthxheight) are distributed randomly on the
flat surface with the size of 10 umx10 pm). The polarization
direction of laser pulses 1s along X axis. After the rough surface 1is
rradiated by each laser pulse, the elongation of every nanoparticle
along the polarization direction occurs according to the near-field
energy distribution, leading to the evolution of surface topographies.
In the next pulse, the surface model of new topographies 1s used n
the simulation, leading to the new energy modulations. The
simulation results are shown in Fig. 6.28, representing the feedbacks
between laser pulses and the rough topographies involving the
near-field induced elongation. Fig. 6.28(a-d) are respectively the
time-averaged E? distributions at the pulses of N=1, 2, 3, 4, while the
corresponding Fourier transformations are shown in Fig. 6.28(e-h)),
which shows the intricate evolution of energy distribution. As the
mter-particles distance 1s comparable to the gradual elongation,
narrow HSFL-like lines are becoming apparent via particle
mterconnection along X axis (Fig. 6.28(d, h)). The mutual influence
between topology and field becomes equally visible in the
enforcement of LSFL with the number of pulses, in the conditions
where the sole topography evolution was related to particle
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elongation and interconnection. This indicates a reinforced
correlation between scattering and particulates geometries.
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Figure 6.28: Time-averaged E? distribution for an ensemble of
randomly-distributed nanoparticles subject to near-field induced elongation for
the pulses of (a) N=1, (b) N=2, (c) N=3, (d) N=4. The corresponding Fourier
transformations are respectively given in (e, f, g, h). The polarization direction
of the incident planewave is along X axis.

In summary, we argued that a type of HSFL (" E) 1s
mtrinsically related to the presence of nano-scaled roughness on
surfaces by experiments and simulations. Different from the HSFL
(1E) formation mainly due to the coherent interference between
scattered fields, we propose scenarios for HSFL (" E) formation
relying on individual anisotropic near-field enhancement processes
and collective mixed scattering and interference effects driven by the
mcident field and inter-particle coupling. The near-field
enhancement becomes important for particles sizes in the 200-400
nm range and can drive anisotropic structure growth along the
polarization direction, giving thus an essential feedback base. We
discuss the potential situation where local feedback-driven effects
and collective scattering concur to a topology-related evolution of
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HSFL. Equally scattering and coherent interaction with the incident
field contribute to LSFL formation.

6.7 FDTD simulation for LIPSS formation on
fused silica

The electromagnetic solutions of the field distribution are
determined by dielectric function of materials. We have seen that the
electromagnetic energy distribution induced by a nano-hole on the
Zr-BMG and fused silica surfaces are different in Fig. 6.13(e, 1),
experiencing equally a 7 /2 rotation. We also estimated that the
energy distribution following the exposure of rough surfaces is
driven by local effects determined by single-nanohole scattering and
multiple-nanoholes collective inter-coupling scattering effects. We
concentrate here on the generation of modulated light patterns in the
context of LIPSS on fused silica.

At first, the role of a nanohole in the electromagnetic energy
distribution on fused silica surface 1s mvestigated by 3D-FDTD
simulations. Considering the small changes of optical index in the
excited fused silica in the ultrashort pulse duration in Ref. [SCA714],
only unexcited fused silica 1s simulated here. In the FDTD model,
the refractive index of unexcited fused silica 1s it =1.453+01 [Pal85].
The scattering energy and field pattern induced by a single nano-hole
1s given 1n Fig. 6.29 for the case of a ¢$=100-nm hemisphere hole on
flat fused silica surface.
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Figure 6.29: Energy distribution patterns around a nanoscale topological feature
of a ¢=100 nm hemisphere hole on flat fused silica surface. (a) Total energy
distribution pattern derived from time-averaged E? with (b) its Fourier
transformation (FT). (c) Insights into the X-component of energy distribution
derived from time-averaged Ex* with (d) its FT. Identical color bars are used for

(b) and (d).

Similar to the mechanism discussed for BMG in Fig. 6.12, the
energy distribution mainly comes from the field modulation, driven
by scattering patterns and interference with the incident fields (Fig.
6.29(a, c)). The spatial frequency component Kx =3.5 1s related to
HSFL(LE) (Fig. 6.25(b, d)), while the spatial frequency component
Ky =1.5 1s related to LSFL( " E) (Fig. 6.25(b, d)). The field patterns
generated by a single nanoscale topological feature will be amplified
and reordered in the case of an ensemble of particles.

In order to simulate the rough surface induced by a few laser
pulses, a flat surface with 1000 cubic nanoholes in random
distribution on the surface is built for the FDTD simulation model
[SRO™12]. The cubic particle size is 25 nm %25 nmx50 nm
(lengthxwidthxheight). The surface size 1s 25 pumx25 pm. The
mcident plane wave propagates along the Z axis. It has the
wavelength of 800 nm and the polarization aligned along the X axis.

131



gt o ¥
S gpin  phF

ak - - -
CLE S Lo L]
-p

X [pm] Kx
Figure 6.30: (a) Time-averaged E? distribution on the surface for an ensemble of
randomly-distributed nanoholes. (b) 2D-FFT of the intensity distribution in (a).
Note that laser polarization is along X axis.

Fig. 6.30 shows the time-averaged E? for whole pulse duration
on the rough surface, representing the energy modulation. The
energy on the surface 1s modulated with a pattern similar to the
typical ripples, as shown i Fig. 6.30(a). Fig. 6.30(b) shows the
2D-FFT of the Fig. 6.30(a). The energy distribution have the spatial
periods of A=800/3.5=229 nm (1E) and A=800/1.5=533 nm (|| E),
which respectively agree reasonably well with that of HSFL(LE)
and LSFIL( " E) on fused silica in the Chapter 5.1.3. The LIPSS
formation on fused silica can be therefore related to the interference
between incident laser and surface scattered wave induced by rough
surface.

In summary, compared with LSFL(1E) on metals and
semiconductors, the direction difference of the LSFL( " E) on fused
silica can be explained by the electromagnetic energy distribution
mduced by a nanohole, which 1s intrinsically related to the dielectric
function. The LIPSS formation on fused silica can be related to the
mterference between incident laser and surface scattered wave
mduced by rough surface.

6.8 Conclusion

We developed an electromagnetic perspective on LIPSS
formation. FDTD method 1s used to compute the energy distribution
and stationary patterns of electromagnetic field on the model
surfaces where the topography relies on nanoscale roughness. LIPSS
formations on aluminum and germanium are analyzed comparatively
by the Sipe efficacy theory and FDTD simulations, offering the
mformation about the energy transfer from the electromagnetic field
above the surface to the material beneath the rough surface in case of
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metallic and semiconducting materials. We draw attention to a gain
m accuracy using FDTD.

The application to model surfaces take into account local
topographies, simulated as nanoparticles In order to mvestigate the
role of nanostructures m LIPSS formation, the effect of localized
surface plasmons (LSP) in Ag nanoparticle and the scattering
characteristics of Ag, Ge, silica nanoparticles are respectively
mvestigated by FDTD simulations, revealing that metal
nanoparticles on the surface have much stronger scattering
enhancement than both semiconductor and dielectric nanoparticles,
because of potentially excited LSP on metal nanoscale protrusions.

For LSFL formation mechanism, the initial LIPSS evolutions
with increasing number of fs laser pulses are analyzed, taking into
account surface topology evolutions. Usmg FDTD, the
electromagnetic calculations show the role of scattering around
mdividual centers at first, indicating that the energy modulation is
mainly derived from the interference between incident laser and
scattered light. We indicate via a choice of materials that the effect
on spacing period and pattern of energy modulation for given surface
nanostructure geometries and materials. For metals, LSP can be
excited on surface nanostructure, enhancing the electric field in the
near-field zone and light scattering. An LSFL formation scenario is
thus proposed relying on interference between the incident laser and
scattered light, In addition, the effects of one-dimensional
nanostructure geometries (submicron-sized groove) on LSFL
formation are investigated by FDTD showing the influence on
orientation. Specifically here, it was showed that the wvariable
efficiency of ripples parallel to the groove is related to the
decreasing amplitude of the scattered surface wave induced by the
declining laser component with polarization perpendicular to the
groove.

For HSFL (1E) on CMSX-4, FDTD simulations confirm that
the coherent interference between scattered sources plays a role in
energy modulation, contributing to the formation of HSFL
perpendicular to laser polarization.

For HSFL (||E) on Zr-CA, we propose scenarios for HSFL
formation relying on individual anisotropic field-enhancement
processes and collective mixed scattering and interference effects
driven by the incident field and inter-particle coupling. The field
enhancement becomes important for particles sizes in the 200-400
nm range and can drive anisotropic structure growth along the
polarization direction, giving thus an essential feedback base. We
discuss the potential situation where local feedback-driven effects
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and collective scattering concur to a topology-related evolution of
HSFL.

For HSFL(1E) and LSFL( " E) on the dielectric fused silica,
that are beyond the scope of Sipe theory, we propose scenarios for
these formations relying on the interference between incident laser
and surface scattered wave induced by rough surface.

Overall, LIPSS formation can be explained by deposited energy
modulation on surface via electromagnetic effects. The energy
modulation mainly comes from the interference between incident
laser and scattered surface wave, being complemented by the
mterference between scattered surface waves. Scattered surface
wave are imduced by surface nanostructures, such as surface
roughness, defect lines (grooves), nanoholes and nanoparticles on
surface. Laser ablation can produce new surface nanostructures, at
the same time, new nanostructures induce different scattered surface
wave, leading to a new feedback-driven energy modulation
deposited on surface.
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Chapter 7

Conclusions and perspectives

In the presented work, we have studied fs-LIPSS formation on
solids by experiments and FDTD simulations. The aim was to
mvestigate the formation mechanisms of fs-LIPSS relying on
features observable in the electromagnetic field domain.

The work discussed in this dissertation explores fs-LIPSS
formation mechanisms on several solids, mvolving metals,
multielement alloys, semiconductors and dielectrics. Specifically, it
focuses on investigating the roles of surface topologies and the
mfluence of micro/mano-structures mm LIPSS formation. Using
surfaces of defined topologies, defects of selected geometries and
associated FDTD simulations we have explicitated individual and
collective roles in LIPSS formation of nano-holes, nano-hemispheres,
linear  sub-micron  grooves, multiple-nanoparticles, rough
randomized surfaces. These results are then used to explain the
LSFL and HSFL formation on different materials.

The main and original results of the current work are as
follows.

7.1 Conclusion

Following the range of processes involved in LIPSS formation
we have developed techniques to probe and evaluate the optical
response of ultrafast excited materials. The transient optical
properties of silicon, tungsten and Zr-BMG excited by ultrafast laser
pulses are measured by a single-color two-angle time-resolved
ellipsometry respectively. Our measurements show the different
complex dynamic processes of optical properties in the metal and

135



semiconductor excited by ultrafast pulses. Thus we have mdicated
Drude-like reponse in case of Si, non-plasmonic to plasmonic
transitions in W in the vicinity of the damage threshold, but equally
a certain constancy of the optical properties of multielement alloy in
view of their specific density of states. Above threshold, rapid
transitions towards lower-density 1onized sates were observed. The
transient measurements were complemented with aposteriori
analysis of rippled zones from a  topology and
structural/compositional point of view.

Experiments of fs-LIPSS on six different materials were carried
out, and analyzed by SEM and AFM, showing the different LIPSS
on metal tungsten, semiconductor silicon, dielectric fused silica,
single-crystal superalloy CMSX-4, amorphous alloy Zr-BMG and its
corresponding crystal alloy Zr-CA respectively, providing the
experimental results for the investigating the LIPSS formation
mechanism. Except the widely existent LSFL(L1E) on the
semiconductor silicon, metal tungsten, alloy CMSX-4, Zr-BMG and
Zr-CA, the special HSFL(1E) on CMSX-4 and HSFL(||E) on
Z1-CA are observed. Different from the widely existent LSFL(LE)
on the semiconductors and metals, the LSFL( || E) exist on the
dielectric fused silica, revealing the role of dielectric function in the
direction of LSFL. By EDX, the analysis of the chemical
composition along the ripple lines on Zr-BMG led to believe that a
mechanism of selective vaporization i1s at work. The analysis of the
lattice structures shows that Zr-BMG stays amorphous after
rradiation, exceptionally with some local crystallization elements
under high doses, checked by EBSD.

To mvestigate LIPSS formation mechanisms, FDTD method 1s
used to compute the energy distribution of electromagnetic field on
the surface model with different nano-structures. In comparison with
Sipe theory, FDTD smmulations precisely offer the information about
the energy transfer from the electromagnetic field above the surface
to the material beneath the rough surface. To investigate the effect of
nanoparticles in the scattering field, the scattering characteristics of
Ag, Ge, silica nanoparticles are respectively analyzed, revealing that
metal nanoparticles on the surface have much stronger scattering
enhancement than both semiconductor and dielectric nanoparticles,
because of potential excitation of LSP on metal nanoprotuberances.
LIPSS formation can be explained by deposited energy modulation
on surface via electromagnetic effects. The energy modulation
mainly comes from the interference between incident laser and
scattered surface wave (for LSFL(-LE)), being complemented by the
interference between scattered surface waves (for HSFL(LE)),
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revealing that LSFL and HSFL have different formation mechanisms.
Scattered surface wave are induced by surface nanostructures, such
as surface roughness, defect lines (grooves), nanoholes and
nanoparticles on surface. Specially, for HSFL (||E) on Zr-CA, we
argued that the scenarios for HSFL (" E) formation rely on
mdividual anisotropic field-enhancement processes, intrinsically
related to the presence of nano-scaled roughness on Zr-CA surfaces
and collective mixed scattering and interference effects driven by the
mcident field and inter-particle coupling. The evolving surface
topology leads to a feedback-driven energy modulation deposited on
surface. Compared with LSFL(LE) on metals and semiconductors,
the direction difference of the LSFIL( " E) on fused silica can be
explained by the electromagnetic energy distribution induced by a
nanohole, which 1s intrinsically related to the dielectric function. The
LIPSS formation on fused silica can be related to the interference
between incident laser and surface scattered wave induced by rough
surface.

The presented formation mechanism of LIPSS has nevertheless
applicability limits. The model 1s only applicable for surface
structures of different materials in the electromagnetic field domain
and does not include the complex processes, such as incubation
effects, harmonic generation and the thermodynamics of molten or
ablated materials. The model neglects the effect of ablation plasmas
on the LIPSS formation. The model focuses the electromagnetic
origin of LIPSS formation and reveal however a potential primary
factor for energy modulation and formation of LIPSS.

7.2 Perspectives

The performed works have many perspectives. From the
fundamental point of view, the following improvements and
extensions can be done. Extended knowledge on ultrafast material
excitation and structural evolutions in the conditions of LIPSS can
be obtained by developing large band time-resolved ellipsometry
methods (e.g. using supercontinuum probes) or by implementing the
latest advances in terms of probing electronic and structural effects
(from time-resolved diffraction to core-level absorption).

These can be complemented by experiments following the
LIPSS growth dynamics. For the experiments of LIPSS formation,
the performed investigations are based on the resulting topography
of LIPSS by SEM and AFM to elucidate the LIPSS formation
mechanism. These can be extended with a dynamic component. On a
fundamental level, other types of experiments are needed to
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elucidate the LIPSS formation mechanisms, for example, time- and
space-resolved  pump-probe microscopy image [RDS713],
pump-probe shadowgraphic images [MMP*08]. The dynamics of
LIPSS formation can be observed at fs—ns time scale after excitation
by these experiments.

From the calculation point of view, the present work mainly
focus on the linear interaction of electromagnetic fields, so future
work will involve nonlinear effects in the FDTD simulations, such as
transient optical properties, harmonic generation, optical Kerr effect
and so on. Besides the effects of electromagnetic fields,
thermodynamics of molten or ablated materials and plasma also
affect the LIPSS formations, so the complex models including the
electromagnetic fields, thermodynamics of molten or ablated
materials and their hydrodynamic evolutions will be investigated in
the future work for LIPSS formation.

Another challenging work would be the investigation of the
physical nature of radiation remnants on semiconductors i Sipe
theory, as well as the relationship between radiation remnants and
localized surface plasmons. We will use quantum mechanics to
reveal the physical nature of radiation remnants and its relationship
with localized surface plasmons.

Finally, future studies will include the application of LIPSS and
transient optical properties of excited materials. LIPSS provides a
fast, precise and low-cost tool for surface micro/nano-structuring.
Except the traditional applications, such as surface wetting, tribology,
dye-free coloring, marking and coding, a remarkable application of
LIPSS 1s the high-efficiency substrates for surface-enhanced Raman
spectroscopy (SERS) [MDL"14]. Another promising application of
LIPSS 1s the phase-matching grating for surface plasmonic
waveguide [HZC709]. On the other hand, transient optical properties
of excited materials by ultrafast laser have the potential applications
m photonic devices and optical switching. For example, the ultrafast
switch of surface plasmons could be designed according to the
nonplasmon-to-plasmon  transition 1in excited tungsten by
femtosecond laser pulse in Chapter 4.

Despite the recent advances in the understanding of fs-LIPSS
formations on solids, of which a small range of questions was
approached in the present work. We confirm that there are still a lot
of answered questions and a great number of unrevealed mysteries
amongst themselves. We will insist on researching.
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