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Summary

This thesis presents and discusses laser-induced periodic surface structures (LIPSSs),
as well as a model explaining their formation.

LIPSSs are regular wavy surface structures with dimensions usually in the
submicrometer range, which can develop on the surface of many materials exposed
to laser radiation. The most common type of LIPSSs, which can be produced with
continuous wave lasers or pulsed lasers, have a periodicity close to the laser
wavelength and a direction orthogonal to the polarization of the laser radiation.
They are usually referred to as low spatial frequency LIPSSs (LSFLs). It is generally
accepted that these LIPSSs are the result of the interaction of the laser radiation
with the rough surface of the material. The “Sipe theory” is commonly considered
to be the most adequate theoretical description of this interaction.

Since the early 2000s, with the increasing availability of picosecond and fem-
tosecond laser sources, LIPSSs with a periodicity significantly smaller than the laser
wavelength and an orientation either parallel or orthogonal to the polarization have
been reported in literature. These LIPSSs, referred to as high spatial frequency
LIPSSs (HSFLs), renewed the interest of researchers in the topic for mainly two
reasons. First, from a practical point of view, HSFLs show a strong potential for
surface nanostructuring due to their small dimensions. While, from a theoretical
point of view, the electromagnetic theory adopted to explain LSFL formation fails
at accounting for the formation of all HSFLs. Other LIPSSs with a periodicity
larger than the laser wavelength and an orientation either parallel or orthogonal to
the polarization, referred to as grooves, were also reported.

The Sipe theory provides an analytical solution of Maxwell’s equations regarding
the interaction of electromagnetic waves with rough surfaces. The main outcome of
this theory is the prediction of the frequency domain spectrum of the absorbed laser
energy just below the rough surface of the material. The spectrum shows that
the interaction of electromagnetic waves with rough surfaces results in a periodic
energy profile, with a periodicity close to the wavelength of the laser radiation, in
the direction orthogonal to the polarization. In addition, a careful study of the
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Sipe theory reveals that the formation of certain kinds of HSFLs can be explained.
However, the assumptions and approximations used to derive the Sipe theory hinder
the conclusions.

To overcome some of the limitations of the Sipe theory, a numerical model,
based on the finite-difference time-domain (FDTD) method, was developed. The
FDTD method solves the time dependent Maxwell’s curl equations in differential
form and allows to simulate the interaction of electromagnetic waves with rough
surfaces, providing adequate boundary conditions are chosen. The results of the
FDTD simulations are in agreement with the Sipe theory, but also show that the
latter is incomplete. By studying the absorbed energy profile as a function of the
depth below the rough surface of the material, in the space domain as well as in the
frequency domain, it is shown that the FDTD simulations can account for the
formation of LSFLs and HSFLs.

Next, the FDTD calculations are coupled with an holographic ablation model to
investigate the role of inter-pulse feedback mechanisms. That is, the absorbed energy
profile, computed with the FDTD method, is used to modify the rough surface of
the simulation domain by “material removal”. FDTD simulations are performed on
the new surface morphology in order to obtain a new absorbed energy profile. This
process is iterated to study the “pulse to pulse” growth of LIPSSs. In the framework
of this approach, LSFLs, HSFLs orthogonal to the polarization, HSFLs parallel to the
polarization and grooves parallel to the polarization form in the simulation domain.
The type of LIPSSs obtained depends on the optical properties of the material and on
the quantity of material removed per iteration. LIPSSs are found to be the fingerprints
of the interaction of electromagnetic waves with rough surfaces. Each kind of LIPSSs
has a specific signature in the frequency domain.

HSFLs orthogonal to the polarization, and their signature in the frequency domain,
are only predicted by the model developed in this thesis. It is shown that these
HSFLs develop on sapphire and that a good match is found between the theoretical
predictions and the experiments.
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Chapter 1

Introduction

In this chapter, laser-induced periodic surface structures are introduced, as well as the
goal and the outline of this thesis.

1.1 Background

Laser-induced periodic surface structures (LIPSSs) have been studied since the
1960s [1] and observed on many types of materials [2-8]. The most common LIPSSs,
also referred to as ripples, consist of wavy surfaces which can be produced on metals
[2, 3], semiconductors [4, 5], dielectrics [6] and polymers [7, 8]. When created
with linearly polarized laser radiation at normal incidence, these ripples have a
periodicity close to the laser wavelength, a height in the hundreds of nanometer
range [9, 10] and a direction mostly orthogonal to the polarization of the laser
radiation [2-6]. Ripples having these properties can be produced with either
continuous wave lasers [11] or pulsed lasers [5, 12] and are usually referred to as
low spatial frequency LIPSSs (LSFLs). Typical LSFLs observed on 800H alloyed
steel after 800 nm femtosecond laser irradiation are shown in Figure 1.1(a). The
cross-section presented in Figure 1.1(b) reveals a LSFL periodicity close to the laser
wavelength (~ 700nm) and a height, peak to valley, of about 150 nm. It is generally
accepted that LSFL formation is driven by the interaction of electromagnetic waves
with the rough surface of materials [4, 13].

Recently, a new kind of ripples has been observed. When applying picosecond
or femtosecond laser pulses, ripples with a periodicity significantly smaller than
the laser wavelength, referred to as high spatial frequency LIPSSs (HSFLs), can
develop [12, 14-27]. As for LSFLs, HSFLs can be produced on metals [14-17],
semiconductors [12, 18-23] and dielectrics [24-27]. On the contrary to LSFLs,
HSFLs produced at normal incidence of the laser beam can develop either parallel
or orthogonal to the polarization. Examples of HSFLs are shown in Figure 1.2(a)

1
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10:1m

Figure 1.1: (a) 55° tilted scanning electron microscopy (SEM) image of
typical LSFLs observed on 800H alloyed steel, in a trench of ablated material,
after 800 nm femtosecond laser irradiation. (b) SEM image of a transmission
electron microscopy lamella. The region from which the lamella was extracted
is visible in (a). The polarization direction is indicated by the white arrows in

(a) and (b).

and Figure 1.2(b). In Figure 1.2(a), HSFLs observed on sapphire are orthogonal
to the laser beam polarization and have a periodicity of about a third of the
laser wavelength. In Figure 1.2(b) HSFLs obtained on silicon are parallel to the
polarization, while coexisting with LSFLs orthogonal to the polarization, and have
a periodicity of about a fifth of the laser wavelength. The height of HSFLs can
vary significantly, from tens of nanometers [28, 29] to about a micrometer [10],
depending on the material and the laser processing conditions. The physical
phenomena leading to the formation of HSFLs are still under debate and several
theories have been proposed to explain their formation, such as self-organization
[22, 24], second-harmonic generation [12, 18, 21] or by extending the classical
electromagnetic waves approach used to understand LSFL formation [21, 27].

LIPSSs can be used for various applications such as colorizing metals [30, 31],
controlling tribological properties [32, 33] or modifying the wetting properties of
surfaces [34, 35]. Moreover, HSFLs show a strong potential for nanostructuring due
to their small dimensions.

1.2 Problem definition

The origin and growth of LIPSSs is still subject of intensive studies [12, 18, 21, 22,
24, 27). While LSFL formation is relatively well understood for short laser pulses
(typically nanosecond pulses) [13], LIPSSs developing under ultra-short laser pulses
(picosecond or femtosecond pulses) irradiation show unexplained properties. (i) The
periodicity of LSFLs produced under these conditions does not follow strictly the
wavelength of the laser light [12, 14, 22, 27, 36-39], in apparent disagreement with
the classical electromagnetic theory. (ii) Explanations for the periodicity of HSFLs,
significantly smaller than the wavelength of the laser radiation, and their orientation,
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Figure 1.2: (a) SEM image of HSFLs observed on sapphire after 800
nm femtosecond irradiation. (b) SEM image of HSFLs, running vertically,
observed on silicon after 1030 nm picosecond irradiation. The onset of
LSFL formation, running horizontally, is visible. The polarization direction is
indicated by the white arrows in (a) and (b).

either parallel or orthogonal to the polarization of the laser beam, are lacking. (iii)
LIPSSs with periodicities larger than the laser wavelength have also been observed.
The physics of their formation remains unexplained [12, 39, 40].

From the plethora of new phenomena observed during the last decade, few
received explanations [12, 18, 21, 27]. These explanations involved mainly the
classical electromagnetic waves approach with extensions. Indeed, the dependence of
the periodicity and orientation of LIPSSs on the laser wavelength and polarization
suggests that electromagnetic waves are involved in their origin and growth.
However, the formation of many LIPSSs remain ununderstood and self-organization
was proposed as a mechanism leading to their occurrence [22, 24]. Other effects
involving melt dynamics, such as capillary waves, thus surface tension and viscosity,
are also known to play a role [41]. The problem discussed in this thesis is therefore
formulated as follows: what are the LIPSSs features which can be explained in the
frame of an electromagnetic approach?

1.3 Outline

Chapter 2 presents a detailed description of the LIPSSs observed in literature as
well as the main theories aimed at explaining their origin and growth. The goal of
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this chapter is to describe and classify LIPSSs according to their appearance in terms
of periodicities and orientations. This classification is necessary to judge the quality
of the models.

Chapter 3 discusses the strengths and limitations of the most promising model
found in chapter 2, the Sipe theory [13]. This theory provides an analytical solution
of Maxwell’s equations regarding the interaction of electromagnetic waves with rough
surfaces. The frequency domain spectrum of the absorbed energy, just below the rough
surface of materials, is predicted in the frame of the Sipe theory, and interpreted in
order to understand LIPSS formation.

Chapter 4 describes a numerical model solving Maxwell’s equations, based on
the finite-difference time-domain method (FDTD) [42]. The aim of this approach
is to overcome some of the limitations of the Sipe theory, identified in chapter 3.
The theoretical background necessary to perform the FDTD calculations is presented
before discussing the FDTD algorithm and the related boundary conditions.

Chapter 5 is dedicated to the results obtained with the numerical model described
in chapter 4. First, the parameters and the simulation domain used in the FDTD
calculations are defined. Second, the results of the FDTD calculations are compared
to the Sipe theory. Finally, the advantages of the numerical method are highlighted.

Chapter 6 extends the model presented in chapter 4 and chapter 5, by considering
inter-pulse feedback mechanisms. The initiation and growth of LIPSS is simulated
and discussed with respect to the classification established in chapter 2.

Chapter 7 presents some results of experiments performed with a femtosecond
laser source. The experimental results allow the validation of the numerical model,
for the case where corresponding experimental data was lacking from literature.

Chapter 8 summarizes the conclusions presented throughout the chapters of this
thesis. Suggestions for future research are discussed.

Finally, the Bibliography, Nomenclature and Acknowledgments can be
found on page 111, 119 and 123, respectively.



Chapter 2

State of the art

This chapter provides a detailed description of the characteristics of LIPSSs. Here,
LIPSSs are classified according to their periodicity and orientation with respect to the
polarization of the incident laser light. Theories that have been proposed to explain
the origin and the growth of the LIPSSs are presented and evaluated.

2.1 Characteristics of laser-induced periodic
surface structures

The spatial characteristics, i.e. periodicity, height and orientation, of LIPSSs depend
on material properties and on the laser parameters, such as the wavelength and the
polarization of the laser radiation. However, many other parameters are involved in
LIPSS formation. Figure 2.1 shows the main parameters influencing LTPSSs principal
characteristics, which are their periodicity A, height (peak to valley) h and orientation.
The laser beam is described by its wavelength A, angle of incidence 6 and direction
of polarization. In most cases, the applied polarization is linear but LIPSS formation
has also been investigated for circular [16, 43, 44], elliptical [45, 46] or even radial and
azimuthal polarized light [47]. For pulsed lasers, the pulse duration 7 is of importance,
since most of the unexplained phenomena, such as HSFL formation or the variation
of LSFL periodicity, occur when ultra-short laser pulses (picosecond of femtosecond
pulses) are applied. The energy of the pulse E, is usually described by the fluence
¢ (energy per surface area) applied to the surface of the material. The number of
subsequent pulses N applied to the same location on the surface also affects LIPSSs
characteristics. In the following sections, the effects of these laser parameters on
LSFLs, HSFLs and other LIPSSs characteristics are described.

5
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Figure 2.1: The main parameters and the notations used to described LIPSSs
as well as the laser parameters. ) is the wavelength of the laser light, 6 the
angle of incidence, 7 the pulse duration, p the component of the laser beam
polarization parallel to the plane of incidence, § the component of the laser
beam polarization orthogonal to the plane of incidence, E the electric field, A
the periodicity of LIPSSs and h the height (peak to valley) of LIPSSs.

2.1.1 Low spatial frequency laser-induced periodic surface
structures

LSFLs are the most observed kind of LIPSSs. They have been observed on metals
[2, 3], semiconductors [4, 5] and dielectrics [6]. At normal incidence of the laser beam,
LSFLs show a periodicity close to the laser wavelength (A =~ )), a height in the range
of a few hundreds of nanometers [9, 10] and a direction orthogonal to the polarization
of the laser radiation. LSFLs can be obtained with continuous wave lasers [11] as
well as pulsed lasers [5, 12] when several pulses are applied to the same location of
the surface of the material [18, 22, 37, 39, 48, 49]. The number of pulses required to
create LSFLs is low (less than 100) [18, 48, 49], but a higher number of pulses can
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Table 2.1: Tabulated overview of the diffraction patterns, generated by
LSFLs, observed by Van Driel and his coworkers [5, 43, 52, 53]. Here,
“Pol” stands for polarization, “p” for p-polarization, “5” for s-polarization,
“RC” for right-handed circular polarization and “LC” for left-handed circular

polarization.
g~ P 5 — RC O LC )
ol ()
~ 30° : )( )( () C)
a5 I S
7\
2 45° g
—

also lead to their formation [22, 37, 39]. If the subsequent laser pulses are partially
overlapping, instead of applied to the same location on the surface, LSFLs can also
occur and extend over several laser spots [14, 28, 50]. The fluence regime, in which
LSFLs grow, is close to the fluence threshold at which the material starts to ablate
for a single pulse, referred to as single pulse ablation threshold [18, 39, 48, 49]. It is
worth noting that the fluence applied also affects the height of LSFLs [51].

From the above-mentioned description, the properties of LSFLs can vary
significantly. For example, the angle of incidence of the laser beam has a strong
influence on the periodicity and orientation of LSFLs [4, 5, 43, 52-54]. Because the
LIPSS patterns can be complex, a convenient way of studying the properties of
LSFLs, as a function of the angle of incidence, is to characterize LSFLs in the
frequency domain. A simple method to study LIPSSs in the frequency domain is
to analyze the diffraction pattern produced by a coherent light source, usually a
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continuous wave laser, reflected from the surface containing the LIPSSs [5]. This
method has been used extensively by Van Driel and his coworkers [5, 43, 52, 53]. A
summary of the diffraction patterns they observed is shown in Table 2.1.

For linearly polarized light at normal incidence of the laser beam, § = 0°, the
diffraction patterns show that LSFLs are not straight lines, which would be
represented by “dots” in the frequency domain. For p-polarized laser radiation, two
periodicities are observed in the direction orthogonal to the laser beam for 6 < 45°,
while for larger angles of incidence, LIPSS patterns parallel to the polarization,
represented by the two dots in the frequency domain, have been observed. These
diffraction patterns match the SEM images of Young et al. [5]. The dependence of
the periodicity of LIPSSs as a function of the angle of incidence is given by
A = XA/ (1£sin(0)) for the two sets of ripples while A = X/cos (6) describes the
parallel pattern. For s-polarized laser radiation, the diffraction patterns reveal little
variations for § < 45°. However, for larger angles of incidence, the LIPSS pattern is
complex, neither parallel nor orthogonal to the polarization. The SEM observations
revealed a periodicity A = \/cos (6) for 6 < 45° [5]. Isotropic LIPSS patterns can be
obtained when circular polarization is applied. As pointed out by Van Driel et al., it
is remarkable that optical inactive materials are sensible to the sense of rotation of
the circular polarized light [53].

At normal incidence of the laser beam, LSFLs can also show different character-
istics. In several cases, the periodicity of LSFLs does not follow strictly the laser
wavelength, as shown in Table 2.2. This characteristic has been observed mainly for
ultra-short laser pulses and concerns all types of materials. It is worth noting that
the periodicity of LSFLs decreases with increasing number of pulses applied and
that the rate of this decrease is also material dependent [37, 39, 55]. It can be
difficult to distinguish between LSFLs and HSFLs orthogonal to the polarization.
Huang et al. proposed a value of 0.4 for the ratio A/ as a boundary to discriminate
HSFLs from LSFLs [37]. However, it is possible to observe LIPSSs with A ~ 0.5\
progressively reaching A & 0.31\ within the same laser track [28].

2.1.2 High spatial frequency laser-induced periodic surface
structures

As stated in the introduction, HSFLs can be produced on metals [14-17], semicon-
ductors [12, 18-23] and dielectrics [24-27]. They are defined as LIPSSs with a
periodicity A significantly smaller than the laser wavelength A (A < X\ ). On the
contrary to LSFLs, HSFLs develop almost only for pulsed lasers, when the pulses
applied are in the picosecond of femtosecond regime. Only a few studies mention
HSFLs produced with nanosecond pulses [57, 59]. For linearly polarized light,
HSFLs are oriented parallel [14, 17, 22, 23, 27] or orthogonal [12, 16, 18-21, 24-26]
to the polarization of the laser light. Examples of periodicities and orientations
of HSFLs produced by femtosecond irradiation are listed in Table 2.3. Both
orientations, orthogonal or parallel to the laser polarization, have been observed for
the different types of materials. The fluence regime in which HSFLs grow is below
or close to the single pulse ablation threshold [12, 16, 18, 21, 22].
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Table 2.2: Periodicity A of LSFLs compared to the wavelength A of the
laser radiation for various materials. In the referenced articles, LSFLs were
produced under normal incidence (§ = 0°) of the laser beam. The column
“Type” specifies if a material is a metal M, a semiconductor S or a dielectric
D. In the third column, the range of the pulse duration 7 is indicated. Here,
“ns” and “fs” denote nanosecond and femtosecond respectively.

Material Type | T Periodicity A Reference(s)

Si S ns A~ 0.94) [56]
Melted quartz | M | ns A~ 071\ [57]
NaCl D ns A~ 0.67A [6]
TiN M | fs A~ 0.74) [36]
Alloyed steel M fs A~ 0.63\ [14]
Pt M | fs | 0.66 < A/X<0.76 [55]
InP S | fs|074<A/N<0.94 12]

Si S fs | 0.7 <A/XA<0.96 | [22, 38, 39, 58]
Diamond D fs A =~ 0.94) [27]

Apart from the previously mentioned characteristics, it is difficult to define general
properties of HSFLs, because of the large variety of observed features. For some
materials, it was shown that the periodicity of HSFLs increases with increasing fluence
[60, 61], while some materials do not follow such a relation [18, 21]. HSFLs have
been observed to occur after only a dozen of pulses [12, 18, 36, 62], but some after
hundreds of pulses [16, 63], thousands of pulses [24, 25, 27, 64] or even more (up to
120000 pulses)[22]. It was shown by Borowiec et al. that HSFLs occur easily when
the one-photon transparency is achieved [18]. That is, when photons have an energy
smaller than the band gap of the material. However, it is not a prerequisite for their
formation [12, 22]. Depending on the material and on the processing conditions, the
periodicity of HSFLs increases with the laser wavelength [16] or remains constant
[25]. The same holds for the angle of incidence, i.e. HSFLs can be sensitive [21] or
insensitive [25] to a variation of the angle of incidence. On the contrary to LSFLs, no
systematic studies have been carried out to verify the influence of the polarization and
the angle of incidence on the characteristics of HSFLs. In addition, it is known that
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Table 2.3: Periodicity A and orientation of HSFLs compared to the
wavelength A and the polarization of the laser radiation respectively. In the
referenced articles, HSFLs were produced under normal incidence (6 = 0°) of
the laser beam and femtosecond pulse duration. The column “Type” indicates
if a material is a metal M, a semiconductor S or a dielectric D.

Material Type | Orientation Periodicity A References
TiN M 1 A~ 0.16\ [16]
Alloyed Steel | M I 0.15 <A/XA<0.24 [14]
Ti M [ 0.08 < A/A < 0.12 [17)
Si S I A~ 0.25) [22]
InP S 1 A~ 0.24) [18]
ZnO S 1 0.25 < A/XA<0.35 [18]
Sapphire D 1 A~ 0.34) [18]
Diamond D I A~ 0.26) [27]

circular polarized light can generate small bumps instead of HSFLs [16, 61]. Finally,
the height of HSFLs can be as small as 10nm [28, 29] or as big as 1 pm [10]. In the
latter case, HSFLs have a large aspect ratio (height divided by the width), which
increases with increasing applied fluence [10, 51].

2.1.3 Other kinds of laser-induced periodic surface structures

Only a few studies on the formation of LIPSSs with a periodicity larger than the laser
wavelength (A > \) are reported in literature. These LIPSSs, usually referred to as
“grooves” [12], were observed on metals [40] and semiconductors [12, 39, 40, 50, 56].
Their orientation was found to be orthogonal [40] or parallel [12, 39, 40, 50, 56] to
the polarization of the laser radiation. Huang et al. proposed grating coupling as
an explanation for groove formation [40]. However, it is not clear why several groove
directions are possible.

Yet another kind of LIPSSs with A < A and less directional than HSFLs, referred
to as “fine bumps”, were observed on silicon [29]. They were produced with rather
large wavelengths (about 1300 nm and about 2100 nm) compared to the wavelength
of experiments with A = 800 nm, typical for fs lasers.
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LIPSSs with A < A, parallel to the polarization, are also reported in literature
[65]. These LIPSSs were referred to as LSFLs by Hohm et al. However, the term
“LSFLs” is only used when LIPSSs with A < A are orthogonal to the polarization
in this thesis. It is worth noting that the periodicity of these LIPSSs parallel to the
polarization was described more precisely than A < A as A = A\/Re(n), where Re(n)
is the real part of the complex refractive n of the material. Hohm et al. used the
term “LSFLs” because Re(n) is smaller than 2 in reference [65], which makes these
LIPSSs fall in the category of LIPSSs with A < A rather than HSFLs.

2.2 Theories

2.2.1 Theories aimed at low spatial frequency laser-induced
periodic surface structures

It is commonly accepted that LSFLs with A ~ A are triggered by the interaction
of electromagnetic waves with rough surfaces [4, 6, 13, 54, 66]. Emmony et al.
suggested the existence of a “surface-scattered wave”, originating at a surface defect,
interfering with the incident laser light [4]. While this simple concept is appealing,
it has several inconsistencies [13] and several authors proposed a more accurate
treatment of this problem [6, 13, 54, 66]. According to Clark et al. [67], “the most
rigorous, comprehensive, and indeed the only (theory) that, to our knowledge, can
accurately explain all of the observed LIPSSs is that in [13]”. The theory presented
in [13], usually referred to as the “Sipe theory”, after its inventor John Sipe, is
indeed able to account for the formation of LSFLs with A &~ X and their variations
of periodicity and orientation as a function of §. The Sipe theory predicts the
inhomogeneous energy absorption of linearly polarized electromagnetic plane waves
below the rough surface of materials. This prediction is made in the frequency
domain and the results resemble the experimentally determined diffraction patterns
shown in Table 2.1. It is assumed that the inhomogeneous energy absorption
triggers LIPSS formation.

LSFLs with A < A have been observed and discussed extensively since the early
2000s [12, 14, 22, 27, 36-39, 55, 58|, as it was shown in Table 2.2. Already in 1982,
surface plasmon polaritons (SPPs) were proposed by Keilmann and Bai as an
explanation for the periodicity of LSFLs being smaller than the laser wavelength
[57]. SPPs are electromagnetic excitations propagating at the interface between a
dielectric and an electrically conductive material [68]. They are the results of the
coupling of surface plasmons (oscillations of the electron plasma of the conductors)
with photons. As pointed out by Keilmann and Bai, SPPs can be excited from
microscopic spatial disturbances. In the framework of this concept, LSFLs are
induced by the interference of the incident laser light with SPPs. The reason why
SPPs are a good candidate to explain LSFL formation is that they are transverse
magnetic (TM) polarized and that their periodicity is smaller than the laser
wavelength. Being TM polarized implies that interference pattern of SPPs with the
incident laser light is orthogonal to the laser polarization, which coincides with the
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orientation of LSFLs [57]. While the involvement of SPPs is known for metals
[13, 57], it is more complex for semiconductors and dielectrics. It is proposed that
under ultra-short laser irradiation [37, 58], the optical properties of semiconductors
and dielectrics can turn metallic. This would allow the excitation of SPPs and
their interference with the incident laser light. Several studies show a good match
between the observed periodicities of LSFLs and the periodicities predicted by
the SPPs/interference theory [37, 58, 69, 70]. It is worth noting that a careful
investigation of the Sipe theory [13, 58, 69] reveals that the excitation of SPPs is
included.

While SPPs can explain a periodicity A of LSFLs smaller than the laser wavelength
(A <)), it is unclear why A depends on the fluence and decreases with the number of
pulses applied. Bonse and Kriiger gathered three possible explanations [39]. Firstly,
the periodicity of SPPs depends on the optical properties of materials [37, 58]. Since
the optical properties can vary with the excited states of the material (number of
electrons in the conduction band of semiconductors and dielectrics), different fluences
lead to different optical properties. Hence, different periodicities of SPPs. Secondly,
the periodicity of SPPs is affected by the presence of gratings, LSFLs in this case.
According to Huang et al. [37], the grating like LSFLs deepens with the number
of pulses applied and this deepening leads to a decrease of the phase velocity of
SPPs [71]. Therefore, a decreased periodicity of the interference pattern. However,
this scenario suggests that the whole surface region containing LSFLs melts and new
LSFLs with a smaller periodicity form. It is in apparent disagreement with the cross-
section study of Borowiec et al. [72], in which only a little resolidified layer of material
is visible, mostly on top of LSFLs. Thirdly, LSFL periodicity is affected by the angle
of incidence. When enough pulses have been applied to form an ablation “crater”,
the local angle of incidence on the “walls” of the crater can play a role.

As mentioned previously, the periodicity of LSFLs strongly depends on the
interaction of electromagnetic waves with rough surfaces. However, other phenom-
ena occur during laser processing , such as melting or ablation of the surface of
the materials, which affect LIPSS formation. Young et al. [41] described different
melting regimes, depending on the fluence applied, leading to LSFL formation for
nanosecond laser pulses. At low fluence, the inhomogeneous absorption of energy
can lead to melt periodically the materials and form LSFLs after solidification
[41, 73, 74]. Tt is further suggested that for a higher fluence, LSFLs grow from
a melt layer which solidifies at different speed depending on the inhomogeneous
absorption. If the melt layer is thick enough, capillary waves can also play an
important role [41]. For ultra-short laser pulses, such a study is missing in literature.
LSFLs are observed when ablation occurs [25, 39, 49, 58], which forbids to transpose
directly the knowledge gained for nanosecond pulses to ultra-short laser pulses.
The analysis of cross-sections revealed that ablation is probably playing a key
role in LSFL formation under ultra-short pulses irradiation [72]. Regardless of
the responsible mechanisms for the transport of matter, feedback mechanisms
are of importance for LIPSS growth [37, 39, 41]. As mentioned previously, the
optical properties of the irradiated material change during the pulse which, in
return, influences the energy absorption. This effect, referred to as intra-pulse
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feedback [41], is necessary for the excitation of SPPs on semiconductors and
dielectrics for example. The second kind of feedback mechanisms is referred to
as inter-pulse feedback. It involves geometrical changes of the surface roughness
between subsequent laser pulses. This changed roughness affects the energy
absorption during the next laser pulse. Since LSFLs form after several pulses,
inter-pulse feedback mechanisms are apparently crucial. The interaction of SPPs
with gratings is a good example of such a feedback mechanism. Young et al. used
the Sipe theory to explain qualitatively this mechanism [41].

2.2.2 Theories aimed at high spatial frequency laser-induced
periodic surface structures

The origin of HSFL is still under debate and several theories have been proposed to
account for their formation [18, 21, 22, 24, 27]. Based on the knowledge on LSFL
formation, several authors proposed electromagnetic based explanations [18, 21, 27].
Second harmonic generation (SHG) was proposed as a cause of the strong decrease
of periodicity compared to the wavelength of the laser radiation [18], however, SHG
alone gave inconsistent results [18, 19]. As for LSFLs, it became clear that a change
of the optical properties of the material during the laser pulse (intra-pulse feedback)
is necessary to explain HSFL formation [19, 21, 27]. Dufft et al. [21] and Wu et al.
[27] extended the Sipe theory thanks to estimated variations of the optical properties
of materials and, in the case of Dufft et al., SHG to account for HSFL formation.
Other electromagnetic explanations have been proposed, such as the existence of
“nanoplasma bubbles” [75]. Despite all these attempts to extend existing theories,
the formation of several HSFLs remained unexplained [17, 19, 24, 28, 44].

After observing several LIPSS patterns which were not following the classical
electromagnetic predictions [22, 24, 25, 29, 64], Reif et al. proposed an alternative
to the electromagnetic approach [76]. In this model, LIPSSs are the result of a self-
organization process, triggered by ablation [22, 24]. This model accounts for many of
the properties of LIPSSs observed, however, no direct relation between the periodicity
of LIPSSs and the wavelength of the laser radiation could be predicted [76].

As for LSFLs, the exact mechanisms responsible for the transport of matter are
still under investigation. Nonetheless, the investigation of cross-sections suggests
that LSFLs and HSFLs form due to the same physical processes [51]. The columnar
shapes and the high aspect ratios indicate a strong contribution of the ablation process
(10, 51].

2.3 Conclusion

LIPSSs created with linearly polarized femtosecond laser radiation, under normal
incidence of the laser beam, can be classified mainly into LSFLs and HSFLs. These
two types of LIPSSs have two properties in common: their periodicities depend on
the wavelength of the laser radiation and their directions depend on the polarization
of the laser light. This strongly suggests that LIPSS formation can be understood in
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Table 2.4: Periodicities and orientations of LIPSSs that a complete theory
should be able to predict under normal incidence of the laser beam. LIPSSs
can be orthogonal L or parallel || to the laser beam polarization.

Periodicity A | Orientation

A< €
A = A/Re(i) [

A< |

A> A L

the framework of an electromagnetic theory. Several models have been proposed in
literature. However, none of the proposed models can account for all the observed
LIPSSs and their various properties. In Table 2.4, the periodicities and orientations
that a complete theory should account for are gathered. A complete theory should also
explain the variation of periodicity A of LSFLs and a possible change of orientation
from HSFLs to LSFLs, as observed in [14, 27].

From the theories mentioned above, the most promising approach to explain LIPSS
formation is related to the Sipe theory. While not being able to account for all the
observed phenomena, the Sipe theory includes the excitation of SPPs,; which provides
a good explanation to LSFL formation, and was extended to understand HSFLs in
certain cases. Moreover, the effect of the angle of incidence on LSFLs with A ~ \ was
correctly simulated. In chapter 3, the Sipe theory is therefore described and analyzed
to understand its strengths and its limitations.



Chapter 3

Strengths and limitations of the
Sipe theory

The goal of this chapter is to discuss the Sipe theory. The general concept, including
the notations, assumptions and outcome are presented first. Next, typical results of
the Sipe theory are shown to identify the strengths and limitations of this model.

3.1 Background

The Sipe theory was published in 1983 by Sipe and his coworkers [13]. The goal of this
theory is to explain LIPSS formation, and particularly LSFL formation since almost
no HSFLs were observed before the 2000s. In the frame of this approach, LIPSSs
are thought to be the fingerprints of the inhomogeneous absorption of the laser light
below the rough surface of materials. To prove this assertion, Sipe et al. proposed
a careful treatment of the interaction of electromagnetic waves with rough surfaces.
The concept of the Sipe theory is shown in Figure 3.1. The incident laser radiation
interacts with the rough surface, leading to an inhomogeneous energy absorption. The
main outcome of the Sipe theory is the prediction of the distribution of the absorbed
energy just below the rough surface of the material (dotted line). This prediction
is made by solving Maxwell’s equations analytically for a plane wave incident on
the rough surface. These equations, as well as the resulting absorbed energy are
calculated in the frequency domain. The spatial frequency spectrum, referred to as
Sipe theory calculations in Figure 3.1, shows white sharp peaks indicating that the
absorbed energy is periodic. Since LIPSSs are assumed to grow where the absorbed
energy is the largest (represented by the radiating dots) in the Sipe theory, their
formation follows the absorbed energy profile. Therefore, a Fourier transform of the
height profile of a surface with LIPSSs is directly comparable to the absorbed energy
below the rough surface. These Fourier transforms can be obtained by studying

15
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Sipe theory calculations diffraction pattern

coherent light
incident laser

radiation

reflected

beam

rough surface surface with LIPSSs

Figure 3.1: Concept of the Sipe theory. The radiating dots just below
the rough surface symbolize the locations where the absorbed energy is the
largest. The dashed arrow represents the assumption that LIPSS formation
occur where the absorbed energy is the largest. The thin dashed lines
indicate a frequency domain representation of the absorbed energy (Sipe
theory calculations) and the height profile of the rough surface with LIPSSs
(diffraction pattern).

diffraction patterns produced by a coherent light source, e.g. a continuous wave laser,
reflected from a surface with LSFLs. As mentioned in section 2.1.1, this technique has
been extensively used by Van Driel and his coworkers [5, 43, 52, 53], see Table 2.1 on
page 7. Their aim was not only to study the effect of the angle of incidence 6 on the
characteristics of LSFLs, but also to validate the Sipe theory. In the following section,
the notations, assumptions and the main outcome of the Sipe theory are presented.

3.2 Notations and assumptions

The geometrical configuration of the problem solved by the Sipe theory is shown in
Figure 3.2. For z > 0, there is vacuum and a region of thickness [;, referred to
as the “selvedge”, in which the surface roughness is confined. While, z < 0 is the
bulk material which is assumed to be infinitely extended. Material properties in the
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!

vacuum

selvedge

bulk

Figure 3.2: Geometry and notations used to describe the Sipe theory. A
plane wave, s- (orthogonal to the (&, Z) plane ) or p- ( parallel to the (&, 2)
plane) polarized, is incident on the rough surface of a material. Here, A denotes
again the wavelength of the incident laser radiation, 6 the angle of incidence
with respect to the normal to the surface, 2w/\ @ the wave vector of the
incident plane wave, with @ being a unit vector indicating the direction of
propagation, E; the component of the wave vector parallel to the (Z,7) plane,
ls the selvedge thickness and 7 the complex refractive index of the material.

bulk and in the selvedge (if there is material) are identical. The optical properties of
the material are defined by the complex refractive index n, which is assumed to be
constant. A plane wave of wavelength A is incident on the selvedge region at an angle
of incidence # compared to the normal. This plane wave is polarized in a direction
parallel (p-polarized) or orthogonal (s-polarized) to the plane of incidence (&, Z) and
is characterized by a wave vector 2w /\ @, where @ is a unit vector indicating the
direction of propagation. The component of the wave vector parallel to the surface,
the (Z,7) plane, is referred to as k;. The absorbed energy A(k) is studied at z = 0 in
the frequency domain, spanned by a vector k= (kz, ky) parallel to the surface. The
Sipe theory predicts that the absorbed energy A(E) is proportional to the frequency
spectrum of the rough surface b(/’;)7 weighted by a function n(l;/:, lgz) The latter is
referred to as the efficacy factor. Hence,
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A(F) oc (k. ) [b(F)). (3.1)

In other words, n(l_é, EZ) quantifies the efficacy with which the roughness leads to an
inhomogeneous energy absorption at k.

Only under certain conditions, relation (3.1) is valid and an expression of n(k, k;)
can be derived. These conditions are presented before discussing the results of the
Sipe theory. The thickness of the selvedge [ must satisfy two inequalities. First, the
selvedge thickness shall be small compared to the laser wavelength. That is,

2
Tﬂls <1 (3.2)

Second, the selvedge thickness shall be small compared to the periodicity of the
inhomogeneous energy absorption. That is,

[K||ls < 1. (3.3)

Moreover, Sipe et al. assumed a specific statistical roughness model to establish
relation (3.1). That is, the roughness is described, in the space domain, as a binary
function b(x,y), as shown in Figure 3.3. That is, b(z,y) = 0 or 1 for the unfilled
(vacuum) and filled parts of the selvedge, respectively. The efficacy factor is calculated
for random rough surfaces, b(z,y) being defined by two parameters: the filling factor
F and the shape factor s. F' and s are used to characterize b(z,y) by the following
set of equations,

b)) = F, (3.4
(b(p)b(p")) = F* + (F — F*)C(|lg = '), (3.5)
C(l1pl) = e — 1), (3.6)
5= fi (3.7)

(o) and ||®]| denote the ensemble average of e and the norm of &, respectively. Hence,
F is the average of b(p), where p'= (x,y). © is the Heaviside, or unit, step function.
The parameter [;, and therefore s, characterizes how the filled part of the selvedge
agglomerate through the expression (b(p)b(p")). Indeed, for points (z,y) and (z/,y’),
if 75— 7'l > U then C(|7— ') = 0 and (W(Pb(5")) = F2. Else, |7 7' < L
and (b(p)b(p')) = F. Since F? < F (F < 1), the filled parts of the selvedge tend
to agglomerate and form “islands” of radii [; . Therefore, s is comparable to half
of the aspect ratio (the half width divided by the height) of the filled parts of the
selvedge. According to Young et al., the best set (F, s) to describe LIPSSs in the Sipe
theory equals (0.1,0.4) [5]. It is the set of parameters which matches the best their
experimental results. That is, their SEM observations and the diffractions patterns
presented in Table 2.1 on page 7. Moreover, “except for a factor independent of E, in
the case of s-polarized light the theory predicts no dependence of 77(/2) on s and F” [5].
Thus, in the case of a study at normal incidence 6 = 0, the ratios between the different
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Figure 3.3: Roughness model of the surface as part of the Sipe theory.

-

frequencies of n(k) are independent of s and F'. This is an important property of the
model since a study at normal incidence involves no “fitting” parameters.

3.3 Efficacy factor maps

Once all the conditions described previously are fulfilled, relation (3.1) is valid and
n(k, k;) is given by equation (3.8) [13],

n(k, k) = 2nfo(ky) + o(k-)], (3-8)

where ki = k; + k. The operators | e | and @ represent the absolute value and the
complex conjugate of e, respectively. For s-polarized light, v(k4) is given by

v(ke) = [hos(be) (ks - D)7 + hag (k) (b - §)]relts (ki) P, (3.9)

while for p-polarized light, v(k+) is given by
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v(ke) =[hos (k) (b - §)° + i (k) (ks - 2) et (Ri) |

+ hpo (k) (ks - ©)y.6T,t,
+ g (k) (ks - D) tat, (3.10)
+ hzz(ki)7z5|tz|2_

Here, @ - @ denotes the scalar product and e a normalized vector. That is, ¢ = ¢/||]|.
Further, ki and v represent the norm of vector k., ||k+| and the norm of the wave
vector 27 /X i, 27/, respectively. & = 72 is the complex permittivity of the material.
Finally, the functions h(k+) are defined by

hos(ks) = 2 : (3.11)
N ]
27 \/VQ—ki\/Vzé—ki
ha (k) = — \/ — \/ - =, (3.12)
E\Jv? — kY + \Jv2E — k3
N Ry )
. V2 — ki
E\JVE — k3 +\JviE— kg
25k v — k%
hi.(ks) = 0 , (3.15)

N
to(ki) = NG szi \/132 . (3.16)
to(ki) = 2 12—k v2E— k2 (3.17)
’ Z)_;é\/zﬂ—kf+\/v2é—k?7 '
) 27 _ 1.2
£ (kg) = 2 kivv'e — ki (3.18)

;5\/V2—]€Z-2+\/l/25—k‘i2’

and the functions v(F, s) by
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1 e—1
=) = T AT - D)) T B’ (3:.19)
1 e—1
s = L0 = F)(E—1)(h(s) — Rhi(s))’ (3:20)
e—1
R=— (3.21)
h(s) = (s +1)7 — s, (3.22)
ha(s) = %[(52 + 44— (2 4+ )b (3.23)

Thanks to equations (3.8) to (3.23), n(k, k;) can be calculated. Examples of n(k, k;)
functions, also referred to as “efficacy factor maps” or “n maps” in this thesis, are
shown in Figure 3.4. The n maps shown have been calculated with the following
parameters:

e the wavelength of the incident laser radiation A = 800 nm,

the angle of incidence # = 0 (normal incidence),

the set (F,s) = (0.1,0.4), as proposed by Young et al. [5],

the optical properties of (a) gold 7 = 0.181 + 5.1178; and (b) silicon n =
3.692 4 0.00655 at room temperature [77].

The n maps are represented with a linear grayscale colormap. The white areas
correspond to the largest values of n(E, l%) The white arrows indicate the polarization
direction of the laser radiation. The vector k = (kz,ky), spanning the frequency
domain in the (Z, ) plane shown in Figure 3.2, is normalized by the norm of the wave
vector, 27 /A. The main advantage of such a normalization is that it allows to relate
the frequency domain directly to the wavelength of the laser radiation. For example,
any point on the ||E || = 1 circle in the frequency domain corresponds to a periodicity
A = X in the space domain. Likewise, any point inside the ||E|| < 1 disk corresponds
to a periodicity A > X in the space domain and any point outside the ||k|| < 1 disk
corresponds to a periodicity A < A in the space domain. Recalling equation (3.1), a
large value of n(k, k;) implies that the frequency component b(k) of the rough surface

-

spectrum leads to a strong energy absorption A(k) at that location. Since b(x,y) is
expected to have a wide range of frequency components b(E), and b(E) to be a slowly
varying function of k [5, 13], A(k) and n(k,k;) are almost linearly related. Hence,
sharps peaks in n maps, i.e. high values of 77(1_57 EZ)7 correspond to a strong energy
absorption A(k) at k.

In Figure 3.4(a), the n map, which was computed for the optical properties of
gold, shows one kind of features. The vertical and horizontal dotted lines indicate
ky, = £1 and k, = £1, respectively. The bright features, which are on the ||E|| =1
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Figure 3.4: n maps computed for § = 0, A = 800 nm, (F,s) = (0.1,0.4), (a)
gold 7 = 0.181+5.11785 and (b) silicon 7 = 3.692 4 0.00655. The polarization
direction is indicated by the white arrows. A linear grayscale colormap is used,
in which the white areas correspond to the largest values.

circle, are interrupted at the lower and upper part of the circle. That is, there are
two “crescents” which show a preferential direction along the k, axis. Hence, these
correspond to a periodic absorbed energy in the ¥ direction, with a periodicity of
A =~ X\ in the space domain. It is worth noting that the absorbed energy profile
does not correspond to perfectly straight lines in the space domain, which would
be represented by single dots in the frequency domain. Hence, it is likely to find
bifurcations in the space domain. As shown by Young et al. [5], these features are
responsible for the growth of LSFLs with a periodicity close to the laser wavelength
(A = \) and a direction orthogonal to the polarization of the laser radiation. For the
sake of clarity, the terms HSFLs and LSFLs are only used to refer to LIPSSs in the
space domain in this thesis. Therefore, another notation is used to refer to LIPSSs
(or their associated features in the n maps) in the frequency domain. The features
presented in Figure 3.4(a) are referred to as type-s in this thesis. This notation has
been chosen in accordance with the description proposed by Young et al. [5]. The
terms s and s~ were used to refer to LIPSSs produced at off-normal incidence of the
laser beam, associated with the type-s features presented here. No specific meaning
was associated to the sT or s~ notations. Regarding the physical interpretation of
type-s features, they are the fingerprints of SPPs when the complex refractive index
7 fulfills the inequality Re(n) < Im(7) [13, 78]. As mentioned in section 2.2.1, SPPs,
hence type-s features, have been studied extensively to explain LSFL characteristics,
especially their periodicity slightly smaller than the laser wavelength (A < \).

In Figure 3.4(b), two features need special attention: the type-s features mentioned
previously and additional features close to the ||k|| = Re(n) dotted circle. These
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Figure 3.5: Cross-sections of the n maps presented in Figure 3.4. (a) and (b)
are related to Figure 3.4(a) and Figure 3.4(b), respectively. The solid lines are
cross-sections along k, through (0,0) while the dashed lines are cross-sections
along l;y through (0, 0).

features are referred to as type-d features. The “d” stands for “dissident”. This
word was chosen because the type-d features do not follow the ||k = 1 circle like the
type-s, which correspond to the most common ripples. Indeed, LIPSSs in the space
domain matching the type-d periodicities have not been observed frequently before
the use of femtosecond lasers in experimental study of LIPSSs. Since k is normalized
by 27/A, the maxima of the type-d features correspond to a periodicity A/Re(n)
of the absorbed energy in the space domain. Moreover, type-d features correspond
to a periodic absorbed energy in the I;y direction. That is, HSFLs parallel to the
laser polarization. In comparison to type-s features, the type-d features have rarely
been investigated [21, 27]. Sipe et al. mentioned that it was difficult to observe
LIPSSs related to the type-d features experimentally [78]. Interestingly, the type-s
features present in Figure 3.4(b) are more spread than in Figure 3.4(a), leading to
more variation of periodicity in the space domain. Both type-s and type-d features
presented in Figure 3.4(b) are referred to as “radiation remnants” [13, 78]. That
is, features of the n maps which are not related to SPPs. It is worth noting that,
since Re(n) > Im(n), the type-s features are not related to SPPs in Figure 3.4(b). A
detailed mathematical study of radiation remnants, including a comparison to SPPs,
is available in [78].

As an alternative to the 2D representation of the efficacy factor in Figure 3.4,
Figure 3.5 shows cross-sections of the 1 maps. Figure 3.5(a) and Figure 3.5(b)
are related to Figure 3.4(a) and Figure 3.4(b), respectively. The solid lines are
cross-sections along Ky through (0,0) while the dashed lines are cross-sections along
Ey through (0,0). As mentioned previously, the type-s features are the dominant
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frequencies in the case of gold, while they are more spread in the case of silicon. It is
worth noting that the magnitude of the 7 maps for gold and silicon cannot be
compared since relation (3.1) involves only a proportionality. Interestingly, the solid
line in Figure 3.5(b) decreases from the maximum of the type-s feature (k, = 1)
until it reaches k, = Re(n) = 3.692, from where it increases rapidly. This effect is
also observed in Figure 3.4(b) and is a limitation of the Sipe theory, as explained in
the following part.

3.4 Strengths and limitations

In this section, the strengths of the Sipe theory are discussed first. Then, the limita-
tions of the Sipe theory are analyzed with respect to the assumptions and the results
presented in section 3.2 and section 3.3.

3.4.1 Strengths

Several strengths of the Sipe theory were already mentioned in chapter 2, which
concern mainly the type-s features. That is, the Sipe theory is able to account for
the periodicity and orientation of LSFLs for different angles of incidence 6. This
was proven thanks to the diffraction patterns study of Van Driel and his coworkers
[5, 43, 52, 53]. Moreover, the rigorous treatment of Maxwell’s equations lead to the
direct inclusion of SPPs in the model, while the presence of a “surface scattered wave”
does not need to be assumed, in contrast to the model of Emmony et al. [4]. This is
of importance since SPPs are playing a key role in LSFL formation [37, 58]. Besides
the type-s features, a strong advantage of the Sipe theory lays in the type-d features.
These features offer the possibility to explain the existence of HSFLs parallel to the
polarization as was proposed by Wu et al. [27], as well as the existence of LIPSSs with
A = X\/Re(n), parallel to the polarization [65]. It is worth noting that the distinction
between HSFLs parallel to the polarization and LIPSSs with A = A/Re(n), parallel
to the polarization, is only a terminological issue here. This distinction is not recalled
in the rest of this thesis.

An important extension which strengthen the validity of the Sipe theory was
proposed by Bonse, Dufft and their coworkers [21, 58]. They coupled the Sipe theory
to a Drude model, which estimates the optical properties of excited materials such
as zinc oxide [21] and silicon [58]. Indeed, the optical properties of materials change
during a laser pulse which can lead to variations of the absorbed energy profile. This
effect is referred to as intra-pulse feedback and is taken into account by calculating
1 maps for different values of the complex refractive index n predicted by the Drude
model. In addition, the extended model allows 1 maps to be calculated with half of
the wavelength and adapted optical properties to account qualitatively for second-
harmonic generation [21].

Besides intra-pulse feedback, inter-pulse feedback mechanisms can be understood

qualitatively in the frame of the Sipe theory [5]. The function b(k) is expected to
be a slowly varying function of k for a surface with homogeneously distributed



3.4. Strengths and limitations 25

—6

—12

—18
-18 —-12 -6 0 6 12 18 kg -18 -12 -6 0 6 12 18 kg

Figure 3.6: Same n map as in Figure 3.4 but shown for larger values of k;
and k,. The polarization direction is indicated by the white arrows. A linear
grayscale colormap is used, in which the white areas correspond to the largest
values of n(k, k;).

roughness [13], while 77(1;/:, El) has sharp peaks. The latter implies that if the laser
fluence exceeds a certain threshold, localized melting is triggered at locations where
the inhomogeneous energy input is the largest (peaks of 77(127 l;)) and LIPSS start
to grow according to A(k). Mathematically, the function b(k) increases at k in
accordance with the peaks of n(E, Ei), enhancing the inhomogeneous energy
absorption via equation (3.1) and the LIPSS formation. This qualitative feedback

effect underlines that the driving function in LIPSS formation is 7(k, k;).

3.4.2 Limitations

As mentioned previously, Figure 3.4(b) and Figure 3.5(b) exhibit a peculiar
phenomenon. That is, the solid line in Figure 3.5(b) decreases from the maximum of
the type-s feature (k, = 1) until it reaches k, = Re(n), from where it increases
rapidly. In Figure 3.6, n maps shown with the same conditions as in Figure 3.4, but
for larger values of k, and k,. In the center of these larger n maps, type-s and
type-d features are hardly visible but are present nonetheless. The 7 maps are
dominated by broad white areas present at large values of k,. This region of the
n maps is of importance. Indeed, if HSFLs orthogonal to the polarization are a
consequence of the interaction of electromagnetic waves with rough surfaces, the 7
maps should show a preferential energy absorption for large values of k,. However,
inequality (3.3) is not valid for large values of k,, therefore no conclusions may be
drawn concerning the implication of these features in the space domain.

A further limitation of the Sipe theory lies in inequality (3.2), which confines the



26 Chapter 3. Strengths and limitations of the Sipe theory

approach to a small selvedge thickness compared to the laser wavelength A. This
is problematic because LIPSSs may have heights comparable to A, as mentioned in
chapter 1 and 2. Moreover, due to the definition of the roughness function b(z,y),
the Sipe theory only applies to simple isotropic rough surfaces. Therefore, a surface
which contains LIPSSs to start with is out of the scope of the Sipe theory.

A third limitation of the Sipe theory is that it calculates 7)(]2, El) for a plane just
below the rough surface only. Hence, it does not allow a study of the n maps as a
function of the depth in the bulk of the material.

One of the most severe limitations of the Sipe theory is that it does not allow
a space domain investigation of A(x,y). Indeed, equation (3.1) gives information
about the amplitude of the absorbed energy spectrum but not about its phase. Thus,
it is not possible to go from the frequency domain to the space domain by inverse
Fourier transformation. The reason for this lack of information about the phase is
that the n maps are calculated for the roughness functions b(x,y) which are known
only statistically. Figure 3.4(b) is a good example to show the importance of having
space domain results. From this Figure, it is hard to determine which of the type-
s or type-d features are the most pronounced in the space domain. Therefore it is
difficult to predict which kind of LIPSSs will be found experimentally. Moreover, the
frequencies contained in the broad white areas present at large values of k, in Figure
3.6 have an unknown impact on the space domain.

Finally, a last limitation of the Sipe theory discussed here is its inability to account
for low frequencies (||k|| < 1), even though LIPSSs with a periodicity above the laser
wavelength have been reported [12, 39, 40, 50, 56]. There is no clear reason why
those frequencies are not found following the Sipe theory. It can be due to one or
several drawbacks discussed above. For example, grooves discussed in section 2.1.3
are appearing on materials after a significant number of pulses. Hence, to investigate
the initiation and growth of grooves, a correct incorporation of inter-pulse feedback
mechanisms in the model would be required. Moreover, grooves form where ripples
were present first, which cannot be modeled due to inequality (3.2).

3.5 Conclusion

The Sipe theory offers several answers to the initiation and growth of LIPSSs, via
a careful treatment of the interaction of electromagnetic waves with rough surfaces.
As shown in Table 3.1, type-s features can account for the formation of LSFLs while
type-d features concern HSFL formation parallel to the polarization of the laser light.
However, the approximations and assumptions made by Sipe et al. in the derivation
of the efficacy factor function, do not allow to draw conclusions whether HSFLs
orthogonal to the laser polarization are the result of the interaction of electromagnetic
waves with rough surfaces (question mark in Table 3.1). Moreover, LIPSSs with
A > ), i.e. grooves, are not predicted in the framework of the Sipe theory.

In chapter 4 a numerical approach, the finite-difference time domain method, is
presented. It allows to study the interaction of electromagnetic waves with rough
surfaces. The goal is to overcome some of the limitations of the Sipe theory.
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Table 3.1: Characteristics of LIPSSs (periodicity A and orientation) which
can (/) and cannot (x) be predicted by the Sipe theory under normal

incidence of a laser beam.

Periodicity A | Orientation | Sipe theory
A< L Vv

A = A/Re(n) | Vv
A< ui ?
A> A L X







Chapter 4

Numerical approach: the
finite-difference time-domain
method

This chapter is dedicated to the finite-difference time-domain method. The theoretical
background required to discretize Mazwell’s equations is discussed first. Next, the
general concept of the finite-difference time-domain method and the assumptions made
in the framework of this thesis are presented.

4.1 Introduction

As discussed in chapter 3, the Sipe theory has several limitations which can be
overcome by solving Maxwell’s equations numerically, rather than analytically.
For that purpose, the finite-difference time-domain (FDTD) method has been
selected. This method was introduced by Yee in 1966 [79], but the term “finite-
difference time-domain” and its acronym “FDTD” was employed for the first time
by Taflove in 1980 [80]. The original algorithm proposed by Yee is based on the two
coupled Maxwell’s curl equations, which are solved numerically in the time domain,
using finite differences. While the concept of the FDTD method is relatively old,
FDTD calculations gained popularity in the 1990s thanks to the increase of
computational power. In this thesis, the FDTD method has been selected because it
is accurate and robust. That is, “the sources of error in FDTD calculations are well
understood, and can be bounded to permit accurate models for a very large variety
of electromagnetic problems” [42]. Moreover, the FDTD method is a systematic
approach, meaning that it is easy to investigate new geometries [42]. Regarding
other common computational electromagnetic methods, the method of moments
(MoM) and the finite element method (FEM), the FDTD method has been preferred

29
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for two reasons in the framework of this thesis. First, the MoM is known to handle
electromagnetically penetrable materials poorly in comparison to the FEM or the
FDTD method [81]. This is a strong drawback since semiconductors and dielectrics
are of interest in this thesis. Secondly, “it (the FDTD method) is the only method
which one can realistically implement oneself in a reasonable timeframe” [81].

As mentioned previously, the FDTD method is based on the two coupled
Maxwell’s curl equations. Therefore, in section 4.2, the theoretical background of
FDTD calculations is presented. Next, the FDTD algorithm is discussed in section
4.3, along with the boundary conditions relevant to simulate the interaction of
electromagnetic waves with rough surfaces.

4.2 Theoretical background

In this section, the Maxwell’s equations and the constitutive relations, linking the
electromagnetic field and the response of the material, are presented. Assumptions
are made regarding the constitutive relations, leading to a set of equations which is
ready to be discretized by the FDTD method.

4.2.1 Maxwell’s equations

In the absence of external charges and currents, the macroscopic set of Maxwell’s
equations in differential form can be expressed by equations (4.1a) to (4.1d) [82].

Gauss’ law for the electric field:
V-D=0, (4.1a)

Gauss’ law for the magnetic field:
V-B=0, (4.1b)
Ampere’s law:

E_VXH:(), (41C)

Faraday’s law:
B -

— E=0. 4.1d
5 TV X (4.1d)

Here, D denotes the electric flux density, E the electric field, B the magnetic flux
density and H the magnetic field. Further, 0¢/0t denotes the partial derivative of &
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with respect to time t. V-8 and V x & are the divergence and the rotational (also
referred to as curl operator) of @, respectively. In this set of equations, the response
of the material to an electromagnetic excitation is not described. This is provided by
the constitutive relations.

4.2.2 Constitutive relations

The four fields are linked through the following constitutive relations

D =¢oE + P, (4.2)

L1 4 o

H=—B-M, (4.3)
Ho

where €p and pg are the permittivity and the permeability of vacuum respectively.
Here, P is referred to as the polarization and is defined as the dipole moment per unit
volume inside the material. It describes the alignment of microscopic dipoles in the
presence of electric fields [68]. Finally, M is referred to as the magnetization and is
defined as the magnetic moment per unit volume. It describes the effect of a material
on the magnetic field. In this thesis, only non-magnetic media are considered. That
is, M = 0 and then equation (4.3) reduces to

H=pu5'B. (4.4)

This is not a limitation since most of the materials on which LIPSSs were observed
are non-magnetic, as shown in chapter 2.

To solve Maxwell’s equations, it is required to define the reaction of materials P to
electromagnetic excitations. As in the Sipe theory [13], materials are assumed to be
linear and isotropic. The most general relation between P and E for linear isotropic
media is given by

—

Blt) = < / N — 7t — VB ¢)dt di, (4.5)

where y is a scalar function referred to as the dielectric susceptibility. Equation
(4.5) accounts for the non-locality in time and space of the response of a medium.
The response can be assumed to be local in space if the wavelength in the medium
is significantly longer than all characteristic dimensions such as the size of the unit
cell or the mean free path of the electrons [68]. It is assumed in this work that the
response is always local in space. Hence, x(7,t) = x(t)0(7), where ¢ is the Dirac delta
function, and equation (4.5) reduces to

Bl,t) = = / (it — VB )t (4.6)
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4.2.3 Plane wave decomposition

Equation (4.6) can be simplified by applying the Fourier transform

f(Rw)= / / f (7 1) @R aFdt, (4.7)

That is, the fields are decomposed into plane waves of wave vector £ and angular fre-
quency w [68]. One advantage of applying Fourier transformations is to turn convo-
lutions into products. Hence, equation (4.6) becomes equation (4.8) in the frequency
domain.

P(R,w) = eoX(w)E(R,w). (4.8)

Due to the linearity of Maxwell’s equations, it is also possible to decompose

equations (4.1a) to (4.1d) without losing generality since the inverse Fourier
transform,

f(Ft) = / / f (R, w) e? ET=t) drgt, (4.9)

allows to go backward. It is worth noting that e is used to refer to the Fourier
transform of e. In the case of a vector @, the Fourier transform should be denoted
as @, but e is used for simplicity. e are in general complex functions, therefore the
e notation is not only used to refer to Fourier transforms in this thesis, but also to
indicate that scalar values are complex.

The Fourier transform has also other properties which are exploited in this thesis.
For example, the Fourier transform of a derivative 08/0t becomes the product of —jw
with e,

oe

5 = —iws. (4.10)

This is easily proven by performing an integration by parts on relation (4.7). Similarly,
the Fourier transform of a rotational V x @ can be expressed as the cross product of
jK with e,

V X & <= ji x e. (4.11)

4.2.4 Linear isotropic non-dispersive media

For linear and isotropic media that exhibit a local response in space, the relation
between P and E is given by equation (4.8) in the frequency domain. Then, if the
medium is assumed to be non-dispersive, as in the Sipe theory, Y¥(w) is constant and
(4.8) reduces to

P(R,w) = eoXE(R,w). (4.12)

Introducing &, = 1+ x, referred to as the complex relative permittivity, equation (4.2)
can be written as
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D(R,w) = ez, B(R,w). (4.13)

Equation (4.13) is the simplest form of the constitutive relation for a linear, isotropic,
non-dispersive medium that exhibits a local response in space. Substituting it in
Ampere’s law (4.1c) in the frequency domain and using equivalences (4.10) and (4.11)
yields

—jweoé B = jR x H, (4.14)

which can be rewritten as

—jweoRe(&,)E + eqwIm(é,)E = ji x H. (4.15)

For the sake of simplicity, the dependence of Fourier transformed quantities on £ and
w is omitted in the rest of the thesis. Then, applying the inverse Fourier transform
on equation (4.15) yields

E L.
soRe(ér)aa—t + eowlm(é,)E =V x H. (4.16)

Using different notations, Maxwell’s curl equations for linear, isotropic, non-dispersive
media that exhibit a local response in space read

OE o o o

€0€r§+0EZVXH, (417)
H - -

“0867 +VxE=0, (4.18)

in which the relative permittivity ¢, and the conductivity o are defined as

er = Re(&,), (4.19)
o = ecowlm(é,). (4.20)

It is worth noting that the complex relative permittivity &, is linked to the complex
refractive index 71 by &, = 72, Re(71) and Im(71) are usually referred to as the refractive
index and the extinction coefficient, respectively. With these notations, equations
(4.19) and (4.20) can be rewritten as

g, = Re(n)? —

Tm(n)
o = 2eqwRe(n)Im(n

m

2 (4.21)
).
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4.2.5 Drude dispersive media

As mentioned in chapter 3, Bonse, Dufft and their coworkers used a Drude model
to describe the optical properties of excited materials [21, 58]. The Drude model is
based on a classical description of the motion of electrons. In the framework of this
approach, a gas of free electrons of density N, is considered within a fixed background
of positive ions [68]. The exact mechanisms related to the electron-electron and the
electron-ion interactions are not directly considered. That is, these interactions are
taken into account by modifying the mass of the electrons m. by a multiplying factor
Mopy, leading to the effective optical mass meg = Mmemoy of the electrons. The
electrons respond to the electric field E via the Lorentz force —eE, with e being the
elementary charge. Their motion is damped by collisions which have a characteristic
frequency v = 1/Tprude, Where Tpruqe is referred to as the relaxation time of the free
electron gas or Drude damping time [58, 68]. Following this approach, the equation
of motion of an electron is simply given by equation
2 — —

ng + mefw% = —ek, (4.23)
with @ being the displacement of the electron. Applying the Fourier transform,
equation (4.23) becomes

Megr

Mg’ T + jMegywi = ek (4.24)
Rearranging the terms gives

e ~

r=————F. 4.25

Meg (W2 + jyw) (4.25)

The polarization gf the material linked to the free electrons ﬁDmde is related to
the displacement by Pp,.qe = —eN &, leading to

w? -

Porige = —£0———L2—F, 4.26
Drud 50w2+j’yw ( )

with the plasma frequency w, of the electron gas given by

= Nee?/ (€ome) - (4.27)

In the approach of Bonse, Dufft and their coworkers, the polarization P* of excited
semiconductors can be described as P* = P + ISDmde ‘When semiconductors are not
exc1ted no free electrons contribute to the Drude polarization, thus, N, = 0 and
PDmdC = 0. Non-excited materials are assumed to be non-dispersive and pP*=pP=
50XE For Drude dispersive media describing this kind of excitation, the constitutive
relation injected in Ampere’s law is simply given by

D =¢eoE + P* = ¢yE + P + Poruce. (4.28)

Then, Ampere’s law becomes
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OE 9P . - o
E0 Q= ot + = ot + JDrude V x }I7 (429)

with ijde = aﬁDmde /Ot being referred to as the Drude internal current in this thesis.
For the sake of simplicity, the subscript “Drude” will be omitted since no confusion
is possible.

Similarly to what was shown in the previous section, EOE + P can be expressed
in the frequency domain thanks to the complex relative permittivity and the derived
quantities defined by (4.19) and (4.20). Finally, following the same procedure,
Ampere’s law is written as

OE 4 - - -

EQETE'FO'E-’-JZVXH. (430)
However, J depends on Eina complex manner and equation (4.30) is not sufficient
for the FDTD calculations by itself. The dependence of J on E must be expressed
explicitly in the time domain. Starting from the frequency domain, J = —jwPp,uqe
substituted in equation (4.26) leads to

2

J = - (4.31)
= JWEQ wQ n ],yw . .
Rewriting yields
(w? +jyw) J = ng(]ng; (4.32)
which gives
—jwJ +vJ = gqwlE. (4.33)
Reverting to the space domain gives
oJ
FT vJ = egwlE, (4.34)

which will be used to perform the FDTD calculations.
Finally, it is worth noting that equation (4.28) can be expressed by means of a
complex permittivity €5 = &, + Aéprude, Aéprude being defined by

wQ

Aéppge = ———2—, 4.35

EDrud w2 + j"}’w ( )

which is the description used by Bonse, Dufft and their coworkers [21, 58]. With the
notations described previously, Porude = €0AépuacE and D = coér b
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4.3 Finite-difference time-domain method

The FDTD calculations performed in this thesis follow the algorithm introduced by
Yee in 1966 [79]. While a modified formulation has been chosen to handle lossy and
dispersive media, a similar grid is used since Yee’s arrangement of the components of
the fields is robust [42].

4.3.1 The Yee algorithm

The Yee algorithm solves, for both E and H , the time dependent Maxwell’s curl
equations in differential form. That is, Ampere’s law and Faraday’s law are discretized
using central-difference approximations for both the time derivatives and the space
derivatives. The most striking characteristic of Yee’s algorithm is related to the
position of the components of E and H in space [79], as shown in Figure 4.1. Such an
arrangement is commonly referred to as the Yee cell. Each component of E and H is
surrounded by four circulating Hand E components, respectively. As pointed out by
Taflove and Hagness [42], Yee’s algorithm simulates both the differential and integral
form of the macroscopic Maxwell’s equations, meaning among others that it enforces
by nature both Gauss’ laws (4.1a) and (4.1b) in the absence of electric and magnetic
charges. Moreover, the continuity of the tangential components of E and H across
an interface is insured thanks to the Yee cell arrangement. Further, E and H are not
only staggered in space, but also in time. The finite-difference equations are solved in
a leapfrog manner [42], meaning that E is calculated at a certain time-step, then His
calculated for the following time-step using the previously computed E. The process
is repeated until the desired effect is observed, such as the steady state for example.

4.3.2 Finite-differences

Maxwell’s curl equations, (4.18) and (4.18), for linear, isotropic, non-dispersive media
that exhibit a local response in space, read, when expressed in Cartesian coordinates:

OF, _OH. OH,

50€Tﬁ + O'EZ ay 2 s (436)
OE, OH, OH.

EOETW + O'Ey = 2 — o s (437)
OE. _ 0H, 0H,

EOETW + O'Ez = o — 8y s (438)
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Figure 4.1: Components of E and H following a Yee cell arrangement in
space. Adapted from [79].

and

oH,  (0E. O,
Homge = ( dy 02 > (4.39)
oH,  (0E, OF.
HoZor = ( 9z oz ) ’ (4.40)
DI 0B, OE,
=— — . 4.41
Ho~ ot ( Ox dy ) (441)

For the finite-difference calculations, Az, Ay and Az are used to refer to the space
increments in the #, ¢ and 2 direction, respectively. The time increment is denoted as
At. As mentioned previously, Yee used central-difference approximations for both the
time derivatives and the space derivatives, which are second-order accurate. Taking
equation (4.39) as an example, the partial derivatives evaluated at a discrete point
[(i +1/2)Az, jAy, kAz] in space and mAt in time are given by
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1
[(z + 2) Ax, jAy, kAz, mAt| =

0H,
ot

(4.42)

m-‘rl m—2
H,|. \*, —H,|. .
“"‘H%mk ‘”'H—%,J,k

At

+—o[(Atﬁ:,

OF,
dy

1
Kz + 2) Ax, jAy, k:Az,mAt] =

(4.43)
Ez|ﬁ%,j+%,k -
Ay

and

OE,

1
i+ = | Az, jAy, kA At| =
5 Kz—i—2> x, jAy, kAz,m t}

(4.44)

Bym, = Bym
oIty gney = Bolity sy

Az

where 7, 7, k and m are integers. Note that, the subscript j should not be confused
with the imaginary unit. Similarly, the subscript k£ should not be confused with the
wave vector K of a plane wave, or the vector k spanning the frequency domain from
chapter 3. Ole] is the big O notation used to describe the error terms.

For the sake of simplicity, the space increments are omitted when a function of
space is evaluated and the time step is indicated by a superscript. The leapfrog
algorithm is clear from the fact that H, is computed at the m + 1/2 and m — 1/2
time steps, while Iy, and I, are available at the m*" time step. The space indices
are in accordance with the Yee cell centered in (4,7, k). Using the finite-difference
expressions, equation (4.39) is approximated numerically by

+C>BAZV},

m+% o mfé
H“"H%J,k - H”'H%,j,k
At
_ 2 (Bm, . B, )
quy( Ay grsn — Bl gk (4.45)

At Bm g m
poiz (Bolfbgaey = Billhy ey )-

1 _1
Equation (4.45) expresses how to calculate H;n tz from H;n 2, E;” and E7", which are
supposed to be calculated in the previous time step. Similarly, the other components
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of H, H, and H,, can be updated by applying finite-difference approximations to
(4.40) and (4.41) which gives

) ™
ik Hy ij+35.k
At .
a ,quz( ‘J+ kty E‘T|i,j+%,kf%) (4.46)
At " .
and
m+ % m——
Hzlm,kil = H.; iGk+d
At
_m( ulit g gnes ~ Bulily ey ) (4.47)
At
+ ,quy < | 7J+2vk+1 E ‘ +%> 5
respectively.

The update of E is slightly different due to the oF term in equation (4.17).
Applying central differences to equation (4.36) for example, leads to

m-‘,—l1 . E |
Tl j+5 . k+5 G+ 5.kt+3 m+3
E0Er A7 +oE, |”Jr bl =

|m+% B |m+% ‘m+% _ |m+§ (448)

#lij+1k+5 #lig ket Ylig+g.k+1 Ylij+s.k

Ay Az ’

. m+1 m+1 . . m+1 .

While E7*, H, " ? and H, * are known from the previous time step, E; ' * is not.

A simple way to handle this case is to assume that E, mts

arithmetic average of EM*! and E™

is well described by the

m+y  EPTL 4+ ET
xT = 5 -
2
This assumption leads to stable and accurate results [42]. Except for this specific
case, the rest of the discretization is straightforward and results in

(4.49)

Bt = 20— 0Bl
Bit3k+3 T 250, + oAt i,j+5 k41
2At/ Ay Y o
2e0e, + oAt ( cligtinry ~ Hzli,j,ki%) (4.50)
_M<H|m+% —H|m+% )
2505r+0'At Y i7j+%7k+1 yi,j-i—%,k .
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Following the same procedure for equations (4.37) and (4.38) leads to a complete
update of E by calculating

Byt = e m oAty
Vit 3.0k+5 — 2e0e, + oA " i+d,5,k+1
_2At/Az (0~ ) (451)
2e0er + oAt \ Tt gkt Tlit g5,k :
AU (e )
2e0e, + oAt \ it Lokt Zlig kL
and
Bt o Zsr oAty
Hlitgitsk ~ 2e0e, + oAt C i+ 3dtak
2At/Ax mt1 mtl
2e0e, + oA (Hy|i+1,j+%,k - Hy‘i7j+%vk> (4.52)
_M( m i)
2e0e, + oAt \ Tt gLk Clivljk) "

4.3.3 Auxiliary differential equation method

In the case of Drude dispersive media, an extra term, the Drude internal current J_: is
needed to update E by using equation (4.30). A technique, referred to as the auxiliary
differential equation (ADE) method, is commonly used to treat this problem [42, 83].
Using the ADE method, J is accounted for by considering equation (4.34) which is
differentiated, employing arithmetic average when necessary, into

j’m-i—l _ 2 - ’}/At m €0Atwg
2+ yAt 2+ yAt

(Em+1 + E"m) . (4.53)

As for the oF term discussed in the previous section, Jmt1/2 appears when (4.30) is
differentiated. Using the arithmetic average and equation (4.53), J™+1/2 is given by

5 Jm+l  gm g 5 . q
Jmtd % =5 (U a) T+ 5 (Bt + B (4.54)
with o and 8 being defined by
2 — yAt
S 4.55
4T3 + yAt (4.55)
and
gow2 At
p=_2r (4.56)

24+ 9At



4.3. Finite-difference time-domain method 41

Then, E is updated in the same manner as for non-dispersive media with few extra
terms related to J,

Eml _ 2e0e, — (0 + B)AL _,,
v 2e0er + (0 + B)AE 7
N 2A¢t
2e0er + (0 4+ B)At

(4.57)

[ﬁ x H™ 2 — (14 a) Atfm] .

Handling H is done in the same manner as for non-dispersive media since the same
equations are governing the variations of the magnetic field. That is, His updated via
equations (4.45), (4.46) and (4.47). With equations (4.50), (4.51), (4.52), (4.54) and
(4.57), all the equations necessary to update the electric field have been presented.
Now, the core of the FDTD calculations is complete, but, boundary conditions and
source terms are required obtaining results.

It is worth noting that the absorbed energy per Yee cell is simply computed by
adding the electrical losses at each time step

Lo\ 2 - .
[a (Em) +Jm. Em} AtAzAyAz. (4.58)

4.3.4 Numerical stability and accuracy

Taflove and Brodwin derived the criteria for the stability of Yee’s algorithm for
lossless media [84]. For three dimensional FDTD calculations in a Cartesian frame,
the unstable range of the algorithm is reached when At > Atpax, where Atpax is
defined as

1
Atax = . (4.59)

1 1 1
C\/Aa;2 + Ay? + Az2

where c is the speed of light in vacuum.

Regarding lossy media, Pereda et al. show that when the arithmetic average is
used to describe the o E term, as proposed in equation (4.49) and (4.50) for example,
an identical criteria as the one for lossless media can be derived [85]. For Drude
media, Chun et al. proved that the same stability criteria can also be applied [86].

While At is bounded by a clear rule, Az, Ay and Az are chosen empirically,
in function of the smaller wavelength in the simulation domain. The smaller these
values are chosen, the more accurate the simulation will be. However, it comes at the
price of a loss of computation speed and an increase in computer memory usage. It
is commonly accepted that 10 to 20 cells per wavelength lead to accurate results [42].

Regardless of the dimensions chosen for the geometrical grid, the Yee algorithm,
including lossy media, is known to be unstable when &, is negative [87, 88]. In this
case, it is necessary to simulate the response of the material by the Drude model for
example (see section 4.2.5 and section 4.3.3).
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4.4 Boundary conditions

The core of the FDTD calculations has been presented in section 4.3, but the boundary
conditions have to be handled. A source term is necessary, which is introduced in the
simulation domain via the total-field scattered-field (TFSF) technique [42]. Moreover,
the simulation domain has a finite size and specific boundary conditions, such as
the convolution perfectly matched layer (CPML) [89], have to be implemented to
avoid non-physical reflections of the electromagnetic fields at the boundaries of the
simulation domain.

4.4.1 Total-field scattered-field technique

The TFSF technique allows to introduce plane waves in the simulation domain and
has been extensively discussed by Taflove and Hagness in [42]. For the sake of
completeness, the features related to the TFSF method, necessary to understand
the FDTD calculations presented in this thesis, are explained in this section. The
concept behind the TFSF method is that the electric field and the magnetic field are
decomposed into the incident and the scattered fields, as expressed mathematically
by

E_: = Einc + Escat (46())

and

ﬁ = ﬁinc + ﬁscat (461)

Here, the incident fields, Einc and ﬁinc, are the fields which would propagate without
the presence of scatterers in the simulation domain, which is the roughness in this
thesis. They are assumed to be known at any grid points. The scattered fields, Escat
and ﬁscat, are the fields resulting from the interaction of the incident fields with the
scatterers and are are initially unknown.

Due to the linearity of Maxwell’s equations, the incident and scattered fields can
be handled independently. Hence, it is possible to apply the FDTD calculations
only on the total-fields (TFs) or on the scattered-fields (SFs) as shown in Figure 4.2.
Starting with the one dimensional case, assuming that only £, # 0 and H, # 0, the
FDTD calculations follow their usual scheme in the TFs and SFs regions. That is,
the expressions for non-dispersive media are computed according to

m+l 2505r — oAt

Ez 1= 7EI m
k+3  2e0e, + oAl |k+% (4.62)
_M( ) ‘
2e0e, + oAt \YIRH Ylk '
m+ 1 m—1 At
Hyl, "2 =Hyl, * - 0Bz (Ez\km+% - Em'?_%) ; (4.63)
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Figure 4.2: Zones of the FDTD calculations with respect to the TFs and
SFs. The problems occurring at the interfaces are shown on the right and left
side of the drawing.
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m+1 m—1 At - i
Hy,scat‘k 2 Hy,scat|k 2 _ oA (Ex,scat|k+% _ EI,SCat|k7%) ' (4.65)

It is worth noting that the vacuum region is just a specific type of non-dispersive
medium, with ¢, = 1 and ¢ = 0. However, problems occur at the interface between
the TFs and SFs region as indicated in Figure 4.2. Indeed, if the FDTD calculations
are performed incautiously at the interfaces, the following equations are obtained:

2e0e, — oAt
m-+1 0cr m
Ex\TJr% T 2e08, + aAtEI|T+% (4.66)
K
_;'_L — At
Hy,scat‘;’ﬂlf - Hy,scat|?+12 - M (Ew,scat|;“n+% - E:z:‘zﬁ.ké) ) (467)
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BmH _ 2e0er — aAt B
*IB+5 T 2e0e, + oAt T'Bt3 (4.68)
B 2At/ Az (H er%—H |m+2> .
2e0e, + oAt \TYIBHL y.scat ’
and
m+ rrL—l At m m
Hy,scat|B Y, scat|B m (E$|B+% - E:r,scat‘B_%) . (469)

These equations are not consistent since they mix FDTD calculations between total-
fields and scattered-fields. Recalling that the incident fields are assumed to be known,
equations (4.60) and (4.61) can be used to make the equations consistent, leading to

mi1 _ 2€0e, — 0AL

E e A —
T3 T 2e0e, + oAt 27
2At/ Az N
~ Gy 1 oAt (Huscnli = HJ7) (4.70)
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Thanks to equations (4.70) through (4.73), the TFs and SFs are well handled at
the interfaces. It is now possible to introduce the source term, which is simply given
by
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Boljitl = Bl s + Fosin (27r§mAt) . (4.74)
where A and ¢ denote the wavelength of the laser radiation and the speed of light in
vacuum, respectively.

To calculate the incident fields, it is sufficient to run a one dimensional (1D) FDTD
scheme in parallel to the main scheme, without the scatterers. Hence, E, i, and
Hy inc are known at every time step via the 1D FDTD scheme and can be subtracted
or added to keep the consistency of the main FDTD scheme. Following the above
mentioned procedure, a plane wave traveling only in the TF region can be introduced
in the simulation domain.

For the sake of simplicity, it was assumed that only E, # 0 and H, # 0. This is
also sufficient for the purpose of this thesis. Since the focus is put on the interaction of
linearly polarized light, arriving at normal incidence, with rough surfaces, it is always
possible to assume that the incident light is polarized along Z. In this case, the plane
wave travels along 2 and only Ej ine # 0 and Hy jne 7# 0.

4.4.2 Periodic boundary conditions

Due to limited computer memory, the simulation domain has to have finite dimensions.
This causes problems at the edges of the simulation domain, as shown in Figure 4.3.
At the edge of the simulation domain in the ¢ direction, a Yee cell is cut in half (dotted
lines). In this region, the update equation for H,, for example, is simply given by

1 1
m+3 m—z

Hx |i+%,cnd,k = Hx |i+%,cnd,k

At

v (Ez|ﬁ-%,end+%,k - E2|ﬁ%,end—%,k> (4.75)
At

+ ,UfOAZ (Ey|ﬁ%,end,k+% - Ey“‘qi%,end,kf%) .

However, Ezm_ does not exist and therefore H, cannot be updated. Since

1 1
5 end+35,k
LIPSSs are periodic, periodic boundary conditions are well adapted to circumvent

this problem. Hence, E.[} 1 . 1, is assumed to be equal to E. |}, 1 |,
3, 3 3%
m _ m
Ez|i+%,end+%,k = Ez|i+%,%,k~ (4.76)

Similarly, H,, E, and E. need periodic boundary conditions for their update in
the ¥ direction, which are given by

Ew'fend-&-%,k-‘,—% = Exu?%,k_;'_%v (477)

m_1 m—l
Hz|i70,k2+% = HZ'i,en(ik+%’ (478)

and - "
Hl“w%,o,k = Hw|i+%,cnd,k (4.79)
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Figure 4.3: Drawing of a part of the simulation domain showing the necessity
of handling the boundary conditions in the ¥ direction.

In the & direction, boundary conditions need to be specified to update F,, F., H,
and H,. These conditions are given by

H |(7)ng_:+% = Halgna g er 3 (4.80)

a |87J_+72,k Hylzl;i%,k, (4.81)

Elgarssrn = BT ian (4.82)
and

Ey|grl1d+%,j,k+1 E |27J k+d (4.83)

In the Zz' direction, no periodic boundary conditions are needed, as shown in
Figure 4.2. Instead, the scattered fields need to be handled in order to avoid
non-physical reflections in the simulation domain. This is achieved by using the
convolution perfectly matched layers (CPMLs) in this thesis.

4.4.3 Convolution perfectly matched layer

As discussed above, the electromagnetic field cannot be updated easily at the
edges of the simulation domain. If these fields are kept constant, equal to 0,
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non-physical reflexions occur when an electromagnetic wave reaches the boundary
of the simulation domain. Several authors have put considerable efforts to avoid
such reflections in order to simulate unbounded regions, such as a semi-infinitely
extended substrate. One of the most important developments to that regard lies in
the work of Berenger [90]. Berenger described the perfectly matched layer (PML),
which is a part of the simulation domain that allows electromagnetic waves to “pass
through” without reflections. More importantly, the PML can be designed to absorb
electromagnetic waves, therefore to simulate unbounded regions. Theoretically, in
non-discretized space, the PML of Berenger is perfectly matched with the host
medium. However, in practice, the discretization degrades the PML performance
and reflections do occur. Several alternatives and improvements to the PML have
been proposed and many references can be found in the book of Taflove and Hagness
[42]. From these techniques, the convolution PML (CPML) has been chosen in this
thesis [89], due to its efficiency and adaptability.

For the sake of simplicity and concision, the fundamentals regarding how the PML
and CPML work are not discussed in this thesis, since very good explanations are
available in literature [42, 89]. Instead, the steps required for the implementation of
the algorithm, in the specific case of this thesis, are presented. The key concept is
to calculate extra functions ¥ and to use these to modify the fields. In the case of
a CPML orthogonal to the Z axis, only E,, E,, H, and H, need to be modified in
the CPML region. For example, in a CPML region which is Nyeq cells thick, related
to the medium, the ¥ function associated with F,, denoted here as Vg_, is given by
equation (4.84) [42].

Vk € [1,Nmed],
m4 1 m—2L
Vel wey = Vil Vel 533 s
4.84
L Vel (H g e ) 4849
Az Ylij+35,k+1 Ylij+3 .k

where U, # 0 only in the CPML region. The coefficients 1) and 1)y are defined as

At
V1lpys =exp [—60 <P|k+% + §|k+;):| (4.85)
and ¢l
k+3
" l:—?(q/} 1—1). 4.86
2l Pliss +Elpy1 thees 0

Note that 11 and 19 change gradually with z via £ and p. A polynomial scaling of &
and p usually gives good results and is used in this thesis. Hence, £ and p are defined
by

Nmed _k+1>m5

5med|k = ggllgc)i( ( N. a4 (487)
me
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and

max k mp
Pmed|k = Pmed (Nd> . (4.88)
me:

max max

where §157, pind%, me and m, are the maximum of the ¢ function, the maximum
of the p function, the order of the ¢ polynomial and the order of the p polynomial,
respectively. These coefficients are usually tuned, depending on the laser wavelength
and the geometry of the problem, to obtain the smallest reflections and the largest
absorption. It is worth noting that £ is maximum at the edge of the simulation grid
while it is the contrary for p.

Once the Ug, function has been calculated, it is used to modify E, via

2At m+%

m+1 m _
oligtdk+d ~ (E1|i,j+%,k+%) 2505r+aAt\DEl'|m+%vk+%' (4.89)

FE, is first updated in the same manner as for the usual FDTD calculations,
u (Ex\;.“j# k+l>’ then modified using U, .
’ 29 2
Similar ¥ functions need to be calculated for £, H, and H, for the CPML region

to work. These functions and the expressions required to update the fields are given
by the following equations:
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For Drude dispersive media, the ¥ functions are calculated in the same manner as
for non-dispersive media [42]. However, E, and F, are modified in the CPML region
according to

+1 _
x Tj+é7k+% - (E’” Tj+%7k+%)
2At v |m+% (4.96)
20e, + At (o0 + B) rlidthkts

and

m+1 _ m
Byl ey = (Ey‘i+é,j7k+%)
+ 2e0e + At (0 + ) Bylivd jk+3

Moreover, the equations to update J, and J, need to be slightly modified, because
they involve £, and E,, as described by

m+1 o m
Jw'l’vﬂ*%»k% - (J$|i,j+%,k+%)
B 2ALS L
2e0e, + At (o + ) rlidtikts

(4.98)
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So far, the CPML equations have been presented for the medium region but they
are almost identical for the upper part of the simulation domain. That is, above the
rough surface in Figure 4.2. The only difference concerns the £ and p polynomials,
which have to be scaled inversely compared to equations (4.87) and (4.88).

4.5 Conclusion

In this chapter, the background and equations required to perform FDTD cal-
culations for plane waves interacting with rough surfaces have been presented.
The plane waves are launched in the simulation domain via the TFSF technique
and arrive at normal incidence at the surface of the medium. Periodic boundary
conditions were introduced in the ¥ and gy direction to simulate infinitely extended
rough surfaces. Similarly, CPMLs were introduced to terminate the simulation
domain in the Z direction. Equations for FDTD calculations in non-dispersive as
well as dispersive media were derived. Using the results from this chapter, the
interaction of plane waves with rough surfaces is studied numerically and compared
to the Sipe theory in the next chapter.






Chapter 5

Comparison of the FDTD
simulations and the Sipe theory

In this chapter, the absorbed energy below the rough surface of materials is studied
based on the results of FDTD calculations. First, the numerical results are compared
to the analytical approach provided by Sipe and his coworkers. Next, new insights
brought by the numerical simulations are discussed.

5.1 Introduction

As mentioned in chapter 3, the Sipe theory has several drawbacks and limitations.
Many of them are expected to be circumvented by using a numerical approach.
To investigate the interaction of electromagnetic waves with rough surfaces, the
FDTD method has been selected and presented in chapter 4. In this chapter, the
FDTD method is used to calculate the absorbed energy below the rough surface of
materials and the results are compared to the Sipe theory. Figure 5.1 illustrates the
steps taken in this chapter. That is, using the FDTD method, the interaction of a
plane wave with the rough surface is simulated, leading to an inhomogeneous energy
absorption in the material. At the z = 0 plane, the absorbed energy is predicted in
the frequency domain by the Sipe theory. Likewise, the FDTD method allows to
calculate the absorbed energy in the same plane, which can be represented in the
frequency domain using the Fourier transform. The results can be compared to the
Sipe theory. This comparison is one of the main goals of this chapter. Additionally,
the FDTD calculations are not limited to the z = 0 plane only, nor to the frequency
domain.

It is impractical to compare the analytical and the numerical approaches for all
combinations of wavelengths, optical properties and rough surfaces. Therefore,
the first part of this chapter is dedicated to define the parameters for which the

51
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Figure 5.1: The steps taken in this chapter in order to compare the numerical
results to the Sipe theory.

numerical results from the FDTD method are compared to the Sipe theory. Using
these parameters, the second part deals with the comparison of the Sipe theory and
the FDTD results. Finally, the advantages of the FDTD method and new insights
derived from it, are discussed in the third part.

5.2 Simulation parameters

In this section, the simulation parameters used for the comparison of the numerical
and analytical approach are defined: the source term, the optical properties of the
medium, the dimensions of the Yee grid and the rough surfaces.
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5.2.1 Source term

As discussed in chapter 4, and as listed in Table 2.4 on 14 and Table 3.1 on page 27,
the LIPSSs of interest in this thesis are produced with linearly polarized radiation
arriving at normal incidence on the surface of materials. Since isotropic rough surfaces
are concerned in this chapter, it is always possible to assume that the light is polarized
along the ¥ axis. Therefore, the plane wave introduced in the simulation domain for
the FDTD calculations is the one described in section 4.4.1. That is, a plane wave
of wavelength A, polarized in the & direction and traveling in the 2’ direction. It is
also what was used to compute the n maps of Figure 3.4 on page 22. Besides the
angle of incidence § = 0 and the polarization direction, the wavelength selected for
the comparison is logically A = 800 nm since most femtosecond laser sources operate
at this wavelength.

5.2.2 Optical properties

The optical properties used for the comparison are based on the Drude model
proposed by Bonse et al. [58]. As mentioned in chapter 2, the Sipe theory has
been combined with a Drude model to take into account, qualitatively, intra-pulse
feedback mechanisms when a laser beam strikes a silicon sample. In the framework
of this approach, the optical properties of excited silicon are described by the
complex permittivity & = &, + Aép,uqe, as discussed in section 4.2.5. For the sake of
convenience, the expression of Aép,.q. is recalled here

2 2
Ne B wy,

E0Megt (W2 + jyw) S WA’

Aé‘Dru{dc = - (51)

in which e, N, m.g, w and v are respectively the electron charge, the electron density
in the conduction band, the optical effective mass of the carriers, the angular frequency
of the laser radiation, and the characteristic frequency of the electron collisions. The
values of Meg = MeMopy and v = 1/Tpuge are calculated from the values of m,,, and
Torude given in the article of Bonse et al. [58]. That is, mep, = 0.18 and Tppuge = 1.115.
The complex refractive index of excited silicon is simply given by n* = \/E and
depicted in Figure 5.2 as a function of the electron density in the conduction band
Ne.

For the FDTD calculations, two distinct parts of this graph have to be consid-
ered. First, when Re (n*) > Im (2*) the material can be considered non-dispersive,
like it is assumed in the Sipe theory, because Re (£%) = ef = Re (7*)* — Im (7*)? is
positive. In that case, the FDTD algorithm is stable and ¢* is calculated based
on n* via 0* = 2gowRe (7*)Im (2*), as explained in chapter 4. However, when
Re (n*) < Im(n*), Re (&) would be negative in the non-dispersive case. Therefore,
the FDTD calculations for Drude dispersive media are used to ensure the stability
of the algorithm.
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Figure 5.2: Real part Re(7") and imaginary part Im (") of the complex
refractive index of excited silicon 7", for different electron densities N, in the
conduction band.

5.2.3 Space and time increments

The space increments Az, Ay and Az are chosen depending on the smallest
wavelength traveling in the simulation domain and the smallest detail needed to be
resolved. In addition, the space increments cannot be too small because several
periods of LIPSSs need to be contained in the simulation domain, while the available
resources, in terms of computer memory, are limited. The smallest wavelength
traveling in the simulation domain is given by A/Re(7*), when Re(n*) is at its
maximum. That is, Re (2*) = 3.692 and A/Re(n*) ~ 217nm. As mentioned in
section 4.3.4, a minimum of 10 cells per wavelength leads to accurate results. Hence,
Az = Ay = 20nm satisfies the above mentioned conditions. In the 2" direction, a
finer grid is necessary to investigate the absorbed energy just below rough surfaces.
Therefore Az = 5nm was chosen.

Once the space increments are defined, the time increment must satisfy the
stability criteria At < Atpax, with Aty being calculated based on equation (4.59).
That is, Atpmax ~ 1.57fs. Hence, At = 1.5fs is valid and is used throughout this
chapter.
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5.2.4 Rough surfaces

For a valid comparison, similar rough surfaces as defined in the Sipe theory need to
be used for the FDTD calculations. Although it is not possible to have rough surfaces
identical to the ones described in the Sipe theory, due to the staircase approximation
involved in the Yee algorithm, the main requirements used by Sipe et al. can be
followed [13]. These requirements have already been discussed in section 3.2, but
are recalled here for convenience. First, the height of the rough surfaces is small
compared to the wavelength of the incident laser light. Second, the rough surfaces
are isotropic. Finally, the rough surfaces are random, only characterized by binary
functions defining the filled parts of the selvedge. While, the first two requirements are
easily satisfied, the last one is more difficult. Indeed, to perform FDTD calculations,
a well defined rough surface is required. However, the solution provided by Sipe et
al. is an average for rough surfaces defined statistically. To enable the comparison
between the two approaches, FDTD calculations are performed for a set of random
rough surfaces instead of only a single rough surface. Then, the results of this set are
averaged in the frequency domain, to allow the comparison to the Sipe theory.

To create a random rough surface for the FDTD calculations, a binary function
is used to define the “presence” of material. At and below the z = 0 plane, the
presence of material is assumed everywhere. For the plane just above z = 0, the
Yee cell properties alternate between the optical properties of the medium and the
optical properties of vacuum, depending on the value of the binary function. By
considering one layer of Yee cells just above the z = 0 plane, the maximum height of
the rough surface is controlled and kept small compared to the incident laser radiation
(Az < A). To assure the isotropy of the rough surface, random numbers are generated
to determine when the binary function is equal to 0 or 1. As explained in section 3.2,
the rough surfaces used in the Sipe theory are defined by the couple (F,s), which is
usually chosen as (0.1,0.4). While the shape factor s cannot be controlled correctly
for the FDTD calculations, due to the staircase approximation in the Yee algorithm,
it is possible to control the filling factor F. Indeed, when the random numbers are
generated, it is possible to control the number of zeros and ones to have an average
of 0.1. In addition, it is worth recalling that the couple (F,s) does not influence
the position of the peaks in the n maps when 6§ = 0 [5]. Hence, the position of the
dominant frequencies can be compared without bias between the FDTD calculations
and the Sipe theory. In the frame of this comparison, a set of 100 different rough
surfaces was generated and used for the FDTD calculations. Using more than 100
rough surfaces was not improving the results significantly.

5.3 Comparison of the numerical and analytical
approaches
The simulation parameters have been defined in the previous section to enable the

comparison between the numerical and analytical approaches. In this section, the
simulation domain is presented first, including the required FDTD features discussed
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Figure 5.3: Schematic drawing of the simulation domain. The drawing is not
to scale. The dimensions are indicated on the right side in terms of number of
Yee cells (yc).

in chapter 4. Next, a result, i.e. an example of absorbed energy profile, is presented
in order to confirm the need of a set of rough surfaces. Finally, the results of the
FDTD calculations are compared to the Sipe theory.

5.3.1 Simulation domain

In Figure 5.3, the simulation domain used for the FDTD calculations is shown
schematically. Above the rough surface which has a thickness of one Yee cell, there
is vacuum, while for z < 0 the medium occupies the space. Both the vacuum and the
medium are supposed to be infinitely extended in the 2z’ direction. This is achieved
thanks to the CPMLyacyum and CPMLyedium layers respectively (gray rectangles).
Periodic boundary conditions are used in the 7 and ¢ directions. In addition, the
domain is separated into the total-field (TF) region, in between the TFSF planes,
and the scattered field (SF) regions in order to introduce the plane wave in the
simulation domain.

As mentioned in the previous section, the rough surface is only one Yee cell
thick. The medium region, without considering the SF part, is 30 cell thick.
Although it is not useful to have 30 x 5nm = 150 nm of material below the rough
surface for the comparison to the Sipe theory, it was chosen to investigate how the
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different frequencies evolve with z, which will be discussed in part 5.4. The region
above the rough surface and the SF regions occupy a small space in the simulation
domain, because these regions are of no interest in this thesis. The CPMLyacuum
and CPMLedium are 50 and 30 Yee cell thick respectively. The numbers of Yee
cells dedicated to the CPMLs were chosen empirically, in order to minimize the
numerical errors while keeping the computational demands reasonable. Similarly,
the coeflicients £ and p related to the CPML, defined in chapter 4, were tuned
depending on the thickness of the CPML and the other simulation parameters.

5.3.2 Example of absorbed energy spectrum

FDTD calculations have been performed with the parameters mentioned above, for
one single rough surface, to study the absorbed energy profile in the z = 0 plane.
The Fourier transform of the absorbed energy profile is shown in Figure 5.4(a). As
for the n maps in chapter 3, the vector k= (ks, ky) spanning the frequency domain is
normalized by the norm of the wave vector, 2/\. The optical properties used for the
computation were n = 3.692 + 0.0065;5. That is, the optical properties of silicon at
room temperature for A\ = 800 nm, which corresponds to N, = 0 m—2 in Figure 5.2.
It is worth noting that N, = 0 m~3 does not mean that there is no free carriers in the
material, but that the contribution of the existing free carriers to the modification
of the optical properties of the material, in the framework of the Drude model, is
negligible. The corresponding n map, according to the Sipe theory, was computed
with the same conditions and is shown in Figure 5.4(b) to allow comparison.

Although the spectrum obtained after one FDTD simulation is noisy, see Figure
5.4(a), it is possible to identify type-d features at the same location (in terms of
frequencies) as in the 7 map. This is of importance since the existence of these
frequencies has been predicted only in the Sipe theory. Hence, type-d features are not
artifacts of the Sipe theory and its approximations, but “real” frequencies which can
be responsible for LIPSS formation, as proposed by Wu et al. for example [27]. The
type-s features are harder to distinguish around the ||k|| = 1 circle in Figure 5.4(a).
An averaged solution, based on a set of 100 rough surfaces, is required to identify
this type of features with certainty. The averaged solutions, computed via the FDTD
method, will be referred to as FDTD-n map in this thesis.

5.3.3 FDTD-7n maps

In Figure 5.5 and 5.6, the results of the averaged FDTD simulations are presented and
compared to the Sipe theory. Figure 5.5 contains the results of calculations performed
when Re (n*) > Im (7*), while Figure 5.6 concerns Re (2*) < Im (7n*). The FDTD-n
maps and the 7 maps are shown in the left and right columns, respectively. To ease
the comparison, isolines in the FDTD-n maps and the n maps are represented. That
is, the black regions indicate frequency values between 0 and 25% of the maximum
of the map, the dark gray regions values between 25 and 50%, the light gray regions
values between 50 and 75% and the white regions values between 75 and 100% .
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Figure 5.4: (a) Frequency spectrum of the absorbed energy in the z = 0
plane, obtained via FDTD calculations, and (b) the corresponding 1 map.
Simulation parameters: A = 800 nm and i = 3.692+0.0065;5. The polarization
direction is indicated by the white arrow. The frequency domain is normalized
by the norm of the wave vector, 27 /.

In comparison to Figure 5.4, the resemblance between the Sipe theory and the
FDTD calculations is more apparent due to the averaging over 100 rough surfaces.
In Figure 5.5(a), the type-s features can be observed even though they are not as
pronounced as in the Sipe theory. In addition, the presence of the type-d features is
again confirmed. In both kind of maps, the evolution of the different features as a
function of N, follows the same trend. That is, in Figure 5.5, the type-s features
become larger with increasing N, while the type-d features tend to disappear
progressively. Interestingly, frequencies at | k.|| & 3 to 4 appear in Figures 5.5(c-f).
These features of the maps are referred to as type-r features in this thesis. The letter
“r” refers to “roughness” as explained in section 5.4, in which the type-r features are
discussed extensively. As mentioned in chapter 3, the Sipe theory does not handle
features at high frequencies correctly, however, the agreement between the FDTD-n
maps and the 1 maps regarding the type-r features is remarkable for |k;| < 4.
It is worth noting that the type-s, type-d and type-r notations are useful for the
discussion, but can become ambiguous, as is illustrated by Figure 5.5(e). Indeed, the
type-s and type-r features merge and a clear distinction is therefore difficult. One
difference between the FDTD-n and the n maps is visible in Figure 5.5(e), where
frequencies are visible for ||k|| < 1. While the amplitude of these frequencies is small
compared to the type-s or the type-r features, these frequencies are nonetheless
important from a theoretical point of view since they correspond to periodicities
larger than the laser wavelength (A > \). They are referred to as type-g features in
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Figure 5.5: FDTD-n maps (left column) and 7 maps (right column)
computed with the parameters defined in section 5.2 and the simulation
domain described in section 5.3.1. (a,b) No = 0 m™ 2, 72 = 3.692 + 0.0065;.
(c,d) No = 2 x 10*°” m™®, 2" = 2.868 4 0.382j. (e,f) N. = 4 x 10%" m™3,
n* = 1.943 + 1.1165. The polarization direction is indicated by the white
arrow.
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Figure 5.6: FDTD-n maps (left column) and 7 maps (right column)
computed with the parameters defined in section 5.2 and the simulation
domain described in section 5.3.1. (a,b) N. = 6 x 10*” m™3, 2~ = 1.436 +
2.2555. (c,d) N. = 8 x 10*" m™®, #* = 1.339 + 3.220;. (e,f) N, = 10 x 10*7
m~3, 7 = 1.348+3.993;. The polarization direction is indicated by the white
arrow.
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this thesis, where “g” stands for “grooves”. If grooves form, their spectrum shows
frequencies within the ||k| < 1 disk [39], therefore the notation follows naturally.

For LIPSS formation, the interpretation of Figure 5.5 is straightforward if
the type-r features are disregarded. In this case, if LIPSSs form according to
the inhomogeneous energy absorption patterns, their characteristics should be
defined by the type-d features and the type-s features at low (N, = 0 m~3 and
N, = 2 x 10" m~3) and high excitations states (N, = 4 x 102" m~3), respectively.
That is, HSFLs parallel to the polarization of the laser light with a periodicity
A =~ MA/Re(n*) for the type-d features and LSFLs with A < A for the type-s
features. LSFLs with a periodicity A ~ A are unlikely to form since the type-s
features follow the outer part of the ||k|| = 1 circle and are, in addition, spread in
the frequency domain. The presence of type-r features makes the interpretation
more complex since it affects the periodicity of LIPSSs in the direction orthogonal
to the polarization. As explained in chapter 3, the Sipe theory is not valid for
large values of ||k, ||, therefore the characteristics of type-r features are discussed
in section 5.4, where the advantages of the numerical approach are presented in
more details. It is worth noting that this discussion started with “if LIPSSs form
according to the inhomogeneous energy absorption patterns”. Indeed, under certain
conditions, such as being outside the adequate fluence regime for example, LIPSSs
do not form. In the rest of this chapter, the FDTD-n maps are interpreted without
recalling this statement, which is also the main assumption of the Sipe theory.

The agreement between the FDTD-n maps and the n maps is less apparent for the
case where Re (n*) < Im (n*), as shown in Figure 5.6. The main difference concerns
the type-r features which are present in the FDTD-n maps, see Figures 5.6(a) and
(¢), while they are almost absent in the  maps, see Figure 5.6(b) and Figure 5.6(d).
This difference is probably due to the limitations of the Sipe theory. Apart from the
type-r features, the type-s features show a similar evolution with an increase of N,
in the FDTD-n maps and the  maps. That is, these features are more prominent
at the ||k = 1 circle and are less spread in the frequency domain. Hence, a higher
excitation leads to a periodicity of LSFLs closer to the wavelength of the incident
laser light and to more regular LSFLs in the space domain. As explained in chapter
3, type-s features are related to SPPs when Re (n*) < Im (n*) and can account for
the properties of LSFLs with a good accuracy [37, 58]. However, the role of the type-r
features needs to be clarified to allow conclusions on the cause of LSFL formation,
and their variation of periodicity.

5.4 Advantages of the numerical approach

As mentioned in chapter 3, the assumptions and approximations of the Sipe theory
limit the interpretation of the 1 maps to frequencies of relatively small ||k||. Tt was
shown in the previous section that the type-r features, present at large ||k.||, are of
importance. Indeed, it is crucial to understand their role and how they influence
the effect of the type-s and type-d features in the space domain. In this section
the advantages of the numerical approach over the analytical approach of Sipe are
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discussed. First, the depth dependence of the FDTD-7n maps is investigated, including
the evolution of the type-r properties as a function of z. Next, space domain results
are shown and analyzed with the knowledge derived from the frequency maps.

5.4.1 Depth dependence of the FDTD-n maps

FDTD calculations allow to study the depth dependence of the absorbed energy
spectrum. An example of the evolution of the FDTD-n maps as a function of z, for
N. = 3 x 10" m~3, is shown in Figure 5.7. Instead of using z, which is always
negative below the rough surface (see Figure 5.3), the depth § = —z is used. The
FDTD-7n maps have been drawn using the isolines defined in section 5.3.3. It should
be noted that different scales have been used for Figures 5.7(a-c), Figures 5.7(d-f)
and Figures 5.7(g-1).

Figure 5.7(a) is similar to an 7 map when analyzing high frequencies. That is, no
type-s or type-d features can be observed, because their amplitudes are smaller than
25% (first isoline) of the maximum amplitude of the type-r features. Surprisingly,
the § = Onm case seems of little interest to explain LIPSS formation while all the
calculations of the Sipe theory were made for that depth. Besides 6 = Onm, the type-
r features are strongly depth dependent. That is, they depend significantly on the
distance § from the rough surface, and tend to disappear when § is large. Therefore,
the “r” letter was chosen for “roughness”. The evolution on the type-r features follows
mainly two trends when ¢ is increasing, from Figure 5.7(a) to Figure 5.7(i). First,
their position in the frequency domain shifts progressively towards the center ||l; =0
of the map. Secondly, their amplitude decreases. These two trends combined makes
the type-r features merge with the type-s features, until they disappear at about ¢ =
70nm. Apart from their “fusion” with the type-r features, the shape and amplitude
of the type-s features are almost constant, as shown in Figure 5.7(d) to Figure 5.7(1),
except for the first 20 nm of depth, in Figure 5.7(a) to Figure 5.7(c). Here the type-r
features are concealing the presence of any other frequency. Similarly, the type-d
features are also showing little, i.e. gradual, variations with the depth. Their position
shifts slightly towards the center of the FDTD-n maps and their amplitude increases
slowly.

In the previous section, the type-r features were disregarded while interpreting
the FDTD-n maps for LIPSS formation. Although disregarding the type-r features
seems to be a correct approximation for § > 50 nm, Figures 5.7(a-¢) shows that the
problem is, in general, more complex. Even without a strong presence of the type-r
features, predicting what kind of LIPSS form from an FDTD-n map can be difficult.
Indeed, the type-s and type-d features do “compete” in terms of amplitude, as can
be observed from Figure 5.7(f) to Figure 5.7(i), and conclusions about the presence
of LSFLs or HSFLs cannot be drawn. The space domain analysis may reveal which
feature is dominant. For § < 50nm, the type-r features cannot be neglected. As
mentioned in chapter 3, if HSFLs orthogonal to the polarization are a consequence
of the interaction of electromagnetic waves with rough surfaces, the absorbed energy
spectrum should show a preferential energy absorption for large k., which is exactly
what is observed here. Moreover, with increasing depth, the position of the type-r
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Figure 5.7: FDTD-n maps computed with the parameters defined in section
5.2 and the simulation domain described in section 5.3.1. The optical

properties are calculated with N. = 3 x 10?" m

, which leads to n* =

2.401 4 0.6795. Note that different scales have been used for (a-c), (d-f) and
(g-1). The polarization direction is indicated by the white arrow. The vertical

scale is identical to the horizontal scale.
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maximum amplitude decreases from k, =~ 16 in Figure 5.7(a) up to k, ~ 4 in Figure
5.7(e). These frequencies would lead to HSFLs orthogonal to the polarization with a
periodicity in the range of 0.06A < A < 0.25), which is in agreement with Table 2.3 on
page 10. This discussion shows that the type-r features can explain the formation of
HSFLs orthogonal to the laser polarization. However, it is unclear which LIPSSs will
form since the type-s, type-d and type-r features are competing at different depths
0 and at different densities of electrons in the conduction band N.. Qualitatively,
HSFLs orthogonal to the polarization should form for physical processes occurring
in the first tens of nanometers below the rough surface, since it is where the type-r
features are present in the FDTD-n maps. Hence, they are more likely to grow for
low fluences leading to small effects in the outer surface.

So far the depth dependence of the FDTD-n map features has been presented for
N, = 3x10%" m~3. For the sake of concision, figures equivalent to Figure 5.7 for other
values of N, are not included in this thesis. Instead, the depth dependence of the
FDTD-5 is discussed on the basis of Figure 5.8 and Figure 5.9 for Re (7*) > Im (n*)
and Re (n*) < Im (n*), respectively. Before analyzing these graphs in details, several
points need to be raised. First, Figure 5.8 and Figure 5.9 concern only type-r features
since they are the only features of the FDTD-n maps showing significant variations
with 0. Second, the data needed to draw the graphs in Figure 5.8 is extracted from the
frequencies of the FDTD-n maps above the 75% isoline (white color), while the 50%
isoline (light gray color) was taken for Figure 5.9. To achieve the first point, only the
frequencies with k, > Re(n*) are considered. Indeed, if this last consideration was
not taken into account, the type-s features and the type-d features would be included
in any calculations while only the type-r features are of interest here. It is worth
noting that this distinction, between frequencies higher or lower than k, = Re (n*),
is not arbitrary. In Figures 5.7(c-g), a clear separation between the type-s and type-r
features can be observed for k, = Re(n*) = 2.401. Mathematically, the frequencies
of interest in Figure 5.8 belong to the domain Q. , defined by

k= (ke ky)

Qsn, = { Kz >Re(n) . (5.2)

f5n. (/Z) > 0.75 Ms.x,

These frequencies are identified by the vector k= (kz,ky) spanning the frequency
domain, normalized by the norm of the incident wave vector, 27/ . Further, fsx. ()
refers to the amplitude of the frequency of the FDTD-n map located at E, computed
for a certain IV, and d, while M, is the maximum of this map. In the case of Figure
5.9, the domain is similar to {25, except that 0.5 was used instead of 0.75 since the
50% isoline was considered.

For further analysis, the frequencies in the domain s x_ are characterized by their
weighted arithmetic mean W5y, and the area they cover in the frequency domain
Asn.. Wi, is calculated as
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1
Wsn, = Z fsN. (E) Z fsN. (E) kg, (5.3)

ke N ke N,

which gives the location of the type-r features within the FDTD-n maps. It is worth
noting that only &, is of interest since the type-r features are symmetric for k,. To
help the reader understand the quantity Wy, in Figure 5.7, it can be observed that
the location of the type-r features is moving towards the center with increasing §.
Hence, W5, will decrease with increasing ¢, starting from Wsn, ~ 16 (large value
of k;), to reach Wsn, = 0 when the type-r features disappear. A;n, is defined as

Asx, = Y AkyAky, (5.4)
EEQJ‘Ne

where Ak, and Ak, are the frequency domain increments. While the amplitude of
the frequencies in 25N, are large, a significant As ., is necessary to have an impact
in the space domain. Hence, knowing the location of the type-r features is not enough
and A; . is also needed to discuss the role of the type-r features.

In Figure 5.8(a), the evolution of W, as a function of § is presented for N, = 0
m3, N, =2x 102" m™3 and N, = 4 x 102” m~3. As for the type-r features for
N, =3 x 10%" m~3, presented in Figure 5.7, the location of the type-r features shifts
towards the center of the FDTD-7n maps until the they are concealed by the type-s or
type-d features, which is indicated by W;n, = 0 in this graph. The evolution As .,
shown in Figure 5.8(b), is also in accordance with what is observed in Figure 5.7. That
is, the area covered by the type-r features in the frequency domain decreases with an
increasing depth. The slight increase of A, at the beginning of the curve, for all
N, is simply explained by studying Figure 5.7(a) and Figure 5.7(b). The frequencies
in Q5. are truncated in Figure 5.7(a), while they are taken into account in Figure
5.7(b). From the two graphs presented in Figure 5.8, it can be concluded that the
type-1 features are more prominent when N, is large, at least for the Re (2*) > Im (7*)
case. In addition, the depth should not be too large, § < 40 nm.

Before discussing the interpretation of the type-r features in the frame of LIPSS
formation, the evolution of the type-r features as function of § for the Re (2*) <
Im (7*) regime is shown in Figure 5.9. The solid, dashed and dotted curves are related
to N = 6x 102" m™3, N, = 8 x 102" m~3 and N, = 10 x 10?” m~3, respectively. The
50% isoline has been chosen to represent the type-r features since the frequencies of
the 75% isoline are concealed by the type-s features rapidly with increasing depth. In
contrary to Figure 5.8, the type-r features are prominent for low N.. However, their
charateristics as a function of § are similar. That is, their location shifts to lower k,
and they occupy progressively smaller areas in the frequency domain. Interestingly,
even when A5y, ~ 0 for the solid and dashed curves, Wsn, # 0. This can be
attributed to the fact that the main part of the type-r features is merged with the
type-s features, but a small part remains at k, > Re (n*).

From all the information about the FDTD-n maps gathered in Figure 5.5 to
Figure 5.9, LIPSS formation is complex, especially when the type-r features
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Figure 5.8: Evolution of Wsn, (a) and Asn, (b) as a function of § for

Ne=0m 3 N.=2x10>" m 2 and N. = 4 x 10>°” m~3, which corresponds

to the solid, dashed and dotted curves, respectively. For these values of N,

Re(n*) > Im(n*). The 75% isoline was considered to draw these graphs.

cannot be disregarded. However, when § 2 50nm, the interpretation is almost
straightforward. If LIPSSs are produced according to these FDTD-n maps, LSFLs
or HSFLs parallel to the polarization should form, depending on the importance of
the type-s and type-d features, respectively. For depths smaller than 50 nm, HSFLs
orthogonal to the polarization could grow. However, their periodicity is hardly
predictable since the location of the type-r features in the FDTD-n maps depends
strongly on §. This lack of deterministic properties is in agreement with Table 2.3
on 10, in which HSFLs show large variations of their periodicity. It is worth noting
that if HSFLs orthogonal to the polarization form due to the presence of the type-r
features, intermediate N, are more favorable to their growth. That is, when the
material is excited (N, # 0 m™3) but not when the SPPs are too pronounced in the
frequency domain, via the type-s features. Qualitatively, HSFLs orthogonal to the
polarization should grow at low fluence, where they compete with HSFLs parallel to
the polarization when materials are transparent.

The results presented above were computed assuming constants optical proper-
ties and the intra-pulse feedback mechanisms were taken into account in the same
manner as for the Sipe-Drude theory [58]. When semiconductors or dielectrics are
excited, their optical properties change not only with time but also with the depth
0. Therefore, no quantitative conclusion can be drawn regarding the exact evolution
of the characteristics of the frequency domain features. Instead, the trends and
observations should serve as a guideline to interpret LIPSS formation.
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Figure 5.9: Evolution of Wsn, (a) and Asn, (b) as a function of § for
Ne = 6 x 10" m™3, N. = 8 x 10°” m™2 and N. = 10 x 10" m~2, which
corresponds to the solid, dashed and dotted curves, respectively. For these
values of N, Re(n*) < Im(n*). The 50% isoline was considered to draw these
graphs.

5.4.2 Space domain results

One of the advantages of the FDTD method, when studying LIPSSs formation, is
its ability to study space domain results. That is, the absorbed energy profile in
the space domain. It allows to determine which of the frequency domain features is
dominant, while this is not always clear from Sipe theory or from the FDTD-7n maps.

In Figure 5.10, the absorbed energy profile for N, = 0 m™3 and N, = 8 x 10%7
m~3 at § = Onm are shown. The absorbed energy has been calculated using one of
the well defined random rough surfaces from the set of hundreds, described in section
5.2.4. From these calculations, involving a 20 x 20 pm? surface, a 5 x 5 pm? area was
extracted to present the results. Top view representations of the absorbed energy,
within that area, are drawn with a linear gray scale. The white and black colors are
related to the high and low absorbed energies, respectively.

The “fingerprints” of the type-r features in the space domain are present in the
form of small black “stripes”, which have a preferential orientation orthogonal to
the polarization of the laser radiation. To that respect, both Figure 5.10(a) and
Figure 5.10(b) are representative of the type-r expression in the space domain for
0 < N, <10 x 10*” m~3. In Figure 5.10(a), white stripes running more or less
parallel to the polarization of the laser radiation can be observed. This was expected
since the type-d features were pronounced in Figure 5.5(a) on page 59. Surprisingly,
thin stripes running parallel to the polarization of the laser radiation are also visible
in Figure 5.10(b) (highlighted by few white marks), while no type-d features were
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Figure 5.10: 5 x 5 um? top view representations of the absorbed energy
profile just below a random rough surface, § = Onm, for (a) No = 0 m~* and
(b) Ne = 8 x 10*” m™2. The polarization direction is indicated by the white
arrow.

visible for N, = 8 x 102" m~3, see Figure 5.6(c). In fact, the type-d features are
present, but concealed by the other frequencies. This phenomenon is interesting since
HSFLs parallel to the polarization are expected to develop on metals, for example on
alloyed steel or titanium as indicated in Table 2.3 on page 10. It is worth noting that
close to the surface, § = O nm, only features possibly related to HSFLs are observable.

In Figure 5.11 and Figure 5.12, 10 x 10 um? top view representations of the
absorbed energy at 50 nm and 75 nm below a random rough surface are shown in the
left and right column, respectively, for different N,. Figure 5.11 is discussed first and
concerns N, = 0 m~3, N, = 2 x 102" m~3 and N, = 3 x 102" m~3. The linear gray
scale color map has been abandoned because of the poor contrast it offers, instead, a
color map ranging from blue to red for the smallest to the largest value, respectively,
is used. As can be observed, the energy profiles for N, = 0 m~2 in Figure 5.11(a)
and Figure 5.11(b) are similar. A periodic energy absorption, with a periodicity
A = 285 nm and a preferential direction parallel to the polarization of the laser light,
can be observed. The periodicity is larger than the one predicted by analyzing the
type-d features of the n map, which predicts A = A\/Re () ~ 217nm, and of the
FDTD-n map at 6 = Onm, which predicts A ~ 240nm. This larger periodicity is
due to the depth dependence of the type-d features, as discussed in section 5.4.1.
With increasing depth, their location shifts progressively towards the center of the
FDTD-n maps, leading to larger periodicities. No differences can be observed between
Figure 5.11(a) and Figure 5.11(b) since the type-r features are already negligible for
6 = 50 nm.
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Figure 5.11: 10 x 10 um? top view representations of the absorbed energy
50nm (left column) and 75nm (right column) below a random rough surface,
for (a-b) No = 0 m™>, (c-d) N. = 2 x 10" m™® and (e-f) N. = 3 x 107
m~®. The polarization direction is indicated by the black arrow. Each picture
is shown with a color map ranging from blue to red for the smallest to the
largest value, respectively.
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For N, = 2 x 10?” m~3, that is in Figure 5.11(c) and Figure 5.11(d), a periodic
energy absorption mostly parallel to the polarization of the laser radiation can be
observed. Its periodicity, A ~ 375 nm, is also larger than what is expected from the n
map, which predicts A = A/Re (1) ~ 280 nm, and from the FDTD-n map at 6 = 0 nm,
which predicts A ~ 305nm. This variation of periodicity has the same cause as for
N, = 0 m™3, which is the depth dependence of the type-d features. A comparison of
Figure 5.11(c) and Figure 5.11(d) reveals that the type-r features are not completely
negligible for § = 50 nm. Indeed, small vertical stripes are interrupting the horizontal
stripes of equal absorbed energies. One can notice that, the absorbed energy profile
for N, = 2 x 10>” m~? along the polarization direction is more regular than for
N, = 0 m~—3. This observation seems in contradiction with the type-d features being
more pronounced in the frequency domain at lower N.. While being indeed more
pronounced, the type-d features occupy mainly the frequency region between ||E |I=1
and ||k|| = Re (2*). Hence, they are more spread in the frequency domain for lower
values of N, so less regular in the space domain.

As expected from the FDTD-n maps of Figure 5.7, the absorbed energy profile
below the rough surface is complex for N, = 3 x 102" m~3, as shown in Figure 5.11(e)
and Figure 5.11(f). For § = 50 nm, the phenomena observed in Figure 5.11(c) are
enhanced. That is, the stripes of energy parallel to the polarization of the laser
radiation are more regular, and they are more clearly interrupted by small vertical
stripes related to the type-r features. For § = 75nm, the small vertical stripes of
energy induced by the type-r features in the same domain are almost absent. It is
therefore easier to recognize a parallel pattern of absorbed energy. However, this
pattern is modulated in the horizontal direction with a periodicity A ~ 695 nm. The
absorbed energy profile for N, = 3 x 10?” m~3 is characteristic for the competition
of the type-s, type-d and type-r features in the space domain.

In Figure 5.12, 10 x 10 um? top view representations of the absorbed energy
at 50nm and 75nm below a random rough surface are shown in the left and right
column, respectively, for larger N, than in Figure 5.11. That is, N, = 4 x 10" m~3,
N, =5x10%" m~3 and N, = 8 x 102” m~3. Compared to Figure 5.11, the orientation
of the absorbed energy is now orthogonal to the polarization of the laser radiation.
In Figure 5.12(a) two kind of periodicities are visible, even though it is difficult to
establish their exact periodicity. They are the results of the type-s and the type-r
features in the space domain. For a depth § = 75nm, the periodicity related to the
type-s features, A ~ 635 nm, can be observed more easily. It is worth noting that this
periodicity is smaller than in the N, = 3 x 102" m~3 case since the type-r features
are merging with the type-s features, leading to a decrease of periodicity.

With an increase of N, the periodicity resulting from the expression of the type-s
features in the space domain becomes progressively more apparent, as shown in Figure
5.12(c) to Figure 5.12(f). Interestingly, the stripes of energy with small periodicities
are still visible in apparent disagreement with the disappearance of the type-r features
observed in Figure 5.9 on page 67. In fact, the amplitude of the type-s features is so
large that the type-r features are completely concealed. However, the type-r features
still exist as indicated by the space domain study in this section. A careful analysis
shows that the periodicity linked to the type-s features increased, with A ~ 725nm
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Figure 5.12: 10 x 10 um? top view representations of the absorbed energy
50nm (left column) and 75nm (right column) below a random rough surface,
for (a-b) N. =4 x 10" m™3, (c-d) N, = 5 x 10*” m~2 and (e-f) N. = 8 x 10?7
m~>. The polarization direction is indicated by the black arrow. Each picture
is shown with a color map ranging from blue to red for the smallest to the
largest value, respectively.
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for N, = 5 x 102" m~3 and A = 730nm for N. = 8 x 10?” m~3, in comparison to
A ~ 635nm for N. =4 x 1027 m~3.

The space domain results reveal that the periodicity in absorbed energy below the
rough surface can explain the formation of many kinds of LIPSSs, as expected from
the FDTD-n maps. Stripes of equal absorbed energy running parallel or orthogonal
to the laser polarization, and with a periodicity significantly smaller than the laser
wavelength A < A, can be the trigger of HSFL formation. Likewise, stripes of equal
energy orthogonal to the polarization, with a periodicity slightly smaller than the
wavelength A < A, can lead to LSFL formation. However, LIPSSs are the result of
the interaction of many pulses with the rough surfaces of materials, as mentioned
in chapter 2. This requires that the new rough surface profile, resulting from the
interaction of the absorbed energy pattern below the rough surface and the material,
is beneficial for the growth of LIPSSs.

5.5 Conclusion

The FDTD calculations and the Sipe theory have been compared in this chapter.
The results of the numerical approach, the FDTD-n maps, are in good agreement
with the analytical solutions, the 7 maps, for not too large |k;|. The type-s features
and type-d features follow the same trends in the FDTD-n and the n maps. The
main difference between the two approaches lies in the type-r features characteristics
which are not handled correctly in the Sipe theory case. The FDTD approach
allows to study the depth dependence of the frequency maps features and their
expression in the space domain. The main outcome of these studies is that HSFLs
and LSFLs properties, in terms of periodicity and orientation, can be explained by
the interaction of electromagnetic waves with rough surfaces. That is, the absorbed
energy profiles below the rough surface of materials show similar properties as
LIPSSs. These patterns can show small periodicities in the direction orthogonal
or parallel to the polarization of the laser radiation, leading to HSFL formation.
Likewise, periodicities closer to the laser wavelength, leading to LSFL formation,
can also be observed. A summary of the frequency domain features which were
reported in this chapter is shown in Figure 5.13, along with the kind of LIPSSs
they can represent. It is worth noting that the type-g features, possibly related to
grooves, were not characterized in terms of orientation and periodicity. While these
different features show a good agreement with the various properties of LIPSSs, it is
not clear how the new rough surface created by the absorbed energy will enhance
LIPSS growth. The latter is the focus of chapter 6.
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Figure 5.13: Summary of the frequency domain features which were reported
in this chapter, along with the kind of LIPSSs they can represent. The dotted
and dashed circles denote ||E|| = 1 and ||k|| = Re(@*), respectively. The
polarization direction is indicated by the black arrow.
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Chapter 6

Inter-pulse feedback mechanisms in
LIPSS formation

In this chapter the FDTD calculations are combined with an holographic ablation
model, in order to study the role of inter-pulse feedback mechanisms in LIPSS
formation. The simulations show that LSFLs and HSFLs are able to develop. The
characteristics of these simulated LIPSSs are compared to literature.

6.1 Introduction

In chapter 5, it was shown that the properties of the absorbed energy profile below
the rough surface of materials can explain most of the characteristics of LIPSSs. It
was shown that the type-s features correspond to the periodicities and orientation of
LSFLs, while the type-d and type-r features match the periodicities and orientations of
HSFLs parallel and orthogonal to the polarization of the laser radiation, respectively.
These features, and their equivalents in the space domain, depend on the optical
properties of materials and on the depth at which they are studied. Therefore, the
prediction of the type of LIPSSs which grow is approximative when FDTD-1 maps
are used.

To predict more accurately which LIPSSs form, the inclusion of inter-pulse
feedback mechanisms in the model is required. That is, the progressive pulse per
pulse modification of the roughness, is responsible for the development of a certain
type of LIPSSs to the detriment of the others. As discussed in chapter 2, the physics
of inter-pulse feedback mechanisms is complex. In the case of nanosecond laser
pulses for example, several melting regimes, during which LSFLs form, have been
identified by Young et al. [41]. In the case of ultra-short laser pulses, such a study is
missing, but ablation seems to play a key role regarding the growth of LIPSSs
[10, 51, 72].

(0]
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A detailed physical modeling of the mechanisms governing the transport of
molten or ablated material is out of the scope of this thesis since the focus is on the
interaction of electromagnetic waves with rough surfaces. Instead, a simplified
approach was chosen to account for inter-pulse feedback mechanisms due to abla-
tion. This simplified model is presented in section 6.2, along with the assumptions
used. Then, the simulation results are presented. That is, the formation of LSFLs,
see section 6.3, HSFLs orthogonal to the polarization, see section 6.4, and HSFLs
parallel to the polarization, see section 6.5, are discussed. An overview of the
LIPSSs predicted by the FDTD-feedback simulations is presented in the space
domain, as well as in the frequency domain, see section 6.6. Finally, the formation
of a complex superimposed LIPSS pattern is shown in section 6.7.

6.2 Holographic ablation model

6.2.1 Characteristics of the model

Figure 6.1 shows schematically the approach chosen to account for inter-pulse feedback
mechanisms, which is referred to as “holographic ablation model” (HAM). In the
HAM, the linearly polarized plane wave interacts with the rough surface and the
absorbed energy distribution A(z,y, z), resulting from this interaction, is calculated
based on the FDTD method, as explained in chapter 4 and 5. Once A(z,y,z) is
obtained, an isoline of absorbed energy, A(z,y,2) = Aablation, is selected. The rough
surface is modified by material removal. That is, all the material above the chosen
isoline is “removed” from the simulation domain and the new surface morphology
follows the isoline. The surface morphology is used for another FDTD simulation,
leading to a new absorbed energy profile and a further modification of the surface.
The FDTD-feedback cycle can be iterated as many times as necessary. This approach
allows to study qualitatively the inter-pulse feedback mechanisms involved in LIPSS
formation. The word “holographic” was used in a recent article [91], to refer to the
Sipe theory [13] and the work of Young et al. [5, 41]. While, the Sipe theory does not
involve inter-pulse feedback mechanisms, the term “holographically eroded pattern”
mentioned in [91] describes well the HAM.

The constant A.piation 1S an additional parameter, which needs to be chosen
carefully. Although the ablation thresholds of materials can be determined ex-
perimentally [48]. An exact value would be of little use in the HAM, because the
intra-pulse feedback mechanisms are included in the FDTD calculations only
qualitatively. That is, the optical properties are kept constant during one run of
FDTD simulations, in accordance with the number of electrons in the conduction
band and the Sipe-Drude model [58]. Similarly, the dynamics of the carriers, the
electron and the lattice temperatures of the material are not calculated. Hence, no
quantitative prediction of the absorbed energy is possible, therefore, Aapiation should
be calculated differently. Prior to FDTD simulations including feedback, a FDTD
simulation, with identical parameters, is used to calculate the absorbed energy below
a flat surface. At a certain depth, the absorbed energy A.plation Necessary to remove
a thickness of material, referred to as ablation depth A.plation, can be read and
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Figure 6.1: Holographic ablation model. The dotted line represents an isoline
of absorbed energy, A(z,y, z) = Aablation. The function A(z,y, z) denotes the
absorbed energy profile below the rough surface. The parameter Aapiation 1S
the absorbed energy level above which the material is “ablated”.

stored to perform the feedback step in the HAM. That is, the removal of material
required to create a new roughness. Since there is a bijection between A.pation and
Aablation, for constant simulation parameters, Aupiation 1S employed to discuss the
simulations presented in this thesis. It is worth noting that in the HAM, A,piation 1S
an input parameter, as well as the number of electrons in the conduction band N,.
However, in experiments, a qualitative relation exists between these quantities: a
high fluence leads to large values of N, and a large value of A.piation, Where the
exact magnitude depends on the material. In the HAM, these two quantities are
decoupled since the relation between N, and A,piation 1S too complex to be included
quantitatively in the model. This is not always a drawback, since this decoupling
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allows to investigate hypothetical materials. Hence, it allows to discuss the results of
the FDTD-feedback simulations for other materials than silicon only.

6.2.2 Conditions and parameters of the FDTD-feedback
simulations

The HAM can be applied with numerous sets of parameters, such as different laser
wavelengths, optical properties or thickness of the ablated layer. However, it would
be impractical to test all these combinations of parameters, therefore a limited scope
of the FDTD-feedback simulations must be carefully selected. To allow comparison,
the simulations results presented in this chapter were calculated with the parameters
discussed in chapter 5. That is, the simulation domain is spanned by Yee cells of
dimensions Ax = Ay = 20nm and Az = 5nm. A linearly polarized plane wave, along
Z, with a wavelength A = 800 nm is incident on the rough surface of the semi-infinitely
extended medium. Like in chapter 5, the optical properties of the medium were chosen
based on the Drude model proposed by Bonse et al. [58]. The FDTD calculations
were performed with a simulation domain similar to the domain described by Figure
5.3 on page 56, except that the roughness region was not limited to a 1yc thickness,
because surface morphologies grew in this region. The initial roughness was extracted
from the set of 100 different roughness patterns used to generate the FDTD-n maps,
as discussed in section 5.2.4. A top view of this 20 x 20 um? roughness profile is shown
in Figure 6.2(a) along with its Fourier transform in Figure 6.2(b). Only white noise
can be observed, indicating that no frequency of the roughness spectrum is favored.
This is in accordance with the slowly varying function b(E) mentioned in chapter 3.

Compared to chapter 5, the only new parameter in this chapter is the ablation
depth Agplation- While the FDTD-n maps were studied as function of the depth 6,
Asblation 18 a fixed parameter for each FDTD-feedback simulation. As discussed in
chapter 2, LIPSSs grow at fluence levels close to the single pulse ablation threshold,
where the average ablation rate is less than 100nm/pulse [48]. Moreover, it was
shown in chapter 5 that the FDTD-n maps show less variations at large depths,
i.e. 0 > 50nm. Therefore, the thickness of material removed per FDTD-feedback
cycle is limited to 50 nm in this thesis, Aaplation < D0nm. In addition, the minimum
thickness of material removed per FDTD-feedback cycle was chosen to be less than
20nm, Agplation = 20nm, since simulations with Auplation < 20nm did not bring
interpretable results. The latter is explained in more details in section 6.6.

6.3 Formation of LSFLs

In this section, an example of formation of LSFLs is presented in the framework of the
FDTD-feedback simulations. Then, a recurrent topic regarding LSFLs, the variation
of their periodicity, is discussed in 6.3.2.
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Figure 6.2: (a) 20 x 20 um? top view of the rough surface at the start
of the FDTD-feedback simulations, with a zoom in the bottom right insert.
(b) Fourier transform of the rough surface shown in (a). Both figures use a
grayscale colormap, where the white color represents the largest values. The
polarization direction is indicated by the white arrow.

6.3.1 Example

Figure 6.3 shows the formation of LSFLs, starting from the rough surface presented
in Figure 6.2, as a function of the number of FDTD-feedback cycles. The FDTD-
feedback simulations were performed with N, = 8 x 102"m~3 (2* = 1.339 + 3.220)
and Aaplation = 50 nm.

The surface morphology changes mainly during the first 3 FDTD-feedback cycles.
After the first cycle, in Figure 6.3(a), the initial roughness is completely “erased” and
only seeds for the excitation of SPPs remain. The second cycle, in Figure 6.3(b),
results already in the presence of periodic structures which will enhance strongly the
plasmonic effects, leading to well defined LSFLs after the third cycle shown in Figure
6.3(c).

The remaining cycles induce four phenomena. First, the LSFLs “connect”
progressively in the vertical direction, which increases their regularity. Secondly, the
contrast increases from Figure 6.3(d) to Figure 6.3(i), implying that the LSFLs
deepen. Thirdly, “beams” of SPPs (white lines in Figure 6.3(f)) occur gradually
with increasing number of cycles. Finally, a periodicity in the direction orthogonal
to LSFLs can be observed, mainly in Figure 6.3(h) and Figure 6.3(i). The first two
phenomena show that the HAM introduces inter-pulse feedback mechanisms, which
promote the formation of LSFLs. The third phenomenon is characteristic of LSFL
formation on silicon. Indeed, Bonse et al. showed that SPPs are involved in LSFL
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formation and that “beams” of SPPs can be observed after laser treatment of the
sample [38, 58]. Concerning the last phenomenon, the stripes running parallel to the
laser polarization show a periodicity A ranging from 1.5pm to 3.3 pum in Figure
6.3(1). Interestingly, the orientation and the range of periodicity of these stripes
match the characteristics of the grooves observed by Bonse et al. [39]. The results of
the FDTD-feedback simulations presented in Figure 6.3 suggest that the grooves
grow where LSFLs are not able to “connect”. After 9 FDTD-feedback cycles, LSFLs
are still the dominant phenomenon. It seems that the grooves need a more accurate
modeling of inter-pulse feedback mechanisms to grow in the framework of this
approach.

The HAM is too “simple” to predict the height of LIPSSs correctly. However, the
averaged peak-to-valley height h measured in Figure 6.3(1), h = 124 + 14 nm, is in
the range of expected heights of LSFLs, which is a few hundreds of nanometers, as
mentioned in chapter 2.

6.3.2 Variation of the periodicity of LSFLs

As discussed previously, once the LSFLs form, the subsequent FDTD-feedback
cycles make them connect vertically and deepen. The periodicity of LSFLs is
already well defined after 3 cycles and does not evolve significantly afterwards. Their
periodicity is A = 714 4+ 21 nm in Figure 6.3(i). In chapter 2, it was reported that
Bonse and Kriiger gathered three possible explanations for the periodicity of LSFLs
being smaller than the laser wavelength (A < X) [39]. Firstly the authors argued
that, the periodicity of SPPs depends on the optical properties of the material under
consideration [37, 58]. Since the optical properties vary with the excited state of the
material (i.e. number of electrons in the conduction band of semiconductors and
dielectrics), different fluences lead to different optical properties. Hence, different
periodicities of SPPs. This assertion will be discussed in more detail in the next
paragraph. Secondly, the periodicity of SPPs is affected by the presence of gratings
on the surface, LSFLs in this case. According to Huang et al. [37], the grating like
LSFLs deepens with the number of pulses applied and this deepening leads to a
decrease of the phase velocity of SPPs [71], therefore, a decreased periodicity of the
interference pattern. It was argued in chapter 2 that this scenario suggests that the
whole surface region containing LSFLs melts and subsequently new LSFLs with a
smaller periodicity form after resolidification. It is in apparent disagreement with
the cross-section study of Borowiec et al. [72], in which only a little resolidified layer
of material is visible, mostly on top of LSFLs. Likewise, the combination of the
FDTD calculations with the HAM does not support the grating-assisted variation of
the periodicity of LSFLs. Thirdly Bonse and Kriiger claim that, LSFL periodicity is
affected by the angle of incidence. When numerous pulses have been applied to form
an ablation crater on the surface, the local angle of incidence of the laser light on
the walls of the crater can play a role. This last assertion is out of the scope of this
thesis since the FDTD-feedback simulations were developed for normal incidence.

In Figure 6.4, the periodicity A of LSFLs is presented as a function of the number
of electrons in the conduction band N., after 9 FDTD-feedback cycles. The solid
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Figure 6.3: Formation of LSFLs, starting from a random rough surface, as
a function of the number of FDTD-feedback cycles. The number of cycles is
indicated in the bottom of each picture. The simulations were performed at
N, = 8 x 10*'m™3 (2" = 1.339 4 3.2205) and Auplation = 50nm. The white
lines in (f) show SPPs “beams”. A grayscale colormap, where the white color
represents the largest values, is used to represent the evolution of the top view
of the surface. The polarization direction is indicated by the black arrow in

(a).
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Figure 6.4: Periodicity A of LSFLs after 9 FDTD-feedback cycles as a
function of the number of electrons in the conduction band N.. The solid
and dotted lines correspond to simulations performed with A.plation = 50 nm
and Auplation = 30nm, respectively. The error bars indicate the standard
deviation of the periodicities measured in the 20 x 20 pm? areas.

and dotted lines correspond to simulations performed with Aapiation = 50nm and
Asblation = 30nm, respectively. For Aaplation = D0nm, except for the decrease of
periodicity observed for N, = 6 x 10?7 m~3, the periodicity of LSFLs increases with
increasing N,, from A = 668 £ 23nm for N, = 4 x 10" m™2 to A = 738 = 21 nm
for N, = 10 x 10?” m~3. The smallest value A = 662 + 23nm of the solid curve is
found at N, = 6 x 10?" m~3, while it was expected for N, = 4 x 102" m—3. This
phenomenon may be attributed to the random roughness of the surface set in the
simulation, being more or less favorable for a given excitation state (it may also be
simply in the range of the error bars). For a smaller ablation depth A,pjation = 30 nm,
the periodicity of LSFLs is only slightly smaller than in the case of A plation = 50 nm,
when N, > 6 x 10?7 m~3. This observation is in agreement with the fact that the
characteristics of the type-s features do not depend significantly on the depth §, as
discussed in chapter 5. The case of N, = 6 x 10?2 m~3, for Aaplation = 30nm, is
striking. The periodicity of LSFLs, A = 601 4+ 69nm, is the smallest of Figure 6.4
and the simulation shows the largest error bar in the graph (standard deviation of the
measured periodicities). The cause of these observations is the presence of HSFLs,
orthogonal to the polarization of the laser radiation, on top of some LSFLs. The
growth of these HSFLs is discussed in more detail in section 6.4 as well as in section
6.6.
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It is worth noting that, excluding N, = 6 x 10?” m~3 for Aupiation = 30 nm, the
results of the FDTD-feedback simulations are in good agreement with the results
of the Sipe-Drude model for silicon [58]. That is, the periodicities predicted are
larger than 650 nm and smaller than the laser wavelength. However, this prediction
alone does not allow to explain all the experimental observations found in literature.
Indeed, for a number of pulses N smaller or equal than 10, the periodicity reported
by Bonse et al. [39] are in the range of 650nm < A < 800nm, while for larger
number of pulses, N > 100, the periodicities decrease to A =~ 500 — 600nm. In the
Sipe-Drude model, the periodicities of LSFLs are estimated from the location of the
type-s features in the frequency domain. Likewise, Huang et al. use SPPs to explain
the characteristics of LSFLs [37]. When the periodicities become too small, these
theories fail and the grating-assisted SPPs theory was proposed [37, 39]. As discussed
previously, the cross-section study of Borowiec et al. [72], along with the combination
of the FDTD calculations with the HAM, do not support the grating-assisted variation
of the periodicity of LSFLs. Instead, the results of the FDTD-feedback simulations
suggest that these LSFLs are, in fact, a mix of LSFLs and HSFLs.

6.4 Formation of HSFLs orthogonal to the
polarization

In this section, an example of formation of HSFLs orthogonal to the polarization is
presented first. Then, the variation of the characteristics of these HSFLs is discussed
in 6.4.2.

6.4.1 Example

Figure 6.5 shows the formation of HSFLs orthogonal to the polarization of the laser
radiation, starting from the rough surface presented in Figure 6.2, after 1 to 9 FDTD-
feedback cycles. The FDTD calculations were performed for N, = 4 x 10?"m™3
(n* = 1.9434+1.1165) and Aaplation = 30 nm. For the sake of clarity, only the evolution
of a 10 x 10 um? area, extracted from the 20 x 20 um? surface, is presented.

Three different stages can be identified: (i) a net of stripes after 1 and 2 FDTD-
feedback cycles, see Figure 6.5(a) and Figure 6.5(b), (ii) the growth of small protru-
sions after 3 to 5 FDTD-feedback cycles, see Figure 6.5(c) to Figure 6.5(e), and (iii)
the formation and expansion of HSFLs orthogonal to the polarization of the laser ra-
diation after 6 to 9 FDTD-feedback cycles, see Figure 6.5(f) to Figure 6.5(i).

In the first stage, that is in Figure 6.5(a) and Figure 6.5(b), the net of stripes is the
result of the contribution of the type-d features and the type-r features to the surface
morphology. These first features are responsible for the modulation of the absorbed
energy in the y direction while the latter features affect the x direction. The second
FDTD-feedback cycle reinforces the two sets of stripes.

The second stage, in Figure 6.5(c) to Figure 6.5(e), is characterized by a dark
background. The reason for the dark background is the presence of protrusions with
high amplitudes, indicated by the white circles in the graphs, which are progressively
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Figure 6.5: Formation of HSFLs orthogonal to the polarization of the laser
radiation, starting from a random rough surface, from 1 to 9 FDTD-feedback
cycles. The number of cycles is indicated at the bottom of each graph. The
simulations were performed at N, = 4 x 10*’m ™% (7* = 1.943 4+ 1.1165) and
Agblation = 30 nm. The white circles in (c), (d) and (e) indicate the location of
small protrusions. The white arrows in (d) show the contribution of the type-s
features to the surface topography. A grayscale colormap, where the white
color represents the largest values, is used to represent the evolution of the
top view of the surface. The polarization direction is indicated by the white
arrow in (a).
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growing, in amplitude and density, and concealing the net of stripes. A careful study
of the dark background shows that the net of stripes can still be observed but evolves
towards a dominance of the stripes in the y direction from Figure 6.5(c) to Figure
6.5(e). In addition, the type-s features contribute to the background by superimposing
a larger periodicity in the x direction, as indicated by the white arrows in Figure
6.5(d).

The third stage involves the formation of HSFLs orthogonal to the polarization
of the laser radiation. In Figure 6.5(f), the first HSFLs appear as the result of the
growth of the protrusions present in the second stage. However, the “fingerprints” of
the type-s features are still visible below these HSFLs. From Figure 6.5(g) to Figure
6.5(i), the HSFLs expand in the y direction and their density increases with each
FDTD-feedback cycle until the whole surface is covered. The periodicity of HSFLs in
Figure 6.5(i) is A = 1254+13nm, 0.14\ < A < 0.17), which is in the range of expected
periodicities listed in Table 2.3 on page 10.

The averaged peak-to-valley height h of the HSFLs orthogonal to the polarization
increases after each cycle in the FDTD-feedback simulations. After 7, 8 and 9 FDTD-
feedback cycles the averaged peak-to-valley heights calculated are h = 152 4+ 4nm,
h =182+ 1nm and h = 206 £ 1 nm, respectively. It is worth noting that these heights
are comparable to the observations, h ~ 185 nm, of Hsu et al. on gallium phosphide
[10], and that the cross-sectional transmission electron microscopy images show that
HSFLs orthogonal to the polarization appear as protrusions with a high aspect ratio,
which is in agreement with the FDTD-feedback simulations discussed above. While
HSFLs develop on many materials, very few studies about the height of LIPSSs are
available in literature.

6.4.2 Variation of the properties of HSFLs

HSFLs orthogonal to the polarization can grow in the simulation domain for various
sets of parameters. While this is discussed in more detail in section 6.6, the
properties of HSFLs can vary significantly as shown in Figure 6.6. In Figure 6.6(a)
to Figure 6.6(c), three different kinds of HSFLs orthogonal to the polarization, and
their respective Fourier transform, in Figure 6.6(d) to Figure 6.6(f), are presented.
For the sake of clarity, only 5 x 5 um? regions of the 20 x 20 um? surfaces obtained
after the simulation are shown. However, the Fourier transform was applied to the
total areas of 20 x 20 um?2.

In the space domain, HSFLs can show variations of width (lateral dimension),
length (vertical dimension) and density (number of HSFLs per um?). In Figure
6.6(a), HSFLs are wide, long and closely packed, in contrary to Figure 6.6(b), where
HSFLs are thin, short and loosely packed. At certain simulation conditions also thin,
long and closely packed HSFLs are obtained, see Figure 6.6(c). As a result, these
HSFLs cannot be fully characterized by a single well defined periodicity. The same
conclusions can be drawn from the frequency domain analysis. The type-r features
in Figure 6.6(d) are less spread than in Figure 6.6(e) or Figure 6.6(f), leading to long
thick HSFLs in the space domain. The type-r features in Figure 6.6(d) are present
at larger values of k, than in Figure 6.6(e), implying that the overall periodicity of
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Figure 6.6: 5 x 5 pum? areas covered with HSFLs (upper graphs) and
their Fourier transforms (lower graphs), obtained under different simulation
conditions. (a) Ne = 3 X 102" m™2, Aublation = 30nm and 9 FDTD-feedback
cycles. (b) N = 4x 102" m ™3, Aublation = 30nm and 7 FDTD-feedback cycles.
(c) Ne = 6 x 10*" m™3, Auplation = 25 nm and 9 FDTD-feedback cycles. (d),
(e) and (f) are the Fourier transforms related to (a), (b) and (c) respectively.
The white arrows in (a) and (d) indicate the direction of the polarization of
the laser radiation.

HSFLs is smaller in Figure 6.6(a) than in Figure 6.6(b). The type-r features spread
in the k, direction and merge with the type-s features in Figure 6.6(f). Hence, many
frequencies contribute to the morphology of HSFLs in Figure 6.6(c), making them
finer. While the type-r location is closer to (kg,k,) = (0,0) than in Figure 6.6(d)
for example, the large spread of the type-r features along the k, axis implies closely
packed HSFLs in the space domain.

It is worth noting that Figure 6.6(d) to Figure 6.6(f) show three kinds of frequency
“arrangements” leading to HSFLs in the space domain. Indeed, the type-s features
can be almost absent, in Figure 6.6(d), present and distinct from the type-r features,
in Figure 6.6(e), or merged with the type-r features, in Figure 6.6(f). This panel
of possibilities, and the strong dependence of the location and spread of the type-r
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features on (Ne,Aupiation), 1S in agreement with what is reported in literature. That
is, HSFLs orthogonal to the polarization have been reported with large variations of
their properties, mainly in terms of periodicity.

6.5 Formation of HSFLs parallel to the
polarization

In this section, an example of formation of HSFLs parallel to the polarization is
presented. Then, the growth of these HSFLs on metal surfaces is discussed in 6.5.2.

6.5.1 Example

Figure 6.7 shows the formation of HSFLs parallel to the polarization of the laser
radiation, starting from the rough surface presented in Figure 6.2, after 1 to 9 FDTD-
feedback cycles. The FDTD calculations were performed at N, = 2 x 102"m~3 (#* =
2.868 4+ 0.3825) and Aplation = 30nm. For the sake of clarity, only the evolution of a
10 x 10 pm? area, extracted from the 20 x 20 um? surface, is shown.

Three different stages can be identified: (i) a net of stripes after 1 to 3 FDTD-
feedback cycles, see Figure 6.7(a) to Figure 6.7(c), (ii) the erasure of the HSFLs
orthogonal to the polarization of the laser radiation after 4 and 5 FDTD-feedback
cycles, see Figure 6.7(d) and Figure 6.7(e), and (iii) the presence of HSFLs parallel to
the polarization of the laser radiation after 6 to 9 FDTD-feedback cycles, see Figure
6.7(f) to Figure 6.7(i).

The first stage, in Figure 6.7(a) to Figure 6.7(c), can be described similarly to
the first stage of Figure 6.5 in section 6.4.1: the net of stripes is the result of the
contribution of the type-d features and the type-r features to the surface morphology.
The first features are responsible for the modulation of the absorbed energy in the
y direction while the latter features affect the x direction. However, the protrusions
linked to the presence of HSFLs orthogonal to the polarization are already present
after the first FDTD-feedback cycle, in Figure 6.7(a). In Figure 6.7(b) and Figure
6.7(c), two sets of ripples develop: HSFLs orthogonal to the polarization on top of
HSFLs parallel to the polarization. It is worth noting that after the third FDTD-
feedback cycle, in Figure 6.7(c), few of the HSFLs orthogonal to the polarization
merge in the x direction, leading to the second stage.

The second stage, in Figure 6.7(d) and Figure 6.7(e), is characterized by the
erasure of the HSFLs orthogonal to the polarization. Already after the fourth
FDTD-feedback cycle, HSFLs orthogonal to the polarization have almost all merged
into HSFLs parallel to the polarization. HSFLs orthogonal to the polarization
are completely erased after the fifth FDTD-feedback cycle. In the third stage,
HSFLs parallel to the polarization elongates by merging in the x direction. This
is particularly clear when comparing Figure 6.7(e) and Figure 6.7(f). After 9
FDTD-feedback cycles, the periodicity of HSFLs is A = 345 + 21 nm, which is in
agreement with the observations in section 5.4.2. Indeed, the periodicity of HSFLs
in this simulation is larger than what is expected from the Sipe theory, which
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Figure 6.7: Formation of HSFLs parallel to the polarization of the laser
radiation, starting from a random rough surface, after 1 to 9 FDTD-feedback
cycles. The number of cycles is indicated in the bottom of each graph. The
simulations were performed at N. = 2 x 10*"'m™* (2* = 2.868 + 0.3825) and
Aablation = 30nm. A grayscale colormap, where the white color represents the
largest values, is used to represent the evolution of the top view of the surface.

The polarization direction is indicated by the white arrow in (a). The ellipses

in (g), (h) and (i) indicate a phase shift of the HSFLs in the y direction.
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predicts a periodicity of about 280nm. This is attributed to the depth dependence
of the type-d features, as discussed based on the FDTD-n maps in section 5.4.1.

The ellipses in Figure 6.7(g) to Figure 6.7(i) are used to guide the eye. By
comparing Figure 6.7(g) and Figure 6.7(h), it can be observed that HSFLs undergo
a phase shift. Indeed, the peaks of the HSFLs become valleys and the valleys
become peaks. The same can be observed by comparing Figure 6.7(h) and Figure
6.7(i). The fact that the phase of the simulated HSFLs alternates with each
FDTD-feedback cycle suggest that the HAM is not suited to model their growth.
In this transparent regime, i.e. low value of N, = 2 x 10*"m~3, the “removal” of
material between each FDTD-feedback cycle is large which is in contradiction with
what is expected from a low excitation regime. Feedback mechanisms involving
“molten” material may be more appropriate to simulate this kind of HSFLs. Such a
study is outside the scope of this thesis.

6.5.2 Type-d features and metals

HSFLs parallel to the polarization of the laser radiation are related to the presence
of the type-d features in the frequency domain. It was shown in chapter 5 that the
type-d features are absent in the FDTD-1 maps for N, < 5 x 1027 m~3, implying that
HSFLs parallel to the polarization should form only on semiconductors and dielectrics.
However, these HSFLs were also observed on alloyed steel [14] and titanium [17] for
example, as listed in Table 2.3. It was pointed out in section 5.4.2 that the type-d
features are, in fact, present but concealed by other frequencies.

In the FDTD-feedback simulations, the effect of the type-d features on the surface
morphology can be observed in Figure 6.8. Here, 5 x 5 um? areas, extracted from the
20x20 um? surfaces used in the simulations, are presented, along with the logarithm of
their Fourier transforms. Presenting the Fourier transforms logarithmically allows to
observe the presence of frequencies with small amplitudes compared to the maximum.

The three space domain figures, in Figure 6.8(a) to Figure 6.8(c), present nets of
stripes, as in Figure 6.5(b). The parallel stripes, related to the type-d features, can be
observed when Re(n*) > Im(n*), shown in Figure 6.8(a), or when Re(n*) < Im(n*),
shown in Figure 6.8(b) and Figure 6.8(c). However, their presence requires a relatively
small Aaplation When the excitation state gets high, along with a small number of
FDTD-feedback cycles, 3 here.

The characteristics of these stripes parallel to the polarization can vary signif-
icantly, in terms of density, length and width. In Figure 6.8(a), the stripes are
wide and dense, mainly because they “connect” in the x direction. They are also
better defined (sharper) than in the two other cases, in Figure 6.8(b) and 6.8(c). In
Figure 6.8(b) and Figure 6.8(c), the stripes are less wide and less extended in the x
direction. Their periodicity is also slightly smaller than in Figure 6.8(a), which is
more easily concluded from the frequency domain. Naturally, the Fourier transforms
are in agreement with the space domain observations. That is, the type-d features
show a larger amplitude in Figure 6.8(d) than in Figure 6.8(e) and Figure 6.8(f).
Further, the type-d features are present at larger values of k, and more spread in
the case of N, =6 x 10" m™2 and the case of N, = 8 x 10%” m~3.
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Figure 6.8: 5 x 5 pm? areas, obtained under different simulation conditions
(upper graphs), and the logarithm of their Fourier transforms (lower graphs).
(a) Ne =4 x10%" m™ (7" = 1.943 4+ 1.1165), Aaplation = 30nm and 3 FDTD-
feedback cycles. (b) N. = 6 x 102" m—3 (n* = 1.436 4+ 2.2555), Aablation =
25nm and 3 FDTD-feedback cycles. (c) N. = 8 x 10°” m~® (/* = 1.339 +
3.2205), Aablation = 20nm and 3 FDTD-feedback cycles. (d), (e) and (f) are
the Fourier transforms related to (a), (b) and (c) respectively. The white
arrows in (a) and (d) indicate the direction of the polarization of the laser
radiation.

Apart from these stripes parallel to the polarization of the laser radiation,
HSFLs parallel to the polarization do not grow in the FDTD-feedback simulations
when Re(n*) < Im(n*). Experimentally, these HSFLs were found to grow on metals
irradiated at low fluence levels, in comparison to the fluence levels at which LSFLs
grow [14, 17]. As mentioned previously, the HAM seems to fail at describing
properly regimes where the molten state of the material plays a role, which is not
surprising considering the “ablative” nature of the HAM.
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6.6 Overview

In this section, an overview of the LIPSSs predicted by the FDTD-feedback simula-
tions is presented in the space domain first. Then, the characteristic frequency
domain signatures of these LIPSSs is discussed in 6.6.2.

6.6.1 Space domain

It was shown in sections 6.3, 6.4 and 6.5 that the initiation and growth of LSFLs,
HSFLs orthogonal to the polarization and HSFLs parallel to the polarization, can be
modeled by combining FDTD calculations with the HAM. It would be impractical to
show the results of FDTD-feedback simulations for each set of (Ne,Aaplation ). Instead,
a “map” indicating which kind of LIPSSs is predicted by the model, depending on
(Ne,Aublation ), 18 presented in Figure 6.9.

This map was compiled by analyzing the LIPSSs obtained after 9 FDTD-feedback
simulations for each set of parameters (N,,Auplation), With N, ranging from 2 x 1027
m~> to 10 x 1027 m~3 (with increments of 1 x 102” m~2) and A.plation ranging from
20 nm to 50 nm (with increments of 5nm). It is worth noting that the solid lines
delimiting the different “regions” of the map are not strict boundaries. That is, a
more accurate map, based on more simulations with smaller increments, should show
transition zones, which could not be represented here to limit the computational
efforts. The parameters at which no simulations were carried out are indicated by
the hatched areas in the map. As discussed in section 6.2.2, Aaplation Was varied
in a limited range only. The upper limit A.plation = H0nm was chosen because no
significant variations of the LIPSS patterns were observed for larger values. The
choice for the lower limit A,plation = 20nm is related to the size of the Yee cells,
Azx = Ay = 20nm. When A plation < 20nm is chosen, HSFLs with extremely small
periodicities seem able to grow. However, an insufficient number of grid points is
available to handle such small dimensions correctly. The range of electron densities
N, was selected according to the previous studies of Bonse et al. with the Sipe-Drude
model [39, 58].

Six regions can be identified in the map: LSFLs, LSFLs 4+ Grooves, LSFLs +
HSFLs L, HSFLs L, HSFLs || and “Mix”. HSFLs L and HSFLs || refer to HSFLs
orthogonal and parallel to the polarization of the laser radiation, respectively. Inset
pictures which are representative for each region of the map have been included for
the sake of clarity, excepted for the “Mix” region which will be discussed in section
6.7. It is important to stress that this map is drawn with the observations made after
9 FDTD-feedback cycles. A map at a lower number of cycles would be more complex,
as can be extrapolated from Figure 6.5(b) and Figure 6.7(c) for example.

For high excitations states, i.e. for large values of IV, and relatively large A,piation,
LSFLs, see Figure 6.9(d), and LSFLs + Grooves, see Figure 6.9(c), are the dominant
LIPSSs. For low excitations states, HSFLs parallel to the polarization, see Figure
6.9(e), were observed, irrespective of the value of Auplation. Interestingly, these are
the only three kinds of LIPSSs which were reported in literature for silicon irradiated
by A = 800nm femtosecond laser pulses [22, 38-40, 58]. This can be explained by
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recalling that N, and A.pjation are decoupled in the HAM. It seems that silicon can
hardly be textured in the low Aupiation regime.

LSFLs are the most common kind of LIPSSs. Their periodicity in Figure 6.9(c)
and Figure 6.9(d) is A = 738 & 21 nm and A = 655 £ 40 nm, respectively. This
variation of periodicity was discussed in more details in section 6.3.2. It is worth
noting that the LSFL region extends to the left of the dashed vertical line, which
represents Re(n*) = Im(n*). The current electromagnetic theories consider LSFLs to
be a consequence of the propagation of surface plasmon polaritons, which can only
occur when Re(n*) < Im(7*) [37, 58]. Within the framework of these FDTD-feedback
simulations, the propagation of SPPs is not a requirement for LSFL initiation and
growth.

The occurrence of HSFLs orthogonal to the polarization, as can be observed in
Figure 6.9(a), is the most striking feature of the FDTD-feedback simulations. While
LSFLs and HSFLs parallel to the polarization can be predicted by the Sipe theory,
HSFLs orthogonal to the polarization received few explanations [18, 21, 24|, as
discussed in chapter 2. The self-organization model of Reif et al. [24, 76] cannot
predict a direct relation between the periodicity of LIPSSs and the wavelength
of the laser radiation. While, the electromagnetic based approaches involve SHG
[18, 21], which explains HSFL formation only in certain cases. According to Figure
6.9, HSFLs orthogonal to the polarization grow for small values of A,plation and
a large range of excitation states. However, they are more likely to develop for
“moderate” excitation states. Qualitatively, small A.paion can be related to hard
materials. For example, sapphire [18], titanium nitride or diamond like-carbon [16]
are hard materials which exhibits HSFLs very similar to the predictions of the
FDTD-feedback simulations. Interestingly, a small value of A,piation can be achieved
easily with femtosecond lasers while nanosecond lasers tend to affect thicker layers of
material. This provides an explanation for the absence of HSFLs after nanosecond
laser processing.

HSFLs orthogonal to the polarization can also be found on top of LSFLs after
9-FDTD feedback cycles, as can be observed in Figure 6.9(b). This superposition of
LIPSSs, denoted as LSFLS + HSFLs L, acts like a transition zone between HSFLs
orthogonal to the polarization and LSFLs. It is worth noting that the LSFLS +
HSFLs L pattern can be observed for less FDTD-feedback cycles, prior to the growth
of only HSFLs, as shown in Figure 6.5(f). How pronounced the LSFLs and HSFLs are
in the space domain depends on the set of parameters (N.,Aaplation). Experimentally,
such a superposition of LIPSSs was reported by Yao et al. on stainless steel and nickel
[92]. Interestingly, in that study, LSFLs grew first, before being covered by HSFLs.
The latter is in agreement with the FDTD-feedback simulations presented in Figure
6.5.

HSFLs parallel to the polarization of the laser radiation grow in the FDTD-
feedback simulations in the regime corresponding to a low excitation of silicon, as
can be observed in Figure 6.9(e). Their periodicity is A = 337 £+ 20 nm. Costache et
al. reported the presence of HSFLs on silicon, in the same direction as predicted by
the present model [22]. However, they measured a smaller periodicity of A ~ 200
nm. This difference in periodicity is significant, but the LIPSSs observed by
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Figure 6.10: Overview of the signature of LIPSSs in the frequency domain.
The number of FDTD-feedback cycles is 9, except for (a) and (f), where 6 and
3 cycles were used, respectively. The simulation parameters (Ne,Aablation) are
indicated without “x10*"m~>” and “nm”, respectively, for each sub-figure.
(a) (5,50), (b) (10,30), (c) (4,35), (d) (2,20), (e) (3,30) and (f) (3,35).

Costache et al. were produced with a number of 60000 laser pulses, much larger
than the 9 FDTD-feedback cycles. This difference in number of “pulses” can be the
cause of a variation in A. In addition, it is questionable if the LIPSSs observed by
Costache et al. grow under conditions where ablation is the dominant process, since
very small fluence levels were involved in their work.

6.6.2 Frequency domain

In Figure 6.10, Fourier transforms which are characteristic of the LIPSS regions
presented in Figure 6.9 are shown. One major difference with Figure 6.9 is that not
all the results were obtained after 9 FDTD-feedback cycles. The main reason is that
certain frequencies are easily concealed by others. In particular, the type-s features
tend to dominate the frequency domain after 9 FDTD-feedback cycles, while other
LIPSSs than LSFLs can still be observed in the space domain.

Figure 6.10(a) is the most common frequency domain representation of LIPSSs,
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which is already known from the Sipe theory [13]. Bonse et al. studied the type-s
properties extensively to explain the variation of characteristics of LSFLs [58]. The
exact location and spread of the type-s features in the frequency domain depend on
the parameters (N, Auplation) and the number of FDTD-feedback cycles in these
simulations, as expected from the space domain discussion and section 6.3.2. In
Figure 6.10(b), the logarithm of the Fourier transform of a surface with LSFLs and
grooves is shown. The type-g features are better defined than in the FDTD-1 maps
of section 5.3.3, see Figure 5.5(e) on page 59. It seems that feedback mechanisms
are essential for the formation of grooves. It is worth noting that without taking
the logarithm of the Fourier transform, only the type-s features would be observed.
The same holds for Figure 6.10(c), which is a Fourier transform, characteristic for the
presence of HSFLs orthogonal to the polarization on top of LSFLs. As mentioned in
chapter 5, the type-r features depends strongly on the depth and the excitation state
of the material, implying that HSFLs on top of LSFLs can show large variation of
their properties. The type-d features can be observed alone in Figure 6.10(d). These
features are located for values of k, slightly smaller than Re(n*) here. However, it was
shown in section 6.5.2 that their characteristics can differ from this usual description.
The type-r features, in Figure 6.10(e), are the signature of HSFLs in the frequency
domain. They can conceal the other frequency domain features, even the type-s
features. Interestingly, it is possible to observe three types of frequency features (out
of four) jointly in Figure 6.10(f). Inter-pulse feedback mechanisms do not always lead
to a clear dominance of a specific kind of frequency domain features. The fingerprints
in the space domain of such a frequency arrangement are discussed in the following
section.

6.7 Superposition of three kinds of LIPSSs

In this section, the formation of a complex superimposed LIPSS pattern is discussed.
This corresponds to the “Mix” region of Figure 6.9 on page 92.

Figure 6.11 shows the formation of a mixed pattern of LIPSSs, starting from
the rough surface presented in Figure 6.2, after 1 to 9 FDTD-feedback cycles. The
FDTD calculations were performed for N, = 3 x 10*"m=3 (72* = 2.401 + 0.6795) and
Aaplation = 50nm.

Unlike the FDTD-feedback simulation results presented earlier in this chapter,
stages leading to the formation of the final pattern cannot be identified clearly. Indeed,
the evolution of the pattern is progressive. LSFLs start to grow after the third FDTD-
feedback cycle, then expand progressively in the y direction to cover finally almost
the entire surface after the ninth cycle. While LSFLs evolve, dots, resulting from the
expression of the type-d and type-r features in the space domain, are progressively
“washed away”. The dots can be observed mainly from Figure 6.11(b) to Figure
6.11(d). They are aligned in the x direction with a periodicity defined by the type-r
features, while the pitch in the y direction between the “stripes of dots” is defined by
the type-d features. The more the LSFLs connect in the y direction, the more the dots
are fading away. The white circle in Figure 6.11(f) indicates a region of the surface
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Figure 6.11: Formation of a mixed pattern of LIPSSs, starting from a random
rough surface, after 1 to 9 FDTD-feedback cycles. The number of cycles is
indicated in the bottom of each picture. The simulations were performed
at Ne = 3 x 10¥'m™® (2* = 2.401 + 0.6795) and Auplation = 50nm. A
grayscale colormap, where the white color represents the largest values, is
used to represent the evolution of the top view of the rough surface. The
polarization direction is indicated by the black arrow in (a). The circles in (f)
and (g) indicate a region where the dots persist.
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where the dots persisted. While the type-d features are combined with the type-r
features to form small dots, larger dots are obtained by combining the type-d features
to the type-s features. That is, dots can be observed on top of LSFLs, starting from
the fourth FDTD-feedback cycle, see Figure 6.11(d). Their periodicity is related to
the type-d features in the y direction, while their periodicity in the x direction follows
the periodicity of LSFLs.

The superposition of LIPSSs, as shown in Figure 6.11, has not been reported in
literature for A = 800nm. However, Crawford et al. observed a kind of LIPSSs
with a periodicity A < A, referred to as “fine bumps”, on silicon [29]. These bumps
were produced at relatively large wavelengths (about 1300nm and about 2100 nm)
compared to the wavelength of experiments at A = 800 nm, typical for fs lasers. The
array of dots present in the FDTD-feedback simulations offer the possibility to explain
the formation of these fine bumps in experiments. The fact that this regime exists in
the FDTD-feedback simulations, performed with A = 800 nm, is probably due to the
decoupling of N, and A,plation-

It is worth noting that the results at N, = 3 x 102"m~2 of the FDTD-feedback
simulations are particularly important, since it shows that an electromagnetic
approach can account for the formation of mixed LIPSS patterns. While, the
formation of these patterns was considered to be supporting the self-organization
theory [24].

6.8 Conclusion

The combination of FDTD calculations with the holographic ablation model show
that it is possible to understand the initiation and growth of LIPSSs in the frame of
an electromagnetic approach. In Figure 6.12, a summary of the frequency domain
signatures of the LIPSSs predicted by the FDTD-feedback simulations is presented.
The model developed in this thesis can account for the formation of LSFLs, HSFLs
parallel to the polarization, HSFLs orthogonal to the polarization, grooves and
superimposed LIPSS patterns. In details, the model inherited the advantages of the
Sipe-Drude theory, leading to good predictions of the characteristics of LSFLs.
While the HSFLs and grooves parallel to the polarization of the laser radiation
can be simulated, they are the kinds of LIPSSs which show the limitations of the
holographic ablation model. It is worth noting that grooves orthogonal to the
polarization are the only LIPSSs missing when comparing the results of this chapter
and Table 2.4 on page 14. The growth of HSFLs orthogonal to the polarization of
the laser radiation is the most important outcome of the FDTD-feedback approach,
since it is the first time these LIPSSs are predicted by a model. Due to the lack of
frequency analysis on this kind of LIPSSs in literature, it is not possible to conclude
that the type-r features are really the cause of the formation of these HSFLs.
Therefore, such an analysis is discussed in chapter 7.
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Figure 6.12: Summary of the frequency domain signatures of the LIPSSs
predicted by the FDTD-feedback simulations. The dotted and dashed circles
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Chapter 7

Experimental validation

In this chapter, experimental results obtained by irradiating sapphire with fem-
tosecond laser pulses are presented. It is shown that HSFLs orthogonal to the
polarization, predicted by the FDTD-feedback simulations, are growing on sapphire.
The characteristic frequency domain signature of these HSFLs, the type-r features,
are used to validate the model.

7.1 Introduction

The core of this thesis was dedicated to the modeling of LIPSS formation. The
main reason of this focus was that, while there is a plethora of LIPSSs reported in
literature as shown in chapter 2, a model predicting the formation of the different
kinds of LIPSSs was lacking.

In chapter 6, the FDTD-feedback simulation results were presented. These
simulations predict the formation of a large variety of LIPSSs. Certain kinds of
LIPSS, and their signatures in the frequency domain, were already reported in
literature. That is, the LSFLs and the HSFLs parallel to the polarization of the
laser radiation. Indeed, the formation of LSFLs, along with their variation of
characteristics, was studied extensively within the framework of the Sipe theory [13]
and the Sipe-Drude model [58], by analyzing the type-s features. Likewise, Wu et al.
used the type-d features, predicted by the Sipe theory, to explain the formation of
HSFLs parallel to the polarization [27]. The FDTD-feedback simulations inherited
these features from the Sipe theory.

In addition to the features inherited from the Sipe theory, it was shown that the
FDTD-feedback simulations provide an explanation for the occurrence of grooves and
the presence of HSFLs parallel to the polarization on metals. The grooves and their
frequency domain representation were reported experimentally [39, 40]. However,
it is difficult to compare these observations to the FDTD-feedback results since the
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Table 7.1: Summary of the frequency domain studies of LIPSSs. The first
column indicates the kind of LIPSSs, the second column indicates the type of
frequency domain features, the third column indicates the result of the FDTD-
feedback simulations and the forth column indicates if a frequency domain
study of these LIPSSs exists or if the Sipe theory was applied to explain the
existence of these LIPSSs.

LIPSS Frequency | FDTD-feedback simulations | Reference(s)
LSFL L type-s Inherited from [5, 58]
A<\ the Sipe theory
HSFL || type-d Inherited from [21, 27]
A > A\/Re(n*) the Sipe theory
HSFL || type-d Predicted but not -
A< A well developed
HSFL L type-r Predicted but -
A< need validation
Grooves || type-g Predicted but not [12, 39, 40]
A> A well developed

HAM does not allow to represent well developed grooves. The same holds for HSFLs
parallel to the polarization on metals. These HSFLs grow under processing conditions
where the melting mechanisms, for which the HAM is not suited, are likely to play
an important role.

As mentioned in chapter 6, the prediction of HSFLs orthogonal to the polariza-
tion is the most striking result of the FDTD-feedback simulations. Unlike the above
mentioned type-s and type-d features, the occurrence of HSFLs orthogonal to the
polarization, along with the presence of type-r features, has not been predicted by
any other model. Moreover, the ablative nature of the HAM seems to suit the
growth of this kind of HSFLs. For these reasons, this chapter is dedicated to
experiments to create these HSFLs, as predicted by the model. To prove that these
HSFLs orthogonal to the polarization are related to the inhomogeneous absorption
of the laser radiation, it must be verified that their frequency domain signature
resembles the type-r features.

Table 7.1 summarizes this introduction. That is, the type-s features and the
type-d features in the case of transparent materials are inherited from the Sipe
theory, therefore they do not require a special attention in this experimental part.
The type-d features for metals and the type-g features are predicted by the
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FDTD-feedback simulations, but the LIPSSs related to these frequency domain
features are not enough developed in the simulations to allow comparisons with
experiments. Finally, the frequency domain signature of HSFLs orthogonal to the
polarization, the type-r features predicted by the FDTD-feedback simulations, was
not reported in literature, which is the focus of this chapter.

In the first part of this chapter, the experimental setup used to perform the
experiments is described. In the second part, the results of the experiments are
presented and compared to the predictions of the model.

7.2 Experimental setup

The experimental setup is shown schematically in Figure 7.1. The titanium sapphire
based laser system, with a central wavelength of A = 800 nm, is constituted of a
seed/oscillator combination (Coherent, Vitesse Duo) together with a regenerative
amplifier (Coherent, RegA 9000). Tt is used here to deliver femtosecond laser pulses
at a repetition rate of 50 kHz. The pulse duration, with a temporal pulse shape
assumed to be Gaussian, was adjusted to 180 £ 10 fs using an autocorrelator (APE
pulseCheck). The beam was guided by dielectric coated mirrors to a combination of
a beam splitting cube and a A/2 plate, which served as a power attenuator. A
Galvo-scanner (Scanlab, Scangine 14) was employed to control the location of the
laser spot on the sample. Finally, the beam was focused on the sample by a f = 55
mm F-Theta lens.

The Gaussian power density profile is characterized by its 1/e? radius of wy ~
6.3 um in the focal plane, which was determined by applying the D? method [48, 93].
The peak fluence ¢ of the Gaussian distribution was calculated according to

¢0 = 712]7 (7~1)

Wy

where E, is the (averaged) pulse energy. The pulse energy was calculated by
measuring the average power P delivered by the laser system at the location of the
sample, using a power meter (Coherent FieldMaxII-TO, Coherent PM10), and
dividing it by the repetition rate. The material chosen to validate the model was
sapphire, since it was identified as being a good candidate in section 6.6. The
sapphire wafers were cleaned before and after the laser experiments in an ultrasonic
bath of acetone.

7.3 Experimental results

7.3.1 Static experiment

Figure 7.2(a) shows a SEM image of the surface of the sample after it was exposed
to N = 16 laser pulses at the same location. The peak fluence of the Gaussian
distribution was ¢g ~ 4.1J/cm?. The SEM image reveals HSFLs orthogonal to the
polarization of the laser radiation, with a periodicity of A ~ 240 4+ 50 nm. As can be
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Figure 7.1: Schematic drawing of the experimental setup.

observed, the periodicity varies significantly from the center to the edge of the laser
modified area. This is a first indication that the type-r features are involved, because
their properties can vary considerably, as explained in chapter 5 and chapter 6.

In Figure 7.2(b), the Fourier transform of the SEM image in Figure 7.2(a) is
shown. The type-r features can be clearly recognized from their location and their
characteristic spreading in the frequency domain. The type-s features can also be
identified around the ||k|| = 1 circle, even though their amplitude is small compared
to the amplitude of the type-r features. The small amplitude of these type-s features
may be attributed to the fact that the diameter of the laser modified area is only few
wavelengths wide. A larger area, covered with these LIPSSs, is of interest since it
would show better defined frequency domain features. Such an area is discussed in
the following section.

7.3.2 Dynamic experiment

Figure 7.3 shows an area of the sapphire sample, homogeneously covered with HSFLs
orthogonal to the polarization of the laser radiation. This area was produced by using
the scanner to place the laser pulses (¢o ~ 4.1J/cm? and wy ~ 6.3 um) at different
locations, creating horizontal laser tracks with a vertical pitch of 2 pm between each
other. The horizontal pitch between each laser pulse is controlled by the scanning
speed of the focal spot. Here, the speed was set to 55 mm/s, which gives a horizontal
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Figure 7.2: (a) SEM image of the surface of the sapphire sample after
exposure to N = 16 pulses, at peak fluence ¢o ~ 4.1J/cm? and a 1/e? focal
spot radius of wp ~ 6.3 um. (b) Fourier transform of the SEM image. The
frequency domain is normalized by the norm of the wave vector, 27/A. A
high pass filter was applied to suppress the frequencies at HEH < 1, since these
low frequencies are mainly related to the ablation crater. The dotted circle
indicates ||k|| = 1. The white arrows indicate the polarization of the laser
radiation.

pitch of 1.1 pm at a repetition rate of 50 kHz. It is worth noting that the laser spots
(white circles), represented by their 1/e? beam radius, are larger than the apparent
spot size on the sample, as can be observed in Figure 7.2. Hence, mainly the top of
the Gaussian distribution is contributing to the formation of the HSFLs.

A Fourier transform of the area contained in the dashed white rectangle of Figure
7.3, is shown in Figure 7.4(a). As can be observed in this figure, the type-r features are
slightly closer to the center of the frequency domain map, in comparison to Figure
7.2(b), which implies that the periodicity of HSFLs is slightly larger than in the
static case, that is A ~ 320 & 60 nm. The type-s features in Figure 7.4(a) are better
developed than in Figure 7.2(b). However, it is difficult to conclude if this is due to a
larger space domain covered with LIPSSs, or different irradiation conditions (from a
static experiment to a dynamic experiment). Nonetheless, the outcome of the static
experiment and the dynamic experiment is similar. That is, the type-r features can
be observed experimentally, which means that HSFLs orthogonal to the polarization
are correctly modeled by the FDTD-feedback simulations.

In Figure 7.4(b), the simulation result presented in Figure 6.6(e), on page 86, is
recalled. The same arrangement of frequencies can be observed in Figure 7.4(a) and
Figure 7.4(b). That is, the type-s features and the type-r features are both present
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Figure 7.3: Area of the sapphire sample, covered with HSFLs orthogonal to
the polarization of the laser radiation. The pulses applied were characterized
by a peak fluence of ¢ =~ 4.1J/cm? and a focal post radius of wo ~ 6.3 um.
The white arrow indicates the direction of the polarization. The white circles
are used to indicate the size of the laser spots, in terms of 1/e* beam radius,
and the vertical (2 pm) and horizontal (1.1 um) pitches between them. A
Fourier transform of the area in the dashed white rectangle is presented in
Figure 7.4(a).
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Figure 7.4: (a) Fourier transform of the area in the dashed white rectangle
from Figure 7.3. (b) FDTD-feedback simulation result in silicon from Figure
6.6(e).

experimentally and in the FDTD-feedback simulations. However, since the optical
properties of sapphire and silicon are different, the exact location and spreading of the
type-r features in the frequency domain differ significantly. This was expected from
chapter 5 and chapter 6, in which the properties of the type-r features were described
as sensitive to the depth at which they are studied, and the optical properties of the
material considered.

One should realize that the FDTD feedback simulations were done with the optical
properties of silicon, derived from the Sipe Drude model [58]. The fact that the
results of FDTD feedback simulations resemble the HSFLs found on sapphire shows
the potential of the method developed in this thesis.

7.4 Conclusion

HSFLs orthogonal to the polarization, related to the type-r features in the frequency
domain, were observed experimentally. This observation validates the prediction of
the FDTD-feedback simulations. That is, HSFLs orthogonal to the polarization can
grow on materials and their formation can be explained in the framework of an
electromagnetic approach. Moreover, non-linear phenomena, such as SHG, are not
a sine qua non condition for HSFL formation. However, it is worth noting that
the FDTD-feedback simulations results do not invalidate previous studies where
SHG was said to be involved [18, 21]. Each case should be treated separately by
performing a frequency domain study.






Chapter 8

Conclusions and recommendations

In this chapter, the conclusions of this thesis are summarized and discussed with
respect to the research objective stated in the first chapter. Next, recommendations
are made to pursue this work in order to further increase the knowledge about LIPSS
formation.

8.1 Conclusions

The observation of a plethora of laser-induced periodic surface structures (LIPSSs),
whose properties could not be explained by the theories developed in the 1980s,
triggered intensive studies since the early 2000s. Alternative theories to the classical
electromagnetic explanation of LIPSS formation, such as self-organization, were
proposed. However, the strong correlation between the geometrical properties of
LIPSSs and the electromagnetic properties of the laser radiation suggests that
the formation of LIPSSs can be understood from an electromagnetic approach.
Therefore, the problem discussed in this thesis was formulated, in chapter 1, as
follows: what are the LIPSSs features which can be explained in the frame of an
electromagnetic approach?

To that aim, LIPSSs were characterized according to their periodicities and
orientations with respect to the polarization of the laser radiation in chapter 2. The
most common kind of LIPSSs, the low spatial frequency LIPSSs (LSFLs), are found
to develop orthogonal to the polarization with a periodicity slightly smaller than the
laser wavelength. These LSFLs can be produced with either continuous wave or
pulsed lasers, for a large range of pulse durations, on metals, semiconductors and
dielectrics. In contrary to LSFLs, high spatial frequency LIPSSs (HSFLs) develop
only when ultra-short laser pulses are applied on metals, semiconductors, dielectrics.
That is, pulses in the picosecond or femtosecond regime. The periodicity of HSFLs
is significantly smaller than the laser wavelength and their orientation is either
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orthogonal or parallel to the polarization. LIPSSs with a periodicity larger than the
laser wavelength, referred to as grooves, have also been reported, as well as “fine
bumps” with a small periodicity compared to the wavelength, but less directional
than HSFLs. From literature, the theory developed by Sipe et al. in 1983, and its
extension, the Sipe-Drude theory developed by Bonse et al. in 2009, was identified
as the most promising model to explain the formation of LIPSSs.

The Sipe theory and its outcome, the efficacy factor or n map, were presented
and discussed in chapter 3. In the framework of the Sipe theory, the interaction
of electromagnetic waves with rough surfaces of materials is studied analytically by
solving Maxwell’s equations. This approach results in the prediction of the frequency
domain spectrum of the absorbed energy, just below the rough surface. More precisely,
the efficacy factor quantifies the efficacy with which frequency domain components of
the spectrum of rough surfaces lead to an inhomogeneous energy absorption. In the
1 maps, two kinds of frequency domain features were identified: the type-s features
and the type-d features, which can account for the formation of LSFLs and HSFLs
parallel to the polarization, respectively. However, the Sipe theory cannot explain
the formation of HSFLs orthogonal to the polarization, nor the formation of grooves.
These limitations were attributed to the approximations and assumptions made by
Sipe et al. in the derivation of the efficacy factor.

In order to overcome some of these limitations, a numerical approach, the finite-
difference time-domain (FDTD) method, was selected. The theoretical background
and expressions required to perform FDTD calculations for electromagnetic plane
waves, interacting with rough surfaces, were presented in chapter 4. The total-field
scattered-field technique, which allows to introduce plane waves in the simulation
domain, was described, as well as the convolution perfectly matched layer (CPML).
The latter simulates infinitely extended media. Expressions for FDTD calculations
in non-dispersive as well as dispersive media were derived.

In chapter 5, the results of the FDTD simulations were compared to the Sipe
theory. A good agreement was found between the two approaches for the type-s
features and the type-d features. The use of FDTD calculations showed two
advantages over the Sipe theory. First, the FDTD simulations allowed to study the
absorbed energy profile in depth, rather than just below the rough surface only.
Secondly, the absorbed energy profile could be studied in the space domain instead
of just in the frequency domain. Thanks to these two advantages, another type of
frequency domain features, referred to as type-r features, was predicted by the
FDTD simulations. These features account for the formation of HSFLs orthogonal
to the polarization. Moreover, the type-r features showed strong variations of their
characteristics, in terms of spread and location in the frequency domain, which
coincide with the fact that HSFLs orthogonal to the polarization were reported in
literature with quite some variations of periodicity. Frequency domain features
corresponding to LIPSSs with periodicities larger than the laser wavelength, referred
to as type-g, were also predicted by simulations. The FDTD calculations could
explain the formation of many LIPSSs, but it was not clear how the new rough
surface, created by the absorbed energy, would enhance LIPSS growth after
successive laser pulses.
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Therefore, the FDTD method was combined with an holographic ablation model
in order to study the effect of inter-pulse feedback mechanisms in chapter 6. This
combination, referred to as FDTD-feedback simulations, was able to account for the
formation of LSFLs, HSFLs orthogonal to the polarization, HSFLs parallel to the
polarization, grooves parallel to the polarization, as well as, complex superimposed
LIPSS patterns. The emphasis of the work presented in this chapter was put on the
prediction of the HSFLs orthogonal to the polarization, related to the type-r features,
because these HSFLs were not predicted by any other model in literature.

Moreover, in chapter 7, the existence of these HSFLs orthogonal to the polar-
ization, related to the type-r features, was shown experimentally. That is, it was
shown that these LIPSSs developed on sapphire after femtosecond laser irradiation.
The signature of these HSFLs in the frequency domain was used to validate the
FDTD-feedback simulations of chapter 6.

Based on the results of the work in this thesis, it can be stated that the
formation of nearly any type of LIPSSs can be be explained in the frame of an
electromagnetic approach. The only type of LIPSSs which is not predicted by
FDTD-feedback simulations are grooves orthogonal to the polarization. Nonetheless,
this lack can be attributed to the limitations of the holographic ablation model, in
particular to the fact that melting effects are not incorporated.

8.2 Recommendations

The focus of this thesis was on the modeling of LIPSSs using an electromagnetic
approach. As a consequence, the holographic ablation model which involves other
physical phenomena, such as material removal, is the weakest step of the FDTD-
feedback simulations. A better model of the inter-pulse feedback mechanisms would
lead to a significant improvement of the simulation results. In particular, HSFLs
parallel to the polarization and grooves seem to suffer of this aspect.

Intra-pulse feedback mechanisms were qualitatively taken into account in the
FDTD-feedback simulations, by following the same approach as in the Sipe-Drude
theory. That is, the optical properties were set, and kept constant during the FDTD
calculations, based on the level of excitation modeled. The simulation results would
benefit from a more accurate handling of the time dependent variation of the optical
properties during the pulse, in particular for semiconductors and dielectrics.

Further, the FDTD-feedback simulations can be simply extended to allow to study
LIPSS formation under the influence of circular polarized laser radiation for example.
In addition, other kinds of initial rough surfaces can also be used, such as rough
surfaces with Gaussian frequency domain spectrums or anisotropic rough surfaces.

Finally, including the effect of the angle of incidence in the FDTD-feedback
simulations would provide additional insights. More precisely, this recommendation
concerns mainly HSFL formation, since nearly no studies were performed experi-
mentally on the effect of the angle of incidence on the periodicity and direction of
HSFLs.
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Nomenclature

Notations
. Vector
Il Norm of @
® Normalized vector &/||e]|

o

Fourier transform of the e function

° e is complex
| o] Absolute value of e
° Complex conjugate of e
Re(e) Real part of e
Im(e) Imaginary part of e
Oe /Ot First order partial derivative of e with respect to ¢
0?e /0t?>  Second order partial derivative of @ with respect to t
V.e Divergence of &
Vxe Rotational, or curl, of &
¢ ¢ Scalar product or dot product
e*® Exponential of e
cos(e) Cosine of e
sin(e) Sine of e
Ole] Big O notation
Abbreviations
ADE Auxiliary differential equation
CPML Convolutional perfectly matched layer
FEM Finite element method
FDTD Finite-difference time-domain
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HAM Holographic ablation model

HSFL High spatial frequency LIPSS

LIPSS Laser-induced periodic surface structures
LSFL Low spatial frequency LIPSS

MoM Method of moments

SEM Scanning electron microscopy
SHG Second-harmonic generation
SPP Surface plasmon polariton
TF Total-field

™ Transverse magnetic

SFE Scattered-field

TEFSF Total-field scattered-field

Greek symbols

e Coefficient used in the ADE method []
B Coeflicient used in the ADE method [F/m.s]
0% Characteristic frequency of the electron collisions 1/7p,ude [1/s]
Aablation  Ablation depth [m]
o(7) Dirac delta function -]
) Depth below the rough surface [m]
€o Permittivity of vacuum [F/m]
Er Relative permittivity of a material []
é Complex permittivity of a material [-]
o Complex relative permittivity of a material [-]
er Complex relative permittivity of an excited material []

[

Afpruge  Drude contribution to the variation of the complex relative
permittivity of excited materials

n(k,k;)  Efficacy factor [-]
n(k) Efficacy factor with k; omitted []
© Heaviside, or unit, step function [-]
0 Angle of incidence of the laser beam [°]
A Periodicity of LIPSS [m]
A Wavelength of the laser radiation [m]
Ho Permeability of vacuum [H/m]
Emax Maximum of the polynomial £ -]
¢ Polynomial used to define 7 and v []
o Conductivity of a material [S/m]
Pmax Maximum of the polynomial p []
p Polynomial used to define 17 and []
i} Vector spanning the (&, ) plane [m]

}

]

T Laser pulse duration [s
TDrude Drude damping time [



Fluence

Peak fluence of a Gaussian distribution
Dielectric susceptibility of a material
Function modifying E in the CPML
Function modifying H in the CPML
Coefficient used to define ¥ g and Wy
Coefficient used to define Vg and Wy
Set of frequencies extracted from an FDTD-7 map computed
at 6 and N,

Angular frequency

Plasma frequency of the electron gas
1/e? Gaussian beam radius

symbols

Area covered by the frequencies in (2

Absorbed energy in the medium

Fourier component of the absorbed energy just below the
rough surface at k

Absorbed energy necessary to remove a layer with a thick-
ness Auplation Of material from the surface

Magnetic flux density

Binary function used to describe rough surfaces in the Sipe
theory

Fourier component of the rough surface at k

Speed of light in vacuum

Electric flux density

Electric field

Incident electric field

Scattered electric field

Pulse energy

Elementary charge

Filling factor

Amplitude of the frequency of an FDTD-n map located at
k

Focal length of a lens

Magnetic field

Incident magnetic field

Scattered magnetic field

(Averaged) peak to valley height

Space indices

Drude internal current

o

=



122 Nomenclature
J Drude internal current with omitted subscript [A/m?]
j Imaginary unit []
k Normalized vector spanning the frequency domain in the [-]

() plane
ky Component of k along the ' axis []
Ak, Frequency domain increment along the & axis [-]
ky Component of k along the ¥ axis -]
Ak, Frequency domain increment along the g axis []
R Wave vector [1/m]
k; Component of the wave vector parallel to the (Z,%) plane [1/m]
ls Thickness of the selvedge [m]
Ms N, Maximum value of fg)Ne(E) [J]
M Magnetization [A/m]
m Number of time steps [-]
Mg Effective optical mass [ke]
Me Electron mass [kg]
Mopt Optical mass []
me Order of the polynomial £ []
mp Order of the polynomial p []
Nijed Number of Yee cells in the CPML of the medium []
N, Density of free electrons [1/m3]
N Number of pulses [-]
n Complex refractive index []
n* Complex refractive index of an excited material []
P Polarization [C/m?]
P Polarization of an excited material [C/m?]
ﬁDmde Polarization of the material linked to the free electrons [C/m?
I p-polarization []
7 Vector spanning the space domain [m]
s Shape factor [-]
g s-polarization [-]
t Time [s]
Atmax Maximum time increment to ensure the stability of the [s]

FDTD algorithm
At Time increment [s]
U Unit vector []
Wi N, Weighted arithmetic mean of the position of the frequencies [-]

in Q
x,Y, % Cartesian coordinates [m]
Az Dimension of Yee cells in the & direction [m]
Ay Dimension of Yee cells in the ¢ direction [m]
ye Yee cell [-]
Az Dimension of Yee cells in the 2 direction [m]
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