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Thesis introduction

The field of laser ablation was born with the invention of laser and it did not take long to be present
in a variety of applications. The number of studies in this field grew very fast and it became
increasingly more popular for manufacturing, chemical analysis, biology, medicine and so on. For
many years the researchers explored the basic scientific understanding of the involved processes,
meanwhile improving the instrumentations used and expanding the type of laser sources. With the
advent of femtosecond (fs) pulse lasers the interests in laser-solid irradiation and ablation moved
towards the use of ultrashort light pulses. Among the various phenomena involved in the
interaction of ultrashort laser pulses and solid targets, the appearance of tiny reproducible surface
patterns made this field much more popular and of interest also for technological and industrial

applications.

This thesis explores the formation of fs laser induced periodic surface structures (LIPSS), their
morphological features, possible ways to control them by exploiting the influence of experimental
parameters (wavelength, polarization, energy, etc. of the laser pulses) and illustrates few examples
of interest for possible applications. The surface morphologies were fabricated experimentally and
analyzed by different imaging characterization techniques using as targets silicon and copper

plates as well as gold thin film on a silicon substrate.

The thesis starts with a brief introductory chapter (Chapter 1) presenting the history of this
innovative field of research, fs laser surface structuring. In addition, the essential models and
theories along with experimental approaches used to realize the LIPSS and investigate their

formation mechanisms are also summarized.

Chapter 2 illustrates the experimental setups and techniques used to carry out the experiments as
well as methods for the measurement of physical parameters such as threshold fluence and spot
size of the laser beams exploited in the course of the thesis, namely the Gaussian and the vector
vortex beams. In particular, the standard Gaussian beam and the vector vortex more complex
spatial intensity profiles are considered. The optical vector vortex beams are generated by using a
beam converter based on a g-plate that modifies the original Gaussian beam. The complex spatial

structure of the state of polarization and shape of these complex light fs laser beams when fired on



a silicon substrate, in air, allows producing very complex LIPSS patterns and shaped craters, as
discussed in Chapter 3. The characteristics of such surfaces and the possibility to fabricate

unconventional surfaces are discussed in detail.

So far, the formation mechanisms of LIPSS with sub-wavelength spatial period, named as ripples,
are well established. Within the framework of this thesis, | tried to gain more information on the
physical processes involved in the generation of LIPSS with supra-wavelength period, named
grooves, on a silicon target. In Chapter 4, the influence of experimental parameters like laser pulse
repetition rate, laser wavelength and ambient pressure on the surface structures with special
emphasis on the grooves is addressed. The results evidence that the appearance of “grooves” is
very much dependent on the experimental conditions and provide in some cases (hamely, low
ambient pressure and high repetition rate) information that can be useful to unveil certain

mechanisms involved in supra-wavelength LIPSS formation.

Finally, in Chapter 5, | summarize results of experiments carried out on other materials, e.g. copper
plate and gold thin film on silicon substrate, in the course of my thesis work. The main aim here
is on the possibility of modifying the response of the material through laser processing. As a first
example, texturing of copper surfaces, through scanning of the fs laser beam in ablation regime,
brought up very interesting surface features composed of induced ripples and random oriented
nanoparticles. The manufactured copper surfaces showed a degree of freedom in controlling the
wetting response of the material. The second example concerns the possibility to fabricate two-
dimensional THz metasurfaces by means of the mask-free fs laser surface structuring technique.
The THz transmission response of the realized samples was measured in a collaborating laboratory
and showed a good agreement with simulation addressing the possibility to design and realize such
kind of THz optical components. Finally, preliminary experiments were carried out on CdZnTe, a
direct and wide band gap ternary semiconductor alloy of possible interest for room-temperature
detection of nuclear-radiation and infrared light and for which fs laser surface structuring has been

scarcely investigated to date.

To conclude, the observations based on the experiments carried out in the course of this thesis
provide valuable and interesting results for supporting this challenging field of research supporting

a deeper understanding and a larger control on the laser induced surface structures.
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1 Femtosecond laser surface structuring: literature review

Abstract — The history of birth of the original idea for the fabrication of surface structures by means of
femtosecond laser pulses is briefly reviewed. The formation of laser induced periodic surface structures
(LIPSS) is a common phenomenon that occurs on almost every solid surface after irradiation with polarized
laser beams. Their classification and fundamental formation mechanisms are discussed here. Few

techniques for their morphology control and some examples of technological applications are given as well.

1.1 Introduction

Laser-based surface micromachining is applied to a wide range of materials playing an important
role in a number of applications in biomedicine, photonics, semiconductor processing, etc. [1].
Several direct writing techniques have been proposed [2] to fabricate surfaces including:
conventional micromilling processes, electron and ion-beam lithographic methods, laser
interference lithography, direct laser interference patterning, and laser ablation. Figure 1.1 shows
the capability of various methods in terms of surface structure size and fabrication speed. These
techniques gained attentions due to the advantages of being contactless and flexible methods, in

addition to having a precise energy deposition [2].

The development of ultrashort laser pulses and their application in laser surface processing offer
several advantages compared to the nanosecond ones due to a smaller heat affected zone (HAZ)
that allows minimizing the damage, producing cleaner and more precise fine surfaces as well as
improve the repeatability of the patterns [3-5]. The ability of femtosecond (fs) laser ablation in
surface processing for technological applications was reported firstly by Pronko et al. [4]. In their
experimental report an array of nanoholes using a Ti:Sa fs laser was fabricated and later sub-
diffraction structures on transition metals were developed [4,6]. In particular, a fs laser beam with
a Gaussian profile tightly focused onto the sample to spot size of =3 um at a fluence slightly above
the ablation threshold produced nanoholes with a diameter of <300 nm and a depth of =52 nm on

a silver film substrate.
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Figure 1.1 Possible direct write methods of surface fabrication as a function of structure size and fabrication speed

(reprinted from [2] after permission from Journal of Laser Micro/ Nanoengineering)

The formation of self-organized fs laser induced periodic surface structures (LIPSS) is studied on
a variety of materials such as metals [7], semiconductors [8], transparent materials [9], etc. The
absorption of the laser pulse energy in the skin-depth layer of the material surface as a result of
laser-matter interaction may lead to the formation of laser induced structures. This phenomenon is
followed by thermal and possibly hydrodynamical or chemical effects [10,11]. The formation of
surface structures is generally ascribed to the spatially modulated material removal (ablation) [11].
The basic physical phenomena responsible for fs laser ablation have been discussed in many papers
and books as e.qg. refs. [7,12-21], Generally, ablation of materials includes different mechanisms
such as phase explosion (explosive boiling), evaporation, spallation, and fragmentation [10,22].
Theoretical approaches applied to fs laser ablation typically involve two-temperature model (TTM),

molecular dynamics (MD) simulations, and hydrodynamic (MD) modeling [23,24].

In 1965, Birnbaum et al. for the first time discovered that the surface morphology can be controlled
through formation of LIPSS by a Ruby laser [25]. He explained the observed structures as formed
because of the diffraction effect and ablation occurring at the maximum of the electric field
intensity [9,11]. In 1973, Emmony et al. proposed an interface mechanism in which the irradiated
laser light, generated by a CO- laser, is scattered on the surface from dust or produced particles by

occasional arc [26]. They assumed that the scattering centers formed on the surface generate wave
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fronts propagating radially [26]. Further, they observed that the parallel damages have a spacing
that depends on the laser wavelength in good agreement with the modified general surface

scattering (GSS) model expressed as:
d = A/(negr £ sin6) 1)

where d is the period of gratings generated by travelling surface electromagnetic waves (SEW) or

surface plasmon polaritons (SPPs), A the wavelength of the irradiation light, negs =

JRe[e/(e + 1)] the real part of the effective refractive index of the air-material with the
¢ dielectric constant (or vacuum-material, etc.) and 6 the angle of incidence of the light on the
surface-active medium. It is noteworthy to highlight that SEW and SPPs were later introduced as
the seeds of formation of surface structures by Keilmann et al. [27], Sipe et al. [28] and Guosheng
et al. [29], independently.

The research group of Sipe demonstrated the first well-established theory of formation mechanism
of surface structures within three communications during the years 1983 and 1984 [28,30,31]. In
fact, the terminology of “laser induced periodic surface structure-LIPSS” was made known by this
group. Their theory discussed that the inhomogeneous energy is deposited on a microscopically
rough surface and introduced an “efficacy factor”, n. [28]. Moreover, they found that the strong
peak of electromagnetic field inducing the periodic surface patterns with specific orientation
depends on angle of irradiation and polarization of the beam. Eventually, they proposed a model
in which the interface of incident beam with a surface-scattered wave originates the LIPSSs. Figure
1.2 simply sketches how the LIPSSs are formed, neglecting all the feedback mechanisms involved
in this figure, the theory is based on the interference of the incident laser beam with the rough
surface (the authors labeled it as "selvedge region™). The magnitude of wave vector ¥ of the surface
is dependent on the laser parameters; wavelength of the laser, angle of incidence and polarization
direction of the laser light (x| = (2m/4) sin 6;,,., the wave vector has a component, k;, parallel
to the surface plane). Therefore, the refracted beam leads to inhomogeneous absorption of energy
with the efficacy factor exhibiting sharp peaks on the surface at which the damage occurs [28].

In a second communication [31], they reported the experimental results on the formation of LIPSSs

using a pulsed laser on different materials such as Ge, Si, Al and brass. In this communication, the
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periodic patterns with orientation perpendicular to the polarization of incident laser beam were for
the first time called as “ripples”. Apart from this, they also observed type of periodic structures

with the orientation parallel to the laser beam.
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Figure 1.2 The geometry of light incident on a rough surface (reprinted from ref. [28])

Finally, in the third communication [30], they developed the model considering the role of
feedback mechanisms on the growth of periodic structures. Additionally, they reported the ripple
formation mechanisms at low fluences as resulting from isolated and molten stripes that re-solidify
on the solid substrate of Ge, while, at high fluences, the structure results from freezing of capillary

waves which are generated on the surface that the laser pulse has melted uniformly.

In this thesis, it is shown that effective surface material processing requires a deep knowledge for
selecting the right laser parameters according to the target material [32,33]. Controlling the
morphological features of surface structures not only is upon the substrate material [34-36], but
also depends on laser parameters such as laser wavelength [37], laser beam polarization [38],
spatial intensity profile of the laser pulse fluence [39—41] and number of incident laser pulses [42].
Moreover, redeposition of ablated particles, which depends on the background pressure, may also
play a role [38,43].
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1.2 Classifications of surface structures

Femtosecond laser assisted structured surfaces are gaining attention due to the simple single step
ablation technique both from the point of view of the fundamental formation mechanisms and for
their possible technological and industrial applications. Generally, structures with different types

of morphology, from nanoscale to microscale, can be generated, which can be classified as [10]:

1) single or array of nano/micro holes [44-46]; Similarly to this, in this thesis we will report on
the generation of arrays of holes on a gold thin film for THz applications [34]. (see Section 5.3).

2) nano/micro-scale texturing; this kind of patterns can cover the surface either in the form of
ir/regular columnar structures [47,48] or as a carpet of parallel gratings commonly used in
applications like modification of optical properties of a material surface in different wavelength
ranges [49]. In section 5.2, a copper substrate is treated producing continues parallel scanned
channels with the step between scanning lines of 50 um. This section will show how roughness
induced through direct fs laser ablation can influence the water wetting degree of the sample
surface [36].

3) controlled irregular nanostructures like nanocavities, nanospheres, nanoprotrusions or

nanowires [50,51].

4) nano/ micro-scale LIPSSs, which are the most actively studied surface structures. LIPSSs are
important from the point of view of their formation mechanisms, for the capability of varying their
characteristic features by simply changing laser irradiation parameters, and for the achievement of

a large variety of morphologies that make them interesting in a wide range of applications [33,52]

LIPSS are generally divided in two categories according to the period of the structures (A) with

respect to the laser wavelength (1), [11]:

e high spatial frequency LIPSS (HSFL), or sometimes nanoripples: the “non-classical” type
with A < 1/2 [53,54] (see Fig. 1.3 (a)).

e low spatial frequency LIPSS (LSFL): the classical type with near-wavelength period A >
A/2 (see Fig. 1.3 (b)).
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LIPSSs can grow either perpendicular or parallel to the laser beam polarization. The structures
with sub-wavelength period and orientation normal to the laser beam polarization are known as
“ripples” (1/2 < Ay s, < A), While those with supra-wavelength period and orientation along the
laser beam polarization are often named as “grooves” [55]. Typically, LSFL are namely associated
to ripples, but in a wider sense one could include also grooves in LSFL on the base of the relation

between the LIPSS period and the light wavelength.
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Figure 1.3 SEM images illustrating examples of two types of LIPSS: (a) surface structures formed on CdZnTe sample
atan energy of E = 55 pJand N = 1000 (= 35 fs Ti:Sapphire laser at a central wavelength of 800 nm and a repetition
rate of 10 Hz) [35]; (b) Surface texture on Si at E = 10 pJ and N = 200 pulses (Yb:KGW =180 fs and A=1030 nm,

repetition rate 10 Hz). The double headed arrow shows the direction of the laser beam polarization for both panels.

In the next section, the formation mechanisms of LIPSS, in particular, LSFL will be discussed.
One of the main objectives of the current thesis is to understand the underlying mechanism of
LIPSS formation by varying the physical parameters and investigating the changes in the

morphology of the structures.

1.3 Development of models on LIPSSs’ formation mechanisms

At a suitable condition, usually near the ablation threshold, the irradiation of the solid material
with fs laser pulses gives rise to generation of self-organized structures [56]. There are two
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important physical processes soon after irradiation until permanent re-solidification of the ablated
materials [10,57]. Firstly, the electron and lattice subsystems are thermally out of equilibrium.
Second, the periodic structures are formed after the fs laser pulse finishes and the periodically
modulated energy is deposited on the surface layer.

Until now, many studies have been reported regarding the formation mechanisms of surface
structures [53,55,58-63] These models mainly dealt with two different points of view. Some
authors considered non-resonant models like capillary wave excitation [64] and solid surface
defects [65]. For example, in 2002, Reif et al. [53] proposed that the ripples present at the bottom
of the ablated crater are due to a self-organization structure formation during the surface relaxation.
Instead, the other proposals suggest to involve electromagnetic waves to explain properties of
LIPSSs [66]. The group of Huang reported an interpulse feedback mechanism in which they
considered that the ripples result from the initial direct SPPs-laser interference and the subsequent

grating-assisted SPP-laser coupling [67].

To answer the open question about the origin of ripples, Dufft [61], Bonse [58] and co-workers
suggested the carrier-dependent LIPSS formation by fs laser pulses within a theoretical approach
combining the classical theory of Sipe et al. [28] and the Drude model (1900) linking optical and
electrical properties of a material (laser-excited solid) with the behavior of its electrons or holes.
Ripples generally appear using laser fluence slightly above the material ablation threshold and
irradiation of few pulses. The authors in ref. [58] addressed formation of ripples as due to the
excitation of SPPs that were observed on Si surface, even after single shot irradiance of the fs laser

pulse.

The irradiation of a surface with fs laser pulse characterized by a high peak intensity (for example,
semiconductor or dielectric) results in nonlinear interactions and changes in the optical properties
of the material because of carrier excitation. The model of Sipe et al. was introduced as a linearized
theory without any consideration of nonlinear effects. Considering the fs laser excitation process,
the changes in refractive index of the material after irradiation should be modeled as a complex

parameter. The complex refractive index 7i* is expressed by the following Equation:

= \/g + Aépruge + Akerr (2
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which includes the complex dielectric function &, the contribution by the carriers generated in
conduction band (Aépruqe) and the Kerr effect (Aékerr) induced by the high intensity laser pulse
and can be explained in the frame of Drude model [68]. The complex refractive index later would
be the input of efficacy factor n in Sipe theory. The physical explanation behind the Sipe-Drude
model is reported by the author interpreting that the high intensity fs laser pulses excite the electron
in conduction band of a semiconductor, ZnO, through a multiphoton absorption mechanism. If the
generated carrier density is high enough, the material transiently turns to a metallic state. The
interference between the incident beam and the scattered surface electromagnetic wave generated
by the SPPs makes the surface highly absorbing and coupling to the surface defect caused by the
first fs laser pulse forms the ripples [58,61]. It is worthy to note that based on the same mechanism,
amorphization (melting the surface without ablation) outside the annular crater can produce the

periodic structures [33].

Bringing up more aspects of formation, Tsibidis et al. investigated the dynamics of ripple
formation in a more extended theoretical framework [59]. This model shows the crater and
subwavelength ripple formation based on a synergy of electron excitation and capillary wave
solidification.

Increasing the number of laser pulses leads a surface patterned with other morphologies, namely
grooves and spikes, with period greater than the laser wavelength. The above-mentioned models
are able to describe in a rather good way the mechanisms underlying the formation of ripples, but
they cannot provide the reason of supra-wavelength structures formation. Although these
structures are very much controllable, their formation mechanisms are not yet clear enough;
however, there are some reports regarding the underlying physical processes involved [55,69].
According to Tsibidis et al. [55], hydrodynamical effects are behind the formation of grooves. In
this communication, the authors proposed a hybrid model to predict the grooves formation. This
model is based on melt hydrodynamics complemented with electromagnetic interference effects
to account for ripples, while Marangoni shear generated convection dominates the mechanism that

leads to hydrothermal waves and eventually to microgrooves and microspikes formation [55].

Last but not least, it is important to summarize the feedback process in LIPSS formation.

Considering a single shot, the feedback effects includes change of optical properties, surface wave
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excitation, transient defect states (e.g. self-trapped excitons), nonlinear effects (e.g. second
harmonic generation) or inhomogeneous absorption. Instead, firing a series of laser pulses onto the
surface may cause topographical changes via ablation or hydrodynamic melt flows, structural
changes (e.g. crystallin or amorphous state), chemical reactions with the ambient environment (e.g.
oxidation), incubation effects (e.g. generation of permanent defect states, reduction of the damage

thresholds) or self-organization promotion (e.g. surface erosion) [11].

Within the scope of the current thesis, one novel aspect is to extend the knowledge on
understanding the real formation mechanisms of grooves; therefore, appropriate experiments are
designed with variation of repetition rate, laser wavelength and ambient pressure using silicon as
target material. Prior to these experiments, we present results obtained by using complex vortex
light beams carrying orbital angular momentum (more details in Chapters 2 and 3) addressing the
effect of the state of polarization of the laser beam on the morphologies of the LIPSS generated on
the silicon surface. Finally, some examples of other experiments on fs laser surface processing on
other materials, such as copper and gold thin film on a silicon substrate, carried out in the frame

of the present thesis and potentially interesting for applications, are reported.
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2 Experimental Methods

Abstract — This chapter discusses the procedures illustrating the experimental setups (i.e. laser source,
optical components and target materials) used in the target irradiation experiments and the characterization
techniques exploited for their analysis as well as for the determination of the various features of the laser

induced periodic surface structures.

2.1 Introduction

Fabrication of self-organized surface structures is based on the basic process of laser ablation.
Direct femtosecond (fs) laser structuring takes place under certain conditions of the laser beam
parameters such as wavelength, pulse duration, power level, beam size, beam polarization and
repetition rate. These parameters can be optimized according to the substrate material and target
environment [1]. The laser beam spatial intensity profile can significantly change the formation
and features of the surface structures. In our experiments we generally used fs laser beams with a
Gaussian intensity spatial profile. However, also the interesting capabilities of fs structured light
beams for mask free surfaces and volume structuring [2] are highlighted in the present work by
means of experiments with vector vortex laser beams. Such beams were obtained through a direct

conversion of optical angular momentum by means of an optical component known as g-plate [3].

In this chapter, the experimental methods including the definition of beam parameters,
instrumentation such as lasers, optics, targets, electronics and mechanical devices as well as the

experimental techniques for the morphological characterizations are discussed in detail.

2.2 Laser beam spatial profile

The spatial profile of a laser beam is a characteristic defining the density distribution of the laser
power in a plane perpendicular to the propagation direction as a function of distance from the

source [4]. According to the shape of laser cavity, the intensity profile is different, however, most
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of the lasers oscillate with a Gaussian distribution of electric field in which the spatial distribution
of energy follows the non-uniform Gaussian function [5]. Figure 2.1 shows the spatial profiles of
a Gaussian beam compared, as an example, to a non-Gaussian (vortex) one captured by a CCD
camera in the focal plane [6]. The normalized fluence distributions of Gaussian and vortex beams
along the beam diameter are plotted in Figure 2.1 (c). The laser fluence describes the energy
delivered per unit surface, which is defined by unit of ] /cm?. The characteristics of the two fluence
distributions will be illustrated hereafter. Panels (d-f) (see i.e. Figure 2.1) are few examples of

irradiated craters on silicon surface.

E(r)

(b)

Figure 2.1 Spatial profiles captured by a CCD camera for (a) Gaussian and (b) VVortex beams. (c) Normalized spatial
distribution of fluence (F) of the Gaussian and Vortex beams along the diameter as a function of the radius r, in units
of beam waist wy. (panels (a) — (c) are reprinted with permission from Ref. [6]) Panel (d) — (f) show the SEM images
on silicon in air. (d) amorphous annulus of Gaussian beam (reprinted from Ref. [7]). (¢) ablated crater irradiated by

Gaussian beam. (f) ablated crater irradiated by vector vortex beam.

2.2.1 Gaussian beam

A Gaussian intensity profile is a fundamental transverse electromagnetic mode (TEM,,). For a
Gaussian beam the spatial profile of the normalized pulse fluence F(r) along the diameter of the

beam, r, is given by:
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2E -2r2
F(r) = zexp [ 7] (1)

where E| is the beam energy and w, the waist of the fundamental Gaussian beam[6,8-10].

On the other hand, the maximum fluence value occurring within the Gaussian profile at » = 0,

named as peak fluence F,, is:

2E,
E, =—
Twé

()

The spot size or beam waist of a Gaussian beam is the location along the beam axis where the
intensity is 1/e? of its own maximum value. A simple method to measure the spot size of the
Gaussian beam is to use the fabricated circular craters produced by amorphization or ablation

[5,6,11,12]. In fact, considering that the external radius of the amorphized region or the ablated

crater are r, and r,, and the corresponding values of the fluence is F, ,, =

2Bab (threshold fluence),
Wo

A

it is possible to draw out the following relations:
E, = Eq exp[—21f /wg] ©)
Ep = Egexp [-217 /w{] (4)

and get the functional dependence of r, and r;, as:

2 E
=) (5)
r2 = Y8y (B ©6)
b — 5 Ep

From Equations (5-6), it is clear that the beam spot size can be derived by plotting 2 versus energy

E, and estimating the slope of the plot, which is equal to W [5], through a fitting procedure. Then
2

the parameters E, and E;,, can be associated to threshold energies for amorphization and ablation,
respectively, and correspond the beam energy inducing the corresponding process at the beam

center where the threshold fluence value F, ;, occurs.
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2.2.2 Vortex beam

The non-Gaussian structured beams are generated when the wavefront of the light beam rotates
through the space. Light as an electromagnetic wave has angular momentum [13-15], which is
related to twisting of the beam’s wavefront around its propagation axis so that this displays a
spiraling behavior (see e.g. Figure 2.2). As a consequence, the beam has a zero intensity at its
center (see e.g. Figure 2.1(b)). There are two angular momentum of a light beam: spin angular
momentum (SAM) and orbital angular momentum (OAM) that are associated to the motion
imparted to a particle [16]. If the particle rotates around its own center, SAM is defined (Figure
2.2 (a)). While, OAM is related to rotation of particle around the beam axis (Figure 2.2 (b)) [17,18].
In other words, SAM is associated to optical polarization that can have two values S, = oh; o =
+1, fa isthe Planck constant and z is the axis of beam, 4+ and — correspond to right and left circular
polarization, respectively. Instead, OAM is associated with phase structure or optical wavefront of
the beam. OAM of each particle can be L, = lA. The eigenvalue [ is an integer and it defines the
phase variation of an optical beam. Superposition of SAM and OAM gives total angular
momentum (TAM), ] = jh, j =1+ m [17,19,20].

(a) (b)

«

Figure 2.2 (a) SAM and (b) OAM interactions (reprinted after permission through communication with the holder of

the original work [21])

Light beams with annular intensity patterns carrying optical phase singularities and non-zero OAM
are called optical vortex beams (OVB) [22-25]. Optical phase singularity is defined by the helical
phase front of OAM as exp(ilg), where ¢ is the azimuthal angle around the optical axis z, and
[ is the OAM [26]. Recently fs optical vortex beams are gaining attentions in the micro-fabrication
of various structures like cavities in glasses, single-layer graphene disks, polymer tubes, silicon

conical structures [12].
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The spatial fluence profile of a first order optical vortex beam (I = +1) along the diameter, which

is shown as an example in Figure 2.1 (c), is described as[8]:

22Ey 5 —2r?

reexp [ ™

F(r) =

4
Wy

where r is the radial distance from the center, E, the beam energy and w, the waist of the

fundamental Gaussian beam. The OV beam has a central singularity (Figure 2.1 (c)), and the peak

fluence occurs at a distance T‘p = _v\/v; and is equal to:
2 _1 EO 8
lpeak,OV =€ w2 ( )

0
Equation (7) is an example of a more general equation describing the spatial distribution that can
be expressed by using a Laguerre-Gauss mode fluence distribution for p = 0 and [ # 0 described
as [8,12]:
212

21 _2r”
Fy(r) = ¢ (ﬂ) e W3 (9)

Fipeak Wo
l
where the normalized factor is equal to ¢; = % and wy, is the beam waist. The fluence profile of

the fundamental Gaussian beam of Equation (1) is recovered for [ = 0. Moreover, the peak fluence

is located at a radial distance from the propagation axis:
Tp = _WO (10)

and its value is given by:

-l g

2
Fl,peak = Fl(rp) = eT_z (11)

W

Extending the method illustrated in the previous section, the value of beam spot size for the case
of optical vortex or vector vortex beams can be directly estimated by measuring the internal and
external radii of the annular ablated (amorphized, i.e Figure. 2.1 (c) — (f)) region, for which the

pulse fluence equals the threshold fluence, i.e. F;(r3,) = F;(1.y), then

(m)”e‘wg" = ()" e (12)
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The solution of the above equation provides a simple method to estimate the value of the optical

_ (rezx_riz)
Wo = ’ l ln(:lf;:) (13)

There are several methods to generate a light beam carrying OAM, such as spiral phase plates,

vortex beam waist [12]:

cylindrical lenses mode converters, computer generated fork holograms (CGH) displayed on
spatial light modulators (SLMs), Dove prisms and g-plates [20,27]. In the current work, the g-plate
converters are used to perform the experiments. A g-plate is an optical device in which a liquid
crystal is enclosed between two parallel glass plates and it is characterized by a parameter, named

topological charge of the vortex beam “q” (I = 2q) [3].

The generation of vortex beams using a g-plate was introduced by Marrucci et al. in 2006 for the
first time [28,29] developing the g-plate by using liquid crystals technology. The g-plate
fabrication process is explained by Slussarenko et al. [30] and will not be discussed here. This
device is a thin optical element, working in transmission, electrically controllable as an optical
retarder whose retardance & is tunable by means of an external voltage [31]. Briefly, it acts as a
spatially variant half-wave plate with a principal axis located at an angle « that rotates with the

azimuthal angle ¢ [32] as:

a=qp+a (14)
where « is the initial orientation angle of liquid crystals with the axis x at ¢ = 0 [33].

When a light beam travels through a g-plate, the topological charge [ = 2q transfers to the phase
of the beam [14]. The g-plate retardance is adjustable through an external voltage provided by a
signal generator, in our case a square wave with a frequency of 11 kHz was used [34]. Davis et
al. [34] illustrated an experimental example of transmission of input intensity between two
polarizers (the setup is shown in Figure 2.3) as a function of applied voltage to the g-plate. The
results confirm that without any applied voltage, the g-plate acts like it is in the tuned condition
with retardance of m. External voltage makes the liquid crystal to change the direction. Increasing
the voltage results in decreasing the retardance. The efficiency of g-plate reaches maximum (=

100%) when it is tuned to a half-wave retardance (¢ = m). Therefore, we applied an appropriate
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voltage to get a retardance of m in order to reliably drive the g-plate action and avoid any possible

influence of other factors (e.g. temperature) that could affect its operation at a null voltage.

The fraction of SAM to OAM conversion (STOC) of the light passed through a g-plate with

topological charge g and optical retardation § is achievable by the following ratio [35]:

Pynconverted—Pconverted (15)

coso =

unconverted tPconverted

where P is the output power measured by a power meter after the g-plate whose electrode is

connected to the AC voltage.

To obtain the maximum efficiency, the g-plate must be in tuned condition (§ = m) which has the
maximum conversion of spin to orbital momentum. For this aim, we need to obtain the right value
of applied external voltage (V,,,) which gives us the maximum power of converted part and the
minimum power of unconverted part. A simple setup for alignment and optimization of g-plate is
shown in Figure 2.3; if the quarter-wave plate QWP1 is at +45° the power of the converted part
is at its maximum and if the quarter-wave plate QWP2 is at —45° the power of unconverted part

is minimum.

- -

PBS PBS
Hopass WP QWPL GP QP2 y pa

Figure 2.3 The experimental setup for optimization of the tuned condition of the g-plate. PBS stands for polarizing
beam splitter — H-pass: horizontal pass, V-pass: vertical pass, HWP: half-wave plate, QWP: quarter-wave plate, qP:

g-plate.

2.3 Experimental setup

In this thesis, the periodic surface structures are formed using fs laser pulses. The laser pulses for
different experiments have been provided using various laser systems as listed in Table 2-1:
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Table 2-1 Summary of the laser systems used for each experiment in this thesis

Thesis chapter

Purpose of

experiment

Target

material

Laser system

Chapter 3

Structuring  with

complex light

Silicon (100)

Ti:Sa laser system, =35 fs
pulses at a  central
wavelength of 800 nm,
repetition rate selected in the

range of 10 — 1000 Hz

Section 4.2

Effect of laser pulse

repetition rate

Silicon (100)

Yb:KGW
providing ~180 fs pulses at

laser  system
the wavelength of 1030 nm,
the repetition rate was
changed from 10 Hz — 200
kHz

Chapter 4

Section 4.3

Effect of laser

wavelength

Silicon (100)

Yb:KGW  laser source
producing pulses of ~170fs,
1 kHz

exploiting the fundamental

repetition rate

1026 nm central wavelength
and its second harmonic of
513 nm

Section 4.4

Effect of ambient

pressure

Silicon (100)

Nd:glass laser system with
pulse duration of <900 fs
pulses at the wavelength of
1055 nm and the repetition
rate of 33 Hz

Chapter 5

Section 5.2

Microscale
texturing and

wetting response

Copper foil

Ti:Sa laser system, =35 fs

pulses at a central
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wavelength of 800 nm,

repetition rate 1 kHz

band-gap

semicunductors

Gold thin | Ti:Sa laser system, =35 fs
Laser surface | film (180 nm) | pulses at a  central
Section 5.3 | patterning for THz- | on silicon | wavelength of 800 nm,
active metasurfaces | substrate (400 | repetition rate selected in the
nm) range of 10 — 1000 Hz
Preliminary Ti:Sa laser system, =35 fs
Section 5.4 structuring on wide CdznTe pulses at a  central

wavelength of 800 nm,

repetition rate 10 Hz

A general experimental setup to fabricate surface structures is sketched in Figure 2.4. To perform

the experiments with Gaussian beam profiles, the g-plate was taken off from the set up.

@1y

HWP Q-plate TIris Lens

H-pass

>

Translatlon stage

Target

Figure 2.4 General experimental setup for producing LIPSS. The abbreviations stand for, HWP: half-wave plate, PBS:

polarizing beam splitter — H-pass: horizontal pass, ES: Electromechanical shutter.

All the mentioned laser systems generate linearly polarized laser pulses with a Gaussian spatial

profile. A combination of a half wave-plate and a polarizing beam splitter (PBS) was used to

control the energy irradiated on the target. This energy was measured with an optical power meter.

An electromechanical shutter provided the selection of the number of laser pulses (N) applied to
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the same spot on the surface. The direction of polarization was controlled using a half wave-plate.
A g-plate was used to set up the vortex beam. As for the optical vortex beam, the linear Gaussian
input beam was converted to an output beam with radial, spiral and azimuthal state of polarization
(SoP) according to the alignment of the half wave plate before the g-plate [6]. An iris was used as
a spatial filter for selecting the central part of the beam. The beam was focused on the target by a
plano-convex lens in order to have the proper spot size and round spot. The targets were placed on
a XY translation stage which was controlled by a software. This stage was mounted inside a

vacuum chamber for the experiments on the effects of variation of the ambient pressure.

In the previous chapter we already discussed on the formation of the periodic structure and
mechanisms involved in the interaction of fs laser pulse with the target material [36]. Bonse et al.
investigated that before ablation occurs, the physical process starts by absorption of the energy of
the incident laser pulse by free carriers of the material [37]. The threshold fluence, i.e. the
minimum value required to induce material removal, depends on the number of pulse N according

to an incubation behavior given by [11]:

Pen(N) = Ppen (1) N1 (16)

where ¢, is the ablation fluence threshold at N number of pulses. ¢, (1) determines the threshold
fluence for a single pulse. £ is the incubation factor of the material. One can consider Equation 16
to quantify the degree of incubation [38]. The principal explanation of the incubation is not clear
yet. However, this effect is initiated from an accumulation of energy on the target surface due to

some reasons such as incomplete transferring of the laser energy to the ablated material [37-39].

The substrate can be selected among a variety of materials like semiconductors, metals, glasses,
dielectrics, polymers, etc. For the experiments of this thesis, the targets were mainly intrinsic
(resistivity > 200 Q cm) single-crystalline silicon, Si (100) plates (dielectric constant &g; =
13.64 + 0.048i at 800 nm). Silicon was selected because of its importance in industry and science.
Other samples such as copper and gold thin film on silicon substrate were used as well in some

experiments (see Table 2-1).
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2.4 Characterization techniques

The characterization of the morphological features of the irradiated samples was carried out by
resorting to different techniques including optical microscopy (OM), scanning electron
microscopy (SEM), atomic force microscopy (AFM) and 2D or 3D profilometry, depending on
any specific experiment. The analysis of the images was carried out using open source softwares
as ImageJ [40] and Gwyddion [41]. In addition, further techniques such as Micro-Raman
spectroscopy and Energy-dispersive X-ray spectroscopy (EDX) were available and used to collect

more information on phase study and elemental analysis when appropriate (see Table 2-2).

Table 2-2 characterization techniques used in this thesis

Technique Instrument Observation Specifications
) ) Low resolution (up to ) ]
Optical Microscopy ) ) Zeiss Axio Scope Al
50x) imaging
Zeiss XIGMA
) o Images are acquired
Field Emission
] by secondary
Scanning Electron )
) Morphology electrons (SE) with
Microscope
_ an Everhart-Thornley
surface analysis (FESEM)
(ET-SE) type
detector.
Alpha300 RS
Atomic Force Morphology and (WITec, Ulm,
Microscopy (AFM) topography Germany)
NOVA AFM
Profilometry Topography Dektak XT
) Alpha300 RS
) Chemical
spectroscopy Micro Raman o (WITec, Ulm,
composition
Germany)
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Energy-dispersive X-
. o wd OXFORD INCA
ray spectrosco ase stu
ysp by Y Energy 300
(EDX)
Time Domain Tera-K15, Menlo
THz response
Spectroscopy (TDS) Systems
_ Water contact angle Homemade setup
Surface-wetting (CA) 42]
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3 Structuring with Optical Vector Vortex beams

Abstract — This chapter is dedicated to illustrating surface structuring with optical vector vortex beams
with the aim of both gaining further understanding on the formation mechanisms of sub- and supra-
wavelength structures and generating unconventional patterns and structures. By using g-plates with
different topological charges various vector vortex beams are generated and their characteristics are tuned
by controlling the g-plate optical retardation. This chapter shows the advantage and ability of using the state
of polarization of vector vortex laser beam as a viable route to the production of complex structures.
Moreover, step scan fabrication process for the structuring of large areas with sophisticated patterns is also

presented.

3.1 Introduction

In the last decades, the number of research fields trying benefits from the application of structured
light beams with tailored intensity, polarization or phase is continuously increasing (e.g.,
microscopy, quantum optics and information, photonics, optical trapping, data communication,
etc.) [1,2]. Manipulation and fabrication of fs LIPSS using complex beams with spatially
inhomogeneous state of polarization (SoP) have been already proposed [3-6]. Due to different
applications in optics, photonics, materials surface processing, etc. of these types of morphologies
spatially shaped vortex beams are increasingly getting attention in laser fabrication of different
materials, such as metals, semiconductors, 2D materials, etc. [7,8]. Furthermore, since the
orientation of the fine structures follows a direct relation with the laser polarization, this strategy
allows one also to get a more direct access to characterization of intense optical vector vortex (VV)

beams through the analysis of the produced surface structures [9].

Direct nanostructuring with complex fs optical VV beams on silicon by means of a g-plate was
investigated by Anoop et al. [3]. This study mainly focused on controlling the periodic regular
structures developed by a fs optical VV beam by varying parameters like number of laser pulses

N and laser beam energy E, [3,10]. In the letter [3], a VV beam with a topological charge g =
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+1/2, carrying an OAM [ = +1, displaying an intensity distribution with a doughnut shape was
used. Successively, JJ Nivas et al. published SEM images of the ablated spots showing that ripples
and grooves are directly linked to the polarization of the various VV beam that can be generated
by a g-plate with g = +1/2 (see Figure 3.1) [10]. These experimental findings demonstrated that
VV beams allow selecting suitable patterns without any use of beam shaping or holography for
specific material processing applications. The evolution of the surface morphology as a function

of N indicates a clear cumulative effect also for the VV beams.
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Figure 3.1 Examples of the surface structures developed on a silicon target after an irradiation sequence of N = 100
pulses at an energy E, = 48 pJ with different SoP: (a) radial, (b) azimuthal, (c) spiral and (d) linear. (e) Optical
patterns registered after a horizontally-oriented polarizing filter showing the radial, azimuthal and linear SoP of the
VV beam. (reproduced from Ref. [10])

So far, in the literature, the use of VV beams generated by the g-plates for direct surface structuring
was mainly focused on experiments based on g-plates with topological charge of +1/2 [3,7,9-

12]. In this thesis, an experimental characterization of the complex surfaces that can be fabricated
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by using g-plates with higher order topological charges has been accomplished, as illustrated in

the following sections [13,14].

3.2 Applications of optical vector vortex beams with different topological charges

Higher order g-plates are used to generate VV beams from an input fs Gaussian beam. Hence laser
ablation of silicon is induced by these structured beams forming complex surface structures due to
the complex intensity and polarization distributions associated to the higher topological charges.

In this chapter, the fs laser pulses were provided by a Ti:Sa laser system (800 nm wavelength, =35
fs pulse duration, 10 Hz rep. rate). Different optical VV beams were generated by using g-plates
withq = 1,3/2,2,5/2, with an initial angle @, = — /6. An external signal generator providing
a square-wave at 11 kHz and a variable voltage V,,, (peak to peak) was used to tune the optical
retardation & of the g-plate. The target was a crystalline silicon target (intrinsic resistivity > 200
Qcm), (1 0 0)) and the laser beam was focused onto the Si sample, in air, by a plano-convex lens
with a focal length of 75 mm. Furthermore, the simulated polarization and intensity distributions

of the VV beams are computed and showed in this chapter.

3.3 Optical retardation &

Q-plate is a birefringent wave plate based on liquid crystal technology. The local optical axes of
the liquid crystal molecules are distributed inhomogeneously in the transvers x — y plane [15].
The orientation of the liquid crystal molecular director can be changed through an external electric
field, therefore, & is uniform point by point along the plate with homogenous thickness [16]. The
variation of the peak-to-peak voltage intensity controls the efficiency of the spin-to-orbital angular
momentum conversion by means of the optical retardation & of the g-plate according Equation 15
of Chapter 2 [17].

The g-plate transforms an input light field described by the Jones vector 1, (x, y) into an emerging

light field v, (x, ¥) given by:
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lnbout(x» y) = [COS (g) [ —isin (g) Mq (a)] Yin(x,y) 1)

where I is the identity matrix, and M, () is the Jones matrix of a half-wave plate whose axis forms

an angle a with respect to the reference x-axis. Equation (1) shows that the optical retardation, &,
acts as a tuning parameter between two limiting states. A “tuned” condition that refers to
generation of singular vortex beams with uniform polarization ellipticity and a central vortex
singularity with zero intensity [18]. The g-plate is called “untuned” when the field at the exit plane
of the g-plate has achieved a partial spin-to-orbital conversion [19]. For the un-tuned condition, ¢
= 2x, the g-plate behaves as a transparent medium leaving unchanged the input beam. Some
examples of the g-plate configuration for different optical retardations & and their corresponding
spatial intensity profiles registered by a CCD camera after the g-plate with topological charge of
+1/2 are shown by JJ Nivas et al. [9]. In the following, we study the features of surface structures
induced by focusing the VV beam generated by g-plates, in different tuned and untuned conditions,
onto the silicon target. The surface patterns are characterized by a field-emission scanning electron
microscope (SEM).

3.3.1 Surface structures generated by optimally tuned g-plate

Irradiating the g-plate with a linearly polarized input beam allows generating a superposition of
left and right circularly polarized helical beams carrying opposite values of orbital angular
momentum (OAM), £ = +2q. At the optimal tuning, § = = (or any odd multiple of ), the g-plate
converts the input beam into a more complex optical beam capable of carrying an OAM. We
performed the present experiment to confirm an important degree of freedom of producing peculiar
surface patterns with complex distribution of sub- and supra-wavelength periods (i.e. ripples and
grooves) which are achievable by shining a VV beam with complex intensity and SoP spatial
distribution onto a target.

Since our laser system delivers a Gaussian beam with horizontal polarization, the input beam in
Equation 1 should be considered as ;,(x,y) = Gy (x,y). Accordingly, for the tuned condition
& = m the electric field of the output VV beam is V, (x,y) = My (a)Gy(x,y). The ablated craters

in this case follow the ring-shaped intensity distribution with a central singularity of the VV beam
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(Figure 3.2). A general solution of light field for the output beam after the g-plate with untuned

optical retardations & is a superposition state of the Gaussian Gy and the VV beam V, given by:

Your (6, ) = cos (3) GuGe,y) — i sin (3) Vg (x,7) )

The experimental and theoretical investigations of voltage tuning of the g-plate with topological

charge g = +1/2 is addressed in Ref. [9]. Here we deal with higher g values.

q=5/2

AN==7 1NN

(e) 5_1 ()

Figure 3.2 Panels (a) and (b): SEM images showing the surface morphologies developed on the silicon target after an
irradiation sequence of N = 200 pulses in tuned condition of g-plates (§ = m), for (a) g =1, and (b) g = 5/2,
respectively. The pulse energy is E, = 50 uJ for ¢ =1 and E, = 100 pJ for g = 5/2. Panels (c) and (d) display
zoomed views of the SEM image of panels (a) and (b), respectively. The scale bars in SEM images are 20 um for (a)
and (b) and 10 pm for (c) and (d). Panels (e) and (f) report simulation of far-field beam profile with local direction of
the beam polarization. In the maps, each beam intensity profile is normalized to its own maximum value and shown
in the color bar, while the spatial scale bar for the maps, shown in panel (e), is 20 pm. The yellow dotted line in panel
(a) marks a direction along which grooves alignment closely resembles a quasi-radial pattern, while in panel (e) it
shows the corresponding line in the SoP of the beam. On either side of this dotted lines, the surface structures and SoP

of the beam are arranged as a family of spiral-like patterns.

Figure 3.2 reports examples of SEM images of the target surface and maps of the spatial profiles of
both fluence and polarization for two VV beams, namely those produced withg = 1 and g = 5/2. In

particular, panels (a) and (b) of Figure 3.2 illustrate the morphology of the crystalline silicon surface
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after irradiation with N = 200 pulses at a pulse energy E, = 50 uJ forg = 1 and E, = 100 pJ for
q = 5/2. The lateral panels (c) and (d) are zoomed views of the SEM images of panels (a) and (b),
respectively, evidencing the LIPSS. Finally, panels (e) and (f) report two-dimensional maps of the
laser beam SoP (ellipses) and fluence (intensity, in false colour) spatial distributions. In the maps,

each beam intensity profile is normalized to its own maximum value.

The internal and external radii of each ablated annular crater depend on laser pulse energy as well
as the topological charge g. It is evident that for any q value the singular region at low fluence in
the center of the crater covered with large number of nanoparticles remains as it is. However, the
ratio R;,,/R., (indicated in Figure 3.2 (d)) clearly increases with the topological charge g, passing
from= 20% atq = 1/2to = 55% at g = 5/2 [14].

The SEM analysis of the LIPSSs in Figure 3.2 confirms the presence of three recognizable annular
regions: the central ring covered by grooves and two alongside rings covered by ripples. The
central ring is the region with highest peak fluence. The different width of the rippled regions is
due to the slightly dissimilar variation of the beam intensity spatial profile at the two sides of its
peak position. The average period of the ripples and grooves measured in the SEM images of
Figure 3.2 (a) are (535 + 36) nm and (1.7 £ 0.2) um, respectively [14].

The dependence of the LIPSS period on different laser beam variables, such as laser pulse energy
and number of pulses, was discussed by JJ Nivas et al. [10,20]. The dependence of ripples periods
on laser pulse energy at a fixed number of pulses is very weak; instead, there is a decreasing trend
of the ripples period with the number of pulses, at fixed energy. As for the grooves, both laser
energy and number of pulses have direct effect on the grooves spatial period. Here, the variation
of the LIPSS period on laser pulse energy and number of pulses follows a similar behavior.
Moreover, our findings do not evidence dependence of the spatial period of surface structures on
the topological charge g, but different topological charges produce different surface patterns due

to the spatial variation of polarization and intensity distributions.

Spatial maps of the state of polarization (SoP) of the VV beams are shown Figure 3.2 (e and f).
Comparison with Figure 3.2 (a and b) proves that the LIPSSs follows the direction of the local
polarization. It is worthy to note that employing g-plates with higher values of g produces more

complex spatial patterns and their orientation direction does not strictly follow the azimuthal or
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radial polarization. It is also observable in Figure 3.2 (a), on the right and left sides of the dashed
line, that the grooves disposition resembles the spatial distribution of the in-plane magnetic field
lines associated to a bar magnet kept along the direction of the yellow dotted line. To support this

picture, Figure 3.3 schematically depicts the expected behaviour for various values of q.

Figure 3.3 Panels (a) and (b) report schematic illustrations of the spatial distribution in-plane magnetic field lines
generated by an arrangement of bar magnets graphically resembling the spatial distribution of the grooves formed by
the VV beams generated by g-plates in tuned conditions (6 = m) and shown in Figure 3.2 (a) and (b). The right inset
(panel c) shows the same kind of schematic for the other g-plates used, namely g = 3/2 and g = 2. Interestingly, the

number of independent polar vertices locations n,, corresponds to n, = 2(|£| — 1) = (4q-2).

The spatial orientation of the grooves’ patterns (Figure 3.2 (b)) produced by the VV beam with
q = 5/2 behaves as the in-plane magnetic field lines generated by eight bar magnets arranged as
in Figure 3.3 (b). This is confirmed also for the other q values, for which the representative sketches
are shown in Figure 3.3 (c). Finally, the spatial orientation of the grooves’ patterns formed by
different g-plates evidences that the number of independent polar vertices locations is equal to

n, = 2(|£] — 1), with alternating N and S poles.

3.3.2 Effect of variation of optical retardation on surface structures

As indicated by Equation (2), the fractional contribution of the two components depends on the
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optical retardation &, which is easily controlled by the external voltage. Hereafter, we illustrate the
effect of the optical retardation tuning on the surface structures imprinted on the silicon target for

several & values, for the case g = 1.

=1.44n 0=1.18n

Figure 3.4 Panels (a)-(g) show SEM images of the silicon surface after irradiation with VV beams generated by g-
plate with g = 1 at different values of the optical retardation & ranging from § = 2 (Gaussian beam) to § = 0.597
(number of laser pulses N = 200, pulse energy E, = 40 pJ). For the sake of completeness, panel (d) shows the case
of a tuned g-plate (6§ = =) corresponding to a VV beam with |£| = 2, discussed in the previous section. In each SEM
image, the dotted arrows mark the direction along which the regions of minimum intensity of the VV beam move
while varying the optical retardation 6. The scale bar in each SEM image corresponds to 20 pm. For each case, the
lower panel displays the corresponding spatial distribution of the VV beam intensity and SoP. The scale bar, shown
in lower left map, is 20 pm.

The SEM images shown in upper panels of Figure 3.4 report an experimental survey of surface
patterns produced by a VV beam carrying an OAM [ = 2, in the condition of N = 200 laser

pulses at an energy E, ~ 40 pJ, for various optical retardations from § = 2w to § = 0.597.

The highest contribution of the VVV beam occurs in the case of § = m (Figure 3.4 (d)), which is the
optimal tuned condition discussed in detail in section 3.3.1. In the case of § = 2, the output beam
is completely Gaussian (Figure 3.4 (a)). Comparison between these two extreme cases shows that
the size of the crater formed by the Gaussian beam G is smaller than that of the optimal tuned

condition of the g-plate corresponding to the VV beam V,,. Moreover, while in the case of the VV

beam ripples decorate either sides of the grooved central annular region (22 + 1) um wide, the
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morphology of the crater induced by the Gaussian beam is rather different. This diverse texture is
due to the fact that the present analysis is carried out at a fixed energy E, = 40 uJ, which in the
case of Gy is spread over a smaller spot than for V, thus leading to a higher peak fluence, as also

indicated by the intensity maps of Figure 3.4 (lower panels). The peak fluence of the Gaussian

2E,
Twd

beam at the beam centre (x =0,y = 0) is ~ 1.4 JJcm?, which is about 2.7 times larger than

that of peak fluence value 2e~1

~ 0.51 J/lcm?of the V; beam with |£| = 1 occurring at a radial

W2

position 7, = 30 um [21].

We illustrate the variation of § for g = 1. A slight change from the optimal tuning, &, = m,
transforms the central circular region into an elliptical area (see panels (c) and (e) of Figure 3.4).
Further detuning changes it into two separate ellipses. Interestingly, the major axes of ellipses in
conditions of § = 1.44m and § = 0.84m (panels (b) and (f)) depend on the sign of (§ — &,p,) and

are orthogonal to each other.

There is a direct relationship between the number of split regions and the g number of the g-plate.
To clarify this, we consider the progressive change in the contributions of the two fields, i.e., Gy
and V, terms of Equation (2). The observed direction along which the region of minimum fluence
moves depends on the input polarization direction and on the value of «,, which in the present
case is estimated to be o, = —m/6. Splitting of the minimum fluence region in two parts is a
consequence of the decay of the central high-order optical VV beam, associated with the two

circular components, into elementary ones [22].

3.4 Fabrication of unconventional patterns

This section illustrates how variation of the optical retardation § for higher values of the
topological charge q is able to offer one-step structuring of peculiar patterns. Figure 3.5 reports
SEM images of fabricated structures with VVV beams generated with g-plates with g = 3/2 (panels
a, b), 1 (panels e, f), 2 (panels g, h), 5/2 (panels i and k). Two conditions of optical retardation
&, before and after the optimal tuned condition, are shown for each case. Taking as an example
q = 3/2, the number of ablated lobes for § = 1.51m or non-ablated islands for § = 0.59m of the
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constituent helical beams is in agreement with the OAM of the I, component, i.e. |£| = 3. These
three individual shapes are located on a circular track at ~ 120° from each other, surrounding a
triangular central region. This form is consistent with the spatial distribution of the laser fluence
of the VV beam, shown in Figure 3.5 (c) and (d).

Figure 3.5 SEM images illustrating the structures formed on the silicon surface after irradiation with fs VV beams
generated by three different g-plates for two different values of the optical retardation §. The scale bar in the SEM
images corresponds to 20 um. Panels (a) and (b) show the case of ¢ = 3/2 for § = 1.51m and § = 0.597 at a pulse
energy E, = 65 J. For this case, the lower panels (c) and (d) display the corresponding simulated far field intensity
and SoP patterns of the corresponding VV beams. The scale bar, shown in panel (c), is 20 um. Panels (e) and (f)
illustrate the case of ¢ = 1 for § = 1.5m and § = 0.7m at a pulse energy E, = 20 pJand N = 100. Panels (g) and (h)
show the case of g = 2 for § = 1.4m and § = 0.61m at a pulse energy E, = 55 pJ and N = 200. Panels (i) and (k)
report the case ¢ = 5/2 for 6§ = 1.28w and § = 0.61m at a pulse energy E, = 100 pJand N = 200.

Accordingly, two lobes are observed with g = 1, (Figure 3.5 (e) and (f)), four lobes for g = 2
(Figure 3.5 (g) and (h)) and the morphology consists of five arms in the case of ¢ = 5/2 (Figure
3.5 (i) and (k)). All the data confirm a remarkable relationship between the characteristics of the

generated patterns and the OAM of the helical beams forming the V, component, i.e. [£| = 2, 4

and 5, respectively. Moreover, in both cases, the orientation of the LIPSS imprinted in the ablated
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regions is consistent with the SoP of the VV beams [13,14].

Apparently, an appropriate optical retardation tuning can lead to a spatial fluence distribution
limiting the ablation in the central area of the crater whose shape results from the spatial
modulation of the VV beam fluence, and the existence of a definite threshold for material removal
in the laser ablation process. As displayed in Figure 3.4, the singularities are keen to stay apart
when § coefficient is less than one. At values of § slightly below the optimal tuned condition the
distance between the two non-ablated islands is still not enough to lead to their complete
separation. For instance, Figure 3.6 shows SEM images of structures produced with VV beams
with four different g at selected values of the optical retardation §. For g = 1, in panel (a) of

Figure 3.6 an elliptical non ablated area is formed.

g=1,0=097  ¢q=3/2,6=0857 ¢=2,0=087x ¢q=5/2,6=072x

Figure 3.6 SEM images of the silicon surface after irradiation with N = 200 fs V'V pulses generated by four different
g-plates; the topological charge, g, and optical retardation § indicated on the top of each image. The scale bars in the
images correspond to 20 um. The structures are produced at a laser pulse energy of: (a) 40uJ, (b) 65 pJ, (c) 55 pJ, and
(d) 100 pJ, respectively.

Hence, the other examples for g = 3/2, 2 and 5/2 show that with an appropriate tuning non-
ablated central area following triangular, square and pentagonal geometry, respectively, can be
formed. The white dashed shapes in Figure 3.6 are guides to the eyes. In panel (c) and (d), the
formation of a circular ablated area within the central regions is due to the gradual increase of the
intensity of the G component at the spot center. These examples suggest that appropriate optical
tuning of the g-plates allows generating VV beams capable of scribing peculiar geometrical shapes
on the sample surface that are characterized by a fairly good degree of regularity. The number of

sides of the imprinted figure is directly related to the OAM, |£|, carried by the left and right
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circularly polarized helical beams forming the 1, component, going from a segment with rounded
extremes at |#| = 2 to a blunt pentagon at |#| = 5. In the following, the creation of a variety of
surface structures, like laser induced periodic surface structures, multi-spot arrays and shaped
ablation craters, is demonstrated by direct laser surface structuring with vector vortex beams at

different values of g.

3.4.1 Mask-free insular patterns

In the previous section we investigated how variation of intensity distribution of VV beam profile
by means of variation of optical retardation can affect generation of peculiar surface structures
through superposition of unconverted part of the input Gaussian beam with an annular VV beam.
This can provide a feasible strategy in order to produce mask-free subtractive manufacturing
through localized ablation or in material transfer methods.

Here we illustrate an optical shaping of the VV beam intensity producing multiple beam spots at
the focal plane. This is achieved by filtering the VV beam in tuned conditions with a linear

polarizer, thus obtaining a multi-spot pattern in the focal plane with the number of lobes n = 4q.

Figure 3.7 Panel (a) reports an example of intensity map of the VV beam for q = 1 after filtering with a linear polarizer
transmitting the horizontal polarization, which illustrates the formation of a multi-spot pattern at the focal plane. Panel
(b) shows a SEM image of the surface pattern produced by the beam reported in (a), for N = 50 and E, = 40 pJ.
Panels (c) and (d) report SEM images of surface patterns produced by VV beams filtered by a vertically transmitting
linear polarizer for ¢ =2 (N = 100 and E, = 70 wJ) and ¢ = 5/2 (N = 200 and E, = 50 pJ). The scale bars in
panels (b), (c) and (d) are 20 um.
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Peculiar shapes generated by polarization filtering of VV beams generated by g-plates with a
topological charge g in tuned conditions are shown in Figure 3.7. Panel (a) of Figure 3.7 shows an
example of the 4 lobes intensity pattern for g = 1 after filtering with a linear polarizer transmitting
only the parts of the beam that are horizontally polarized. The corresponding SEM image of the
sample surface obtained for an irradiation sequence of N = 50 pulses at an energy E, = 40 uJ is
reported in Figure 3.7(b), which clearly shows the formation of a tetrameric ablative micro-pattern.
Panels (c) and (d) of Figure 3.7 report two further examples obtained by exploiting the VV beams
generated by g-plates with g = 2 and g = 5/2, respectively, that after filtering with a vertically
transmitting linear polarizer imprint a pattern composed of 8 and 10 lobes on the target surface.

3.4.2 Fabrication of large area peculiar surfaces

Here we illustrate the possibility of fabricating arrays of surface structures with peculiar shapes as
those obtained by fluence spatial profile tuning through a step scanning approach. In this way,
direct surface writing of a large area can be achieved with a repetition of an elemental crater shape
and its surface structures in a given spatial arrangement. Such an approach has been recently
applied to elaborate large area of biomimetic surfaces composed of hierarchical structures on Ni
showing super-hydrophobic behavior by using a phase plate capable of producing radially and
azimuthally polarized VV beams [23]. In the following, we show some examples of patterns
obtained by step scan with VVV beams produced by a g-plate with topological charge g = 1. The

used number of pulses for each elemental crater is N = 100 and the pulse energy is E, = 20 pJ.

Figure 3.8 (upper panels a-c) reports SEM images of patterns fabricated by using a VV beam
generated in tuned conditions (6 = m). Three examples are reported illustrating how the
morphological features of the surface varies as a function of the step size 4. At 4 = 120 um, the
SEM images reported in panel (a) of Figure 3.8, show an array of well separated annular craters
(as indicated by the dashed yellow lines) inscribed within a connected background of the pristine
sample surface. Reducing 4 to values smaller than D (the diameter of the elemental crater is D =
110 um) the craters partially overlap, as for example shown in panels (b) for 4 = 100 pm. This
leads to a surface morphology composed by a periodic array of disks with a diameter of ~ 45 um

(upper dashed yellow line in panel (b)), corresponding to the central non-ablated area of each
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crater, intercalated with a secondary pattern of inclined squares with a side of =~ 30 um (lower
dashed yellow line in panel (b)). Finally, at still lower value of 4, e.g. for 4 = 80 pm as reported
in panels (c), a regular array of disks separated by a background fully decorated with LIPSS is

eventually produced.

Figure 3.8 SEM images of the patterns obtained by using a VV beam generated by a g-plate with topological charge
q = 1 in tuned conditions for (a), (b) and (c) and slightly untuned § = 0.7= for (d), (e) and (f). The number of pulses
for each elemental crater is N = 100 and the pulse energy is E, = 20 pJ. The nominal step size of the translation
stage is 4 = 120 um for (a), 4 = 100 um for (b) and 4 = 80 um for (c). The scale bars are 50 um for all the panels.

The unitary tiles of the pattern are evidenced by dashed yellow lines.

Instead, lower panels of Figure 3.8 (d-f) illustrate the case of patterns fabricated by repeating
shaped craters produced by a VV beam in un-tuned conditions. As an example, we selected the
case of a bow-tie shape occurring for § = 0.7m. Three examples are reported illustrating various
arrangements of the periodic arrays and the fairly good reproducibility of the craters. Panel (d) of
Figure 3.8 reports a pattern of bow-tie shaped craters with one of the main symmetry axes aligned
along the horizontal position. The orientation of the crater shape can be varied by acting on the
direction of the input laser linear polarization to the g-plate, as shown for example in panel (e)
were two consecutive elemental tiles of the array are rotated by 90° at each scanning step. Finally,

panel (f) Figure 3.8 illustrates an example of pattern that can be achieved by writing bow-tie shaped
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craters with their longer axis inclined at = 30° and a step size (= 100 pum) slightly smaller than

their major axis length (= 110 um).

A variety of pattern can be possibly achieved by changing the step parameters and the shape and
size of the elementary craters by voltage tuning and appropriate selection of the g-plate topological
charge. This approach allows producing a variety of surface patterns in form of periodic or
aperiodic arrays of shaped non-ablated island decorated with nanoparticles separated by a carpet
of LIPSS and surface structures [13].

In brief, the experimental and theoretical investigations confirm that fs surface structuring with
twisted like lights generated by g-plates offers more complex structures from both points of view
of overall crater shapes and fine structures formation. The pictorial representation suggests that
the grooves formed on the silicon target surface provide an easy and direct visualization of the
beam SoP also for more complex beams, thanks to their inherent property of orienting along the
field polarization. Taking into account the optical retardation § tuning of a VV beam as another
key parameter of surface texturing, it proves novel strategy to manipulate the fluence distribution
of the beam, and fabricate specific surface structures, with peculiar shapes. This is achieved by
simply tuning the voltage to the g-plate, thus making our approach very useful and advantageous
as a beam shaping technique since it allows generating a variety of fields in an easy way and with

the use of a flat and compact optical element.

Moreover, we have considered a facile way of obtaining a multi-spot beam pattern in the focal
plane by a polarization filtering of the VVV beam through a linear polarizer. Finally, the elaboration
of surface patterns was illustrated through a spot-by-spot step scan approach that allows covering

large area of the target sample.

In conclusion, irradiation with fs complex light beams can offer a valuable route to design
unconventional surface structures, which, moreover, can provide basic units that replicated over

larger areas allow fabricating complex surfaces with novel or extended functionality.
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4 Effect of various experimental parameters in laser surface

structuring of silicon

Abstract — The laser beam parameters influence the characteristics of the surface structures, e.g. shape of
crater and fine features. As discussed earlier, number of pulses and energy per pulse have significant role
in defining density, arrangement and size of the LIPSSs as well on the decoration of the processed surface
with ablated particles. Here, we analyze further how laser beam features like wavelength and pulse
repetition rate influence the LIPSS features. The experimental results are compared with some simulation
predictions addressing the role of hydrothermal wave character of the grooves formation. In addition, we
report on the effect of the ambient pressure.

4.1 Introduction

The most common low spatial frequency LIPSS (LSFL) are ripples with near-wavelength period.
Ripples have been very much investigated and their formation mechanisms are generally ascribed
to the excitation of surface scattered waves, e.g. surface plasmon polaritons (SPPs), or self-
organization of surface instabilities [1-3]. However, for the generation of grooves, the other
surface structures with supra-wavelength period and orientation parallel to the laser polarization,
there is no general explanation yet. Some prediction models [1] and experimental findings [4]
suggest a relevant influence of hydrodynamics of molten material and redeposition of ablated
particles [1,4—6]. Grooves typically form at high fluence and number of pulses, hence hereafter we
will select experimental conditions that favor their creation in order to clarify the influence of the
experimental parameters on this less investigated LIPSS. In particular, in this chapter the influence
of ambient and laser beam conditions is discussed. The experiments are carried out with standard
beams with a Gaussian intensity profile and homogenous polarization. In section 4.2, the influence
of the pulse repetition rate (RR) on fs laser irradiation of silicon, in air, is experimentally
investigated in the range 10 Hz — 200 kHz. The analysis considers both the features of the shallow
craters and the LIPSSs produced inside the crater evidencing interesting effects of the pulse
repetition rate. Section 4.3 reports experimental results on an analysis carried out at two different

laser wavelengths A, namely 513 nm and 1026 nm, at fluences above the grooves formation
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threshold. Both static and dynamic irradiations conditions are used and the role of number of pulses
N and laser peak fluence E, for both wavelengths is discussed. In this section, also the results of
simulations carried out in a collaboration with Dr. George D. Tsibidis are shown and compared to
the experimental findings. In section 4.4, the variation of ambient pressure and its effect on the
morphology of ripples and formation of grooves is highlighted. Moreover, the impact of variation

of laser beam polarization in vacuum condition is also investigated.

4.2 Effect of laser pulse repetition rate

Direct fs laser surface structuring can be very useful for applications like fast generation of high
regular patterns over a large area [7] or for fast laser drilling [8,9]. In such a case high repetition
rate laser source are considered and associated to dynamic and static irradiation conditions. Studies
on high repetition rate (HRR) (= 50 kHz) for both micro-hole drilling and surface texturing show
interesting results [10-13], suggesting that repetition rate of pulsed laser beams can open a new
degree of freedom to approach the proper temporal separation between pulses during fs laser

processing.

In this section, results of an experimental analysis designed to investigate the process of irradiation
of a silicon target from low to high repetition rates, in the range 10 Hz — 200 kHz are presented.
Features of both crater and fine structures are analyzed as a function of the fs laser pulse repetition

rate. The samples were prepared in static irradiation conditions with a fixed number of pulses.

The fs pulses were provided by a chirped pulse amplification Yb:KGW (1030 nm, =180 fs,
maximum pulse energy ~1.5 mJ), capable of delivering pulses from single shot up to a maximum
repetition rate of 200 kHz. The beam was focused on an intrinsic, (100) silicon plate using a lens
with a nominal focal length of 200 mm, in air. The target was mounted on a XY -translation stage
located perpendicular to the laser beam direction. The morphology of the irradiated surfaces was
analyzed by field emission scanning electron microscopy (FE-SEM) for the LSFL structures and
by a stylus profilometer (Dektak XT) capable of providing a tridimensional (3D) view of the

shallow crater profile.
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The laser beam has the Gaussian spatial profile. Therefore, the 1/e?>-beam waist w,, which was

discussed in detail in Chapter 2, is obtained by employing the following relation:

2 Wo E
where r is the radius of the crater produced on silicon with laser pulse energy E, and E;, is the
threshold energy for ablation. The size of the craters generated by N = 200 number of pulses,
using lower RRs of 10 Hz and 1 kHz are well fitted to Equation (1) and gives the values of w, =
(35+ 1) um, and E;, = (2.6 + 0.4) wJ. The dependence at high repetition rates of 20 and 200

kHz shows some changes [14], as illustrated later.

Figure 4.1 shows the variation of the crater radius with RR; the values are normalized to the crater
size at 10 Hz. We can observe two regimes of low and high RRs with a clear transition occurring
for RR around 10 kHz. For HRR irradiation, two effects can influence the process: heat
accumulation and ablation plume shielding. Heat accumulation occurs when the fraction of energy
released to the target in form of heat cannot diffuse out because the temporal separation between

consecutive pulses is too short [11,13,15,16].
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Figure 4.1 Crater radius dependence on the repetition rate RR, at E = 10 puJ and N = 200 pulses. The data points are
normalized to the value of the crater radius at 10 Hz. The line is a guide to the eye [14].
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Pulse after pulse, an increase of the target temperature occurs, and transport of energy out of the
irradiated region can cause irreversible changes, and surface damage in the surroundings of the
irradiated area. This effect has been typically observed for values of several hundred kHz, or MHz,
and is expected to become important for silicon at RRs of several MHz or more [17]. In such cases,
larger craters with rougher shapes are also observed due to heat diffusion and accumulation
[11,16]. Moreover, the effect increases at higher RRs. In our case, however, we observe a similar
trend of the crater size for 20 kHz and 200 kHz [14] and a reduction of the crater size with respect
to that obtained at low RR. This suggests that heat accumulation should play a minor role in our

experimental conditions.

In ablative conditions, the second effect that can influence the process, i.e., plume shielding, takes
place when the residence time of the cloud of ablated particles above the target surface is
comparable with the pulse separation. Ultrashort laser ablation of a solid target results in the
emission of an atomic plasma plume consisting of electrons, atoms and ions followed, on a longer
timescale, by a cloud of nanoparticles, which typically accounts for the largest part of the ablated
volume [18-21]. The pulse separation in multi-pulse laser irradiation at high repetition rate is large
enough and involves the interaction with the ablated material at a longer delay after the pulse. The
typical expansion time of a fs laser ablation nanoparticles plume in a vacuum is of several tens of
ps, and its residence time over the target surface becomes even larger in a background gas, due to

confinement effects [14].

The craters of SEM images in Figure 4.2 are produced by irradiation sequences of N = 200 laser
pulses at a pulse energy E = 10 uJ for different values of the repetition rates. Panels (a) and (e)
shows the reduction in size of the ablated crater at 200 kHz compared to that of 10 Hz. The
observed reduction of the crater size can be reasonably ascribed to a plume shielding effect that
induces a reduction of the effective energy reaching the target surface, due to absorption and
scattering of the laser light by the ablated material close to the target surface at these values of the
RRs [14]. Plume shielding proposes some possibilities of nonlinear effects on beam propagation
such as self-focusing and plasma defocusing due to direct interaction of particle cloud with the
laser beam. This effect may make the beam to arrive on the surface in Gaussian deviated spatial
profile, consequently, the crater is larger and the shape is not perfectly Gaussian. However, the

fact that we observe the formation of smaller crater with a rather circular shape and whose square
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radius follows pretty well the predicted dependence for a Gaussian beam profile but with a smaller
slope, even at high RR values, seems to suggest that such effects should play a minor role in our

experimental conditions [14].

Figure 4.2 SEM images of the irradiated samples at N = 200 pulse and E = 10 pJ, for different values of the pulse
repetition rate. Panel (a) shows the image corresponding to 10 Hz that is exemplificative of the crater morphology in
the low repetition rate regime. Panel (b) is a zoomed view corresponding to the red box in panel (a). Panels (c), (d)
and (e) report SEM images at RR 20, 50 and 200 kHz, respectively. Panel (f) is a zoomed view of the yellow box in
panel (e). The arrow in the upper right corner of panel (a) shows the laser beam polarization direction [22].

The SEM images of panels (a) and (b) of Figure 4.2, corresponding to repetition rate f,, = 10 Hz,
are representative of the LSFL generated in the low repetition rate regime that consist of sub-
wavelength ripples and supra-wavelength grooves oriented along the direction perpendicular and
parallel to the laser beam polarization, respectively. The grooves cover a central region with a
diameter of ~32 um, while the ripples are present over an outer annulus with a thickness of ~10
um. The two structured regions are separated by a very thin transitional area of few microns, as
evidenced in the zoomed view of panel (b) in Figure 4.2. Panels (c), (d) and (e) of Figure 4.2 show
SEM images registered at f, = 20, 50 and 200 kHz, respectively, illustrating changes occurring

at high RR. The SEM images evidence a less regular crater edge and a reduction of the crater
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diameter. More interestingly, the LSFL texture of the central part of the crater progressively varies
with the pulse RR, while the outer ring of ripples is always present. At f, = 20kHz, in panel (c)
of Figure 4.2, the LSFL are rather similar to that observed at lower RR, showing an external
rippled area surrounding a central grooved region. At f, = 50 kHz, only few remnants of the
grooves observed at lower repetition rates can be recognized, while the texture of the central part
varies significantly, eventually displaying a well-developed network of crochet-like structures at
fp = 200 kHz (see i.e. panel (f) of Figure 4.2).

Figure 4.3 summarizes the experimental conditions for the formation of the different structures in
the central region of the crater, symbolizing the type of surface structures observed for any couple
of values of the parameters (f,, F,). However, as the local value of the fluence degrades from the
peak value to the ablation threshold moving towards the periphery, we also consider that ripples
are generally formed for values of F, from the ablation threshold up to F, ~ 0.3 J/cm* (E = 5.5
pJ), for any value of the repetition rate up to 200 kHz. This is indicated as a reddish-shaded area
in Figure 4.3. The other colored areas identify regions of the parameters space in which LSFL can
be assigned to grooves (bluish-shaded area) and crochet-like network (yellowish-shaded area),
respectively, even if no sharp separation can be precisely defined. Interestingly, for F, ~ 0.35
Jlem?, we cannot recognize well-formed grooves for 10 Hz<f,,<1 kHz, while they form in the
range 2 kHz <f, <20 kHz. At larger values of F, ~ 0.45 J/cm? and ~ 0.5 J/cm? grooves are
always present unless for the very high RRs, where a crochet-like network is generated. Besides
the need for a deeper comprehension of the mechanisms leading to the disappearance of the
grooves at the highest values of the parameters (f,, F,) here investigated, the plot of Figure 4.3
displays an interesting playground for the generation of a variety of LSFL by appropriate selection
of peak fluence and repetition rate, thus confirming the feasibility of laser surface structuring for

the generation of a wide range of surface structures.

We turn now to analyze the profile of the craters obtained by a profilometer and SEM. Figure. 4.4
reports the ablated craters produced by N = 100 laser pulses at an energy E = 10 pJ and
repetition rate of f, = 50 kHz. In this figure, panel (a) shows 3D view of the crater height profile
in form of a bi-dimensional false color map. The map shows the formation of a circular crater with

a diameter D ~ 40 um (dotted blue circle) surrounded by a rim. As evidenced in the one-
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dimensional cross section height profile of Figure 4.3(b), the rim reaches maximum height levels
of ~ 1 um above the pristine surface of the silicon sample (z = 0), while the points of maximum
depth in the central area of the crater are located at ~ 1 um below the original surface level.
Therefore, the generated craters are very shallow as maximum depth and rim heights are = 40

times smaller than diameter.
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Figure 4.3 Type of LSFL observed for any couple of values of the parameters (f, F,). The data refer to irradiation

sequences with N = 100 laser pulses. The shaded areas identify regions of the parameters space where the specific
LSFL is observed. The reddish-shaded area evidences the region in which ripples are formed considering that they are
always present from the edge of the crater corresponding to the ablation fluence threshold up to about 0.3 J/cm?, for
all the repetition rates investigated.

The SEM image of the same crater is shown in inset of Figure 4.4 (b). The dashed circles in this
SEM image correspond to the three arrows with the same colors in the cross-section profile of
Figure 4.4 (b). The green shows the position of the zero-level pristine surface, the blue is the
boundary of the crater according to what we see from the SEM and the red displays the location
of highest position of rim registered by the profilometer. Considering these three locations on the
ablated crater claims that the edges of the spots acquired by the SEM neither match with the zero-
level nor the highest position of rim. In fact, it is positioned on a place between the zero-level and
the rim; this is possibly due to very much shallow crater and also it depends on the focusing and
image contrast of the SEM [22].
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Figure 4.4 Panel (a) displays an example of a profilometer map of the shallow crater produced by a sequence of N =
100 pulses with an energy E = 10 WJ at a pulse repetition rate f, = 50 kHz. Panel (b) shows a crater cross section
profile along the horizontal dashed line reported on the map of panel (a) and crossing the deepest region of the crater.
The three double-headed arrows in panel (b) identify the locations of the highest position of the rim (red), of the edge
of crater observed by SEM imaging (inset in panel (b)) (blue) and of the locus of the points at height z = 0
corresponding to the original level of the pristine surface of the silicon sample (green), respectively. The dashed circle
in panel (a) corresponds to the blue double-headed arrow of panel (b).

Figure 4.5 reports the dependence of crater topographic features on the RR. Figure 4.5 (a) shows
the variation of the crater volume and average depth considering the regions below the zero-level
pristine level (see the 3D view of the crater registered by profilometry in inset of Figure 4.5 (a))
as a function of pulse repetition rate. The dependence of both parameters on f, is consistent with
the presence of two different regimes with a sharp transition around 20 kHz. This reduction
evidently is happening simultaneously with the sharp reduction of crater size at the same repetition
rate, 20 kHz, as it was discussed in Figure 4.1. The same transition is observed for the volume of
rim of crater (see Figure 4.5 (b)), where the redeposited ablated particles above the zero-level are
located (see inset of Figure 4.5 (b)), as a function of f,.

This fact suggests that for the low repetition rate regime (f,, < 20 kHz), the small variation is
related to the intrinsic fluctuations of the ablation process occurring in the typical experimental
conditions used in laser surface structuring. Then, a transition occurs to a high pulse repetition rate
regime (f, > 20 kHz) characterized by a progressive reduction of the ablation efficiency. These
results confirm the previous explanation of a progressive reduction of the ablation rate as the RR
reaches the tens of kHz region [14].
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Figure 4.5 Panel (a) reports the variation of the crater volume (circles, left axis) and average crater depth (squares,
right axis) on the pulse repetition rate f,. Panel (b) shows the dependence of the rim volume as a function the pulse
repetition rate f,,. The data refer to irradiation sequences with N = 100 laser pulses at a pulse energy E = 10 pJ.

To conclude, in this section the generation of quasi-periodic surface features on crystalline silicon
irradiated by fs laser pulses was investigated experimentally evidencing a variation in the surface
morphology with respect to the RR in the range 10 Hz — 200 kHz. It is found that above-wavelength
grooves formation is completely hindered as RR reaches 20 kHz, instead another quasi-periodic
feature aligned normal to the polarization is identified. Our experimental results evidence a clear
dependence of surface features formation when the same number of laser pulses is delivered to the

target but at different repetition rate, in static conditions.

4.3 Effect of laser beam wavelength

Most of the experimental investigations on supra-wavelength periodic structures (e.g. grooves)
exploit near-infrared Ti:Sa laser sources [5], usually with wavelength A~800 nm, and the spatial
period of the grooves typically observed is larger than one micron (A > 1 um). JJ Nivas et al.
observed that the spatial period of the grooves produced by 400 nm fs laser beam shows a value
of the order of two times the laser wavelength (Ag,oope = 24;45er) [23]. In this section, the results
of an experiment carried out at two laser wavelengths to highlight the role of such parameter on

the grooves features is reported.
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Two set of experiments were carried out using both the fundamental (4,4, = 1026 nm) and the
second harmonic (15,3 = 513 nm), generated by a BBO crystal, provided by a Yb:KGW laser
system with a pulse duration of =180 fs and a maximum energy of ~1.5 mJ. The silicon target was
exposed to the laser beam focused using a lens with focal length of 200 mm, in air, at a pulse
repetition rate of 1 kHz. The sample was positioned on a XY translation stage. For both
wavelengths, LIPSSs were generated in static and dynamic conditions. The laser beam with a
Gaussian spatial profile hit the sample at normal incidence. The spot diameter D at 1/e? of the
maximum laser pulse fluence, F, (for pulse energy E, F, = 8E/mD?), were estimated to be

Dig26 ® 72 pm and Dsq3 = 78 pm.

4.3.1 Grooves formation at both wavelengths 45,3 and 41426

A general proposal for explaining the formation mechanism of LSFL for fs irradiation on metal
and semiconductors takes into account the absorption of laser pulse energies by electrons.
Electron-photon coupling lead this energy to be transferred to the lattice within few picoseconds
[6,24]. Considering the fs laser ablation of silicon in different laser wavelengths, the energy
absorption in visible regime is higher than that of NIR due to higher level of energy of photons at
such wavelengths [23]. This suggests that, at the same laser fluence, irradiation with shorter

wavelength gives higher chance of producing grooves [25].

Prior to the experiments in static and dynamic conditions, a set of single craters was realized with
various number of pulses N and laser fluences F, in order to evaluate the values of the threshold
fluence for grooves formation at the two different wavelengths. The ripple and groove formation
threshold fluences F;,, were estimated by measuring the laser energy dependence of the radii of
grooves and ripples edges from SEM micrographs of the irradiated spots [5]. The determined
dependence of F;, of ripples and grooves for 15,5 and 1,4, as a function of number of pulses N

is reported in Figure 4.6 and follows the relation [26]:

Fen(N) = F (1) N¥1 (1)



Chapter 4 — Effect of various experimental parameters in laser surface structuring of silicon 58

where ¢ is the incubation factor and F,;, (1) is the fluence threshold for N = 1. In Figure 4.6, the
solid lines are the fitting curves to the data points. The estimated values of fluence threshold and

incubation factors are summarized in the Table 4-1.
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Figure 4.6 Variation of the fluence threshold F;, with the number of pulses N for ripples and grooves at both
wavelengths 1,6 and 4s,5. The uncertainties on the experimental data points are contained within their respective
size. The solid lines are a fit to the dependence of Equation (1). The values of the fitting parameters are listed in Table
4-1.

The threshold fluence values and incubation factors are comparable with those reported in the
literature [23,26,27]. We observe that the fluence threshold F;;, (1) at 513 nm is about 3.5 times
lower than that of 1026 nm, confirming the larger effectiveness of ablation and LIPSS formation
at the shorter wavelength. This is likely due to a diverse energy coupling efficiency to the silicon
target of laser pulses with different wavelengths and to the consequent different level of excitation
reached by the irradiated material [23]. In fact, LIPSS features depend on the absorption of laser
pulse energies by electrons. Electron-phonon coupling lead this energy to be transferred to the
lattice within few picoseconds [6,24]. Considering the properties of silicon for different light
wavelengths, absorption in the visible is higher than NIR, thus suggesting that, at the same laser
fluence, irradiation with the shorter wavelength gives higher absorbed energy and consequently

more chance of producing grooves [25].
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Table 4-1 Peak fluence threshold F,;, (1), in J/cm?, for N = 1 pulse and incubation factor & for the two wavelengths
used in the experiments, namely 513 nm and 1026 nm. The subscripts R and G refer to ripples and grooves,
respectively. The peak fluence threshold for ripples corresponds to that needed to produce the shallow ablation crater.

A Finr(1) Fin,c(1) SR $6
513 nm 0.07 + 0.02 0.17 + 0.03 0.87 + 0.02 0.82 + 0.06
1026 nm 0.25 + 0.03 0.61 + 0.03 0.78 + 0.04 0.77 + 0.03

4.3.2 Static laser irradiation mode

In the static mode the target is irradiated at a fixed position by a sequence of N pulses, at a selected
energy E, producing a shallow crater decorated with LIPSS. Here, we illustrate the morphological
features of LIPSSs produced in the center of the craters and their dependence on number of pulses
N and laser pulse peak fluence F,. Moreover, the comparison of the observed trends between the

two wavelengths is also considered.

Figure 4.7 (a) reports some examples of SEM images of the central region of the irradiated silicon
surface registered at various values of N in the range 50 to 1000, at a laser pulse fluence F, = 0.4
Jlem?, for both wavelengths. Well-developed grooves are observed at both wavelengths for 50 <
N < 500. However, from the SEM images of Figure 4.7 (a), which display areas of the irradiated
surface with a similar extension, one can also observe that at 1026 nm the grooves cover a smaller
central area and are always surrounded by the ripples, meanwhile at 513 nm they extend over all
the frame as a consequence of the much smaller threshold fluence for their formation at the visible

wavelength.

Figure 4.7 (b) shows the variation of the grooves period A, (symbols are experimental data) as a
function of N for both wavelengths at a peak fluence F, = 0.4 Jicm?. As the exact value of
Agvaries with the specific surface location in the grooved area, an average value of the period was
estimated, and the observed variability is indicated as an error bar. The data of Figure 4.7(b) show
that, at fixed peak fluence, A; progressively increases with N. This observation results in good
agreement with previous experimental findings [23,27] and theoretical predictions, as indicated by

the solid lines [1]. Another interesting aspect is the dependence of the grooves period on the laser



Chapter 4 — Effect of various experimental parameters in laser surface structuring of silicon 60

wavelength [28]; in Figure 4.7 (b) we observe that the period of the grooves produced at 513 nm

is always smaller than at 1026 nm, for the same number of pulses [25].
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Figure 4.7 Panel (a) reports SEM images of central part of the ablation crater at both 4,4,¢ and A5,5. for different
values of the number of pulses N. The laser peak fluence F, = 0.4 J/cm? The scale bars shown in the SEM images
are 10 pm. the double headed arrow shows the laser beam polarization direction. Panel (b) shows the dependence of
the grooves period A, on the number of pulses N in the range 50+500, for both 4,,,¢ and 45,5. The symbols show the
experimentally (exp.) and the two solid lines represent the trends predicted by the theoretical simulations (sim.). the
simulation results of surface modification for F, ~ 0.4 J/cm? for irradiation with N = 60 laser pulses are illustrated

at (c) 513 nmand (d) 1026 nm.

Some simulations of the groove’s formation process were carried out by George D. Tsibidis
(Institute of Electronic Structure and Laser, FORTH) for conditions similar to those used in the
experiment. Maps of the silicon target surface after irradiation with peak fluence of 0.4 J/cm? for
N = 60 laser pulses for both 513 nm and 1026 nm obtained by the simulations are illustrated in
Figure 4.7 (c) and (d). It is evident that ripples are also formed in the periphery of the irradiated
area in both cases, but the coverage with grooves is enhanced at the smaller wavelength, in
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agreement with the experimental findings of Figure 4.7 (a). Interestingly, the simulations also
predict an increasing trend of the grooves period and an approximately similar rate of change on
Nas shown by solid lines in Figure 4.7(b). At 513 nm, the simulated values of the grooves period
are slighlty larger than the experimental one, especially for larger N, whereas at 1026 nm they are
within the experimental error. These differences can be likely due to progressive reduction of the
experimental values for damage threshold and LIPSS formation with pulse number N due to
incubation effects [25]. However, the fairly good agreement between the experimental findings
and the simulation predictions at the two wavelengths suggest the significance of the underlying

hydrothermal waves considered in the model for the generation of grooves.
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Figure 4.8 Panel (a) reports SEM images exemplifying the variation of the central part of the ablation crater at both
Ao26 and Asq3. for three different values of the peak fluence F,, as indicated on the left side of each image. The
number of pulses is N = 200. The scale bars shown in the upper SEM images are 10 um. The double headed arrow
shows the direction of laser beam polarization. Panel (b) shows the variation of the grooves period A as a function
of the peak fluence, for both wavelengths, as measured at N = 100 laser pulses, an experimental condition in which
clear grooves are recognized at all the values of the laser fluence shown in the plot.

Figure 4.8 illustrates the variation of the grooves with the laser peak fluence F,. Panel (a) of Figure
4.8 reports typical SEM images of the central part of the ablation crater at both A5,3 and A, ¢26.
Here, for the sake of simplification, only three different values of the peak fluence F,, at a pulse
number N = 200, are shown. Panel (b) of Figure 4.8 shows the dependence of the grooves period
Ag on the peak fluence F,, for both wavelengths. The number of pulses N = 100 is considered

here since it allows displaying more data points for the wavelength 1, but a similar trend occurs
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at N = 200 as well. At both wavelengths, A; increases linearly with the laser peak fluence F, [25],

which seems in agreement with recent theoretical and experimental results on steel [6] but that

deserve still theoretical confirmation for the case of silicon.

4.3.3 Scanning laser irradiation mode

The experimental performance for laser irradiation in dynamic mode aims at investigating the
possibility of producing grooves by moving the silicon sample at different scan velocities. This

achievement is important due to the industrial demands for large area laser processing.

Figure 4.9 shows the SEM images of the silicon surfaces under dynamic laser irradiation mode for
both wavelengths. The fabrication of scanned lines was done using the same laser system of the
static irradiation mode at a pulse repetition rate f, = 1 kHz and a peak fluence F, = 0.4 Jlem?,
Four different values of the scan speed v, namely v, = 1,0.5,0.25,0.1 mm/s, are selected. Due
to the slight difference in the values of the laser spot diameter D for the two wavelengths, the
number of overlapped pulses N, = D f,/vs have slightly different values, namely {78, 156, 312,
780} at 513 nm and {72, 144, 288, 720} at 1026 nm, corresponding to the scan speeds of {1, 0.5,
0.25, 0.1}, respectively.

Presence of supra-wavelength grooves, oriented parallel to the direction of laser polarization, is
evident under irradiation with 513 nm for all four values of the scan speed (upper panels of Figure
4.9). From the SEM images we can observe a qualitative trend of increasing spatial period as the
surface scan gets slower and the number of overlapped pulses increases. On the other hand, the
scanned lines at 1026 nm (lower panels of Figure 4.9) display formation of well-developed grooves
in conditions of higher overlapped pulse and lower scan speeds. In particular, presence of grooves
at a scan speed of 1 mm/s (Figure 4.9 (a)) is not clearly recognizable as much as ripples. Moreover,
slower scans result in thicker grooves (i.e. Figure 4.9 (h)). These observations are coherent with
the variation of the surface structures on the pulse number N observed in static irradiation

conditions in section 4.3.2.
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Figure 4.9 SEM images of the silicon surfaces after irradiation with laser peak fluence F, ~ 0.4 J/cm? and repetition
rate f, = 1 kHz for four values of the scan speed v, (e.g. v = 1,0.5,0.25, 0.1 mm/s), as indicated above each column.
Panels (a-d) correspond to surface structuring with 513 nm, while panels (e-h) with 1026 nm, respectively. The number
of overlapped pulses, N, is: (a) 78; (b) 156; (c) 312; (d) 780; (e) 72; (f) 144; (g) 288; (h) 720. The scale bar is equal
to 10 um. The double-headed arrow in panel (a) shows the laser polarization direction for all panels.

Figure 4.10 reports a direct morphological comparison of fine structures formed in the central
region of craters between static and scanning laser irradiation with laser peak fluence of F, = 0.4
Jlem? for each laser wavelengths. The upper images in both panels (Fig. 4.10 (a) and (b)) display
SEM images of the craters in static condition after irradiation with a sequence of N = 200 laser
pulses for 513 nm and 1026 nm. While, the lower SEM images show the lines obtained with scan
speed of 0.25 mm/s at 513 nm and 1026 nm. For all cases, zoomed views are shown on the sides
in dashed boxes. These images confirm that the general characteristics of the irradiated surface are
rather similar in the two experimental conditions. In fact, in both modes of irradiation, at 513 nm
(see Figure 4.10 (a)) a central grooved region is surrounded by the region covered with rudiment
of grooves, while at 1026 nm (see Figure 4.10 (b)) grooves and ripples cover the central and outer
regions, respectively. The similarities of morphologies in static and dynamic conditions suggest
that a similar formation mechanism for grooves generation: the energy redistribution induced by
the electromagnetic mechanisms is related to the generation of surface scattered waves induced by
the sample roughness and by the already formed ripples [4,5].

However, the zoomed views of Figure 4.10 show some differences in the finer morphological
features of the structures. In particular, the grooves show a larger granularity in the scanning
regime at 513 nm and a more evident underlying layer of ripples at 1026 nm. These characteristics
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can be likely associated to the fact that while with static irradiation each point of the surface

receives the same amount of laser fluence in each shot, in scanning mode the local value of the

fluence varies continuously with the laser shot (or time) [25].

Figure 4.10 Comparison of the surface structures for static and dynamic irradiation conditions at the two wavelengths:
() 513 nm; (b) 1026 nm. In both cases the laser peak fluence is F, = 0.4 J/cm? The upper SEM images refer to static
irradiation conditions with a number of pulses N = 200. The lower SEM images refer to dynamic irradiation
conditions for a scan speed v,0f 0.25 mm/s, corresponding to a number of overlapped pulses N, of 312 at 513 nm and
288 at 1026 nm, (b) 1026 nm. The images in dashed boxes next to each image shows the zoomed views. The scale bar
in full views are 10 pm and in zoomed views 5 um. The double headed arrow in panel (a) shows the laser polarization
direction.

4.4 Effect of ambient pressure on formation of grooves

In previous sections, we have seen that the irradiation conditions play a crucial role on the
formation of LIPSSs; however, mechanisms of surface structures formation are still debated.
Zayats et al. reported that scattering of surface plasmon polaritons (SPPs) can result from surface
roughness [29]. Therefore, the next laser pulses combine with the SPPs of previous produced
nanostructures which causes a periodic spatial modulation of energy onto the surface irradiated by
a linearly polarized laser beam [3,30]. The surrounding media is another parameter influencing the
morphological features of LIPSS. Apart from air which is the most common ambient in which the
surface structures are produced, already discussed in previous sections, several studies considered

the case of liquid environment [31-33], but very few investigated the development of LIPSS in



Chapter 4 — Effect of various experimental parameters in laser surface structuring of silicon 65

high vacuum or at variable ambient air pressure. JJ Nivas et al. [34] performed studies on the
formation of LIPSS in high vacuum condition (=107 mbar) in order to minimize the presence of
redeposited nanoparticles on the ablated crater. They have reported the comparison of
morphological features of LIPSS in atmospheric and vacuum pressures [34—36].

In this section, the effect of variation of the ambient air pressure on the spatial period of ripples,
formation of grooves and shape of the craters is analyzed. Moreover, the effects of various states
of polarization in vacuum as well as of circularly polarized pulses in air vs vacuum are also
addressed. In these experiments the silicon target is positioned on a XY-translation stage inside a
vacuum chamber and irradiated using a Nd: Glass laser system delivering linearly polarized ~900
fs pulses at 1055 nm at a repetition rate of 33 Hz, with a Gaussian spatial profile. An
electromechanical shutter provides the selection of the desired number of laser pulses, N, applied
to the same spot on the target. Experiments are carried out in the residual air pressure going from
atmospheric pressure to high vacuum, at a base pressure of ~10~* mbar. The beam focal spot radius
on the target is determined by measuring the energy variation of the ablation crater dimensions
[37], resulting in wy = (130 £ 5) pum.

4.4.1 Effect of pressure variation

Figure 4.11 reports SEM and AFM images of the ripples on silicon surfaces produced at various

pressures p. The sample was irradiated at a peak fluence of = 0.3 J/cm?.

Figure 4.11 (a) and (b) are exemplificative images of ripples produced in different pressure
conditions for N = 100. They address a variation of the spatial period A and depth § of ripples
with the pressure p. The data are summarized in table 4-2. § was estimated by evaluating the
maximum peak-to-valley height (by using the image processing software Gwyddion). The
measured data show a strong dependence of the ripples’ period 4 on p with a reduction of A and
a corresponding increase of § as p raises to higher values. Moreover, the ripples generated in
vacuum present a larger average period, a wider characteristic thickness, and a narrower separation

with respect to air [38] .
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Figure 4.11 Examples of SEM and AFM images for a peak fluence of = 0.3 J/cm? and various values of the pressure
p of (a) and (b) the ripples generated by irradiation with N = 100 laser pulses and (c) the central region of the targets
irradiated with N = 500 laser pulses. The scale bar in each panel is 4 um. The double-headed arrow in the upper left
panel shows the direction of the laser polarization

Panel (c) of Figure 4.11 illustrates the SEM images of the central region of the crater at N = 500
pulses and for various pressure conditions. At atmospheric pressure, p = 1000 mbar, the typical
grooves with a preferential orientation parallel to the laser polarization are observed. However, at
the lower pressures of 10 mbar and 10™* mbar the central region of the irradiated spot presents
rather different morphological features with respect to the grooves observed at atmospheric

pressure.

Table 4-2Values of the ripples period A obtained by SEM and AFM analyses and depth § measured by AFM. As the
values of the measured parameters varies with spatial location, the data are given as estimated mean value and standard
deviation.

SEM AFM
p (mbar)
A (nm) A (nm) 6 (nm)
10~* 918 £ 58 964 + 69 91+ 4
10 866 + 45 933 + 40 139+7
1000 785 + 38 796 *+ 46 216 £12
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In high vacuum conditions, the surface texture shows a kind of multicellular patterns formed by
elemental components with a length varying in the range of few to tens of um and showing a
preferential elongation in the direction normal to the laser polarization. This suggests that their
formation should result from a merging of two or more adjacent ripples induced by the higher
value of the fluence in the central region of the laser beam spot and the iterated irradiation. The
fact that grooves do not form at reduced pressure suggests a possible important role of
nanoparticles in the formation of these supra-wavelength surface structures. In fact, at atmospheric
pressure the ablated nanoparticles get re-deposited on the sample surface and influence the
formation of surface structures. As the pressure is lower, the ablated material is less confined with
a reduction of re-deposition of ablated particles that more easily fly away from the target surface
[38,39]. As for the ripples under high vacuum pressure, the anti-correlation between period and
depth of ripples results from slightly changes in effective refractive index of the surface due to
different modification of nanoparticles. This effect is shown in Figure 4.12: in air, a rim of
aggregated nanoparticles is visible around the structured area (Figure 4.12 (c) and its zoomed view
in Figure 4.12 (d)); in vacuum, such an effect seems almost negligible (Figure 4.12 (a) zoomed
view in Figure 4.12 (b)) The disappearance of the grooves at lower pressure and the simultaneous
sizeable reduction of the nanoparticles seem in fairly good agreement with Sipe—Drude theory for
a rough surface, further addressing the nanoparticulate as a key factor for grooves generation,
besides any possible other hydrodynamic mechanism [40,41] or the possible influence of ambient

oxygen.

Figures 4.12 (a) and (c) highlight the variation of size and crater shape from circle to elliptic as the
pressure goes down from vacuum to air. In vacuum, p = 10~* mbar, the spot turns to more oval
shape along the direction of laser beam polarization. The plot in Figure 4.12 (e) which is the ratio
between minor and major diameter vs pressure p, clarifies that craters at lower number of pulses
N and pressure p are more elliptic. The different size can likely result from an enhanced absorption
associated with the rougher developing surface in air. In fact, the dense coverage with
nanoparticles and nanostructures generated by multi-pulse fs laser irradiation progressively

modifies the surface absorption properties [39].
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Figure 4.12 Panels (a) and (c) report SEM images of the surface structured area (N = 300 laser pulses, peak fluence
=~ 0.3 J/em?) in vacuum (p =~ 10~*mbar) and air illustrating the effect of the pressure on its shape and size. Panels (b)
and (d) are zoomed views evidencing the different nanoparticles coverage at the edge of the structured area in the two
cases. Panel (e) reports the variation of the aspect ratio b/a as a function of the pressure for various number of pulses
N. The double headed arrow in the panels (a) and (b) shows the direction of the laser polarization.

4.4.2 Effect of the laser polarization under vacuum condition

Further investigations on the effect of the state of laser polarization on the shape of crater and
features of the fine structures have been done. Figure 4.13 reports the SEM images of ablated
craters comparing four different states of polarization of the laser beam produced by means of
waveplates (half or quarter for linear and circular polarization, respectively) in low pressure of
10 mbar. Vertical and horizontal linear polarizations result in elliptical craters with the major
axes following the laser beam polarization (panels (a) and (b) of Figure 4.13). The zoomed views
of panels (a) and (b), in dashed yellow boxes on their sides, display the presence of ripples on the
edges of the craters. In case of vertical laser polarization (panel (b)), it is evident that the formation
of ripples ends abruptly, and this side of the crater is parallel to the polarization. On the other hand,
in panel (a), the rippled regions protruding outwards along the polarization direction can be due to
generation of surface-scattered electromagnetic waves (SSW) favoured by ripples grating and
surface roughness. The interference of the SSW with the low-energy tail of the laser beam can

favor the formation of the rippled protrusions also in peripheral areas in which the laser beam alone
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would not exceed the threshold fluence for the creation of surface structures at that number of
pulses. This, in turn, should explain the development of the elliptically shaped spot with major

axis directed along the laser polarization, as observed experimentally [35,39].

Figure 4.13 SEM images of the surface structures produced in vacuum (p~10~* mbar) with various state of
polarizations. Panels (a) and (b) show images of the spot produced with (a) horizontal and (b) vertical linear
polarization (N = 200 pulse at a fluence of =~ 0.25 J/cm?). Panels (c) and (d) report images of the spot produced with
(c) elliptical and (d) circular polarizations (N = 300 pulse at a fluence of = 0.3 J/cm?), respectively. The images in
the yellow dashed boxes show zoomed views of the spot edge illustrating the surface structures formed by the different
states of polarization.

Elliptical polarization (Figure 4.13 (c)) results in a nearly-circular spot only slightly longer in the
direction of the prevailing axis of the polarization ellipse. Moreover, ripples directed along the
normal to the prevailing linear component of the elliptically polarized beam are formed at the
periphery of the spot. Instead, the circular polarization (Figure 4.13 (d)) produces an almost
circular spot with a texture resembling a tangle of randomly oriented elements. Moreover, the
central region of the spots is characterized by a pattern composed of coarser elemental constituents
with respect to those present at the edges. This can likely result from thermal fusion processes

(coalescence) of two or more elemental structures in the region of higher laser fluence.

The outputs of the above-mentioned experiments suggest a crucial role of the ambient pressure on
the development of surface structures. The results highlight that as the pressure raises the ablated

nanoparticles produced during the fs laser ablation process of the target get deposited more and
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more on the sample surface covering the irradiated spot area and influencing the structuring

process and possibly the formation of grooves.
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5 Laser surface texturing on different target materials

Abstract — Examples of surface pattering, by means of target scanning mode, aiming at using fs laser
irradiation to add functional response to the sample are presented. In the previous chapters, the experiments
were carried out on silicon, which offers a crystalline substrate, whereas here metallic, thin films and wide
band-gap semiconductor samples are used as target. The first example concerns large area laser scanned
surfaces of copper showing interesting capability of controlling the wetting behavior. The second one makes
use of thin gold films over a silicon substrate to fabricate patterned samples as suitable candidates as
metasurfaces for THz radiation. The third one, CdZnTe, shows the presence of cracks as well as the

formation of both LSFL and HSFL and can be interesting for optoelectronics applications.

5.1 Introduction

This thesis is principally focused on irradiation of solid surfaces with fs laser pulses. So far, the
previous chapters dealt with the effects of laser irradiation of silicon and formation of LSFL. This
last chapter reports few examples of preliminary work carried out in the frame of the present thesis
on surface structuring with laser beam scanning approaches to pattern various target materials,
such as pure metal and thin films, with a glance towards applications. Direct fs laser structuring
can offer advantages for industries being non-contact, applicable to a wide range of materials
(metals, semiconductors, polymers, etc.) and without processing environment limitation, like high-
vacuum or clean room facilities. Applications can be found in the possibility of changing surface
roughness or even surface topography that can impart or modify the functional response of the

samples.

In the first example (Section 5.2), pure copper plate is considered as target. The investigation
regards a study of the relationship between surface structures induced by changing the laser beam
fluence and the wetting response to water of the produced surfaces. It is shown that the
combination of the microscale trenches, written by laser line scanning, ripples and random
nanoparticles decoration, formed on the surface, allow developing highly hydrophobic copper

samples with contact angles reaching values around 160°.
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In the second case (Section 5.3), a gold thin film deposited on a silicon substrate is used as target.
An array of periodic patterns is fabricated by means of direct fs laser ablation and their response
in the THz spectral range is analyzed with the aim to clarify if the approach can be suitable for the
fabrication of THz metasurfaces. The unit cells of these patterns are composed of through-holes
or metallic islands in this proof of principle experiments. The response of the resulting structures
IS characterized using THZ Time-Domain Spectrometry in the frequency range (0.3-1.5) THz.

In the third case (Section 5.4), a wide band-gap semiconductor, namely CdZnTe, was considered.
The preliminary investigation involves the static laser irradiation with a sequence of fs laser pulses
and the observation of the surface modifications induced. The results showed different types of
surface structures depending on the experimental conditions (pulse number and fluence). These
structures can be cracks, LSFL and HSFL.

5.2 Copper and wettability

The control of surface roughness is a useful method to regulate the degree of wetting. Depending
on the applications, the surface response can vary from hydrophobic to hydrophilic, when water is
used as a measuring liquid. Direct interaction of linearly polarized laser beam with a metallic
surface generally leads to formation of subwavelength ripples and decoration with nanoparticles

[1-4]. Larger scales ordering can be also added by appropriate laser beam scanning procedures.

Here, large area surface patterns composed by micro-trenches were generated on copper foils
(thickness 1 mm) by means of bidirectional laser scanning. The line width of each micro-trench is
~50 um and the depth is varied by using different laser peak fluence. The laser irradiation also
causes the formation of sub-wavelength ripples and the redeposition of ablated nanoparticles.
Measurements of the contact angle of water droplet is carried out to highlight the correlation

between the wetting degree and the morphological features of the treated copper surfaces.

Linearly polarized pulses with a pulse duration of =35 fs were provided by a Ti:Sa laser source
operating at central wavelength of 800 nm and repetition rate of 1 kHz. The laser beam was focused

by a plano-convex lens with a focal length of 75 mm. The target was positioned at the laser beam
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focal plane and held on a high-precision XYZ translation stage (PPS-20, Micronix USA) allowing
its scanning. The resulting focal spot diameter, at 1/e* of the maximum laser pulse fluence, was
estimated to be D ~ 50 um. The copper plates were first polished by micro-grit finishing papers
with a mechanical polishing machine and then made mirror-like by means of an ultra-fine 0.5 um

diamond powder. AFM analysis of the target surface indicated a RMS roughness of =10 nm.

The large area scanned surfaces were prepared by bidirectional continuous line scanning at scan
speed of 1 mm/s, in air. The vertical step between lines was selected to be comparable to the laser
beam diameter D, i.e. Ay = 50 um (see inset in Figure 5.1(a)). The number of overlapping pulses
was N, = 50. Several samples were fabricated for different values of the laser beam energy,E;,
in the range (10-100) pJ, with corresponding values of the peak fluence F, = (8E,)/(mwD?)
ranging from = 0.8 J/cm? to =8 J/cm?. The current experiment [5] is designed not only to evaluate
the wettability of the structured substrates but also to study decoration of redeposited nanoparticles
and features of ripples, which are known to be conditioned by the target properties, laser
characteristics and scanning speed [6-8]. Instead, it is seen that the period of ripples formed on
copper target does not change significantly as the number of pulses and laser fluence changes, in

our experimental conditions [9].

The topographic measurements were registered by AFM and profilometry over the full area of
structured copper samples. Figure 5.1 reports a typical example of a micro-scale surface pattern
for a sample elaborated at a laser peak fluence of F, = 2.4 Jlem? as registered by an optical
microscope (panel (a)) and by AFM (panel (b)), respectively. Horizontal parallel lines with a
period of about 50 um are clearly visible. The height profiles along a single AFM line and averaged
over several AFM lines are registered along the dotted line of panel (b). The AFM and profilometry
analyses confirm that the long-range height variation approximately follows a sinusoidal
dependence [5]. Panel (c) of Figure 5.1 displays the dependence of the micro-trenches’ height h
on the laser peak fluence F,. At each laser fluence, h is estimated by averaging values of the peak-
to-valley distance of successive micro-trenches registered by a profilometer over a length of about
500 um. One can observe that the height of the micro-trench h shows a double logarithmic

dependence of the type h = holn(Fp/Fplth) with two different regimes, similarly to that typically
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observed for ablation depth variation on pulse fluence of copper samples in static irradiation
conditions [10-12].
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Figure 5.1 Panel (a) reports a typical optical microscope image of the copper sample surface showing the parallel
micro-trenches inscribed on the target surface by the bidirectional scanning of the laser beam, as depicted in the right-
corner inset. Panel (b) reports an example of AFM image of the sample surface. The double-headed arrow in panel (b)
indicates the laser beam polarization. Panel (c) shows the variation of the micro-trenches height (full dots) as a function
of the laser peak fluence F, as registered by a profilometer. The solid curves are logarithmic dependences of the type

h= holn(F,,/F,,,th) addressing the two different ablation regimes of fs laser ablation of a metallic target. The triangles

are estimates of the micro-trenches heights obtained by AFM analysis. The AFM height profile registered along the
dotted line in panel (a).

Figure 5.2 reports an exemplificative SEM image of the sample obtained at a laser peak fluence of
E, =24 Jlem?. Panel (a) shows the substrate surface with micro-trenches. An image at higher
magnification is shown in panel (b) with zoomed views on two regions, inside (panels (c) and (e)),
and outside (panels (d) and (f)) the trench. The two regions have thicknesses of ~24 um and ~27
um, respectively. In both regions, the presence of sub-wavelength ripples can be clearly
recognized. Inside, the trenches are covered by ripples with a period of (660 + 70) nm and
nanoparticles with diameters in the range of couple of hundreds nm. The ripples formed outside of
the trenches seem to be mainly composed by assemblies of nanoparticles organized along a
direction normal to the laser polarization. This is likely due to the effect of the Gaussian beam
wings that are not intense enough to induce ablation but are capable of influencing the spatial
arrangement of the nanoparticles deposited out of the main ablated region during the laser scanning

process.
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Figure 5.2 SEM images of the surface for the sample elaborated at a laser peak fluence of F, = 2.4 J/cm? Panel (a)

reports a SEM image of the sample surface addressing the parallel micro-trenches pattern. The double-headed arrow
in panel (a) indicates the laser beam polarization. Panel (b) is a zoomed view registered at higher magnification. Panels
(c) and (d) show SEM images of the surface structure inside and outside a micro-trench written by the laser patterning
process, respectively. Panels (e) and (f) are zoomed views of the SEM images of panels (c) and (d), respectively.

The degree of wetting was evaluated by standard method of static contact angle (CA) of a water
drop. Figure 5.3 (a) shows two examples of photographs of water droplets on surfaces patterned
at the minimum and maximum values of peak fluence used. CA measurements are carried out for
both the parallel and orthogonal views of the droplets, as sketched in Figure 5.3 (b). The
corresponding CA values as a function of E, are reported in Figure 5.3 (c). The dotted horizontal
line in Figure 5.3 (c) represents the CA measured on the copper sample surface without laser
texturing, which is (*100°), in fairly good agreement with a previous measurement of CA on bare
copper of 101.7° [13]. One can observe a step increase of the CA, with respect to the un-treated

copper surface, already for the smaller value of F, = 0.8 Jlem?,

As the fluence increases, the surface progressively changes to the more complex hierarchical
topography illustrated above. Consequently, a rise of the CA with the fluence is generally
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observed, both in the orthogonal and parallel imaging configurations (see Figure 5.3 (c)),
eventually reaching values of the order of 160° at F, ~ 8 Jlem? [5]. This suggests a clear effect of
the progressive changes induced by surface texturing on the wetting response of the copper
samples. The increase of surface hydrophobicity is likely due to concurrent contributions to the
surface morphology occurring over different length scales, like micro-trenches deepening, ripples

formation and nanoparticles decoration.
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Figure 5.3 (a) Photographs of water droplets on the copper surfaces for samples fabricated at two different values of
the peak fluence F,: 0.8 Jiem? — CA=115° ; 8.1 J/lem? — CA~160°. (b) Sketch of the orthogonal and parallel views
used in the water droplet image analysis. (c) Variation of the CA with the laser peak fluence F, for orthogonal (orto)
and parallel (para) views. The dotted horizontal line represents the CA measured on the pristine Copper samples
surface. The solid line shows a best fit to a linear dependence.

Our experimental findings show that the formation of micro-trenches decorated with finer
morphological features intrinsic to the fs laser surface texturing can be usefully exploited for the
modification of the wetting properties of copper samples. More investigations are anyway
necessary to further clarify the role of the different length-scales, going from nanoparticle to sub-
wavelength ripples to regular patterns of micro-trenches with pitches of several tens of um, on the

different factors affecting the wetting response of a hierarchically structured metallic surface.
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5.3 Gold thin-film and THz metasurfaces

In this section, we present a preliminary investigation aiming at producing metasurfaces active in
the THz electromagnetic (EM) spectral range by means of fs laser surface patterning. Metasurfaces
are a class of metamaterials, i.e. artificial materials with features that do not exist in nature
displaying different optical response compared to the transmission theoretical models [14,15]. This
is due to the fact that a metamaterial gains its EM properties from its structure rather than inheriting
them directly from the materials it is composed of [16,17]. In the visible spectral range,
metamaterials are composed of metal-dielectric elements, with micro or nano-scale size, that
during the passage of EM waves with relatively larger wavelength act as an array of artificial atoms
showing unusual EM properties [15,18]. The geometry of metamaterials can be either volumetric
(3D) or two-dimensional (2D), the latter being called metasurfaces (or flat optics). Metasurfaces
(MS) consists of a structured dielectric, semiconducting or conducting layer deposited on a low
loss insulating substrate. The MS are made by individual elements named unit cells. In the limit of
large wavelengths, a MS behaves as a homogeneous material with engineered electrodynamic
properties. Thus, a MS can be designed to manipulate the impinging light to realize, for instance,
elements showing selective absorption, beam steering, super focusing properties, polarization

converters, or to control the overall dielectric function of a sample [19-24].

As for the fabrication techniques of MS for visible light, generally UV [25], soft lithography [26],
etc. are employed. However, fs laser ablation can be used as a mask-free manufacturing technique
of one and two dimensional MS [27-30] for long wavelength EM radiation, e.g. THz, thanks to

the possibility of selective patterning of the original target.

Here we investigated the production of THz MS by means of fs laser surface patterning using as
target a thin metallic film over a dielectric substrate. Two approaches were considered fabricating
an array of subwavelength holes (static irradiation mode) of substrate dielectric and generating
metallic islands through removal of channels of the metal (dynamic irradiation mode) [31]. The
fabrication process was carried out by using a Ti: Sapphire system delivering pulses with a duration
of =35 fs at 800 nm wavelength. The beam was used with a Gaussian spatial intensity distribution

to test the feasibility of the approach.
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The sample used was a thin gold film over a 400 um thick silicon (100, intrinsic) substrate. The
thickness of the gold film was around 180 nm. Between the Au film and the Si substrate an
intermediate sacrificial layer of CrNi with thickness 20 nm was present in order to improve

adhesion of gold over the silicon substrate (see Fig. 5.4 (a)).
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Figure 5.4 Panel (a) displays a schematic cross section of the Au-Si composite sample used as target for the fabrication
of the structures. The 3-dimensional schematic view of the procedure used to fabricate the metasurfaces are shown in:
panel (b) step scan laser method and (c) upper panel is continuous laser scanning fabrication mode. Lower panel (c)
displays a schematic 3-dimensional view of a regular array of the gold. Panel (d) shows images of optical microscopy
of the patterned surfaces in static and dynamic irradiation. The red dashed square in panel (b) identifies a basic unit

cell.

The sample was mounted on a high precision three-axis stage, electronically controlled by a
custom software, and was irradiated at normal incidence. In the static irradiation mode (see i.e.
Figure 5.4 (b)), the laser repetition rate was set at 100 Hz, whereas in the dynamic irradiation mode
(see i.e. Figure 5.4 (c)) the repetition rate was 500 Hz. In the static mode, circular polarization was
used in order to avoid any deformation in the circularity of the hole formed in the metallic film.

Instead, linear polarized laser pulses are employed for the dynamic mode. In panel (d) of Figure
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5.4, some different examples of the gold thin film surfaces with laser induced patterns suitable for

MS applications taken by optical microscopy are shown.

Figure 5.5 (a) reports a SEM image of the sample with a basic unit cell of the MS showed in a red
dashed box. Only two fs pulses (N = 2) at an energy of 70 uJ were used to remove the metallic

film.
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Figure 5.5 Panel (a) SEM image of the metasurfaces with a circular pixel diameter of 70 yum and a unit cell (red dashed
box) size of 140 um x 140 um. The inset shows a zoomed image of the unit cell. Panel (b) shows EDX images of the
sample surface confirming a complete removal of the metallic film in the circular pixel region. Panel (c) reports the
transmission response (data points) of the fabricated metasurfaces in the range of (0.2 — 1.0) THz for two different
pixel diameters D = 70 um (black) and D = 90 pum (red), while keeping the unit cell size fixed at 140 um. The solid
lines show the simulation of the corresponding features. The gray data points represent the measured transmission
spectra of the pristine silicon substrate.
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The beam was focused on the sample by a lens of focal length f = 70 mm generating a circular
hole with a diameter D = 70 um. A zoomed view of the ablated hole is given in the inset of
Figure 5.5 (a) showing a good quality of the circular hole edge. Moreover, a complete and clear
perforation of the metallic film is confirmed by the good contrast of the energy dispersive X-ray
(EDX) images reported in Figure 5.5 (b).

The THz response was analyzed though THz Time Domain Spectroscopy (TDS) exploiting a
standard setup (Tera-K15, Menlo Systems) by the group working on Material spectroscopy and
devices at high frequencies led by Prof. Andreone at the Department of Physics of University of
Napoles “Federico II” within a collaborative work. The TDS system is based on photo-conducting
antennas (PCA) made of low temperature gallium arsenide (LT-GaAs), generating a transient
electric field pulse of 1-2 ps when excited by a 90-fs pulsed laser at 1560 nm. Signals were acquired
over a time scale of about 220 ps guaranteeing a frequency resolution of about 2.5 GHz.
Experiments were performed in dry nitrogen environment to reduce unwanted water vapor peaks
in the frequency spectrum. The linearly polarized beam was collimated using TPX lenses before

impinging on the MS, so that one can safely assume an incident plane wave approximation.

Various MSs were fabricated by static or dynamic mode and their THz response was analyzed in
the frame of a collaborative project thorough illustration of the THz measurements carried out and
the achieved results can be found in reference [31]. Here we only illustrate the THz response of
two MSs, fabricated by replicating a square unit cell like that of Figure 5. 5 (a) over a square
sample of 8x8 mm2. The unit cell size is 140 um both in the vertical and horizontal directions, and
the diameter of the circlesis D = 70 um and D = 90 um. The THz transmission coefficient of the
two MS in the region of 0.2-1.3 THz is reported in Figure 5. 5 (¢). In Figure 5. 5 (c), the data
points are the experimentally measured signals while the solid lines are the simulation results
obtained by modelling the corresponding unit cell. The full-wave simulations were carried out
using a commercial software for EM simulations (CST Microwave Studio) by Gian Paolo Papari.
Further, the response of the bare silicon substrate is reported as well (in gray color) for comparison.
The Si substrate transmission signal shows an oscillating behavior due to the etalon effect induced
on the THz radiation from the 400 pm thick silicon plate. Such an effect should be taken into
account while assessing the frequency response of the resonant surfaces. The experimental results

for the two different hole diameters (red and black circles in Figure 5.5 (c)) show the presence of
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specific transmission resonances in the frequency spectrum with many peaks and troughs
associated with the surface resonator geometry and size. In fact, the general spectral features for
the two metasurfaces are very similar with a slight shift of the peak positions by changing the pixel
diameter and an increase of transmission for the one with the larger value of D. The frequency
variation of the transmission is fairly well described by the simulated profiles. The experimental
findings address the feasibility of the approach and the possibility to design specific geometries to
tailor the THz response of the sample.

5.4 Structuring of CdZnTe

CdznTe is a direct and wide band gap ternary semiconductor alloy, formed by substituting Cd by
Zn. The band gap of CdZnTe comes in the range of 1.45-2.26 eV depending on the Zn
concentration. High atomic number, high density, wide bandgap, low chemical reactivity, and
long-term stability makes CdZnTe an ideal material for various important applications that include
solar cells, electro-optical modulator, photoconductors, light emitting diode, X-ray and gamma ray
detectors [32,33]. Laser surface processing on this material was reported by [34-38], however,
mostly nanosecond (ns) pulsed lasers were used. Here, we report preliminary outcomes on fs laser
induced surface processing of CdZnTe that, to the best of our knowledge, has not been investigated
yet. Irradiation with fs pulses results in modification of CdzZnTe surface with decoration by

periodic structures, formation of cracks and columnar features [39].

The fs laser pulses were provided by a Ti:Sapphire laser (Legend, Coherent Inc.) delivering
linearly polarized ~ 35 fs pulses at a central wavelength around 800 nm. The target was a (211)
Cdi1xZnxTe sample, with x = 0.04 prepared by Bridgeman-Stockbarge method (in collaboration
with Prof. Q. Hao of North China Research Institute of Electro-optics and Prof. X. Wang of Wuhan
University). In the experiments, the target is irradiated at normal incidence by the fundamental
Gaussian beam with a beam waist wy, = 22 pm, in ambient air. A progressive reduction of the
threshold fluence F;;, with N was observed, indicating an incubation effect for which the threshold
fluence varies with pulse number as shown in Chapter 2, Equation (16). The incubation factor was
estimated to be ¢ = 0.80 + 0.05, which similar with that observed for silicon [40], with single
shot fluence threshold F,, (1) = (0.014 + 0.001) J/cm?.
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To analyze the induced surface structures, we considered two categories of experimental
conditions; low energy — low number of pulses (N) and high energy — high number of pulses. In
the former case, the peak fluence is 0.64 J/cm?, much higher than single shot ablation threshold,
hence in an ablation regime. SEM images of the sample surface at different values of N are shown
in Figure 5.6. Panel (a) shows that after N = 20 pulses the surface is covered with well-defined
cracks oriented in various directions. From the zoomed views in the lower panel, one can recognize
that cracks are in form of straight lines with lengths of several um. Moreover, the high-resolution image
in the inset, indicates that these cracks are characterized by a width in the range of few tens of nm,
namely =20 nm. The presence of similar cracks was clear at low number of laser pulses (e.g.,, 5 < N <
50) for all investigated laser peak fluences (0.64 < F, < 7.0 Jlem?). Panel (b) shows the surface after
an irradiation sequence with N = 30 and addresses the formation of nano-holes arrays with a period
of (698 + 60) nm along the crack’s direction. Panel (c) displays the morphology of the crater for N =
50 laser pulses. Here the crater shows a more complex pattern, lend rhombus shaped micro bumps
form on the target surface, as shown in the zoomed view. Apart from this, randomly distributed surface
defects in the form of nano-holes can be found all over the crater area. Panel (d) illustrates the sample
surface after irradiation with N = 100 laser pulses. At this pulse number a deeper crater is formed, and
well-developed micro-columnar surface features appear over the central region corresponding to the
most intense part of the beam. Finally, it is worth noticing that, the SEM images show only a very

minimal trace of nanoparticles around the ablation spot in this experimental condition.

Before passing to the analysis of the effects of higher pulse energy and larger number of shots, we
make an attempt to discuss about the possible mechanisms leading to the formation of cracks. The
particular alignment of the cracks suggests a connection of their formation mechanism with the
structural properties of the sample material. The cracks likely form after melting and re-
solidification of the irradiated material surface and their generation could result from different
thermal coefficients of the sample components or structural defects already present in the original
material. Structural imperfections in CdZnTe have been extensively investigated and dispersed Te
inclusions are reported as one of the main bulk defects [41,42]. The detailed explanation of these
preliminary results can be found in [39].
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(a N=20 (b) N=30 () N=50  (d) N=100

Figure 5.6 SEM images of CdZnTe after irradiation with a sequence of various number of pulses N, at F, = 0.64
Jlem? and corresponding zoomed views in lower panels. Panel (a) displays the surface after the irradiation with N =
20. The white arrow represents the laser polarization direction. (b) N = 30, (¢) N = 50, (d) N = 100.

Figure 5.7 shows two examples of structured surfaces under the condition of high pulse fluence
(peak fluence F, = 7.0 Jiem?) and large number of pulses (N =500 and N = 1000). These
conditions typically lead to the formation of a deep crater surrounded by a significant debris of
nanoparticles resulting from the backward deposition of the ablated material around the crater due to
the confining effect of the atmospheric air pressure, as we discussed in Section 4.4. Interestingly, in
such a situation one can also observe the generation of well-ordered ripples in the region outside the
main crater, where the local fluence is very much lower to that of peak fluence of the irradiating laser
beam, as displayed for example in Figure 5.7.

As shown in the insets of panels (a, b) of Figure 5.7, the periodic LIPSS perpendicular to the laser
polarization are formed over an annular area surrounding the deep crater (indicated by arrows
pointing outside). For instance, at N = 1000 the ripples are found over a ring characterized by an
average radial distance of =60 pm from the center of the crater spot and with a thickness of the
annular disk of =20 um. The spatial period of the surface ripples shown in panel (a), N=500, suggests
the presence of both LSFL and HSFL over the same area which can be due to the fact that both type
of ripples might be generated starting from nanoparticles arrays [39].
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Figure 5.7 Low frequency and high frequency periodic surface structures formed on CdZnTe sample a peak fluence
F, = 7.0 J/cm? for high pulse number N, namely (a) N = 500 and (b) N = 1000.

Our experimental finding evidences a variety of effects related to laser irradiation of CdZnTe with
energetic fs pulses that can be of interest in laser processing, ablation and structuring of these
materials. However, further investigations and surface characterizations are needed to fully
understand the formation mechanism and physical processes involved in laser surface structuring

of this material.
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Conclusions

This thesis reports detailed investigations on direct fs laser surface structuring. Within the
framework of the thesis, various surface structures have been considered going from single craters
covered with self-organized laser induced (quasi-)periodic surface structures (LIPSSs), surface
patterns realized by laser scanning and elaboration of atypical arrays of holes or islands. Moreover,
the influence of some experimental parameters, like laser pulse repetition rate and wavelength or
ambient pressure, have been also addressed with particular emphasis on supra-wavelength LIPSS,

named as grooves.

The experiments were designed basically with the following aims: i) gather further indications on
the physical processes involved in the formation of the surface structures; ii) search for possibilities
to control the morphological characteristics of the laser-generated structures; iii) take a preliminary
glance towards scientific applications or materials of possible technological and industrial interest.
The thesis consists of five chapters in addition to the current one that presents the overall summary

of the work.

The first chapter gave a concise, general introduction to the field of laser surface structuring.
Direct laser micromachining methods are interesting for a number of advantages like the
characteristics of being contactless and very flexible, applicable to almost any material and for the
capability to deposit very precisely the laser energy on the material, to quote a few. After
illustrating the pioneering original works leading to laser induced surface structures soon after the
invention of the laser with long pulses, the advent of ultrashort laser sources was highlighted.
Introduction of ultrashort pulse lasers compared to the conventional nanosecond ones brought
many advantages that in Chapter 1 were explained in detail. The classifications and specification
of the LIPSSs were given as well. There are some models which predict the formation of LIPSS,
in particular, low spatial frequency LIPSS (ripples), i.e. capillary wave excitation, solid surface
defects, excitation of surface plasmon polaritons with fs laser pulses, etc. As for the supra-
wavelength structures, especially grooves, there are few proposed theories and mainly based on
hybrid models. Therefore, lack of information on the clear formation mechanisms of the grooves
motivated part of the experiments carried out in the frame of this work and along with this idea

also other approaches were discussed.
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The second chapter illustrated the experimental setups (laser sources, optical component and target
materials). An introduction to Gaussian and optical vector vortex beams was also considered
together with methods of threshold fluence estimation and spot size measurement for both cases.
Finally, the characterization techniques for the analysis of the fabricated surfaces were provided.

In Chapter 3 the fabrication of LIPSSs using optical vector vortex beams was addressed. The vector
vortex beams were generated by means of an optical device, the g-plate, and focused onto a silicon
target surface, in air. The observation of the orientation of the LIPSS following the complex state
of polarization of vector vortex beams generated by g-plates with different order of g was
illustrated in detail as a simple method to produce complex and unconventional LIPSS patterns.
Regulation of the input parameters of the g-plate, like the external applied voltage, affects the
optical retardation and the properties of the generated light beams. In this chapter, it is explained
how this can be used as an additional strategy getting a maskless approach to the fabrication of

unique surface structures with unconventional surface patterns in a facile way.

The fourth chapter was dedicated to the investigation of role of experimental parameters (laser

pulse repetition rate, wavelength and ambient pressure) on crater shape and fine morphologies.

I.  The experimental analysis of silicon laser surface structuring for laser pulse repetition rates
in the range 10 Hz-200 kHz showed clear reduction of the crater volume and size at high
repetition rate (f,, > 20 kHz), which was associated to a possible shielding by the ablation
plume confined in front of the target surface. Then we observed the presence of a network
of asymmetric globular micro-structures replacing the typical supra-wavelength grooves in
the central region of the crater, besides sub-wavelength ripples decorating the outer region.
Further, our findings suggest that the ablated material formed above the target surface can
influence the feedback mechanisms involved in the development of the final surface texture
during multi-pulse fs laser surface processing of solid samples, in air, at high repetition
rates.

ii.  Two different laser wavelengths, 513 nm and 1026 nm were employed to investigate the
formation of supra-wavelength grooves on silicon, in air, in static and dynamic irradiation
conditions. There is an increasing trend of grooves’ period with number of pulses and the
values are dependent on wavelength. A comparison between the structures formed in static

and dynamic conditions evidenced that they are rather similar. However, comparing results
93



achieved at similar laser peak fluence for the two wavelengths, we observed that different
structures are achieved possibly as a result of the different state of excitation induced in
silicon by the absorbed photons at the two different laser wavelengths. Additionally, some
simulations of grooves formation carried out in conditions similar to the experimental ones
addressed an important role of hydrothermal waves in their formation.

iii.  Fabrication of surface structures on silicon target was experimentally analyzed at different
surrounding ambient pressure. We have shown the effect of ambient pressure on the
LIPSSs features. 1) The spatial period of the ripples reduced as a function of the pressure.
2) The absence of grooves under high vacuum conditions was observed. 3) The shape of
the crater deformed from elliptical to circular by increasing the pressure from vacuum to
atmospheric one. The obtained results from these experiments suggested the possible

involvement of ablated nanoparticles in the grooves formation mechanisms.

Finally, Chapter 5 was devoted to illustrating some cases of laser surface texturing on metal,
metallic thin film and wide band-gap semiconductor pursued during the thesis work. The objective
of this chapter not only was to perform different types of structuring on different materials but also
to introduce the possibilities of this technique in practical applications. In the first case, large area
laser surface texturing on copper was realized creating microtrenches by continuous laser
scanning, in air. The laser processing, generated ripples decorated with nanoparticles inside and
outside of the formed channels. How the changes in roughness affected the degree of water wetting
was investigated. The second example dealt with laser processing of a gold thin film over a silicon
substrate. Arrays of holes or arrays of islands were imprinted on the sample creating simple
metasurfaces and testing their THz transmission response. The interesting preliminary results
indicates good perspectives for the development of more complex THz metasurfaces by exploiting
laser surface processing with structured light beams like vector vortex. In fact, the step scan and
vector vortex can allow patterning over large area structures with peculiar shapes that could be of
interest for applications like THz optical components as the preliminary results on simpler
structures seem to indicate. Also, the very peculiar ripples and grooves patterns produced with
complex light beams as well as the new LIPSS observed in high vacuum might offer new surfaces
with functional properties not yet investigated. Finally, fs laser surface structuring of a wide
bandgap material, such as CdZnTe, was characterized under different static irradiation conditions.

Depending on the laser beam parameters, different types of structures including cracks, high spatial
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frequency LIPSS (HSFL) and low spatial frequency LIPSS (LSFS) were observed. The
preliminary experiments showed a very interesting behavior for such scarcely investigated material

that will deserve further investigations.
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