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Introduction

Since the advent of the laser, the processing of materials by using intense laser pulses
developed into a scientific evergreen due to its potential in industrial and scientific ap-
plications. More recently, the advent of sources providing ultrashort pulses (∼ 100 fs)
has further strengthened the realm of laser material processing. Among the various ap-
proaches, direct laser irradiation with ultrashort pulses promotes the development of
surface structures with altered and tunable properties that find space in a wide range
of fields : biomedicine, tribology, electronics, etc. Different types of surface struc-
tures can be generated on solid targets, in particular the Laser Induced Periodic Struc-
tures (LIPSS) are an universal phenomenon that has been observed in most of materials
(metals, dielectrics, semiconductors) and in various environments (air, water). LIPSS
features are linked to the laser beam parameters (e.g. wavelength, pulse fluence, repeti-
tion rate, etc.). According to their periodicity, they are divided in two different classes:
low spatial frequency LIPSS (LSFL), commonly indicated as ripples, and high spatial
frequency LIPSS (HSFL).

This thesis work deals with a study on femtosecond fs laser surface structuring of
a copper target in air. Copper is a material widely used in electric devices thanks to its
thermal and electrical properties. In this frame, the choice to modify the surface struc-
ture of a cooper sample relies on the demand to mitigate the generation of secondary
electrons in the particles accelerators. In the high energy colliders, photoemission and
secondary emission phenomena cause multiplication processes within the beam cham-
bers, whose walls are typically made of copper. These effects lead to the formation of
an electron cloud causing the instability of particles beams. Previous works evidenced
the potential of surface ripples to reduce this type of phenomenon. However, further
investigations are required to improve and optimize the copper surface texturing.

In this context, there is a need to laser texture large areas of the target material in
an appropriate time. Most of the previous works on laser surface texturing have been
carried out by exploiting Ti:Sa laser sources that typically provide train of pulses at
1 kHz. More recently, solid state laser sources at larger repetition rates have become
available and are being applied to large area processing. In fact, even an increase of a
factor five or ten of the repetition rate can reduce the processing time by a corresponding
amount, maintaining fixed the other parameters. However, this requires the use of fast
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scanning systems for the rastering of the laser beam over the target surface. Here we
pursue an alternative approach to form periodic surface structures over a millimeter
size area in less time, by using a cylindrical lens for the laser beam focusing. From
this point of view, this work is devoted to the morphological characterization of the
induced surface structures on copper by means of laser beams with an elliptical profile
at different laser wavelengths, in order to clarify the possible merits and drawbacks of
such an approach.

This thesis is composed of five chapters.
Chapter (1) introduces femtosecond laser ablation phenomenon and describes the mech-
anisms of LIPSS formation.
The second Chapter deals with the experimental setup for femtosecond laser ablation
and for the morphological analysis of the surface structures.
In Chapter (3) the influence of repetition rates on copper and the adaptability of the
Gaussian beam model on the spots produced by the cylindrical lens have been tested.
The fourth Chapter is devoted to ripples appearing on the surface structures and to the
analysis of nanoparticles distribution dynamics over the target.
Finally, Chapter (5) describes the morphological features of an area after the laser treat-
ment and explores the influence of the Gaussian intensity distribution impressed on the
material surface.
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Chapter 1

Laser Induced Periodic Structures

During the last five decades, with the availability of ultra-fast laser sources, Laser
Induced Periodic Surface Structures (LIPSS) have gained plenty of attention from the
scientific community due to their versatility, reliability and production speed.

In this Chapter we discuss about mechanisms underlying LIPSS formation and their
employment in various scientific fields. In particular in Sect.(1.1) we deal with the
femtosecond laser ablation process and the Gaussian beam model, which allows to have
an experimental method to evaluate the so-called energy threshold as well as the beam
spot size on the target surface; in Sect.(1.2) we talk about the birth of LIPSS topic and
its developments; in Sect.(1.3) we face different proposed theories for LIPSS formation
and in Sect.(1.4) we offer a panoramic view on both many key factors that permit their
control and on several fields of application.

1.1 Femtosecond laser ablation: the TTM and Gaussian
beam models

Over the past ten years, the employment of femtosecond laser systems has enhanced
the development of nano- and micro- structuring techniques and ensured a fast way to
create materials with altered but controllable properties. These processes are all based
on the well-known physical phenomenon that goes by the name of laser ablation, of
which we gave a scheme in Fig.(1.1).

The phenomenon of femtosecond laser ablation occurs on solid targets upon the ir-
radiation by ultra-short laser pulses ( τp ∼ ps÷fs) and basically consists in the removal
of a part of material from its surface.
From a theoretical point of view, the Two Temperature Model (TTM) should be intro-
duced to explain mechanisms underlying this process. This theory assumes the interac-
tion between two subsystems: the electrons and the lattice.
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When a train of ultra-short laser pulses hits the material surface (e.g., a metal) the
electrons, within the optical penetration depth, instantaneously absorb the energy of the
pulses due to their short interaction time whereas the lattice remains cold.

Figure 1.1: Laser ablation process: the laser beam impacts onto the sample and causes the
expulsion of material from its surface in form of nanoparticles, ions and neutral
atoms held in a plume. Afterwards, due to the external pressure and temperature,
some nanoparticles deposit surrounding the ablated region and decorating it.

As a result, the whole system stands in a nonequilibrium stage due to the different
temperatures between the cold lattice and the hot electronic system, both in a local ther-
mal equilibrium among themselves [31].
Hence, to restore equilibrium, the electrons progressively transfer energy to the lat-
tice system, through the so-called electron-phonon coupling. The duration of this phe-
nomenon depends on the electron-phonon relaxation time τe−ph, which is correlated to
the specific material and usually ranges from 0.1 ps to 10 ps [7], [67].
The TTM exploits the following equations (1.1) and (1.2) to describe the temporal evo-
lution of the temperatures of the lattice, TL, and electrons, Te, thus allowing to study the
heat transferred between the two systems and their thermal properties [28], [61]:

CL
∂TL

∂t
= ∇⃗ · (κL∇⃗TL) + ge−ph(Te − TL) (1.1)

Ce
∂Te

∂t
= ∇⃗ · (κe∇⃗Te) + ge−ph(Te − TL) + S(r⃗, t) (1.2)
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(a) OM image of a crater produced on copper
in air with a spherical lens (λ = 1030 nm,
RR = 15 kHz, E = 55 µJ , N = 200).

(b) SEM image of a crater produced on copper
in air with a cylindrical lens (λ = 515 nm,
RR = 5 kHz, E = 170 µJ , N = 200).

(c) SEM image of a large area processed with
a scanning velocity of vs = 5 mm/s (λ =
515 nm, RR = 5 kHz, E = 176 µJ ,
N = 200).

(d) Zoomed SEM image of a crater produced
on copper in air with a cylindrical lens
(λ = 515 nm, RR = 5 kHz, E = 197
µJ , N = 200).

Figure 1.2: Different structures generated on copper through both spot processing [(a), (b),
(d)] and scanning line processing [(c)] in the frame of this thesis work.

where κe and κL are the electron and lattice heat conductivities; Ce and CL stands
for the electron and lattice capacities; ge−ph is the electron-phonon coupling strength
and S corresponds to the laser pulse energy [28], [61]. According to the duration of the
pulses, the equations (1.1) and (1.2) have two limits:

• If τp ≥ τe−ph (i.e τp ∼ ps) the electrons begin to thermalize during the irradiation
of the target and reach a quasi-stationary condition, while the temperature of the
lattice increases linearly with the time until the electronic system cools down. In
this case ablation occurs through the competition among melting, vaporization
and solidification [28];

• If τp ≤ τe−ph (i.e τp ∼ fs) the electron-phonon interaction occurs after the laser
irradiation and lasts until the equilibrium among the lattice and the electrons is
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reached. In this case, depending on the attained temperature of lattice TL, phe-
nomena of amorphization, melting and ablation may happen [28], [67].

When TL is sufficiently low, the heat absorbed by the target disperses in a thin layer
below its surface. In this case the cooling rate is so high (∼ 109K/s) that it does not
allow the material re-crystallization and causes the surface to appear in an amorphous
state [68].
If TL is higher than the previous case and reaches the melting temperature Tm then the
surface results in liquid phase that lasts from 10 ps to 100 ps. Different theories are
proposed to explain the transport in the melted stage; some authors propose a model
based on Navier-Stokes equations or on the Marangoni effect for convection motion
[7], [12]; others suggest that the fluid behaves as an incompressible Newtonian fluid
[61]. The molten stage usually stands in non-equilibrium conditions before the resolid-
ification process. In this scenario, if the temperature of lattice reaches high values, the
melted material gets involved in phenomena of vaporization, evaporation, boiling and
thus ablation [16], [68].

(a) SEM image of a crater produced on copper
through a cylindrical lens; the circled areas
highlight the deposited nanoparticles.

(b) SEM image of a large area entirely covered
by nanoparticles.

Figure 1.3: Different structures generated on a copper sample through both spot processing (a)
and scanning line processing (b) in the frame of this thesis work.

Therefore, the phenomenon of ablation manifests with several mechanisms and apart
from the aforementioned ones, it can occur through effects of spallation, fragmentation
and phase explosion 1 [67]. Ablation verifies from a time scale of 10 ps up to 100 ns,
following which the sample surface cools down and rapidly solidifies, giving rise to
surface structures, examples of which are displayed in Fig (1.2).

1At high temperatures of the lattice, close to 0.90 Tcr, where Tcr is the critical temperature of the
material, the melted surface undergoes a phase transition to a superheated liquid. Afterwards, bubbles
form and lead to the formation of vapor and liquid droplets which are ejected from the material [60].
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The material removed from the surface stands up in a plume (or plasma), composed
by nanoparticles, ions, atoms, clusters and droplets. The plume survives above the
target from several ns up to 100 µs depending on the environment in which it expands
[1]. Subsequently, due to the external ambient pressure the nanoparticles deposit back
onto the surface, decorating it.

The generation of nanoparticles is suitable for several film deposition applications
that go under the name of Pulsed Laser Deposition (PLD). Developments in this field
require the control of three important parameters: (i) the cooling speed of the plume;
(ii) ambient pressure; (iii) temperature, which are responsible of the properties and dis-
persion of nanoparticles surrounding the ablated region [55]. Figure (1.3) illustrates
deposition of nanoparticles debris on the surface of the target after laser irradiation.

The morphology of surface structures strictly depends on the laser parameters; in
particular the laser fluence has an impressive impact on its features.

Figure 1.4: Representation of the Gaussian profile along the sample surface.

In the following, the determination of the characteristic fluence threshold for a spe-
cific process (e.g. ablation, structures formation, surface modification, etc.) is illustrated
in the case of a Gaussian beam [25]. Such an approach has been shown to be valid also
for beams with more complex spatial shapes, as for example vector vortex beams carry-
ing orbital angular momentum [39]. This model also allows determining the laser spot
size on the target surface, another important experimental parameter.

Let us assume to have a material surface in the x and y plane, hit by a train of
femtosecond laser pulses propagating along the z direction. It is commonly assumed
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that for a laser beam focused through a lens, the spatial profile on the sample surface is
Gaussian [Fig.(1.4)].

Hence, indicating with r the distance between a point of the surface and the point
corresponding to the maximum value of the fluence ϕ (energy for unit of area), the
formula in Eq.(1.3) shows the Gaussian profile of ϕ(r):

ϕ(r) = ϕ0e
− 2r2

w2
0 and ϕ0 =

2E

πw2
0

(1.3)

where ϕ0 is the peak fluence, w0 is the Gaussian spot size corresponding to the radius
for which ϕ(r) decays by a factor 1/e2 and E stands for the pulse energy.

As above mentioned, different surface features arise from the radiation-matter inter-
action depending on the value of the laser fluence. This correlation is true for both spot
and line scanning processing [see Paragraph (1.3.3)], [12].

Figure 1.5: Schematic representation of the fluence of a Gaussian laser beam; in particular
two different fluences were marked for the two different regions visible on a crater
produced by a laser beam on the surface of a silicon sample; the image of crater
belongs to Ref.[1].

Therefore for each distinct region as long as w0 is the same [see Fig.(1.4)], it can be
defined the fluence threshold ϕth as in Eq.(1.4), characteristic for each material.

ϕth = ϕ(rth) = ϕ0e
− 2r2th

w2
0 (1.4)
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where rth is the radius of the specific region presenting the process of interest with
fluence threshold ϕth. Replacing ϕ0 and ϕth with the expression in Eq.(1.3), the formula
in Eq.(1.4) becomes:

ϕth =
2Eth

πw2
0

=
2E

πw2
0

e
− 2r2th

w2
0 = ϕ(rth) (1.5)

from which one can obtain an expression for rth [Eq.(1.6)].

r2th =
w2

0

2
ln

(
E

Eth

)
(1.6)

Equation (1.6) represents the starting point to experimentally evaluate the Gaussian spot
w0, the energy threshold Eth and consequently the fluence threshold ϕth. The method
consists in generating spots on the surface at fixed λ, repetition rate RR and variable
pulse energy E and then measuring the crater size as a function E. In the present work
such a procedure was exploited to determine ϕth for copper samples, performing a fit
through Eq.(1.6).
Additional discussions and results are provided in Chapter (3).

1.2 History of LIPSS
The generation of periodic surface structures upon linearly polarized radiation is an

universal phenomenon which occurs on almost any solid target (metals, semiconductors
and dielectrics) in different kinds of environments (air, vacuum, liquids, etc).
Depending on the material, selected laser parameters and working conditions, various
type of surface structures can be processed whose feature sizes range from several mi-
crometers to few tens of nanometres [6], [8].

LIPSS were observed for the first time in 1965 by Birnbaum on polished germanium
crystal surfaces irradiated with a focused ruby laser beam [5]. Initially this formation
was ascribed to some diffraction effects along with material removal phenomena which
lead to the surface structuring at the maxima of the intensity pattern. Subsequently,
during the eighties of the twentieth, many authors suggested a new theory based on a
mechanism of interference between the excited surface wave scattered at the rough sur-
face and the incident laser beam.
At that time, the interest and the research in this field were not so intense as it lefts few
doubts and questions. However, in the early ages of the new millennium, the discover
of a "non-classical" type of LIPSS with period significantly smaller than the laser wave-
length (the ones named HSFL) gave a new resonance to LIPSS topic, strongly supported
by the commercial availability of ultra-short laser pulses (τp ∼ fs÷ ps) [7], [8].

Sipe and co-workers coined in 1982 the term "LIPSS"; in particular, with both the-
oretical and experimental approaches, they introduced for the first time the so-called
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efficacy factor η.
The efficacy factor is a scalar function that represents the propensity of the material to
absorb the inhomogeneous energy at the surface roughness and allows to identify the
LIPSS period and orientation as a function of the laser parameters (wavelength λ, angle
of incidence θ, polarization direction) and surface parameters (dielectric permittivity ϵ,
shape factor s and filling factor F linked to the surface roughness). Sipe’s theory also
introduces a set of 14 equations for the evaluation of the LIPSS periods. Although this
theory is the most accepted one, it is unable to predict some types of structures because
it does not include the treatment of the feedback mechanisms, of which we will talk
about in Paragraph (1.3.3) [8], [12].

Apart from many theories developed in the last years to investigate LIPSS forma-
tion and actually object of debate, it is important to point out the development and the
employment of laser sources at high repetition rate (HRR).
Modern solid-state lasers can provide repetition rates ranging from kHz up to MHz.
The implementation of laser source with high pulse energy and high repetition rate al-
lows to realize nanostructures in the fastest way that we are currently able to guarantee
and that can meet industrial requirements [30].
Nowadays, through the employment of scanning systems, the laser approach is capable
to manufacture large areas of several hundreds of cm2 in few minutes.

Nevertheless, it is necessary to pay attention with laser sources at high repetition
rates, since some undesirable effects may ensue. One of them is the plume shielding
effect, occurring when the temporal distance between two consecutive pulses is smaller
than the time during which the plume stays above the target surface.
In this case, the laser pulse interacts with the nanoparticles, ions and neutral atoms held
in the plume, leading to some unwanted morphological modifications on the target sur-
face [1].

Anyhow, fs laser induced surface structuring became one of the most enviable and
competitive techniques available in the industrial sector. Moreover, it results a valid
alternative to the already known nanostructuring methods (chemical vapour deposition
(CVD), electron beam lithography (EBL), nano-imprinting, wet and dry etching, pho-
tolithography etc.) which are often expensive, time-consuming and require also the
employment of different kinds of elements (e.g. optical masks, vacuum systems) and
conditions (e.g. clean rooms) [12], [18].

In particular, this work carried out at Dipartimento di Fisica "Ettore Pancini", fits in
this framework since the obtained nanostructures were realized through laser pulses in
the range of kHz.
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1.3 Theory of LIPSS
As mentioned in Sect.(1.2), LIPSS are generated when a laser beam linearly polar-

ized strikes a solid surface. They usually emerge as surface relief characterized by pe-
riodic lines which show a correlation with the laser beam polarization and wavelength.
According to their spatial period LIPSS are commonly divided in two different classes:

• Low-spatial frequency LIPSS (LSFL): with λ/2 ≤ ΛLSFL ≤ λ, where λ is the
wavelength of the laser beam and ΛLSFL is the spatial period of the structure.
Furthermore, these kind of LIPSS are also referred to as ripples. In turn, LSFL
are divided into two groups:

a) LSFL-I: these structures are typical for metals and semiconductors and are
characterized by ΛLSFL ∼ λ and orientated perpendicular to the laser beam
polarization ;

b) LSFL-II: these structures are typical for materials with large band gap and
are characterized by ΛLSFL ∼ λ/n, with n being the refractive index of the
material, and are usually orientated parallel to the laser beam polarization
[7], [8];

• High-spatial frequency LIPSS (HSFL): with ΛHSFL < λ/2 where λ is the wave-
length of the laser beam and ΛHSFL is the spatial period of the structure. In turn,
LSFL are divided into two groups depending on the depth-to-period aspect ratio
A:

a) HSFL-I: with A > 1, typically observed for semiconductors and dielectrics;

b) HSFL-II: with A < 1, typically observed for metals [6], [8].

Fig. (1.6) displays a scheme which summarizes the classification of LIPSS and Fig.
(1.7) illustrates some examples of the above-mentioned structures.

Anyhow, besides the LIPSS illustrated above and displayed in Fig.(1.7), other sur-
face structures with supra-wavelength period, that have not yet been included in the
previous classification, have been observed. These structures are generally indicated
as grooves and have been much less investigated than ripples. They are preferentially
aligned along a direction parallel to the laser polarization, and hence orthogonal to rip-
ples, and they typically form at larger fluence values and for higher number of laser
pulses with respect to ripples [8], [20].
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Figure 1.6: Classification scheme for LIPSS, [8].

Grooves formation has been reported in semiconductors (Si, InP, etc.) [11], [19]
dielectrics (e.g., SiO2) [62] and in some metals and alloys (e.g., Ni, Ti, steel, etc.) [61],
[63]. The formation mechanisms and the dependence of their characteristic features on
the various experimental parameters have yet to be fully clarified [38]. However such
a task is out of the scope of this thesis work since it was carried out in an irradiation
regime for which grooves formation does not take place.

As regards the theories on the formation of LIPSS, the current scientific community
is divided between those who sustain electromagnetic theories and those who support
matter reorganization theories. The main difference between these two thoughts must
be searched in the temporal regime within which LIPSS are formed.

• Concerning electromagnetic theories, the generation of LIPSS is directly linked
to the deposition of optical energy into the solid, during the laser irradiation;

• Concerning matter reorganization theories, LIPSS form after laser irradiation (from
hundred of ps to tens of ms) and this may involve hydrodynamic effects along
with material instabilities, erosion effects and creation of defects.

In particular, for solids irradiated with ultra short lases pulses (ps or fs) both sce-
narios can occur in two separate temporal regimes. This question can be explored using
two experimental approaches: the first one employs double fs pulses to investigate op-
tical absorption by the material, the latter one uses time-resolved spectroscopy (e.g.
pump-probe) to study the ultrafast dynamics of the LIPSS [7], [8].
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Figure 1.7: SEM images showing different types of LIPSS. The upper panels display LIPSS
for a sample of Ti6Al4V titanium alloy: LSFL-I (on the left), HSFL-II (on the
right); the bottom panels illustrate structures for fused silica:LSFL-II (on the left),
HSFL-I (on the right). The red arrow indicates the direction of polarization [7].

1.3.1 Electromagnetic theories
When we talk about electromagnetic theories for LIPSS formation, we usually refer

to low spatial frequency LIPSS, the ones we named LFSL.
We have already made the difference between LSFL-I and LSFL-II, however it was

a distinction which accounted structural characteristics; now we want to underline also
that the mechanisms of LSFL-I and LSFL-II formation are not the same. It is generally
accepted that LSFL-I arise from an interference between the incident laser beam and a
surface electromagnetic wave (SEW) generated on the rough surface [see Fig. (1.8)].

Initially, we can image that the incident laser beam linearly polarized generates a
defect on the material, which acts as a scattering center. Consequently, a wave propa-
gating along the surface through scattering effects, is produced. This wave, known as
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Figure 1.8: Mechanism of interference between SEW and the incident laser beam, which leads
to LIPSS.

SEW, interacts in turn with the incident laser beam and creates an interference pattern
which modulates the spatial energy distribution deposited onto the sample [7], [8].

Sometimes, the mechanism explained above may involve the excitation of Surface
Plasmon Polaritons (SPPs), which are waves that propagate across the interface between
two media, under specific conditions on their dielectric permittivities [Eq (1.7)], [18].

Re{ϵair}Re{ϵsample}+ Im{ϵair}Im{ϵsample} < 0 (1.7)

For metals, it can be shown that upon irradiation in air (in the range from visible to near
IR), the SPPs are excited if the dielectric permittivity ϵm (m stands for metal) reaches
the condition Re{ϵm} < −1.

In literature, referring to the SPP standard model of LIPSS, the spatial period ΛLSFL

of LSFL-I is linked to the spatial period of the modulated electromagnetic field ΛSPP ,
through the relation ΛLSFL−I = ΛSPP .
For a plane air-metal interface, under normal incident radiation, ΛLSFL−I can be calcu-
lated as follow:

ΛLSFL−I = ΛSPP = λRe

{√
ϵm + 1

ϵm

}
(1.8)

where λ is the radiation wavelength. The relation in Eq.(1.8) must be used carefully: it
is valid for experiments employing few number of pulses and for not too deep LIPSS
relief [7], [12].

The hypothesis of the excitation of SPP may be useful also as a starting point to
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explain the regularity of LIPSS for different metals. Let us assume to have a metal
surface, in the x and y plane, exposed to femtosecond laser pulses in air environment.
As mentioned, if the condition in Eq.(1.7) is satisfied, SPPs excitation can occur. Hence,
SPPs waves propagate along the surface of the material with a wave number given by:

kx = ±ω

c

√
ϵairϵsample

ϵair + ϵsample

(1.9)

where ω is the angular frequency of the waves. Since SPPs spread crossing the metal
surface, some energy could be loss due to the absorption. From this point of view,
a parameter which takes into account these absorption phenomena is introduced: the
propagation length (or mean free path) LSPP .
LSPP is defined as the distance beyond which SPPs intensity decays by a factor equal
to 1/e, and it is calculated as follow:

LSPP =
1

2Im{kx}
(1.10)

As a first approximation, it can be shown that for metals the mean free path LSPP is
linked to the regularity of periodic structures.
In particular the following classes of materials can be identified:

a) Metals with LSPP ranging from (1÷20) µm which manifest high regular periodic
structures (the ones signed as HR-LIPSS);

b) Metals with LSPP ≳ 50 µm for which periodic structures appear in a not so
regular way.

It is interesting to underline that materials with a high optical dumping belong to the
first group [a)]; examples are: Mo, Ti, steel.
Materials such as Au, Al and Cu belong to the second group [b)].
Note that the cited metals are related to experiments performed through a femtosecond
laser source with a wavelength λ = 1030 nm. Indeed, it was experimentally demon-
strated that with the decrease of the laser wavelength several metals tend to exhibit
HR-LIPSS such as Au and Cu [18].

Sipe’s theory predicts the mechanism underlying LFSL-II formation for transparent
materials. The theory involves the so-called Radiation Remnants, a non-radiative elec-
tromagnetic wave, which propagates close to the rough surface. As a result, this wave
extracts energy from the incident radiation and transfers it to the material surface at the
associated spatial frequencies [8].

It should be highlighted that LSFL can also originate in a non-ablative regime. In
this case, the optical energy transferred to the irradiated material is not enough to induce
material removal from the surface; as a result periodic structures can arise from the
solidification of the molten region.
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This process may involve many effects such as the action of thermocapillary forces and
the occurrence of thermal oxidation, which lead to a spatial redistribution of the material
during the melting stage [8], [12].

As regards HSFL several theories have been proposed, since the discussion on the
subject is still controversial. In 2011 Buivdas at al. proposed a theory for transparent
materials according to which HSFL-I originate from the nanoparticles held in the plume
above the material after the fs laser irradiation, [7].
Apart from hydrodynamical and self organization effects, others mechanisms were pro-
posed such as: the interaction, and thus the subsequent interference, between the inci-
dent electromagnetic radiation and the coherent near field scattered at the rough surface
and the involvement of second harmonic generation [7], [8].

1.3.2 Matter reorganization theories
Matter reorganization theories rely on the fact that, after femtosecond laser irradi-

ation, the material displays a molten phase after which it cools down and solidifies.
During this process transport effects occur and lead to a redistribution of the material
that reshapes in a periodic structure pattern. Hydrodynamic effects, material instabil-
ities and microscopic accumulations concur to the above mentioned events for which
many theories are proposed; here, we briefly discuss about two of them: hydrodynamic
theories and self organization theories.

Figure 1.9: Scheme for LIPSS formation through self organization phenomenon.

• Hydrodynamic theories involve the action of surface tension gradients that stretches
the melted layer during the transition phase to the solid state. According to the lat-
ter, the dynamics of this molten coat is usually dealt with Navier-Stokes equations
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which describes the motion of a continuous fluid with mass density ρ, dynamic
viscosity µ at pressure P . In this scenario, possible attendances by thermoelas-
tically generated surface acoustic waves (SAWs) and capillary waves must not be
omitted. In particular, the first ones manifest when the absorbed energy deposits
into a thin layer of the material and with the contribution of the heat flow, ex-
cites SAWs at appropriate spatial frequencies; the latter appear thanks to capillary
forces during the convective motion of the fluid (Marangoni effect) [7];

• Self organization theories are based on the formation of defects (vacancies, voids,
displacements) after intense fs laser exposure. These defects are trapped into a
layer of thickness h of the host material causing its instability, which manifests in
a thermal nonequilibrium. As a result, a mechanism for restoring thermal equilib-
rium is required. This fact leads to the temporal evolution of the elastic thin layer
h which results in a self assembled quasi-periodic structure [6]. In Fig.(1.9) an
example of the process is illustrated.

1.3.3 Feedback phenomena
Let us assume a material surface exposed to a train of N fs laser pulses at a fixed

repetition rate RR and of which we vary the number N ; there are two possible irradiation
conditions :

• The static configuration: the train of N laser pulses hits the same point of the
target surface;

• The dynamic configuration: where a large area is processed through the scanning
of the laser pulses across the surface;

In both scenario, depending on N , feedback phenomena occur influencing the LIPSS
formation and their morphological features.

Feedback processes are divided into two groups: the intrapulse effects and the in-
terpulse effects. The former occur when the surface receives a single laser pulse and
they may include many effects such as: changing in optical properties, excitation of
SEW, generation of defect states (e.g. excitons) and inhomogeneous absorption. The
latter manifest during multi-pulses laser irradiation and may involve: topographical and
morphological changes, self-organization phenomena and chemical changes.

Moreover, it should be noted that a single laser pulse without any doubt changes
surface morphology, but for gaining regular periodic structures it is necessary acting
with several number of pulses [12], [18].

17



1.4 Control of LIPSS and applications
The manufacturing of nano and micro structures by fs laser pulses, is one of the

most versatile techniques which allows to process a large variety of materials suitable
for a wide range of applications, such as: photonics, biology, medicine, tribology, elec-
tronics, and so on.
The great capability to be such a flexible technology justifies both the active research
in this field and the increased demand from industry. Moreover, this versatility is rein-
forced by the quick and easy manipulation of the parameters which make possible the
realization of LIPSS [6], [12], [67].

The key factors we are talking about are:

• Laser wavelength λ: as we have seen in Sect.(1.3) LIPSS period is strictly related
with the laser wavelength. It is usually observed that ΛLSFL scales linearly with
λ. It should be noted that there is a lower spatial limit for the periods depending
on the processes; it is widely accepted it is caused by the optical relaxation during
the transfer of energy from the electronic system to the lattice [8], [12].

• Number of pulses N : surface modifications can occur by a single laser pulse,
however to obtain regular periodic structures an increase of the number of pulses
is required, thus leading to feedback phenomena [see Paragraph. (1.3.3)]. It has
been experimentally seen that for metals and semiconductors an increase of N
leads to a decrease of ΛLSFL; for dielectrics the opposite phenomenon takes place.
For HSFL it seems that there is not a strong correlation with N [10], [12];

• Polarization: as we discussed in Sect.(1.3), the orientation of LIPSS is linked to
the polarization of the laser beam. This correlation was experimentally demon-
strated through the irradiation of a solid sample through optical vortex beams
characterized by different polarization states (radial, azimuthal, and spiral-like)
[8], [12], [39].

• Peak fluence: local fluence is crucial for LIPSS generation. A material could
show characteristic LIPSS for a selected value of fluence which does not occur at
others. Therefore, for each material there are certain values of fluence at which
different types of structures appear (e.g. ripples, spikes, grooves), [12].

• Angle of incidence θ: the angle formed between the incident laser beam and
the irradiated material also affects the morphological changes of the surface. In
particular, LSFL strongly depend on θ; while HSFL show a weaker correlation
[12];

• Local environment and room temperature: the medium which surrounds the
material surfaces also affects the period of LIPSS. In particular it has been shown
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that in air and in vacuum there are not substantial changes in LIPSS period, while
in liquids (e.g. water) a reduction of about 100 nm is observed.
Moreover, the temperature T of the room influence LIPSS formation, since the
linear absorption coefficient α of the material is sensitive to T [10], [12].

Hereafter we illustrate many effects obtained through fs laser structuring and suitable
for several technological applications.

Antibacterical surfaces - LIPSS can be suitable for medical applications: they can
be used to reduce the bacterial attachment on material surfaces.
For instance, on LIPSS-covered titanium alloy it was demonstrated a decrease of Staphy-
lococcus aureus bacteria adhesion, allowing in this way to obtain safer prothesis since
titanium is one of the most used material for their realization.

Other experiments report the influence of LIPSS in the growth of biological cells; e.g.
it was investigated the proliferation of different cells cultures on polystyrene film for
which it was shown that cells align along the direction of LIPSS [8], [12].

Figure 1.10: Example of a tribological test: a ball of 100Cr6 steel slides in a commercial
engine oil against a sample of titanium-alloy, [8].

Modification of mechanical properties: friction and wear - LIPSS find application
also in the field of tribology.
The first experiment was carried out in 1999 with a tribological test on the nanostruc-
tured NiP and it was found out that LIPSS concur to the reduction of friction and wear
with respect to the unstructured one [8], [12].
Futhermore, many tests performed on several metals confirm this trend. For example,
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in the one shown in Fig.(1.10) a ball of 100Cr6 steel slides in a commercial engine oil
against a sample of titanium-alloy first nanostructured and then unstructured to check
the difference of the friction coefficient [8], [12].

(a) Blue Titanium. (b) Black platinum.

(c) Golden aluminium. (d) Black aluminium.

Figure 1.11: Nanostructured metals displaying different colors with respect to the ones we are
used to see [67].

Modification of optical properties: the structural color - Material surfaces exhibit
different types of colors not only for the presence of pigments, but also for scattering
and diffraction events which occur due to the interaction with the light of the environ-
ment. Thus, surfaces act as diffraction gratings, light scattering structures and thin-film
reflectors.

From this point of view it is understandable to expect that surface modifications lead
to a change in the structural color of the sample. Hence, the generation of LIPSS be-
comes a method to change optical properties of materials and gain some with different
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colors from what we are used to see.
This effect was observed for the first time on metals irradiated with fs laser pulses and
with the generation of LIPSS it was possible to obtain: blue titanium, black platinum,
golden and black aluminium [Fig.(1.11)] [67].
The control of color by LIPSS would be useful in many application such as cryptogra-
phy, optical data storage, decoration [8], [12].

Other applications - In the previous paragraphs we have discussed some applications
of LIPSS in different fields; however, others ones are reported in literature. LIPSS also
can be used to: enhance Raman signal in SERS technique; improve both X-ray emission
from surface and thermal emission from tungsten lamps; turn hydrophobic surfaces into
hydrophilic ones and vice versa; investigate superconducting and magnetic properties
of metals [6], [12], [67].
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Chapter 2

Experimental Setup

This chapter presents the experimental setup employed in this thesis work. The
Sect.(2.1) describes the typical setup used in direct fs laser surface structuring, with the
focus on the cylindrical and spherical lenses used to focus the beam. The discussion
continues with the description of the scanning electron microscope (SEM) [Sect.(2.3)]
and the optical microscope (OM) [Sect.(2.4)] used to characterise the morphological
features of the generated structures.

2.1 Experimental setup for femtosecond laser surface
structuring

The experimental setup employed in this work consists in two fundamental parts:

a) The laser system and accessories for surface processing;

b) The optical microscope (OM) and the scanning electron microscope (SEM) for
the morphological analysis of the nanostructured samples.

Fig.(2.1) displays a sketch of a typical experimental set up for laser surface processing.
The laser system produces fs pulses that are focused onto the surface of the target

material through a lens. The sample is located perpendicular to the laser beam and
mounted on a computer-controlled translation stage that allows to move it along x and
y directions. The z direction is fixed and adjusted in correspondence with the lens focus
or another appropriate position and it can be manually or computer controlled. This
type of equipment enables to work both in the static and dynamic configurations. The
energy of the laser pulse is controlled by a system composed of a half wave plate and
an attenuator, whereas an electromechanical shutter fixes the number of pulses for the
generation of spots (static configuration) or blocks the laser beam in raster scanning for
the texturing of large areas (dynamic configuration).
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Figure 2.1: Scheme of the typical experimental setup for fs laser surface structuring [38].

A wave plate and a pinhole are respectively used to control the laser polarization and
reduce any possible laser distortions and aberrations, besides selecting the most intense
part of the beam; a powermeter is also used for monitoring the energy of the beam [38],
[67].
In this thesis work the laser source is a chirped pulse amplification Yb:KGW system
providing pulses with a duration of τ ∼ 180 fs at a central wavelength of 1030 nm.
The system is equipped with a harmonic generator unit that allows producing beams
at other wavelengths. The experiments were carried out by using both the fundamental
output at 1030 nm and its second harmonic at 515 nm. The laser system is provided with
a pulse selector capable to define a train of laser pulses with any value of the repetition
rate RR up to that of the Regenerative Amplifier (RA). The regenerative amplifier is
used for the amplification of ultrashort light pulses and consists of an optical resonator
within that there is a gain medium. The operating principle can be explained as follow:
first the gain medium is pumped and depending on the pump, the amplifier can work at
determined repetition rates; moreover, the higher is the repetition rate, the lower will be
the energy per pulse. Subsequently, the incoming pulse is trapped in the resonator and
undergoes many round trips until it extracts all the energy stored in the gain medium. In
this way the pulse is amplified and after that it leaves the cavity [48].
In our system the pulses reach a maximum energy of ∼ 1.5 mJ . In the experiments
involving the study at various RR, some issues must be taken into account if the RR
selection is done by the RA switching. For example, apart from that the energy per pulse
is reduced with the increase of repetition rate, the features of the laser beam itself could
be modified. To overcome such an issue a pulse picker, integrated within our system, is
used. The pulse picker works as an optical divider, i.e it permits to select certain pulses
from a pulse train. A pulse picker comprises: (i) a Pockels cell which manipulates the
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polarization state, (ii) a polarizer that enables the pulses either to pass or to be blocked.
Such a method assures to have a stable laser source with the same energy per pulse
during the experiment (apart from any statistic fluctuations), however it limits the energy
to a maximum value; e.g. if the maximum power delivered from the laser source is 2W
at RR = 200 kHz, then the maximum pulse energy is E = 10 µJ [1], [42].

The experiments were carried out irradiating copper targets in air. The Cu target
consists of a polycrystalline copper OFE (Oxygen-Free electronic grade) metal sheet of
1mm thick that is cut into a size of 2 cm × 2 cm. The target underwent a standard pro-
cedure for UHV cleaning, including a wet-chemical detergent based degreasing process
followed by rising in deionized water. Due to its excellent thermal and electrical prop-
erties, good machinability and high corrosion resistance, copper is one of the metals
widely used in industrial applications, e.g. it can be suitable for making wiring systems,
high conductivity cables, transmission lines etc. In particular, copper has wetting prop-
erties which can be improved with fs laser treatments involving LIPSS formation. It
has been shown that the generation of periodic structures on copper allows to gain high
hydrophobic surfaces exploitable to: enhance heat exchangers, improve water-resistant
electronics, modify and control oxidation of the materials, etc. [2].

However, beyond all these considerations, the present work on copper samples fits
into a broader and new panorama related to the reduction of secondary electrons emis-
sion in high-energy colliders. When two beams of particles collide at high speed and
energy, photoemission and secondary emission phenomena occur leading to some un-
wanted effects in the high-energy particle accelerators. One of these effects is the for-
mation of electron clouds by secondary electron emission from the walls of the system,
typically made of Cu, which affects the stability of the beam itself causing it to degrade
and damage.
From this point of view, the structural modification of the beam chamber is one of the
approach that can be followed in order to cope with to such an issue. In particular, laser
surface texturing has been considered in some works [14], [15], [64], [65]. In this re-
spect, surface structuring with fs laser pulses is still scarcely investigated [40]. However,
femtosecond laser treatment on the chamber surface might be one of the techniques de-
serving attention that might enable reaching such an achievement. Ref.[40] reports an
interesting study performed on two types of copper targets (OFC and POFC, differing
each other in the treatment of their surface) structured with a fs laser source. What
the authors have shown is that the generation of LIPSS on copper surfaces leads to a
reduction of the secondary electron yield (SEY) δ, i.e the parameter through which one
can control the quantity of the emitted electrons: δ = ISE/IPE , where ISE is the current
of secondary electrons emitted and IPE is the current of incident primary electrons.
An important result regarding SEY is its dependence on the morphology of the surface;
in fact, it has been experimentally demonstrated that ripples arising from a linearly po-
larized fs laser irradiation are more efficient for SEY mitigation than those generated
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by a circularly polarized beam (recall that polarization is one of the parameters that
influences the appearance of LIPSS Sect.(1.4)). The reduction of SEY gained in the re-
search in Ref.[40] is not high enough to completely avoid the electron clouds formation
in particle colliders since it requires a value of δ ≤ 1, while the one obtained is almost
δ = 0.91. However, the mentioned work lays the foundations for new studies in this
field, in particular the present work thesis fits into this context.

In the current experiments, the surface structures were generated by both the static
and dynamic irradiation of a copper sample. In the former case, the laser light was
focused in air through both plano-convex spherical and cylindrical lenses with focal
lengths of 200 mm and 150 mm respectively. By using the spherical lens, the Cu
sample was irradiated at λ = 1030 nm with a sequence of N = 200 pulses and by
varying: the repetition rate in the range (3 ÷ 30) kHz and the pulse energy in the range
(30 ÷ 60) µJ .
By using the cylindrical lens, several spots of elliptical shape were produced with a train
of N = 200 pulses at the repetition rate of 5 kHz. The sample was irradiated with the
laser source at the central wavelength of λ = 1030 nm and at its second harmonic of
λ = 515 nm. In both cases we varied the energy of pulses: for the IR light the energy
variation window is (356 ÷ 506) µJ whereas for the green light it is (94 ÷ 197) µJ .

In the case of the dynamic configuration, the laser beam was focused onto the copper
surface by a plano-convex cylindrical lens. The laser surface structuring was carried out
across a millimeter size area by moving the translation stage, where the target is located,
at velocity vs. We selected four scanning velocities in the range vs = (0.1÷ 2.0)mm/s.
The areas were processed by writing a continuous pattern of parallel lines along the
horizontal direction, separated by a shift along the vertical direction of which we varied
the step. The laser was operated at a repetition rate of RR = 5 kHz and λ = 1030 nm.
The energy per pulse was fixed and it was about 180 µJ .

The laser surfaces processing, as well as, the investigation of the morphology of the
nanostructured samples by means of the optical microscope (OM) were carried out at
"Dipartimento di Fisica Ettore Pancini". The morphology of the generated structures has
been also analysed by means of the scanning electron microscope (SEM) at Laboratorio
MUSA" of CNR-SPIN Institute (located in Salerno, Dr.Antonio Vecchione).

The measurements of the structural features of the processed samples were per-
formed with the open source program ImageJ [37], while the bidimensional Fast Fourier
Transform (2D-FFT) maps of the SEM images were elaborated with Gwyddion software
[36].

2.2 Spherical and cylindrical lenses: an overview
In the previous section, it has been underlined that the laser beam was focused on

the material surface through a plano-convex spherical lens (f ∼ 200 mm) and a plano-
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convex cylindrical lens (f ∼ 150 mm). This paragraph gives a brief overview of the
advantages between these two approaches. A spherical lens is an optical element with
almost a curved surface that causes the beam to converge or to diverge. In particular, a
plano convex lens is a converging (or positive) lens which features a spherical surface
on one side and a flat surface on the other. It is commonly used in the optical systems
and in our interest, it has been employed to focus the laser beam at single point placing
the flat surface opposite to the sample (the focal plane) and the spherical surface in front
of the beam (the infinite conjugate plane) to reduce aberration effects.

Figure 2.2: Lines generated on a copper sample by focusing a fs laser beam (λ = 515 nm)
with the cylindrical lens.

A spherical lens is usually defined by a single radius of curvature that guarantees a
certain symmetry, i.e by rotating it, the shape and the orientation of focused point should
not change. However, as every curved surface, it is affected by spherical aberration that
causes the light to focus in different points on the optical axis. From this point of view,
a cylindrical lens may suitable to solve such an issue since it is curved only in one
direction. A cylindrical lens is obtained by cutting a glass cylinder with a plane parallel
to the axis of rotation. Therefore, it has two different radii along x and y directions
which lead it to produce a magnified image only in one axis. Moreover, this shape makes
it not fully symmetrical i.e the mode through which the light is transmitted depends on
the orientation of the lens.

In the present work, we used a plano convex cylindrical lens to focus the laser beam
along a line on the sample surfaces [Fig.(2.2)]. The choice to exploit a cylindrical lens
lies in the fact that it enables to texture larger and bigger areas in less time rather than
spherical lenses.

2.3 The scanning electron microscope SEM
Due to its high resolution, the scanning electron microscope (SEM) is one of the

most used instrument for the investigation of sub-micrometer morphological features
[Fig.(2.3)]. The operating principle is based on the interaction between the target and
the electron beam scanned over its surface.
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Moreover, the scanning electron microscope can be suitable also for the chemical anal-
ysis of the samples, implementing it with the X-ray energy dispersive spectrometer
(EDS), [24].

(a) Central part of the elliptical crater gener-
ated through a cylindrical lens: it is possi-
ble to recognize the ablated region and the
deposited nanoparticles clearly.

(b) Enlarged image of the figure on the left;
here it is easy to distinguish the peripheral
area where ripples are formed and the ex-
cavated central region that features pecu-
liar texture.

Figure 2.3: SEM images of a structured surface of copper generated by an irradiation sequence
of N = 200 pulses, at pulse energy E = 140 µJ , RR = 5 kHz and λ = 515 nm,
in the frame of this work.

The microscope consists in two fundamental parts:

a) The electronic console through which one can control and adjust the intensity, the
focus and the magnification of the images on the display screen;

b) The electron column where the electron beam is produced and sent to the target
placed on a motor stage in a vacuum chamber.

Figure (2.4) shows a sketch of the electron column with its components, that are
briefly described [24], [29].

• The electron gun: at the top of the column, it provides the electron source either
for the thermionic effect or via field emission effect. Three parts compose the gun:
(i) the hot filament which ejects electrons; (ii) the Wehnelt cylinder that controls
the number of the emitted electrons; (iii) the anode responsible of accelerating
electrons. To reduce any possible effect of interaction between the beam and the
external environment, the electron gun is inserted in a vacuum chamber different
from the one where the sample stands.
The electron beam usually reaches voltage from 1 kV up to 40 kV .

27



• Electron lenses: are distinguished in two types (i) the condenser lenses closest
to the gun; (ii) the objective lens nearest to the sample. The former reduce the
diameter of the electron beam down to ∼ 10 µm, the latter focuses it as a probe
on the target with a spot of nanometric dimensions. In addition, a platinum disk
is inserted near the objective lens in order to limit aberration effects and improve
the depth-of-field of the images.

• The scanning system: provides the scanning of the electron beam along the sur-
face of the specimen. It consists of a deflection system integrated with the objec-
tive lens and monitored by two pairs of electromagnetic coils (scanning coils).

Figure 2.4: Scheme of the electron column
and its components, [29].

After the scanning process, the electrons
emitted from the sample are collected by a
detector, amplified and used to reconstruct
the image at the screen. In particular, the im-
age is formed as result of a one-to-one cor-
relation between the points on the screen of
a cathode ray tube (CRT) and the scanned
points on the target.

As above mentioned, SEM requires a
vacuum system which allows to: preserve
the source from the environment, secure the
path of the electrons on long distances and
isolate the target in order to avoid interac-
tions among the air particles and the elec-
trons released during the process.
Hence, rotary and a turbo-molecular pump
in series are commonly used to ensure a
clean environment. The rotary pump allows
to gain vacuums of ∼ 10−2 mbar (rough
vacuum) starting from the atmospheric pres-
sure; the latter produces vacuums of the or-
der of 10−3 ÷ 10−6 mbar (high vacuum).
Moreover the vacuum chambers are con-
trolled by a locking system: when the cham-
ber of the sample is opened, the one of the

source is closed avoiding the tungsten filaments to burn owing to the difference between
pressures.

In the following some details about the electron source, the detection system and the
imagine acquisition are provided.
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Figure 2.5: Scheme of the longitudinal section of the electron beam with its main features: the
working distance, the angle of aperture αf , the diameter dp and the current ip [24].

2.3.1 The electron source and the electron beam parameters
In Section (2.3), it has been emphasized that one of the main component of the

microscope is the gun which generates the electron beam. According to the physical
phenomena involved, there are two basic types of guns:

a) The thermionic emission gun, which uses a tungsten or a LaB6 filament as source
and exploits the thermionic effect. Indeed, the filament is heated at high tempera-
tures by the passage of electric currents (Joule effect).
As a result the electrons in the conduction band overcome the potential barrier
and leave the surface. After that, imposing a voltage between the filament and
anode, the electrons are accelerated towards the electrical lens system.
Although LaB6 requires vacuum higher than tungsten, modern microscopes pre-
fer to use it as cathode since its working function is smaller than the tungsten one,
enabling to produce electrons with weaker currents [24].

b) The field emission gun operates with the application of an intense electromagnetic
field to a metal tip (with a diameter of ∼ 100 nm) typically composed of a tung-
sten crystal. In this case, electrons exceed the energy barrier due to the tunnelling
effect. The beam intensity produced through this method is about 104 orders of
magnitude higher than the previous one.
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The field emission gun can work in two opposite modalities: at high temperatures
(thermal gun) and at low temperatures (cold gun). The first case generates a beam
of large stability and few noise; the second case engenders a beam with low ener-
gies (useful for preserving the sample), but very sensitive to air ions.
Furthermore, even the tip is affected by the local environment (i.e residual ions
generated from the emission) which can cause it some oxidation; for this reason
the maintenance of the tip is necessary.

The generated electron beam features a current (i.e probe current ip) ranging from pi-
coamperes (pA) to microamperes (µA) and has a diameter dp whose size determines
the resolution of the images [see Paragraph (2.3.3)]. In particular, the diameter de-
pends on two important parameters the beam convergence angle αf and the brilliance
β [Eq.(2.1)].
The beam convergence angle represents the angle of objective aperture and it is strictly
correlated to the working distance, i.e the distance between the sample and the objective
lens [Fig(2.5)].

dp =

√(
4ip

βπ2α2
f

)
(2.1)

The brilliance (or brightness) is a coefficient that enables to evaluate the current at dif-
ferent points of the SEM column; in fact it is defined as the current for the unitary solid
angle (Acm−2rad−1) [24], [29].

2.3.2 Interaction with the sample and detection system
The electrons rising from the material surface, and employed for SEM analysis, are

of two kinds: the backscattered electrons (BSEs) and the secondary electrons (SEs).

• The backscattered electrons are produced from the elastic scattering among the
incident beam and the atoms of the specimen. This entails that the energies are
close to that of the electrons of the beam (preserving the 60÷80%) and that BSEs
are deflected on large angles;

• The secondary electrons emerge with the inelastic scattering between the beam
an the target. In this case, an incident electron transfers part of its kinetic energy
to an electron of the atom of the sample, causing the latter to eject from its orbital
and thus become a secondary electron. This process involves a considerable loss
of energy and generates electrons with energies in the range of (3 ÷ 5) eV and
scattered at small angles.
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Figure 2.6: Interaction zone between the specimen and the electrons of the beam, [24].

The interaction zone is usually schematized as a drop-shaped region, in which one
can distinguish three main parts: (i) the first related to the secondary emission of the
electrons, (ii) the second associated to the backscattered electrons, (iii) the last linked to
the production of characteristic X-rays, involved in the chemical analysis of the sample.
As indicated in Fig.(2.6), the secondary electrons that can actually be detected are the
ones that reach depths of (5÷ 50) nm below the surface of the sample; on the contrary
due to their higher energies the backscattered electrons, useful for the detection, extend
on lengths larger then the previous ones, ranging from 50 nm to 300 nm, [24].

The detection system is typically constituted by a Everhart-Thornley detector [Fig.(2.7)]
that allows the observation both of the BSEs, which usually travel directly toward it, and
of SEs that are instead deflected towards the detector.

The detector [see Fig.(2.7)] is equipped with a Faraday cage (FC) charged negatively
or positively; in particular, if it has a positive charge it mainly collects secondary elec-
trons, but if it has a negative charge it rejects these ones with energy lower than ∼ 50 eV .
The detected electron signal goes to a scintillator which transforms it into photon signal
that travels across a light guide and reaches the photomultiplier tube where the signal
gain increases up to ∼ 106.
The output of the photomultiplier is amplified and displayed onto the screen, [29].

The images revealed at the screen may exhibit different features depending on the
type of detected electrons. Indeed, there are two kinds of contrasts:

1) The topographic contrast - It is usually obtained with the detection of SEs, even

31



Figure 2.7: Scheme of a Everhart-Thornley detector: the arrows indicate the trajectory of the
backscattered electrons (BE), dashed lines trace the path of secondary electrons
(SE), F stands for Faraday cage, S is the scintillator, LG denotes the light guide
and PM is the photomultiplier [24].

if also BSEs can contribute to these images. As the word itself suggests, topo-
graphic images relate with the morphology of the surfaces and depend on two
phenomena: the trajectory effect and the electrons number effect. The first refers
with the orientation of the surface target with respect to the detector; in particular,
if the electrons emitted from a certain zone do not face the detector the image fea-
tures dark regions. The latter is linked to the ejection of electrons at some angles,
i.e if the probe hits a flat surface then fewer electrons escape from the material,
but if the probe strikes a surface with a pronounced curvature or a raised area,
then more electrons are emitted. In this way, according to the two regions, the
images feature safer areas and brighter zones [24].

2) The compositional contrast - It is typically linked to the detection of BSEs and
refers to the chemical composition of the sample. It should be noted that the
chemical analysis provided through this method is only qualitative and not quan-
titative, i.e the SEM is not capable to recognize a specific chemical element even
if it gives and idea of the different material composition, colouring the resulting
images with distinct shades of gray.

The dependence of the atomic species on the backscattered electrons lies in the
fact that the capability of emission is correlated to the atomic number of the
specie; thus the greater the atomic number, the more electrons will be emitted.
This corresponds to brighter areas in the images. [24].
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2.3.3 Quality of the images: the control of resolution and depth of
field

To obtain the desired image, one should be able to control two important parameters:
the resolution and the depth of field, i.e the distance beyond which the focus of the image
is lost.

The resolution of the images is affected by the several factors, one of them is the
probe size; in particular, to achieve high resolution it is necessary to reduce the beam
diameter dp. Recalling Eq.(2.1), it can be noted that an increase of β (brightness) as well
as of the aperture angle αf , will minimize the probe diameter dp. The brightness can
be controlled by varying the acceleration voltage of the electron gun V0, since β ∝ V0,
while the aperture angle can be adjusted through the working distance. However, it is
prominent to be careful when one modifies αf since a large aperture angle could intro-
duce some spherical aberration, therefore the optimization of this parameter is required.

Figure 2.8: Representation of the depth of
field Df , the working distance
Dw and the aperture size [29].

Another important feature to gain high
resolution is the regulation of the probe cur-
rent that must necessarily be larger than the
background noise of the electrons due to
the quantum fluctuations of the beam and
the amplification of the detection system.
The resolution is also limited by the pixel
size of the screen; indeed, one can estimate
it by the pixel size and SEM magnification
M (ranging from 20× to 100.000×) ratio
[24].

The depth of field Df is mainly affected
by the angle of aperture αf and the work-
ing distance [Fig. (2.8)]. The relation-
ship between these parameters is given by
Eq.(2.2).

Df =
2R

tan(αf )
(2.2)

where R is the resolution. Assuming that αf is small enough that tan(αf ) ∼ αf , in
turn the angle of aperture can be written as a function of the aperture radius rfap and the
working distance Dw, thus Df can be expressed as follow:

Df =
2RDw

rfap
(2.3)

Equation (2.3) proves that an increase of the working distance and a decrease of the
aperture size results in an enhancement of the depth of field. However, once again care
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must be taken since a small aperture size reduces the probe current and so the signal to
noise ratio, whereas a long working distance diminishes αf worsening the resolution.
Therefore, the best configuration for getting high quality images should be the selection
intermediate aperture size and working distance.

Figure 2.9: Representation of an FE SEM from Zeiss
Σigma, [21].

The microscope used in this
work for the analysis of the sam-
ples is a FE SEM (i.e Field Emis-
sion SEM) from Zeiss Σigma
model [Fig.(2.9)].
The system is equipped with two
detectors: one for the collection
of BSE placed perpendicular to
the sample and one for the detec-
tion of SEs positioned at 45 de-
grees with respect to the normal
to the sample. The former is an
Everhart -Thornley detector, the
latter is an In-Lens (IL) detector.
The In-Lens detector is located
inside the electron column of the
microscope and it is usually used
to register SEM images at high
contrast.

The samples have been inserted in a vacuum chamber provided with a specimen holder
which supports up to nine targets [Fig.(2.10) (b)]; however, it is important to note that
before inserting a sample into the SEM chamber a specific preparation is required.

Figure 2.10: Preparation of the samples before inserting them in the SEM chamber: panel (a)
shows the silver glue used for the connection to the ground, panel (b) displays the
specimen holder, with the two copper samples.
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Indeed, during the operation of the SEM, the specimen may become negatively
charged and provoke deviations of electrons that would ruin the image. In order to
prevent this effect, the sample is connected to ground by a conductive connection which
directs the excess current towards an electrical ground through the specimen stage, [29].

In our case we used a silver glue which was attached on the surface facing towards
the sample holder [Fig.(2.10) (a)]. Once the sample was prepared and the chamber
closed, a vacuum of ∼ 10−6mbar (high vacuum) was generated through a series of
rotative and turbo pumps.
The electron beam operated with an acceleration voltage EHT = 5 kV , an aperture
size of ∼ 20 µm and a working distance Dw ∼ 7.8mm.

2.4 The optical microscope
In this section we briefly introduce the optical microscope (OM) which it has been

employed for the analysis of the nanostructured samples [Fig.(2.11)].
The main components of the microscope are reported below.

• The illumination system: the light for the observation of the samples is provided
by an electrical lamp.
Depending on the light spectrum and the color temperature, the lamps employed
in the microscope can be (i) a low voltage tungsten filament bulb that guarantees
a continuous spectrum with wavelengths ranging from 300 nm to 1500 nm and
a low color temperature (blue), (ii) tungsten-halogen bulb which also ensures a
continuous spectrum, but compared to the previous one it provides a brighter
light source and a higher color temperature (red-yellow), (iii) gas discharge tubes
which can be filled both with mercury (with discontinuous spectrum) and xenon
(with continuum spectrum) that allows to obtain high colors temperature.
Moreover, the tungsten-halogen and gas discharge lamps are prone to heating,
therefore a system of cooling is required [24].

• Objective lens and the eyepiece: the objective lens is probably one the most
important element of a microscope, it provides the first image of the sample and
strongly influences both the resolution of the pictures and the magnification of
the system. The eyepiece collects the light path during the examination of the
microstructures and forms the virtual image on the eye retina.
The total magnification M of the microscope is given by M = Mob×Mey, where
Mob and Mey are the magnifications of the objective lens and of the eyepiece re-
spectively. In particular the eyepiece has commonly a magnification of 10x, while
the one of the objective lens depends on the numerical aperture (NA) which is a
parameter determined both by the refraction index of the media between the lens
and the sample, and the half-angle of the cone of light α entering the objective.
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(a) Central part of an elliptical crater generated in air with a fs laser source at
λ = 1030 nm, N = 200, RR = 5 kHz.

(b) Central part of an elliptical crater generated in air with a fs laser source at
λ = 515 nm, N = 200, RR = 5 kHz.

Figure 2.11: OM images of different copper samples nanostructured after the irradiation with
a sequence of fs laser pulses, focused by the cylindrical lens.

Typically the greater the NA the higher the M , thus it is common to immerse the
lens in a medium that allows to obtain a larger NA (e.g. oil).

The types of lens used for the objective are chosen for their ability to correct both
chromatic and spherical aberrations, i.e a microscope objective can consist of:
(i) achromatic lens, which reduces the chromatic aberration for two wavelengths
(red and blue), (ii) semi-achromatic lens that improves the brightness and the
resolution of the image, beyond diminishing chromatic and spherical aberration,
(iii) apochromatics lens which almost deletes completely chromatic aberration
and refines the quality of the images under each point of view [24], [32].

• The stage: it is the flat surface where one places the specimen for being examined.
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The stage can be shifted along x and y direction to check the points of the sample
to analyse and moved up and down in front of the objective to gain the best focus.

Figure 2.12: Zeiss Axio Scope A1 employed in
this framework.

A light microscope usually operates
in two modalities, i.e collecting either
the reflected light (reflected light micro-
scope) or the transmitted light (transmit-
ted light microscope) from the sample.
The first configuration is common for
metals, the second for transparent mate-
rials.

Modern light microscopes have an
illumination system comprised of a col-
lector lens and a condenser lens, this
equipment is know as Kohler system.
In this system, the light originating from
the lamp is gathered by the collector lens
towards the condenser lens that in turn
collimates the light onto a small area of
the sample. The condenser lens allows
to attain an uniform illumination onto
the sample, moreover its focusing can
be adjusted by means of special knobs
provided by the instrument. The Kohler
system is also capable to generate two
conjugate focal planes: (i) the conjugate
aperture plane which enables to align the
optical system, (ii) the conjugate field
plane responsible of the image forming. The first is also arranged with an aperture
diaphragm through which one can control α to gain the best resolution and depth of
field, while the latter has a field diaphragm with which one can limit the area of view
and block the scattered light from the sample, that may affect the objective lens [24],
[32].

In this thesis work the Zeiss Axio Scope A1 was used for the investigation of the
morphological features of the samples [Fig.(2.12)]

The tool operates with the transmitted-light and a reflected-light techniques such
as:(i) the brightfield, commonly used in microscopes and based on the collection of
light through the objective after the illumination of the sample by an intense ray of
light; (ii) the darkfield, used to observe the unstained samples, introduces a condenser
below the stage causing the light to diffract at different angles and an opaque object
(the "stop") that blocks the central light; hence only the oblique rays hit the sample that
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appears brightly in a dark background; (iii) the polarization employed for birefringent
materials which uses a polarizer above the sample in order to enhance the direction of
light that illuminates the sample and thus gaining the best quality of the image; (iv) the
fluorescence which mainly works with biological specimens that emit light (naturally
or due a treatment) at a certain visible wavelength. In our case the system worked in
brightfield condition.
Moreover, the microscope is provided by five objective lenses with a magnification of
10×÷ 50× and has various illumination source including a 100 watt halogen bulb. The
advantage of this tool is given by the possibility of observing the details of the resulting
image on a screen due to a high-resolution camera, therefore Zeiss Axio Scope A1
interfaces with the Zeiss Axio Vision imaging software which allows to process, analyse
and store the images [53].
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Chapter 3

The Gaussian beam model:
characterization of circular and
elliptical spots

This Chapter provides the estimation of fluence threshold for copper ablation by
using the Gaussian beam model introduced in Sect.(1.1). The analysis is performed on
the OM and SEM images that exemplify both the circular and elliptical craters obtained
by the direct laser structuring carried out in this thesis work.

3.1 Measurements and results for circular craters
In Sect.(1.1) we introduced the Gaussian beam model, pointing out that the gener-

ation of several surface structures occurs at certain fluence threshold ϕth. In order to
evaluate this parameter for the nanostructured surface of copper we recall the Eq.(1.6):

r2th =
w2

0

2
ln

(
E

Eth

)
(3.1)

Eq.(3.1) represents the starting point to: (i) study the dependence of the radius of the
ablated regions on the pulse energy E; (ii) estimate the Gaussian spot w0 and (iii) derive
the fluence threshold ϕth. Based on this relation, a linear fit between r2th and ln(E) can
be carried out as follow:

r2th = b ln(E) + a (3.2)

where the slope b and the intercept a determine the spot w0 and the energy threshold
Eth, according to Eq.(3.3).

w0 =
√
2b and Eth = e−

a
b (3.3)
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Once w0 and Eth are known the fluence threshold can be find by using Eq.(1.5) here
reported:

ϕth =
2Eth

πw2
0

(3.4)

σϕth
=

√(
∂ϕth

∂a

)2

∆a2 +

(
∂ϕth

∂b

)2

∆b2 + 2

(
∂ϕth

∂a

)(
∂ϕth

∂b

)
cov(a, b) (3.5)

where σϕth
is the statistical error of ϕth. This procedure is suitable for craters with a

circular shape, i.e those obtained by focusing the laser beam with the spherical lens. As
regards the elliptical spots, generated with the cylindrical lens, the method proposed in
Sect.(3.2) was used.
The experimental conditions used to process the copper surface by focusing the laser
beam with the spherical lens are summarized in Table (3.1).

Table 3.1: Experimental conditions for the fs laser structuring of a copper target, in the case
of the spherical lens.

Number of pulses Wavelenght (nm) Rep. Rate (kHz) Pulse energy (µJ)

200 1030 (3 ÷ 30) (30 ÷ 60)

Figures (3.1) and (3.4) show OM images of the craters generated under the specified
conditions.
From a qualitative point of view, the size of the laser spot on the sample enlarges with
the increasing of the pulse energy [Fig.(3.1)], meanwhile the variation of repetition rates
seems to not influence the relief structures [Fig.(3.4)].
In the OM images it is possible to recognize two different regions: (i) a inner circular
crater and (ii) a circular ring that surrounds it.
The inner crater is characterized by a peculiar texture and, considering the Gaussian
spatial intensity profile along the sample surface, it is found in correspondence with
high values of fluence.

The outer annulus features ripples whose depth is linked to the pulse energy, indeed
the panel [a] of Fig.(3.1) reports a crater elaborated at E = 60 µJ and it displays sharp
colors, i.e deeper ripples, whereas the panel [d] of Fig.(3.1) illustrates a circular struc-
ture generated at E = 30 µJ with mild colors, corresponding to shallow ripples.
Moreover, the OM micrographs indicate ripples assembled in the zone corresponding to
the Gaussian tail, i.e where the fluence is low.
Apart from the two distinct regions, every crater is surrounded by an annulus of faded
colors. This zone represents the portion of area where nanoparticles deposit. The ex-
pansion of nanoparticles debris along the sample surface is analysed and discussed in
Sect.(4.2).
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(a) E = 60 µJ . (b) E = 45 µJ .

(c) E = 40 µJ . (d) E = 30 µJ .

Figure 3.1: OM images of craters generated on a copper sample by focusing a train of pulses
with the spherical lens (f ∼ 200mm) at λ = 1030 nm, RR = 30 kHz, N = 200
and at variable energy E. The yellow arrow in the left panel on the top shows the
direction of the laser beam polarization, while the blue arrow in the left panel on
the bottom shows the measurement procedure.

The diameter dth of the outer crater was measured as function of energy at fixed
repetition rate. The measure was elaborated by using Image J software. A sketch of the
experimental procedure is shown in the panel [c] of Fig.(3.1).
The square radius r2th of the ablated region is derived from dth and according to Eq.(3.1)
its trend as function of ln(E) is traced [Fig. (3.2)].
The plot in Fig.(3.2) proves the linear dependence of r2th on ln(E) as expected from the
theory.
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The linear fit in Eq.(3.2) and the mathematical relationships in Eq.(3.3) give the follow-
ing estimates at RR = 20 kHz: Eth = (21 ± 1) µJ and w0 = (78 ± 2) µm. The
corresponding fluence threshold for ablation is ϕth = (0.22 ± 0.04) J/cm2.

Figure 3.2: Variation of the square radius of the outer crater r2th as function of the natural
logarithm of the pulse energy E at RR = 20 kHz and N = 200. The red line
represents the result of the linear fit.

As the data at RR = 20 kHz are well described by the linear dependence of
Eq.(3.1), so are the data at the other repetition rates ranging from 3 kHz up to 30 kHz.
For the sake of simplicity, Fig.(3.3) reports the dependence of r2th on ln(E) for each
repetition rate, including the one at 20 kHz. The data in Fig.(3.3) show that the experi-
mental points overlap each other and tend to align along a common line.
This result suggests to run a weighted average of r2th at fixed energy and study its linear
dependence as function of ln(E). The Table (3.2) displays the results achieved from
this analysis which are compared with those obtained at RR = 20 kHz and recalled in
Table (3.3).
The data listed below are in good agreement each other, this demonstrates that the relief
structures are not influenced by varying RR, as we will discuss in the following.

We turn now to the discussion about the estimated values of ϕth. As aforementioned
in Chap.(1), the fluence threshold depends on the material, i.e on both its thermal and
optical characteristics, and on the specific experimental conditions.
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Figure 3.3: Variation of square radius of the outer crater r2th as function of the natural logarithm
of the pulse energy E at each RR in the range of (3 ÷ 30) kHz. The line shows
the linear trend obtained by the fitting procedure.

Table 3.2: Values of Eth, w0 and ϕth re-
sulting from the linear fit of
the weighted average of r2th vs.
ln(E).

Eth(µJ) w0(µm) ϕth(J/cm
2)

20 ± 1 77 ± 2 0.21 ± 0.04

Table 3.3: Values of Eth, w0 and ϕth re-
called from the analysis at RR =
20 kHz.

Eth(µJ) w0(µm) ϕth(J/cm
2)

21 ± 1 78 ± 2 0.22 ± 0.04

In the present case the value ϕth = (0.21 ± 0.04) J/cm2 is in good agreement
with those reported in the literature [2]. In particular, Ref.[59] reports a study at various
fluence regimes performed with a fs laser source which provides a central wavelength
of 800 nm and operates at RR = 20 Hz. The research shows that the copper fluence
threshold is ∼ 0.2 J/cm2 at low fluences. This value is consistent with ours, and al-
though our experimental conditions are different from those listed above, we can stand
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that by irradiating the copper surface with an IR radiation and in the low fluence regime,
the value of the threshold fluence for ablation is about 0.2 J/cm2.

(a) Circular spots produced at E = 30 µJ .

(b) Circular spots produced at E = 55 µJ .

Figure 3.4: OM images of craters generated on a copper sample by focusing a train of pulses
with the spherical lens (f ∼ 200 mm) at λ = 1030 nm, N = 200 and at variable
repetition rate RR. The yellow arrow in the left panel on the top shows the direc-
tion of the laser beam polarization.

We now turn our attention to the investigation at various repetition rates. The quan-
titative analysis we carried out, as well as the plot illustrated in Fig.(3.3), lead to the
conclusion that the various repetition rates do not induce substantial changes to the
relief structures. From this point of view it can be stated that, in our experimental con-
ditions the copper surface does not get involved in any effect of heat accumulation and
plume shielding. The mentioned phenomena are common for experiments carried out at
high repetition rate, i.e from kHz up to several MHz.

Heat accumulation occurs because of the short temporal separation between two
consecutive laser pulses. As discussed in Sect.(1.1), when a train of pulses hit the mate-
rial surface part of the energy is absorbed by the target and diffuses beneath its surface.
However, if the rate of the delivered pulses is too high, some of the energy remains
trapped onto the surface, causing it to reach high temperatures. Such an effect causes
the surrounding regions of the irradiated area to be heated, melted and damaged. These
effects produce irreversible changes of the surface [1].
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The plume shielding effect takes place when the plume, resulting from the removal
of the material during the ablation process, stands above the target on a timescale com-
parable with the pulse separation. Under this condition, the interaction between the
cloud of electrons, atoms, nanoparticles and the incoming pulse occurs. As a conse-
quence, the effective energy released to the sample is reduced, leading the crater to
change its features [1].

In this framework these effects do not appear under the specified experimental con-
ditions. To explain the reason for which the nanostructered surface of copper does not
change with the increase of the RR, we mostly rely Ref.[49]. This paper contains in-
teresting results on the dynamics of the removed material from the surface of several
metals, including Cu. In this research the fs laser source (τp ∼ 300 fs) operates at:
λ = 1030 nm, with repetition rates variation ranging from 31 kHz up to 500 kHz and
in a fluence variation window of (0.6÷ 18) J/cm2. The samples are irradiated in raster
scan method. Although these experimental conditions are different from those we used,
the gained results can be suitable for our case, since they were obtained in the same
spectral range (IR) and they can reasonably be applied at lower fluences and repetition
rates.
As regards copper, one of the most important achievements is that the ablation rate (i.e
the volume of removed material per pulse) is proved to be dependent on laser fluence,
but independent on repetition rate. In particular, at the fluence of 0.6 J/cm2 the ablation
rate is shown to be the lowest of all, and i.e little material is removed from the surface
of the target. It can reasonably be assumed that at fluences ϕ ≲ 0.6 J/cm2 the portion
of the ejected material is even smaller. The present work fits in this scenario since our
laser system operated in the fluence variation window of (0.3÷ 0.6) J/cm2 and at RR
less than those used in Ref.[49].
Accordingly, the material released by the irradiated copper surface results in a cloud
consisting of a small amount of clusters, ion and nanoparticles. A plasma plume com-
posed in such a way is not dense enough to provoke the plume shielding effect, that
is hence assumed avoided in our experimental conditions. This argument is sustained
by the fact that the reflectance of copper in the IR spectral range reaches high values,
almost close to one (R ∼ 0.97 [46]). Therefore, without considering that pulse by pulse
the optical properties of the material could change, at the wavelength of λ = 1030 nm
copper reflects most of the radiation and absorbs the little remaining part, leading to a
low ablation rate at low fluences (i.e it takes a lot of energy to excite copper in the IR
spectral region).
As an example, effects of plume shielding are observed on silicon, irradiated with a fs
laser source at λ = 1030 nm for RR ⩾ 10 kHz [1]. According to our explanation, this
result should be reasonable since the reflectance of silicon in the IR spectral region is
R ∼ 0.33 [47] , i.e it is required little energy to excite silicon in IR spectral region.

Heat accumulation is more difficult to clarify, since there are few theoretical models
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aimed at explaining this effect for a given material. However, an indication of why this
phenomenon does not occur on copper, in our experimental conditions, can be given by
the material properties itself. For example, the heat penetration depth of copper is found
to be greater with respect to Ti and stainless steel, for which high repetition rates have
an impressive effect [49]. Moreover, due to its high thermal conductivity, the cooling
rate of copper results faster than the one of Ti [49]. These considerations could carry to
the conclusion that for copper the thermal energy is not getting strongly confined, but it
is spread quickly. From this point of view, the thermal energy does not diffuse around
the regions of the irradiated surface, thus limiting heat accumulation effects.

3.2 Measurements and results for elliptical craters
In the present section we extend the Gaussian beam model to the case of craters

of elliptical shape obtained by focusing the laser beam with a plano-convex cylindrical
lens.
As already discussed, the profile of the laser beam along the sample surface is Gaussian.
Since an ellipse has different sizes along the x and y directions, we assume that the
spatial intensity profile of the beam on the target will result in a two dimensional fluence
distribution having different Gaussian widths w0,x and w0.y [(Eq.(3.6)]:

ϕ(x, y) = ϕ0e
− 2x2

w2
0,x e

− 2y2

w2
0,y where ϕ0 =

2E

πw0,xw0,y

=
2E

S
(3.6)

In this frame, we separate the problem along the two directions x and y, in order to
obtain two equations equivalent to the expression in Eq.(1.3), used for the circular spots.
The two relations are shown in Eq.(3.7).

ϕ(x) = ϕ0,x e
− 2x2

w2
0,x and ϕ(y) = ϕ0,y e

− 2y2

w2
0,y (3.7)

We carry on the discussion for the Gaussian along the x axis, taking into account that
the same treatment can be applied for the Gaussian along y.
By indicating with xth the minor axis of the elliptical spot, the Eq.(3.7) on the right
became:

ϕ(rx) = ϕ0,x e
− 2r2x

w2
0,x =

2E

πw2
0,x

e
− 2r2x

w2
0,x = ϕth,x =

2Eth,x

πw2
0,x

(3.8)

where for the sake of simplicity we put rx = rxth
=

xth

2
.
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Figure 3.5: Representation of the Gaussian profile along the sample surface when the beam is
focused with the cylindrical lens.

From the Eq.(3.8), the formula in Eq.(3.9) is derived and as well as done for the
circular craters, it can be exploited for the linear fit below reported.

r2x =
w2

0,x

2
ln

(
E

Eth,x

)
−→ r2x = b ln(E) + a (3.9)

The fitting parameters a and b are linked to Eth and w0 in the same way reported in
Eq.(3.3). Once the analysis is carried out both for x and y, the obtained values of Eth,i

and w0,i, where i stands for x and y, are used to determine the total energy threshold Eth:

Eth =
Eth,x + Eth,y

2
with error σEth

=

√
σ2
Eth,x

+ σ2
Eth,y

2
(3.10)
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the total spot S:

S = πw0,xw0,y with error σS =

√(
∂S

∂w0,x

)2

σ2
w0,x

+

(
∂S

∂w0,y

)2

σ2
w0,y

(3.11)

and thus the fluence threshold ϕth:

ϕth =
2E

S
with error σϕth

=

√(
∂ϕth

∂Eth

)2

σ2
Eth

+

(
∂ϕth

∂S

)2

σ2
S (3.12)

As anticipated in Chap.(2), the elliptical craters were produced by irradiating the surface
of copper samples with a fs laser source which provides the fundamental output at
1030 nm and its second harmonic at 515 nm. For the sake of simplicity we summarizes
the experimental conditions in Table (3.4) .

Table 3.4: Experimental conditions for the copper surface nanostructured at λ = 1030 nm and
λ = 515 nm.

Wavelength(nm) Number of pulses Repetition Rate(kHz) Pulse energy(µJ)

1030 200 5 (356÷ 506)
515 200 5 (94÷ 197)

It should be noted in the case where the laser beam is focused with a cylindrical lens,
the energy of the pulses is one order of magnitude higher than the case where the beam
is focused with the spherical lens. This fact can be explained as follow: when a beam
is focused in a line on a target, the laser fluence along it is lower than when the same
beam is focused at a point with a spherical lens. As a result in order to remove enough
material to ensure ablation, the energy per pulse is required to be greater when the beam
is focused through the cylindrical lens [70].

We turn now to the analysis of the surface structures generated on Cu at λ =
1030 nm. The Figure (3.6) displays the variation of the crater sizes along y direction as
function of the energy E. In particular the panel on the right illustrates craters obtained
at low energy values, whereas the left panel shows structures elaborated at higher en-
ergy values. The size of the elliptical spot increases as function of the energy as well as
its depth.
Figure (3.7) reports two OM images exemplifying the central area of the sample elabo-
rated at the pulse energy of E = 506 µJ and E = 392 µJ where it can be clearly seen
that the crater width is greater in the case of the highest energy.
Moreover, Figs.(3.6) and (3.7) evidence inner and outer structures. This means that,
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as observed for the circular craters, there are two fluence regimes at which different
structures are formed, in particular the outer zone features ripples that form in corre-
spondence of the Gaussian beam wings and whose characterization has been carried out
in Sect.(4.1).

Figure 3.6: OM images of craters generated on Cu at 1030 nm. The red arrow in the left panel
represents the laser beam polarization, while the long yellow arrow indicates how
the major axis of the elliptical craters was measured. Each panel displays the pulse
energy at which the relief structure was engendered.

We measured the major yth and the minor xth axes of the elliptical craters by using
Image J software. A sketch of the experimental procedure is indicated in the left panel
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of Fig.(3.6) and in the panel [b] of Fig.(3.7).
From the measured data, the radii rx and ry are derived. Figure (3.8) displays the trend
of r2x and r2y as function of ln(E) according to Eq.(3.9). The illustrated plots confirm
the linear dependence of r2x and r2y on ln(E). From the linear fit in Eq.(3.8) the values of
Eth,i and w0,i (with i = x, y) are obtained and shown in Tab.(3.5). From the data listed
below, exploiting the Equations [(3.10)-(3.12)] we estimate the total energy threshold
Eth, spot S and fluence ϕth.

(a) Elliptical spot produced at E = 506 µJ .

(b) Elliptical spot produced at energy E = 392 µJ .

Figure 3.7: OM images of the central part of craters generated on Cu at λ = 1030 nm with
the cylindrical lens (f ∼ 150 mm). The yellow arrow in the upper panel shows
the direction of the laser beam polarization, while the yellow arrow on the bottom
indicates how the minor axis of the elliptical crater has been measured.
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(a) r2x vs ln(E).

(b) r2y vs. ln(E).

Figure 3.8: Variation of the minor and major squared radii r2x and r2y of the outer crater as a
function of the natural logarithm of E in the range (356÷ 506) µJ .
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Table 3.5: Values of Eth,i and w0,i resulting from the linear fits r2i vs. ln(E), with i = x, y.
The values refer to the analysis carried out on the copper surface structured at λ =
1030 nm.

Direction Threshold energy Eth Gaussian spot w0

x (291 ± 15) µJ (42 ± 3) µm
y (355 ± 5) µJ (2.1 ± 0.1)mm

Table (3.6) displays these results which are compared with those obtained from the
analysis on the circular spots and recalled in Tab.(3.7). The values of the fluence thresh-
olds are in good agreement each other. Such an achievement confirms what we know
from the theory, i.e the threshold fluence depends on both optical and thermal char-
acteristics of the material [2] and on the specific experimental conditions: the laser
wavelength λ, the fluence regime and the number of pulses N [13]. Since both the ex-
perimental conditions and the target were the same, it is reasonably to aspect the same
ϕth. The only difference between the two arrangements was the employment of differ-
ent lenses that cause the Eth to be different. In fact, as already explained, in the case of
the cylindrical lens the energy of pulses necessary to remove sufficient material must be
higher with respect to the case of the spherical lens.

Table 3.6: Values of Eth, S and ϕth re-
sulting from the analysis of the
elliptical spots on Cu surface
elaborated at λ = 1030 nm.

Eth(µJ) S(mm2) ϕth(J/cm
2)

323 ± 8 0.27 ± 0.02 0.24 ± 0.02

Table 3.7: Values of Eth, S and ϕth result-
ing from the analysis of circu-
lar spots generated on Cu sur-
face produced at λ = 1030 nm.

Eth(µJ) S(mm2) ϕth(J/cm
2)

20 ± 1 0.018 ± 0.001 0.21 ± 0.04

Note that the value of S in Tab.(3.7) is calculated from w0 displayed in Tab.(3.6), by
using S = πw2

0.
Moreover, the consistence between the results prove that the conventional procedure for
threshold measurements, which assumes a Gaussian laser beam focused with a spherical
lens, is also suitable for a Gaussian laser beam focused with a cylindrical lens.

The same measurement procedure and analysis, above developed, has been carried
out on the OM and SEM images relative to the Cu surface structured at λ = 515 nm.
The panels of Fig.(3.9) show the formation of lines longer and tighter with respect to
those illustrated in Fig.(3.6).
Figure (3.10) reports the central area of the irradiated samples, in particular the panel on
the left displays a crater generated at E = 170 µJ and the panel on the right illustrates
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a crater produced at E = 125 µJ . In both cases the images evidence an outer and an
inner zone which are not visible in Fig.(3.9) due to the low spatial resolution of the OM
image. The dark region surrounding the crater represents the deposition of nanoparticles
whose dispersion will be further investigated in Sect.(4.2).

Figure 3.9: OM images of craters generated on copper at λ = 515 nm with the cylindrical
lens. The white arrow in the central panel represents the laser beam polarization.
Moreover each panel displays the pulse energy at which the elliptical craters were
produced.
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(a) Elliptical spot generated at the pulse energy of E = 170 µJ .

(b) Elliptical spot generated at the pulse energy of E = 125 µJ .

Figure 3.10: OM images of the central part of craters produced on the Cu target by focusing the
laser beam with the cylindrical lens (f ∼ 150 mm) at λ = 515 nm. The white
arrow in the lower panel indicates the direction of the laser beam polarization.

From the OM images above described, the major and minor axes of the elliptical
craters were measured and used to derive the dependence of r2x and r2y on ln(E) reported
in Fig.(3.11). The plot proves that the crater size increases lineary as function of ln(E).
The radius along ry is found to be 2.1mm at the higher energy and 1.6mm at the lower
energy. The minor radius rx varies from 8 µm up to 6.3 µm. Table (3.8) reports the
values obtained from the linear fit of Eq.(3.8).
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(a) r2x vs. ln(E).

(b) r2y vs. ln(E).

Figure 3.11: Variation of the minor and major squared radii r2x and r2y as function of the nat-
ural logarithm of E in the range (110 ÷ 197) µJ . These trends are related to
measurements performed on OM images.
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Table 3.8: Values of Eth,i and w0,i resulting from the linear fits r2i vs. ln(E), where i = x, y.
The values refers to the analysis carried out on the OM images that illustrate the
copper surface structured at λ = 515 nm.

Direction Threshold energy Eth Gaussian spot w0

x (45 ± 2) µJ (9.4 ± 0.1) µm
y (34 ± 4) µJ (2.2 ± 0.1)mm

The SEM image in Fig.(3.12) illustrates a complete visualization of the elliptical
spots produced on Cu at λ = 515 nm. Although the image is acquired at high resolution,
it is not capable to display the inner and the outer zone. Such a distinction can be clearly
observed in the panels of Fig.(3.13). Both of SEM micrographs evidence ripples in the
external region of the irradiated surface and a peculiar textures in the internal zone.

Figure 3.12: SEM image of the elliptical spots on Cu at λ = 515 nm obtained with an In-Lens
(IL) detector. We signed up the energy at which each line was produced.
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(a) Elliptical spot produced at an energy E = 94 µJ .

(b) Elliptical spot produced at an energy E = 197 µJ .

Figure 3.13: SEM images of the central part of craters generated on the Cu target at λ =
515 nm with the cylindrical lens (f ∼ 150 mm). The yellow arrow in the top
panel displays the direction of the lase beam polarization.

The upper panel reports a crater generated at E = 94 µJ , whereas the panel on the
bottom illustrates the relief structure elaborated at E = 197 µJ . As it can be observed,
the removal of material is more consistent in the case of high energy since the crater is
shown to be deeper and surrounded by a greater amount of nanoparticles. The variation
of r2x and r2y as function of ln(E) is illustrated in Fig.(3.14) and the results of the linear
fit are provided in Tab.(3.9).
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(a) r2x vs. ln(E).

(b) r2y vs. ln(E).

Figure 3.14: Variation of minor and major squared radii r2x and r2y of the crater as function
of the natural logarithm of E in the range (110 ÷ 183) µJ . These trends refer
to measurements carried out on SEM images exemplifying the copper surface
texture generated by irradiation sequences at λ = 515 nm.

58



Table 3.9: Values of Eth,i and w0,i resulting from the linear fits r2i vs. ln(E), where i = x, y.
The values refers to the analysis carried out on the SEM images that displays the
copper surface structured at λ = 515 nm.

Direction Threshold energy Eth Gaussian spot w0

x (36 ± 3) µJ (8.7 ± 0.3) µm
y (86 ± 4) µJ (3.1 ± 0.1)mm

From the data listed above and in Tab.(3.8) the total fluence and energy thresholds
for copper ablation, as well as the spot S, are derived. The results are summarized in
Tab.(3.10) where, in order to have a complete visualization of the achievements, we
recall the values resulting from the analysis of the OM images at λ = 1030 nm.

Table 3.10: Values of Eth, S and ϕth resulting from the analysis of the OM and SEM images
exemplifying the elliptical spots elaborated on the copper target.

Wavelenght(nm) Image Eth(µJ) S(mm2) ϕth(J/cm
2)

1030 OM 323 ± 8 0.27 ± 0.02 0.24 ± 0.02
515 OM 61 ± 3 0.07 ± 0.02 0.12 ± 0.04
515 SEM 70 ± 2 0.08 ± 0.02 0.14 ± 0.04

The fluence and energy thresholds estimated from the analysis of OM a SEM images
representing the copper surface structured at λ = 515 nm, are in pretty good agreement
with each other, within the errors.
Registered values of ϕth are not matched to the scientific literature since the green wave-
length regime has been rarely discussed. A value reported in literature is 0.54 J/cm2,
but it is related to an experiment performed with a single laser shot [26]. However,
such a difference suggests, or rather confirms, that feedback mechanisms involved at
high number of pulses influence the fluence threshold for ablation. Indeed, from an ex-
perimental point of view the multiple pulse ablation threshold ϕth(N), where N is the
number of incident pulses, follows the formula [23]:

ϕth(N) = ϕth(1)N
ξ−1 (3.13)

where ϕth(1) is the fluence threshold at single shot and ξ is the incubation coefficient
that depends on the specific material. In literature the estimated value of ξ for copper is
around (0.76± 0.02) [13], [23].
In our case, the coefficient ξ can be calculated by using Eq.(3.13). The same type of
analysis can be run not only at λ = 515 nm, but also at λ = 1030 nm for which the
single shot ablation threshold was determined to be (1.06 ± 0.12)J/cm2 [13]. Table
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(3.11) summarizes the values of ξ attained from this analysis and the fluence thresholds
used to calculate it. Note that ϕth = 0.13 J/cm2 is obtained from the average between
the data at λ = 515 nm listed in Tab.(3.10).

Table 3.11: Incubation coefficient ξ obtained in the cases where the copper surface is structured
with a IR and VIS radiation.

Wavelenght(nm) ϕth(1)(J/cm
2) ϕth(N)(J/cm2) ξ

1030 1.06± 0.12 [13] 0.24± 0.02 0.72± 0.03
515 0.54 [26] 0.13± 0.04 0.73± 0.06

The estimated incubation coefficients are consistent, within the errors, both with
each other and with the values reported in the literature. This analysis suggests that
the fluence threshold for copper ablation, found in this thesis work, with a radiation
at 515 nm, is consistent with what is already known about copper. Another aspect
worthy of attention concerns the difference between the recorded values of ϕth at the
two wavelengths. In particular, the fluence threshold is lower if the surface is irradiated
with laser pulses at the visible wavelength. This may be due to the optical properties
of copper. Indeed, at λ = 515 nm the reflectance coefficient of copper is R ∼ 0.59
[45], whereas at λ = 1030 nm it is ∼ 0.97 [46]. This means that in the visible range,
the copper is prone to absorb much radiation with respect to IR. As a consequence,
the energy per unit area required to damage the surface is smaller in the case where
copper is nanostructured with a laser beam having a green wavelength. These results
are in agreement with the literature. In fact, although there are few works on copper in
the visible regime, some recent investigations were conducted on copper with fs laser
sources at the wavelengths of 1030 nm and 515 nm [26], [69]. In particular, the authors
suggest that in the case of the IR the two-photon absorption effect is involved , since the
single-photon energy is not high enough to force the electrons optical transition.
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Chapter 4

Morphology of craters and deposition
of nanoparticles

The present chapter is devoted to the morphological characterization of the surface
structures elaborated on copper. The description of the morphological features of the
elliptical craters is provided in Sect.(4.1) with a particular attention on ripples. Sect.(4.2)
focuses on the deposition of nanoparticles over the copper substrate.

4.1 Analysis of the ripples spatial period
In this section, we analyse in more detail the surface structures developed on copper

by focusing the laser beam with the cylindrical lens. For the sake of simplicity, Tab.(4.1)
recalls the experimental conditions used to process the copper surface.

Table 4.1: Experimental conditions employed in this thesis work to develop surface structures
by using a cylindrical lens with a focal length of 150 mm.

λ (nm) N RR (kHz) Pulse energy (µJ) Peak Fluence (J/cm2)

515 200 5 (94 ÷ 197) (0.24 ÷ 0.49)
1030 200 5 (356 ÷ 506) (0.26 ÷ 0.37)

The values of the peak fluence were calculated by using ϕ0 = 2E/S where S is the
total spot reported in Tab.(3.10) of Sect.(3.2).
As discussed in Sect.(3.2), the OM images display elliptical craters with inner and outer
structures whose morphological features are not clearly visible, owing to the low spatial
resolution of the pictures. Such an issue is overcame by using the scanning electron
microscope that acquires clearer images at higher resolution. From this point of view,
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the regions displayed in the OM micrographs can be associated to the morphological
features appearing in the SEM images.

We start to consider the elliptical craters generated at the green wavelength. Fig.(4.1)
reports OM and SEM images of a crater elaborated at a pulse energy of E = 170 µJ .
The assorted colors of the OM micrograph indicate transitions from a surface structure
to another. Indeed, panel [b] in Fig.(4.1) displays ripples appearing in the peripheral
area of the irradiated spot and vanishing in the middle part, where a peculiar texture
emerges.

(a) Central part of the elliptical crater. (b) SEM image displaying the structures of panel
(a).

(c) Zoomed view of the dashed box in panel (a), reg-
istered at higher magnification.

Figure 4.1: Panels (a) and (b): OM and SEM views of the copper surface elaborated at E =
170 µJ (peak fluence of 0.43 J/cm2). The double headed arrow in panel (b)
indicates the laser beam polarization. Panel (c): SEM micrograph exemplifying a
zoomed view of the crater central area.
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Moreover, the various tints of the OM image shown in panel [a], denote an inner
region deeper with respect to the outward one. This aspect is confirmed by the SEM
image of panel [b].
Panel [c] of Fig.(4.1) shows a magnified view of the zone in the dashed red box of panel
[b]. This micrograph evidences ripples oriented perpendicular to the laser beam polar-
ization whose direction is indicated by the double-headed arrow in Fig.(4.1) [a]. The
central part of the spot features nanostructures in form of nanoprotusions and nanocav-
ities. These structures have already been observed on copper in Ref.[66]. Using fs
laser pulses at λ = 800 nm and RR = 1 kHz, the authors produced nanostructures
at various fluence regimes and number of shots. In particular, they have shown that at
laser fluences ranging from 0.35 J/cm2 up to 1.52 J/cm2 and number of pulses varying
from the single shot to N = 1000, the middle part of the irradiated spots exhibit surface
textures similar to those we observe in this work.

Figure 4.2: SEM images of the Cu surface irradiated by the laser beam focused with the cylin-
drical lens at the pulse energy of 197 µJ (ϕ0 = 0.49 J/cm2). Panel (a) reports the
central area of the irradiated spot decorated with nanoparticles debris. Panels (b)
and (c) show zoomed views of the crater in panel (a) at different magnifications.

A possible explanation behind the formation of these nano-protusions and -cavities
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relies on an initial non-uniform laser energy deposition. The factors that lead to a non-
homogeneous absorption may be various, for example (i) the presence of defects on
the sample; (ii) the inhomogeneity of the incident laser beam and (iii) the interference
between the incident light and the excited surface electromagnetic wave due to the struc-
tural defects [66].

(a) E = 94 µJ . (b) E = 140 µJ .

(c) E = 183 µJ .

Figure 4.3: Evolution of the morphological features on copper as the laser pulse energy in-
creases. Here the corresponding laser fluence values are reported: (a) ϕ0 =
0.24 J/cm2, (b) ϕ0 = 0.35 J/cm2 , (c) ϕ0 = 0.46 J/cm2. The red arrow dis-
played in panel [c] refers to the laser beam polarization.

Figure (4.2) displays an elliptical crater generated at E = 197 µJ . Even in this case
the morphological features of the surface are described by ripples in the outer region
and nanoprotusions and cavities in the internal part. In particular, the inset in the dashed
green box shows a zoomed view of the morphological features of the surface at bound-
ary of the crater. On the right side of ripples, the surface presents thick columns that
form along the descent of the ablated structure. Periodic patterns seem to be impressed
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in the zone that flanks the outside part of the crater, where there are agglomerates of
nanoparticles oriented along regular sequences. By moving away from the ablated re-
gion, these organized nanoparticles evolve into nanoparticles randomly distributed over
the sample surface as shown in panels [a] of Figs.(4.1) and (4.2). The description of
nanoparticles diffusion is discussed in Sect.(4.2).

The morphology of the induced structures is linked to the Gaussian intensity profile
impinged on the material surface. In particular, ripples emerge in correspondence of the
Gaussian tails where the fluence is low, but higher with respect to ablation threshold. In
the present case, for the elliptical spots produced at the green wavelength, the fluence
threshold ϕth is found to be (0.13± 0.04) J/cm2. At the peak value of 0.24 J/cm2, and
i.e slightly above the threshold, ripples start to appear on the surface of the target, as
shown in panel [a] of Fig.(4.3). Here, periodic structures can be clearly seen in the pe-
ripheral area of the irradiated spot. Nevertheless, due to the low energy, a regular pattern
seems to be impressed also in the internal area . As it can be observed in Fig.(4.3), as
the laser fluence increases, the middle part of the crater gets deeper and larger, whereas
ripples tend to extend in narrower spaces towards the crater rim. This phenomenon is
observed in different works [38], [41]. In particular, the authors in Ref.[38] indicate as
responsible of this effect the diverse excitation levels induced on the irradiated surface
at different local fluences.

The description provided above for the craters produced at λ = 515 nm is suit-
able also for those elaborated at 1030 nm. In this case the fluence threshold found in
Sect.(3.2) is (0.24 ± 0.02) J/cm2.
Although the optical microscope allows to obtain images at a lower spatial resolution
with respect to the scanning electron microscope, the OM images acquired in this case
illustrate clearly visible ripples. Examples are shown in Fig.(4.4).
Panel [d] in Fig.(4.4) displays an elliptical crater formed at the peak fluence of 0.26 J/cm2.
This value is close to the threshold, therefore the surface structure seems little damaged.
However, ripples can be distinguished in the peripheral and in central areas of the irra-
diated spot.
In particular, in the middle part of the ablated region, ripples are interrupted by irregular
structures. The same type of morphology can be observed in panel [c] of Fig.(4.4). This
micrograph displays an elliptical spot, produced at 0.29 J/cm2, where the formation
of textures in the internal part is more consistent. Moreover, as above discussed, the
increase of laser fluence leads these complex structures to develop in the centre of the
irradiated spot causing ripples to be confined at the borders of the crater.
The resolution of these OM images is not high enough to allow a detailed visualization
of the morphological features of the internal part of the craters.
However on the basis of the SEM images above illustrated, these zones may exhibit
nanostructures analogous to those we observed at λ = 515 nm. Such a hypothesis can
be better supported if we recall the induced nanostructures on copper in Ref.[66], ob-
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tained by irradiating the target with an IR radiation, in a fluence regime and number of
pulses that encounter our experimental conditions.

(a) E = 506 µJ . (b) E = 492 µJ .

(c) E = 392 µJ . (d) E = 356 µJ .

Figure 4.4: Morphological evolution of the structures as function of the energy. The cor-
responding values of the peak fluence are: (a) ϕ0 = 0.37 J/cm2, (b) ϕ0 =
0.36 J/cm2, (c) ϕ0 = 0.29 J/cm2, (d) ϕ0 = 0.26 J/cm2. The white arrow
in panel (a) shows the direction of the laser beam polarization.

We turn now to investigate the ripples spatial period Λ as function of the energy. The
current analysis was carried out on the SEM images exemplifying the craters elaborated
at λ = 515 nm and on the OM images that visualise the structures produced at λ =
1030 nm.
The measures were performed by means of Image J software. The program allows to
select certain areas in order to produce the intensity spatial profile of the surface. An
example is shown Fig.(4.5), where the inset in upper left corner displays a blue arrow
that identifies the rippled region to analyse. The plot below represents the resulting
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spatial intensity profile. The ripples period was evaluated by measuring the distance
between two consecutive minima as indicated by the green arrow in Fig.(4.5). After
that the average ripples period with its standard deviation was estimated.

Figure 4.5: Scheme of the spatial intensity profile of a rippled region. The blue arrow in the
upper left corner indicates the zone to analyse. The green arrow in the surface plot
profile shows how the ripples period has been measured.

The dependence of Λ on E is traced in Fig.(4.6). The data reveal that, regardless of
the wavelength, the ripples period does not change with energy. This result suggests,
or rather confirms, what we discussed above i.e as the fluence increase the mechanism
behind the formation of ripples does not change, but only their localization along the
irradiated region gets modified. Therefore, considering the Gaussian spatial profile im-
pressed on the surface, it can be ensured that ripples form in correspondence of the
Gaussian wings. Since the values of Λ are consistent for each energy, we can estimate
the average period of ripples at fixed wavelength. The results are reported in Tab.(4.2).
From the data listed below, as well as from the plot in Fig.(4.6), one can notice that
the period of ripples at λ = 1030 nm is higher with respect to that at λ = 515 nm.
This result is in agreement with the theory, in particular the values of Λ suggest that
these periodic structures are part of the LIPSS family indicated as LSFL, for which
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λ/2 ≤ ΛLSFL ≤ λ [see. Sect.(1.3)].

Figure 4.6: Variation of the spatial ripples period Λ as the energy increases. The green ex-
perimental points refer to measures performed on the SEM images exemplifying
elliptical craters generated at λ = 515 nm. The blue experimental points are
relative to measures performed on the OM images exemplifying elliptical craters
generated at λ = 1030 nm.

Table 4.2: The average periods of ripples Λ corresponding to the strictures elaborated at λ =
1030 nm and λ = 515 nm.

Wavelength λ (nm) Ripples spatial period Λ (nm)

1030 950 ± 60
515 346 ± 49

Moreover, the registered data of Λ at the laser wavelength of 1030 nm match other
values reported in literature [40]. As regards the period evaluated at green wavelength,

68



it is difficult to make a comparison with other experimental findings, since few works
have been carried out at this wavelength. However, a value reported in literature is
Λ = 420 nm [27], slightly above that displayed in Tab.(4.2). This may be due to the
different experimental conditions, in particular to the number of applied pulses that in
the case of Ref.[27] refers to an equivalent number of pulses, since the experiment was
performed in dynamic irradiation condition.

In Sect.(1.3) we discussed about the mechanisms underlying LIPSS formation. In
particular, we introduced two possible models: the electromagnetic and matter reorga-
nization theories. Restricting our attention to the first theory, ripples form due to an
interference between the incident laser beam and a surface electromagnetic wave scat-
tered at the rough surface. In particular, we underlined that these processes may involve
the excitation of the SPPs waves that propagate across the interface between two media,
in this case, copper and air. In particular this model suggests a link between the spatial
period of the modulated electromagnetic field ΛSPP and the ripples spatial period Λ.
Here, we recall the relation reported in Eq.(1.8):

Λ = ΛSPP = λ Re

{√
ϵm + 1

ϵm

}
(4.1)

where ϵm is the dielectric permittivity of the metal under consideration. According
to Eq.(4.1) we calculated the ripples period for copper. Table (4.3) summarizes the
results obtained from this calculation and the value of the copper dielectric permittivity
exploited.

Table 4.3: Values of Λ obtained by using the theoretical formula in Eq.(1.8) and the value of
the copper dielectric permittivity exploited.

Wavelength (nm) Re{ϵm} at 300 K Im{ϵm} at 300 K Λ (nm)

1030 −45.761 [46] 4.5744 [46] 1019
515 −5.3328 [45] 6.1794 [45] 495

The values of Λ predicted theoretically are different from the experimental results
reported in Tab.(4.2). This can be explained considering that the theory above discussed
is valid for structures generated at few number of pulses. In our case N = 200, therefore
a variation of the value of Λ is expected. The reduction of the rippled periodicity with
increasing the number of pulses has been observed in different works [8], [10], [22],
[61]. Several hypothesises have been advanced in order to elucidate this phenomenon
that come under the feedback mechanisms of which we talked about in Sect.(1.3). Ad-
ditional discussions about the dependence of the ripples period on N are provided in
Chap.(5).
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4.2 Deposition of nanoparticles debris accumulated around
the craters

When a train of fs laser pulses hits the surface of a sample, part of the material is
removed and results in a plume composed by ions, clusters, atoms and nanoparticles
that remain above the target for several ns up to hundred of µs. In particular, due to
the external ambient pressure the nanoparticles deposit back onto the surface in form
of debris. One of the theory suggested to explain the deposition of debris is the shock
wave theory [51]. We will not get into the details of this theory, since this task is out
of the scope of the current thesis work. Nevertheless, we will try to give an idea of the
process. When the plasma plume rises from the sample surface, it reaches an initial
pressure Pb that depends on: (i) the ablated mass per pulse, (ii) the energy released in
the ablation process, (iii) the size of irradiated area and (iv) the pulse duration [54].
As the plume expands, the cloud of the ablated particles gets accelerated towards the
external environment, thus compressing the air molecules. This condition promotes the
creation of a shock wave, defined as the geometrical surface that separates two regions
of the same medium standing in different thermodynamic states [56]. The shock wave
consists of a high-pressure front that causes the ambient air molecules to be forced
at high densities, heated at high temperatures and accelerated at high velocities [54].
During the course of its expansion the pressure Pb decreases causing the cloud of ablated
particles to slow down. As a consequence, the plume front gets divided from the shock
wave front that spreads quickly until it reaches a critical radius RB [51]. The critical
radius is defined as the distance at which the pressure in the shock wave reaches the
ambient air pressure P0. Plume expansion stops at a distance RP less than RB. It has
been found that RP ∼ fRB where f varies in a window of 0.3 ÷ 0.5 [54]. When
the shock wave becomes weak and the cloud of the ablated particles cools down, the
ambient gas flows back into this region dragging the nanoparticles of the plume towards
the target surface. In the best scenario of a radial expansion of the plume, nanoparticles
debris are expected to cover a ground with a radius of a fraction of RB [51], [54].

In this frame we start to consider the circular craters generated on the copper target
by focusing the laser beam with a spherical lens having a focal length of 200mm. Table
(4.4) recalls the experimental condition used in this case.

Table 4.4: Experimental conditions for the fs laser structuring of a copper target, in the case
of the spherical lens.

N λ (nm) Rep. Rate (kHz) Pulse energy (µJ) Peak fluence (J/cm2)

200 1030 (3 ÷ 30) (30 ÷ 60) (0.3÷ 0.6)

The values of the peak fluence are calculated by using ϕ0 = 2E/S where S is
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reported in Tab.(3.7) of Sect.(3.1).
Figure (4.7) reveals OM images of the craters generated at RR = 25 kHz. As discussed
in Sect.(3.1) the faded annulus around the circular spots corresponds to the portion of the
surface where nanoparticles deposited. The OM micrographs evidence debris uniformly
covering the area around the ablated craters. The crater formed at E = 40 µJ and
displayed in panel [a] of Fig.(4.7), features weak colors indicating a reduced amount of
sediments. The sharp tints of the crater obtained at E = 55 µJ and displayed in panel
[b], instead, denote a greater amount of debris. This is expected since the higher is the
energy, the more is the removed material.

(a) E = 40 µJ . (b) E = 55 µJ .

Figure 4.7: OM images exemplifying circular craters generated with the spherical lens at λ =
1030 nm and RR = 25 kHz. The yellow arrow in panel (a) indicates the laser
beam polarization.

Similar observations are found in Ref.[51] where nanoparticles debris were studied
on a Si substrate irradiated with N = 100 pulses and at laser energies in the range
(1÷ 25) µJ . These authors noticed that at low fluence values the recognition of debris
in the outer ring of the structure is not easy. According to the theory above explained,
they suggest that at low flunce regimes the plasma plume reaches quickly the value RP

at which the expansion stops. This condition leads the ambient air to drag onto the
surface a small quantity of nanoparticles.

In order to evaluate the thickness t of the substrate were nanoparticles are deposited,
we performed several measures by using Image J software. Initially, we measured the
area A of the total region where nanoparticles are observed, as illustrated in panel [a] of
Fig.(4.8). By averaging the registered values of A, the diameter dnp of the zone under
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consideration and its error σdnp are derived by using Eq.(4.2):

dnp = 2

√
A

π
and σdnp =

√
1

πA
σA (4.2)

where σA is the standard deviation of A.
Considering the average diameter dth already estimated in Sect.(3.1), we derived the
thickness t and its error as follow:

t =
dnp − dth

2
and σt =

σdnp + σdth

2
(4.3)

Figure 4.8: Scheme of the measurement procedure. Panel (a) exemplifies the measure of A
and dnp, panel (b) indicates the zone t we refer to.

Figure (4.9) reports the experimental results on the variation of t as function of the
pulse energy E, for each repetition rate. The plot shows the linear dependence of t on E,
i.e as the energy increases the debris covers larger portion of substrate. The data reveal
that the various repetition rates do not affect the redeposition dynamic of nanoparticles.
In fact, the experimental points overlap each other and tend to align along a common
line. This is expected since in Sect.(3.1) it has been shown the removal of material
is independent on the variation of repetition rates. In particular, we notice that in our
experimental conditions the plasma plume is not dense enough to interfere with the
incoming train of pulses.

The linear tendency in Fig.(4.9) indicates that t reaches the zero value at an energy
close to the ablation threshold explored in Sect.(3.1). Therefore, in order to confirm
this observation and to verify if the Gaussian beam profile has a sort of influence on the
nanoparticles distribution, the fitting procedure in Eq.(3.9) is performed between r2np
and ln(E) in the following.
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Figure 4.9: Variation of the thickness t as function of the pulse energy E at each RR raging
from 3 kHz up to 30 kHz. The solid line indicates the linear trend of the experi-
mental points.

Note that rnp is the radius of the region where nanoparticles extend and, on the
basis of the above discussion, it was obtained performing a weighted average of dnp by
fixing energy and varying the repetition rate. Figure (4.10) shows the variation of r2np as
function of ln(E) and, for comparison, it also reports the trend of r2th on ln(E) already
studied in Sect.(3.1). The graph evidences that, minus a π factor, the area covered by
nanoparticles follows an analogous tendency to that observed for the ablated craters.
By using the relations in Eq.(3.3) the values of the energy threshold and of the laser spot
size were calculated. Table (4.5) reports the data obtained from this analysis and recalls
those achieved in Sect.(3.1). The data listed below indicate that the energy thresholds
for ablation and for generation of nanoparticles sediments are in agreement within the
errors. On one hand this is reasonable since the production of nanoparticles starts as a
consequence of the laser ablation process. On the other hand, this means that as soon
as E reaches Eth, the deposition of nanoparticles occurs immediately. The registered
values of w0 are different in the two cases. This result seems to suggest that the Gaussian
profile of the beam has some direct influence on the spreading of the nanoparticulate
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debris over the target surface. However, the larger value of the spot size parameter might
indicate a more complex initial distribution of the plume of nanoparticles as well as more
intricate phenomena involved in their confinement by the surrounding atmosphere and
back-deposition.

Figure 4.10: Variation of the squared radii r2np and r2th as function of the natural logarithm of
E in the range (30 ÷ 60) µJ .

Table 4.5: Values of the energy thresholds and the laser spot size resulting from the linear fits
r2np vs. ln(E) and r2th vs. ln(E).

Energy threshold (µJ) Spot size (µm)

Zone of debris (22 ± 1) (95 ± 2)
Ablated crater (20 ± 1) (77 ± 1)

We turn now to investigate the redeposited debris mass in the case of the elliptical
craters produced by focusing the laser beam with a cylindrical lens having a focal length
of 150mm. Here, the Cu target was irradiated at λ = 1030 nm and λ = 515 nm. In the
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former case, the energy delivered to the sample was in the range of (356 ÷ 506) µJ .
This range corresponds to the fluence variation window of ϕ0 = (0.26 ÷ 0.37) J/cm2.
In the latter, the energy varied from 94 µJ up to 197 µJ , hence the fluences were ϕ0 =
(0.24 ÷ 0.49) J/cm2. In both cases, the copper target was irradiated with a sequence
of N = 200 pulses at 5 kHz.

(a) E = 392 µJ . (b) E = 468 µJ .

(c) E = 506 µJ .

Figure 4.11: OM images of elliptical craters generated by focusing the laser beam with the
cylindrical lens. The picture visualises the morphological evolution of the struc-
ture as the pulse energy E increases. The black arrow in panel [a] indicates the
laser beam polarization.

Figure (4.11) reports OM images exemplifying the surface structures elaborated at
the IR wavelength. The picture displays the morphology of the redeposited debris at
different energies. Most of the debris are deposited near to the ablated region, except
for the debris in panel [c] generated at E = 506 µJ where one can note a slight dissem-
ination of nanoparticles far away from the crater.

By using Image J software the distance xnp indicated in panel [a] of Fig.(4.12) was
measured. Subsequently, the average value of xnp and its standard deviation σxnp were
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determined. Considering the the distance xth estimated in Sect.(3.2), we evaluate t and
its error σt as follow:

t =
xnp − xth

2
and σt =

σxnp + σxth

2
(4.4)

This parameter t represents the thickness where nanoparticles diffuse on one side of the
crater.

Figure 4.12: Example of the measurement procedure. Panel (b) identifies the zone t where
nanoparticles deposit.

Figure (4.13) shows the linear dependence of t on E. As expected, at high energy
values the distance reached by the debris is longer with respect to the case of low energy
values. In particular, the line fit to the data seems to reach the zero value at E ≲ 340 µJ .
This value is close to the energy threshold for ablation found in Sect.(3.2) and recalled
in Tab.(4.6).

This observation suggests to perform a fitting procedure between r2np and ln(E),
where r2np indicates the squared value of xnp/2. The linear fit was performed by using
the formula in Eq.(3.9), from which the laser spot size wnp and the energy threshold Enp

were derived. Table (4.6) reports the values obtained from this analysis, compared with
those obtained in Sect.(3.2) for the elliptical spots produced at λ = 1030 nm.
The data listed in Tab.(4.6) show that the energy thresholds are in fairly good agreement
each other, whereas the values of the laser spot size are very far apart. Figure (4.14) [a]
recalls the linear dependence of r2x on ln(E) studied in Sect.(3.2) and reports the results
of the linear regression fit performed in this frame. The solid line representing the trend
of r2np on ln(E) matches the experimental points at low energies. At high energy values,
the points seem to follow another tendency.
This observation recommends to run a linear regression on the first four points and to
compare the fit parameters gained in this case with those obtained in the ablation thresh-
old study.
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Figure 4.13: Dependence of the thickness t of the debris film on the pulse energy E ranging
from 356 µJ to 506 µJ .

Panel [b] of Figure (4.14) and Table (4.7) reports the experimental results obtained
from this analysis. Here, it is possible to notice that the energy thresholds are pretty
consistent each other, whereas the spot sizes are still different.
Therefore one can suggest that in the regime of low fluences the zone of debris de-
pends on the variation of the Gaussian beam profile, whereas at high fluence regimes the
nanoparticles dispersion trend changes due to some diffusion processes during nanopar-
ticles deposition.

The same type of analysis is carried out on the OM images exemplifying craters
generated at λ = 515 nm. Figure (4.15) shows three OM micrographs representative of
craters generate at low, medium and high energy values.

77



(a) r2np vs. ln(E) and r2th vs. ln(E).

(b) r2np vs. ln(E) and r2th vs. ln(E).

Figure 4.14: Variation of squared radii r2np and r2th as function of the natural logarithm of E in
the range (356 ÷ 506) µJ . The trend in panel (a) refers to the complete energy
range. The trend in panel (b) refers to the low energy range.
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Table 4.6: Experimental results obtained from the linear fits r2np vs. ln(E) and r2th vs. ln(E).
These data refers to the linear tendency of panel [a] in Fig.(4.14).

Energy threshold (µJ) Spot size (µm)

Zone of debris (349 ± 17) (110 ± 10)
Ablated crater (323 ± 16) (42 ± 3)

Table 4.7: Experimental results obtained from the linear fits r2np vs. ln(E) and r2th vs. ln(E).
These data refers to the linear tendency of panel [b] in Fig.(4.14).

Energy threshold (µJ) Spot size (µm)

Zone of debris (325 ± 9) (86 ± 5)
Ablated crater (323 ± 16) (42 ± 3)

Unlike the previous case, nanoparticles sediments seem to cover a larger portion of
the copper substrate. In particular, near the ablated region the distribution of nanopar-
ticles appears uniform whereas far away from the crater the debris seem to cover the
surface in a sparse manner. Such a behaviour is more visible in panel [c] of Fig.(4.15)
that displays the crater generated at the highest pulse energy used in this thesis work.
Therefore, from a qualitative point of view, the covering dynamics of the target surface
appears different as the energy increases. Each OM image is provided of a SEM inset
that visualises the amount of nanoparticles over the Cu surface. As it can be observed,
the quantity of nanoparticles grows as the energy increases. In fact, the SEM view of
panel [c] displays agglomerates of nanoparticles greater than those illustrated in the
dashed green box of panels [b] and [c]. This trend is understandable since the higher
the energy, the more the removal of the material.

Figure (4.16) shows the dependence of the zone were nanoparticles are observed, i.e
the thickness t, on the pulse energy E. Comparing this linear trend to that in Fig.(4.13),
it can be noticed that, unlike the IR wavelength, the rise of t in E is enhanced in the
case of the green wavelength. This results can be explained considering that at λ =
515 nm the copper surface absorbs more radiation with respect to at λ = 1030 nm. As
a consequence, the amount of particles standing in the plasma plume is more consistent
in the case of the green wavelength and thus the sediments deposited onto the surface
are greater.
In order to explore the influence of the Gaussian beam profile variation on the debris
distribution, the linear fitting procedure between r2np and ln(E) was performed. The
dependence of r2np on ln(E) is shown in Fig.(4.17). As observed, the solid line matches
only the first three experimental points at low energy values.

79



(a) E = 125 µJ .

(b) E = 160 µJ .

(c) E = 197 µJ .

Figure 4.15: OM images of the elliptical craters generated at λ = 515 nm. Each OM view
has insets exemplifying a SEM micrograph corresponding to the OM area in the
dashed green box.
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Figure 4.16: Variation of the thickness t as function of the pulse energy E in the range (94 ÷
197) µJ .

As the energy increases, the experimental points seems to follow other tendencies. In
particular it is possible to recognize two different trends appearing at medium and high
energy values, respectively. This observation agrees with the qualitative description
provided above for the OM images. Table (4.8) lists the values of the energy threshold
and laser spot size gained from this analysis. This results are compared with those
obtained in Sect.(3.2) for ablation threshold. As expected, the energy thresholds and
the laser spot sizes are not in good agreement each other. Therefore, basing also on
the previous discussion, it was carried out a linear fitting procedure only on the three
first experimental points. The solid line in Panel [b] of Fig.(4.17) confirms the linear
trend of r2th on ln(E) expected in this case. Table (4.9) summarizes the results obtained
from this analysis. Here, we note that the agreement with the energy thresholds gets
improved, although they are not consistent within the errors, whereas the values of w0

are still distant.
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(a) r2np vs. ln(E) and r2th vs. ln(E).

(b) r2np vs. ln(E) and r2th vs. ln(E).

Figure 4.17: Variation of the squared radii r2np and r2x as function of the natural logarithm of
E in the range (94 ÷ 197) µJ . Panel (a) refers to the linear fit performed in the
total energy range, whereas panel (b) illustrates the result of the linear fit at low
energy range.
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Table 4.8: Experimental results obtained from the linear fits r2np vs. ln(E) and r2th vs. ln(E).
These data refers to the linear tendency of panel [b] in Fig.(4.17).

Energy threshold (µJ) Spot size (µm)

Zone of debris (90 ± 6) (61 ± 4)
Ablated crater (61 ± 5) (9.4 ± 0.1)

Table 4.9: Experimental results obtained from the linear fits r2np vs. ln(E) and r2th vs. ln(E).
These data refers to the linear tendency of panel [b] in Fig.(4.17).

Energy threshold (µJ) Spot size (µm)

Zone of debris (70 ± 4) (40 ± 3)
Ablated crater (61 ± 5) (9.4 ± 0.1)

For the sake of simplicity, the main results gained from these analyses are below
reported.

• Concerning the craters elaborated with the spherical lens at λ = 1030 nm, it
has been found that the dependence of r2np on ln(E) is linear in accordance with
Eq.(3.2). Moreover, the close values of the energy thresholds for ablation and
for debris formation suggest that Gaussian beam profile somewhat affects the dy-
namics of nanoparticles distribution. This may explain also why the sediments
are arranged in a ring that follows the circular shape of the craters.

• In the case of the cylindrical lens the experimental findings evidence interesting
results. First of all, the laser wavelength influences the amount of debris de-
posited on the surface. In fact, as above discussed at λ = 515 nm the production
of nanoparticles is higher than at λ = 1030 nm. Moreover in both cases, it is
possible to notice that the dynamics of nanoparticles distribution seems to depend
on the fluence regimes. In particular, at low fluence values the debris coverage of
the substrate seems to be mostly affected by the Gaussian beam profile.

The trends observed in the case of the cylindrical lens are different from those observed
in the case of the spherical lens. This is likely due to the different geometries of the
plasma plume expansion in the two cases. In particular, the distribution of nanoparti-
cles in the case of the spherical lens can be described by the model introduced at the
begging of this Section. As regard the cylindrical lens, an implemented model should
be find since there is still not a model aimed to explain the experimental findings of
this work. Moreover, a preliminary qualitative analysis seems to show a dependence at
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low energy resembling the one related to the variation of the elliptical Gaussian beam
profile, whereas of a wide energy range the size of the covered region seems to be better
described by a linear dependence on the energy. A clarification of such effects should
deserve further experimental and theoretical analyses to clarify the mechanisms under-
lying the coverage of nanoparticulate debris and its dependence on the laser beam shape
and energy.
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Chapter 5

Laser surface texturing of copper over
large areas

The aim of this chapter is to investigate the surface structures developed on mil-
limeter size areas by the raster scanning of the laser beam on the copper surface. In
particular, in Sect.(5.1) we deal with the subwavelength structures typically generated
in the direct femtosecond laser surface structuring process, whereas in Sect.(5.2) we
focus on the morphological features of a textured area.

5.1 Generation of ripples on large areas
Many authors report the formation of well-defined ripples achieved by the dynamic

irradiation of a copper target at IR wavelengths [2], [40], [50]. In the present work rip-
pled areas were produced by raster scanning at the green wavelength. This technique
consists in a bidirectional scanning of the laser beam along the horizontal (x) and ver-
tical (y) directions, by moving the sample at velocity vs. In this case a track of parallel
lines along the x axis, with a shift ∆y along the y axis, has been impressed onto the
target. The sketch of the scanning path is illustrated in panel [a] of Fig. (5.1).
In the current experiment, several areas were textured by varying the scanning velocity
vs and the vertical step ∆y. Panel [b] in Fig.(5.1) displays the Cu sample after the laser
treatment. The laser was operated at RR = 5 kHz, λ = 515 nm and E ∼ 180 µJ and
the beam was focused onto the material surface by a cylindrical lens with a focal length
of 150mm.
Table (5.1) summarizes the values of vs and ∆y selected in order to produce twelve
different areas. The surface morphology of the areas was analysed by means of the
scanning electron microscope. In particular, in the current section we illustrate the SEM
images that exemplify the upper edge of each irradiated zone. Considering the scanning
path together with the 2D Gaussian spatial profile along the copper surface, we can hy-
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pothesize that regions under investigations have been exposed to the less intense parts
of the beam, i.e those corresponding to Gaussian tails.

(a) Example of the scanning path in the raster scan
method.

(b) Cu sample after the laser treatment car-
ried out in this thesis work. The rectan-
gular outline indicates the elaborated ar-
eas.

Figure 5.1: Femtosecond laser texturing of a copper target performed by raster scanning of the
laser beam, focused with a cylindrical lens, on the surface.

In order to provide a clearer idea of the process, a picture of the spatial distribution
of the laser intensity is illustrated in Fig. (5.2). In this frame, we do not take into account
the influence of ∆y since the zones under consideration are supposed to be not affected
by the partial overlap between the Gaussian wings along the y direction.

Table 5.1: Values of the scanning speed vs and the vertical shift ∆y for each area elaborated at
λ = 515 nm, RR = 5 kHz and pulse energy E = 180 µJ .

A 1 A 2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

vs(mm/s) 2 2 1 1 0.5 0.5 0.5 0.5 0.1 0.1 0.1 0.1
∆y (mm) 0.4 0.6 0.9 1.4 0.4 0.6 0.9 1.4 0.4 0.6 0.9 1.4

We turn now to introduce a typical parameter used to quantify the equivalent number
of pulses in the case of the dynamic irradiation of the sample, namely N0 = (2w0RR)/vs,
where w0 is the laser spot size at the material surface [38].
Under the aforementioned hypothesis, we assume that w0 is obtained by averaging the
values w0,x reported in Tabs.(3.8) and (3.9) of Sect.(3.2). In this case w0 is about 9.1 µm.

86



Hence, for each scanning velocity we calculated the number of overlapped pulses N0

that are listed in Tab.(5.2).

Table 5.2: Number of overlapped pulses N0 as function of the scanning velocity vs.

vs(mm/s) N0

2 45
1 90
0.5 182
0.1 910

Figure 5.2: Sketch of the scanning path of the beam along the sample in combination with its
spatial intensity profile.

Figure (5.3) illustrates the SEM micrographs that visualize copper rippled regions
obtained by varying the scanning speeds and by fixing ∆y = 0.4mm. The panels show
the formation of ripples aligned perpendicular to the laser beam polarization and dec-
orated with nanoparticles back-deposited onto the sample due to the air confinement.
From a qualitative point of view, the amount of nanoparticles increases with the re-
duction of the scanning velocity, i.e with the enhancement of the effective number of
pulses. This result matches the literature, since many works report the dependence of
back-deposited nanoparticles not only on the laser energy, as seen in Sect.(4.2), but also
on the number of applied pulses onto the target [3], [43], [58]. In particular, the panels
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[c] of Figs.(5.3) and (5.4) display agglomerates of nanoparticles, organized along the
typical ripples periodic pattern, and obtained at N0 = 910. The generation of ripples
formed by aggregations of nanoparticles have been reported in several works [57], [58].
In particular, a study carried out on MeP-Si at low fluences shows that nanoparticles
tend to align into periodic stripes as the number of pulses increases [57]. However, the
mechanisms behind the formation of well ordered aggregates of nanoparticles are still
being debated.

(a) vs = 2mm/s. (b) vs = 0.5mm/s.

(c) vs = 0.1mm/s.

Figure 5.3: SEM images of the upper edge of different areas processed at ∆y = 0.4 mm.
In each panel we signed up the scanning velocity vs at which the Cu surface was
elaborated. The double-headed arrow in panel [b] indicates the direction of the
laser beam polarization. A spatial scale bar with a length of 1 µm is reported in
each panel.

Since the goal of the present thesis is to produce well-defined periodic structures
with less time-consuming approach, the reduction of the scanning velocity certainly
constitutes a disadvantage. However, as it can be observed in Fig.(5.3), the generation of
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rippled areas gets improved as vs decreases. Indeed, ripples formed at vs = 0.5 mm/s,
and displayed in the right panel of Fig.(5.3), are deeper and more regular than those
illustrated in the left panel. This effect is likely due to the Gaussian beam tails; in fact,
since the tails represent the less intense parts of the beam, the laser fluence is not capable
to induce substantial removal of material from the sample surface.

(a) vs = 2mm/s. (b) vs = 0.5mm/s.

(c) vs = 0.1mm/s.

Figure 5.4: SEM images of the upper edge of different areas processed at ∆y = 1.4 mm.
In each panel we signed up the scanning velocity vs at which the Cu surface was
elaborated. The double-headed arrow in panel [b] indicates the direction of the
laser beam polarization. A spatial scale bar with a length of 1 µm is reported in
each panel.

Therefore, if the number of overlapped pulses is small, the resulting surface ex-
hibits shallow ripples with a less defined pattern; whereas if N0 increases the amount
of material ablated is more consistent leading to the formation of well-defined ripples.
Similar results are obtained in Ref. [40], where the authors investigated ripples formed
on Cu at N0 = 200 and N0 = 400. The same description is suitable for the other struc-
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tures elaborated at different ∆y. An example is provided in Fig.(5.4), where ripples
formed at vs = 2 mm/s are shown to be less-defined with respect to those emerged at
vs = 0.1mm/s.

Another observation rising from a qualitative analysis of the SEM images is the
influence of N0 on the spatial period Λ of the ripples. Indeed, an increase of N0 leads
to a decrease of Λ. In order to investigate the periodic structures in more details, the
bidimensional Fast Fourier transform (2D-FFT) maps of the SEM images were carried
out. The 2D-FFT maps were elaborated by using Gwyddion software.

(a) Cu surface processed at ∆y = 0.6 mm and
vs = 0.5 mm/s.

(b) 2D-FFT map of the SEM image of panel (a).

(c) Cu surface processed at ∆y = 0.6 mm and
vs = 2.0 mm/s.

(d) 2D-FFT map of the SEM image of panel (c).

Figure 5.5: SEM views of the upper edge of the structured Cu surface with their 2D-FFT maps.
The white double headed arrow in panel [b] indicates the measurement procedure.

Panels [b] and [d] of Figure (5.5) report the 2D-FFT maps of the panels [a] and [c],
respectively. In both cases, it is possible to recognize a couple of intense peaks aligned
along the direction of propagation of the periodic pattern in real space. These peaks are
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the spatial frequencies associated to ripples and allow to derive their the spatial period
Λ. A sketch of the measurement procedure is provided in the panel [b] of Fig.(5.5). The
measures in the Fourier space give an estimation of the spatial frequency |⃗k| from which
one can calculate Λ by using Λ = 1/|⃗k|.

The ripples spatial period was also measured by means of the spatial intensity profile
elaborated with Image J software. The procedure is the same illustrated in Sect.(4.1). It
is worth noticing that if the SEM images evidence a great amount of nanoparticles, the
measure of Λ from the spatial intensity profile is not possible, because the presence of
sparse nanoparticles compromises the spatial intensity distribution of the SEM image.
This is the case of panel [c] of Fig.(5.3) that displays abundance of nanoparticles that
leads to spatial intensity profile profiles as the one provided in Fig.(5.6), which does not
show clear modulations to reliably recognize the ripples.

Figure 5.6: Example of a spatial intensity profile elaborated with Image J software associated
to the SEM image of panel (c) in Fig.(5.3).

In such cases, in order to well visualize the presence of ripples and measure a reliable
value of Λ, the 2D inverse FFT (2D-IFFT) is performed.
Panel [a] of Figure (5.7) reports the 2D FFT map of the SEM image of Fig.(5.3) [c]. The
map displays two intense characteristic peaks linked to ripples, and a signal associated
to a diffused distribution to the spreading of the spatial frequencies due to nanoparticles.
Based on the panel [a] in Fig.(5.7), by using the filtering method offered by Gwyddion
software, we obtained the 2D-IFFT maps of the zones corresponding to the intense
coupled peaks and to the region surrounding them, respectively.
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The former is illustrated in panel [b] of Fig.(5.7) and evidences the spatial distribution
of nanoparticles in the real space.

(a) 2D-FFT map of the SEM image of panel (c) in
Fig.(5.3).

(b) 2D-IFFT map obtained from the difference be-
tween the signals in 2D-FFT map and the fre-
quencies in the dashed circles of panel (a).

(c) 2D-IFFT map corresponding to the intense
coupled peaks in the dashed circles of panel
(a).

Figure 5.7: Example of 2D-IFFT maps in the case of an area fully covered by nanoparticles.
The panel (b) evidences the distribution of nanoparticles in the real space, whereas
the panel (c) shows the spatial modulation of ripples in the real space. The red
arrow indicates the laser beam polarization.
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Figure 5.8: Spatial intensity profile elaborated with Image J software associated to the 2D-
IFFT map of panel (c) in Fig. (5.7).

Table 5.3: Ripples spatial period calculated from the 2D-FFT maps, ΛFFT , and from the in-
tensity spatial profile Λprofile.

∆y (mm) vs (mm/s) Λ FFT (nm) Λ profile(nm)

0.4
2 365 ± 21 369 ± 45

0.5 346 ± 16 357 ± 34
0.1 345 ± 13 331 ±27

0.6
2 394 ± 30 388 ± 31

0.5 388 ± 29 380 ± 22
0.1 336 ± 18 327 ± 37

0.9
1 403 ± 41 406 ± 53

0.5 393 ± 17 382 ± 37
0.1 344 ± 15 333 ± 26

1.4
1 398 ± 26 393 ± 16

0.5 351 ± 17 366 ± 43
0.1 324 ± 15 314 ± 39

The latter is displayed in panel [c] and shows the spatial modulation of the ripples
in the real space as obtained by 2D-IFFT of filtered 2D-FFT maps. In this way it is
possible to obtain a regular spatial intensity profile [Fig. (5.8)] from which an estimate
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of Λ can be obtained. Table (5.3) reports the values of Λ obtained from both the 2D-FFT
images (ΛFFT ) and spatial intensity profiles analysis (Λprofile).

The results gained from the two analyses are in agreement each other within the
errors. Moreover, the data listed below show that a decrease of the scanning velocity vs,
namely an increase of N0, results in a reduction of the spatial period of the ripples. Such
an achievement is consistent with experimental findings reported in the literature both
for the dynamic [40] and static irradiation conditions [9], [61]. These authors suggest
that the decrease in the period of ripples may have different origins. One of the most
acclaimed theory is that, pulse by pulse, the surface of the irradiated material changes
its optical properties. This effect is supposed to be due to a mechanism of coupling
between the incident laser beam and the grating formed by the first incoming pulses.
As a consequence, the resonant wavelength of the SPP waves undergoes a shift that
causes the reduction of the spatial period of the the interference pattern. Therefore,
the modulation of the spatial energy distribution changes and gives rise to ripples with
shorter periods [9], [22]. However, other mechanisms should not be ignored, such as
the local variation of the angle of incidence in correspondence with the ablated zones or
the accumulation of defects inside the material [9], [57].
Although there are not works about the direct laser surface processing of large areas
over a Cu target at λ = 515 nm, it can be stained that the values of Λ are reasonable
since (i) those obtained at N0 = 182 are in pretty good agreement with those observed in
Sect.(4.1) at N = 200; (ii) exhibit a trend with the increase of the number of overlapped
pulses similar to that observed in the case of the static irradiation of a metallic target.

5.2 Morphological features of the irradiated copper sur-
face

In the current section, we deal with the structural modifications induced by the raster
scanning of the beam on the Cu surface. In attempt to understand the rising of different
structures, a sketch of the Gaussian spatial intensity profile along the scanning path is
traced in Fig.(5.9).
In particular, we analyse several SEM images of the area indicated as A12 in Tab.(5.1).
This region was elaborated at vs = 0.1 mm/s and ∆y = 1.4 mm. Considering that the
Gaussian spot size along y direction is ∼ 2.7mm, the picture in Fig.(5.9) becomes intel-
ligible. In fact, since ∆y is less than w0,y, a superposition between the Gaussian spatial
intensity profiles along the vertical direction can be expected. Note that the value of
w0,y is obtained by averaging the data displayed in Tabs.(3.8) and (3.9) of Sect.(3.2).
In order to give a clearer idea of the structures produced during the laser treatment, we
will try to follow the Gaussian spatial distribution of the laser intensity along the scan-
ning path illustrated in Fig.(5.9).
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We start from the first scanning line that moves from left to right. This trait identifies the
zone where the less intense part of the beam is impressed on the target. In this case the
surface is involved in mechanisms of interference that lead to the formation of ripples.
Panel [a] in Fig.(5.10) is associated to this region indicated as (1). This SEM micrograph
illustrates a wrinkled surface with well-defined ripples whose period Λ was evaluated
from the 2D-FFT map displayed in panel [b]. Λ is found to be equal to (324 ± 15) nm.

Figure 5.9: Sketch of the spatial distribution of the laser intensity during the laser treatment.

We now move down with a step ∆y < w0,y and consider the scanning line that starts
from the right and goes towards the left. This line separates the zone (1) from the one
marked as (2). The SEM view of panel [c] in Fig.(5.10) is relative to the zone (2) and
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features periodic structures composed by an assemblage of nanoparticles oriented per-
pendicular to the laser beam polarization. In this case the period of ripples, resulting
from the measure carried out on the 2D-FFT map in panel [d], is about (307 ± 13) nm.
A possible explanation of the transition from well-defined ripples of the zone (1) to a
well-ordered arrangement of nanoparticles of the zone (2) can rely on the superposition
between the Gaussian spatial profiles. By moving the sample along the first line, the
most intense part of the beam is impressed on zone (2) of the target causing the surface
to eject some material and change its optical properties.

(a) SEM image exemplifying the upper edge
of the copper surface.

(b) 2D-FFT map of the SEM image of panel
(a).

(c) SEM micrograph that identifies the sur-
face structure below that illustrated in
panel (a).

(d) 2D-FFT map of the SEM image of panel
(c).

Figure 5.10: SEM images of the surface structures with their 2D-FFT maps. The panels (b)
and (d) indicate the two bright peaks associated to ripples.
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Subsequently, by moving the sample along the second scanning line, the zone (2) of
the target is crossed by the Gaussian beam wings that influence the spatial arrangement
of nanoparticles rising from the previous ablation. This effect is quite similar to that
described in Sect.(5.1), where we studied the influence of the number N0 of overlapped
pulses on the structured Cu surface.

(a) Periodic structures fully covered by
nanoparticles.

(b) 2D-FFT map of the SEM image of panel
(a).

(c) 2D-IFFT map corresponding to the in-
tense coupled peaks in the dashed cir-
cles of panel (b).

(d) 2D-IFFT map obtained from the differ-
ence between the signals of 2D-FF map
and the frequencies in the dashed cir-
cles of panel (b).

Figure 5.11: SEM image of the structured Cu surface and its 2D-FFT (b) and filtered 2D-IFFT
maps ((c) and (d)). The panel (b) evidences the presence of ripples together with
the distribution of spatial frequencies associated to nanoparticles. Panels (c) and
(d) show respectively the contribution of ripples and nanoparticles in the real
space as obtained by 2D-IFFT of filtered maps of the 2D-FFT in panel (b).
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In particular we found out that the spatial period Λ is getting reduced as N0 in-
creases. In this case a similar trend is observed, since the period of ripples in the case
of the zone (2) is slightly smaller then the ripples spatial period linked to the zone (1).
From this point of view, the presence of any feedback mechanisms in the region (2) is
not all that unreasonable.

(a) SEM image exemplifying nanopar-
ticles.

(b) SEM image exemplifying nanopar-
ticles.

(c) SEM image exemplifying nanopar-
ticles.

(d) 2D-FFT map of the SEM image of
panel (c).

Figure 5.12: Panels [a]-[c] display the copper surface entirely covered by nanoparticles. Panel
[d] exhibits the archetypal 2D-FFT for the regions fully of nanoparticles.

These observations can be applied for the other structures displayed in the beneath
SEM images. In particular each micrograph is marked in the left upper corner with the
number of the corresponding zone of the picture in Fig.(5.9). The SEM micrograph
in Fig.(5.11) displays periodic structures entirely covered by nanoparticles that seem
to assemble in periodic lines. The 2D-FFT map in the panel [b] show the two weak
intensity peaks, surrounded by a distribution of spatial frequencies due to nanoparticles.
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In order to associate the peaks to ripples, the 2D inverse FFT of the panel [a] was
performed by filtering the two coupled spatial frequencies.

(a) Rippled area covered by noparticles
deposits.

(b) 2D-FFT map of the SEM image in
panel (a).

(c) 2D-IFFT map corresponding to the
signals evidenced in the dashed circles
of panel (b).

(d) 2D-IFFT map obtained from the dif-
ference between the signals in 2D-
FFT map and the frequencies in the
dashed circles of panel (b).

Figure 5.13: SEM image of copper surface with its 2D-FFT and 2D-IFFT maps. The panel
[c] is inherent to the presence of ripples in the real space, whereas the panel [d]
represents the contribution of nanoparticles.

The panel [c] of Fig.(5.11) reports the intensity spatial modulation of the periodic
structures in the real space from which we measured Λ by using Image J software as in
Sect.(5.1). The panel [d] evidences nanoparticles contribution in the real space. From
this analysis the couples of peaks can be ascribed to ripples. Hence, the estimated value
of ripples spatial period achieved from the 2D-FFT map is (311 ± 34) nm, whereas the
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one evaluated from the intensity profile analysis is (319 ± 31) nm. As expected, the
two values are good in agreement with each other. Unlike the previous case, the SEM
image under consideration visualise a larger amount of nanoparticles.

This could be due to the superposition between the Gaussian spatial profiles that in
zone (3) is more pronounced than in zone (2). In particular, the more is the overlap
between the Gaussian profiles of the laser beam along the direction perpendicular to the
scanning direction, the more is the production of nanoparticles. This can be observed in
panels ([a]-[c]) of Fig.(5.12) that report SEM images exemplifying nanoparticles ran-
domly distributed over the surface of the target. The panel [d] is representative of the
spectra obtained by the 2D-FFT of such images. The spread of the spatial frequencies
in the map is inherent to the presence of nanoparticles and as expected it is not possi-
ble to recognize the couples of characteristic peaks linked to ripples. The formation of
regular gratings appears again in the panel [a] of Fig.(5.13). The morphology suggests
that this structure form as a consequence of a reduced superposition between the Gaus-
sian intensity profiles. The 2D-FFT map in panel [b] displays two weak peaks inherent
to periodic structures standing beneath the broad deposition of nanoparticles. The 2D-
IFFT map in panel [c] confirms the presence of the ripples whose period is found to be
(310 ± 11) nm.

(a) Large area grating generated on copper
and decorated by nanoparticles.

(b) 2D-FFT map of the SEM image of
panel (a).

Figure 5.14: SEM image of the structured copper surface together with its 2D-FFT evidencing
ripples.

The scanning electron micrograph marked as (5 b) in Fig.(5.14) shows the morpho-
logical features of the structure succeeding the one illustrated in panel [a] of Fig.(5.13).
In this case the overlap between the Gaussian fluence distributions translates into a pat-
tern of periodic trenches decorated by agglomerates of nanoparticles. The correspond-
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ing 2D-FFT in Fig.(5.14) [b] reveals a period of (300 ± 18) nm.
Moreover, the upper-right corner of panel [a] indicates the incoming of micro bumps
formation, that is displayed in Fig.(5.15).

(a) Structured copper surface characterized
by bumps and ripples.

(b) 2D-FFT map of the SEM image of
panel (a).

(c) 2D-IFFT map corresponding to the dif-
ference between the signals 2D-FFT
map and the frequencies in the dashed
circles in panel (b).

Figure 5.15: SEM micrograph exemplifying surface texture. Panel [b] indicates the presence
of ripples and bumps. Panel [c] is inherent to ripples in the real space.

In fact, panel [a] in Fig.(5.15) features periodic structures interrupted by the growth
of circular relief that dubbed bumps. The generation of bumps have been observed on
several materials such as Ti, Al, steel, gold and copper [33], [35]. In particular, it has
been shown that these structures can be replicated into a series of ordered arrays by
exploiting interference between multiple beams [34]. However, the mechanism behind
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their formation is still controversial. Some authors suggest that bumps take their origin
from plastic deformations caused by thermoelastic forces linked to the heating of the
irradiated material. In particular, the stresses confine the hot material in a small portion
of surface causing it to reach high temperatures and pressures that lead to a possible
phase explosion and thus the formation of circular shaped bumps [44]. Others, instead,
sustain that the development of bumps is linked to a fast cooling and redistribution of the
molten material after the fs laser treatment [33]. Others possible explanations involve
(i) the excitation of shock waves due to the plasma plume located above the material,
(ii) and the Marangoni effect [33], [44].

Panel [b] of Fig.(5.15) reports the 2D-FFT map of the SEM image in panel [a] from
which we estimated Λ = (340 ± 16) nm in agreement with that evaluated from the
intensity profile analysis. Moreover, the map identifies two bright spatial frequencies
that seem to be associated to bumps. In order to ascertain this correspondence, the 2D-
IFFT map was carried out by filtering the spatial frequencies in the center of the picture.
The result of this procedure, illustrated in panel [c], confirms our hypothesis since the
figure replicates the surface structure in panel [a] without bumps.
The SEM micrograph in Fig.(5.16) displays the evolution of bumps into periodic straight
lines that seem to result from a fast solidification of the irradiated zone. The 2D-FFT
map in the panel [c] of Fig.(5.16) displays the characteristic intensity peaks associated
to ripples, from which we measured (Λ = 379 ± 45) nm in agreement with the value
(385 ± 32) nm achieved from the spatial intensity profile. Note that these values of
the ripples spatial period are the highest of all find out in this frame.

(a) Rippled area resulting from the solidifica-
tion of the irradiated structure.

(b) 2D-FFT map of the SEM image of panel
(a).

Figure 5.16: SEM image of the surface structures and its 2D-FFT maps.

We now pay our attention to the last two structures marked as (7) and (8) in Fig.(5.17).
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According to the picture in Fig.(5.9), the former rippled area emerges as consequence
of an overwriting that occurs in the same way described for the zone (2), whereas the
latter forms in the same way of the zone (1).

(a) SEM image exemplifying the upper edge
of the copper surface.

(b) 2D-FFT map of the SEM image of panel
(a).

(c) SEM micrograph that identifies the surface
structure below that illustrated in panel (a).

(d) 2D-FFT map of the SEM image of panel
(c).

Figure 5.17: SEM images of the surface structures with their 2D-FFT maps. Panels (b) and
(d) indicate the presence of ripples.

From the 2D-FFT maps, we evaluated the ripples spatial period Λ of the two SEM
images under investigation. The estimated values are (311 ± 20) nm for the picture
[a] and (335 ± 31) nm for the picture [c]. Note that the ripples period inherent to the
zone (7) is consistent with the one estimated in the zone (2) and smaller with respect to
the period obtained for the zone (8) that, in turn, is in agreement with that derived for
the zone (1). These results suggest that (i) the mechanism behind the formation of the
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wrinkled structure associated to the zone (7) is similar to that associated to the zone (2)
as well as for the zone (1) and (8); (ii) the regions which feature smaller ripples periods
are probably involved in some feedback mechanisms similar to those that induce their
reduction as number of applied pulses increases.
The description of the formation behind the surface structures provided in this section
is only one of those possible. Therefore, further investigation are required in order to
(i) develop clearer sub-wavelength structures by the raster scan method (ii) understand
the mechanisms of formation of hierarchical structures on copper. Moreover, to the best
of our knowledge, few works on the elaboration of large areas by means of a fs laser
source focused with a cylindrical lens have been carried out. Some studies were carried
out on steel [4], Ti O2 [17] and silicon [52]. However, further investigations on the
effects of the cylindrical lens in combination with direct femtosecond laser processing is
required, since this method allows to rapidly produce nano-structures over large zones.
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Conclusions

In this thesis work fs laser surface texturing of a Cu sample is carried out. The work
offers a complete overview of the induced surface structures on copper with a Yb:KGW
laser source providing laser pulses with a duration of ∼ 180 fs at a central wavelength
of 1030 nm and a second harmonic output of 515 nm.
Chapter (1) and Chapter (2) are respectively devoted to the fs laser ablation process with
a particular emphasis on the mechanisms underlying the LIPSS formation and the ex-
perimental setup used for the direct fs laser surface processing. Additionally, Chap.(2)
contains: (i) a general outlook on the spherical and cylindrical lenses, evidencing the
role of the cylindrical lens in the frame of this work, (ii) the description of the optical
and the scanning electron microscope used to analyse the morphological features of the
surface structures.
The surface structures have been produced with both static and dynamic irradiation of
the copper target. By irradiating the sample in static condition, circular craters with a
spherical lens and elliptical craters with a cylindrical lens were generated; whereas by
the raster scanning of the beam along the target surface (dynamic configuration) mil-
limeter size areas were elaborated. The former technique is usually preliminary to the
second since, by exploiting the Gaussian beam model, it allows to measure two im-
portant parameters: the threshold fluence and the spot size of the laser beam. This
experimental procedure is presented in Chapter (3) and it results conventional for laser
beams focused with a spherical lens. However, in this work we proved that it is suitable
also for laser beams focused with a cylindrical lens.
The thresholds fluence for copper ablation are found to be dissimilar at the laser wave-
lengths of λ = 1030 nm and λ = 515 nm. This is expected since this parameter
depends not only on the specific material, but also on the laser wavelength. In this con-
text, the study of the influence of laser pulse repetition rate on the surface structures is
provided; in particular, our experimental findings show that the Cu surface topography
is not affected by repetition rates in the range of kHz in our experimental conditions.
Since the interest is to explore the surface structures generated by employing the cylin-
drical lens, Chapter (4) is devoted to the description of the morphological features of
the elliptical craters produced on the Cu target in static configuration. In particular, the
induced surface structures exhibit different morphologies due to the local fluence value
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impinged on the material during the irradiation process. In the peripheral area ripples
with a period Λ = 950 nm (at λ = 1030 nm) and Λ = 346 nm (at λ = 515 nm) ap-
pear. These ripple periodicity evidence the presence of the feedback mechanism linked
to the number of laser pulses. The chapter illustrates also the dynamics of nanoparticles
distribution. The nanoparticles debris deposits onto the copper substrate as a conse-
quence of the plasma plume cooling; in particular, our experimental findings evidence
that distribution of the nanoparticles around the shallow crater is different when using
the spherical and cylindrical lenses. In order to explain this experimental observation,
further studies are necessary since such phenomenon has been evidenced here for the
first time and there are not yet models of the nanoparticle plume propagation dynamics
in air at atmospheric pressure after ablation with a cylindrical lens and even the one
generated by using a spherical lens is far to be completely addressed.
Finally, in fifth Chapter deals with the morphological features of the target surface elab-
orated by using the cylindrical lens to texture larger areas. In particular, we analysed
the influence of the scanning velocity, i.e the effective number of pulses, on the rippled
periodicity and it was found that Λ decreases with N , in agreement with the expected
behaviour. Moreover, the chapter contains the description of surface structures emerg-
ing in the region processed by a single beam passage, at the periphery of the produced
large areas, that develop well defined ripples and the features observed where more
beam overlap occurs. In this second case, our analysis evidences that the effects of
the superposition between the Gaussian beam intensity profiles pertaining to each laser
beam passage during the rastering process. In particular, when the overlap is too high
on the irradiated surface a great amount of nanoparticles appear. All the obtained results
provide a clear picture of the various effects coming into play during large area struc-
turing with elliptical beams and lay the foundation to investigate the best experimental
conditions in order to form well defined ripples on copper.
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