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Abstract  
 

The aim of this thesis is the experimental investigation of structuring of 

metallic and dielectric surfaces with radially and azimuthally polarized 

femtosecond laser pulses, in order to achieve controllable surface modification. 

In particular, Gaussian and Cylindrical vector beams, (CV) beams with the 

corresponding linear, radial and azimuthal polarization states were utilized for 

the fabrication of Laser Induced Surface Structures (LIPSS) on Nickel (Ni) and 

Fused Silica (SiO2) surfaces. Accordingly, LIPSS characteristics were evaluated as 

a function of the beam electric field state, fluence and number of pulses. The 

exploitation of variable polarization states in both dynamic and static surface 

processing schemes gave rise to the realization of new and more complex surface 

structures that could be used to fabricate functional surfaces with remarkable 

optical and wetting properties. Experimental results on Nickel surfaces showed 

that line-scanning with CV beams can be a novel strategy for the creation of 

multi-directional surface structures. Besides this, it is shown that surface 

processing with CV beams can be an important tool for fabricating at single-step-

process a) hierarchical surface structures, with controllable micro and nano 

periodicity and enhanced superhydrophobic properties, b) complex multi-

directional biomimetic structures inspired by the Shark’s skin. Finally, results on 

fused silica surfaces additionally showed supra-wavelength, low spatial 

frequency LIPSS with characteristics dependent on fluence and photon energy 

values.  

 

Περίληψη 
  

Ο ςτόχοσ αυτόσ τησ εργαςύασ εύναι η πειραματικό μελϋτη για την 

κατεργαςύα μεταλλικών και διηλεκτρικών επιφανειών με ακτινικϊ και 

αζιμουθιακϊ πολωμϋνουσ υπϋρςτενουσ παλμούσ λϋιζερ, με ςκοπό την επύτευξη 

τησ ελεγχόμενησ επιφανειακϋσ μεταβολόσ. Πιο ςυγκεκραμϋνα  Γκαουςιανϋσ και 

Κυλινδρικϋσ δϋςμεσ με τισ αντύςτοιχεσ πολώςεισ, γραμμικό, ακτινικό και 

αζιμούθιου, χρηςιμοποιόθηκαν για την παραςκευό περιοδικών δομών ςτισ 

επιφϊνειεσ δειγμϊτων νικελύου και πυριτύασ (ύαλου). Τα χαρακτηριςτικϊ των 

παραγμϋνων επιφανειακών δομών αξιολογόθηκαν ανϊλογα με την υπερκεύμενη 

πόλωςη, πυκνότητα ενϋργειασ και των αριθμό των παλιών του δϋχτηκαν τα 

δεύγματα. Η χρόςη διαφορετικού τύπου πόλωςησ ςε ςυνδυαςμό με δυναμικϋσ 

και ςτατικϋσ ςτρατηγικϋσ κατεργαςύασ, δύνει την δυνατότητα για την 

δημιουργύα καινούργιων, ποιο ςύνθετων επιφανειακών δόμων που μπορούν 

μελλοντικϊ να εφαρμοςτούν για την καταςκευό λειτουργικών επιφανειών, 

εμπλουτιςμϋνων με επιπρόςθετεσ οπτικϋσ και διαβροχικϋσ ιδιότητεσ. Τα 

πειραματικϊ αποτελϋςματα ςτισ επιφϊνειεσ Νικελύου ϋδειξαν ότι η κατεργαςιών 

επιφανειών με κυλινδρικϋσ δϋςμεσ μπορεύ να αποτελϋςει μια νϋα προςϋγγιςη για 



 
 

τη δημιουργύα με γραμμό ςϊρωςησ λϋιζερ, ποικύλο-προςανατολιςμϋνων 

επιφανειακών δομών. Από την ϊλλη οι κυλινδρικϋσ δϋςμεσ εύναι ϋνα νϋο 

εργαλεύο για την παραςκευό με απλό μϋθοδο ενώ βόματοσ, α) ιεραρχικών δομών 

ελεγχόμενησ περιοδικότητασ ςε μύκρο και νϊνο κλύμακα, εμπλουτιςμϋνων με 

υπερ-υδρόφοβεσ ιδιότητεσ. β) Καινούργιων και ποιο ςυνθϋτων ποικύλο-

προςανατολιςμϋνων  επιφανειακών δομών εμπνευςμϋνων από το δϋρμα του 

καρχαρύα. Τα αποτελϋςματα ςτην κατεργαςύα επιφανειών τετυγμϋνησ υϊλου 

ϋδειξαν δομϋσ που ξεπερνούν το ςε χωρικό ςυχνότητα το μόκοσ κύματοσ του 

λϋιζερ και εξαρτώνται από την πυκνότητα ενϋργεια παραςκευόσ τουσ αλλϊ και 

την ενϋργεια φωτονύων τησ υπερκεύμενησ δϋςμησ.   
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red dashed area on higher magnification. LR: (e) 600 pulses, 0,42J/cm
2 

, azimuthal polarization, (tilted 

at 45
0
) (f) top view of the red dashed area at higher magnification. 35 
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0
 represents the red dashed 

highlighted area fabricated with CV beam and radial polarization at 500 pulses 9,45J/cm
2
. Images (c) 

top view (d) tilted at 45
0
 represents the blue dashed highlighted area fabricated with Gaussian beam 

S-polarized at 800 pulses 9,79J/cm
2
. 37 

Figure 18: Transmittance spectrum of treated and untreated surface of Nickel foil. 38 
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Figure 24: (a)-(b) Morphological changes induced on SiO2 following irradiation. (N = 30, φ= 3.33/cm

2
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2
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views of (a) and (b) respectively. 46 
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When light strikes me… [AC/DC] 
 

 

Since the dawn of humanity light was always the key factor of all life 

forms as we know them. The sun was worshipped as a god from almost all the 

great ancient civilizations. Not absurdly as they knew that it is the unending 

source of energy which fuels the life in our planet. Manipulation of light on the 

other hand helped mankind to advance through ages.  

The first telescope helped astronomers to understand the universe, the 

first microscope was a breakthrough, especially in medicine for the diagnostic 

field and it gave us the ability to observe microorganisms like viruses or bacteria. 

All these accomplishments were based on light. Yet it’s been almost five hundred 

years since Huygens revealed the wave nature of it and nearly two hundred 

years since Maxwell’s equations defined light as an electromagnetic wave. Now 

depending on the approach we can use tools that are based on the 

electromagnetic nature of light or we can see it as energy in form of particles as 

quantum mechanics have showed as.          

There is no doubt that the invention of lasers can be characterized as one 

of the most important inventions in the modern age. Lasers have changed the 

way scientists used to work as their use is widely extended on almost every 

scientific field. The laser light is used for research, industry and medical surgery. 

In research scientists use laser pulses to understand ultrafast phenomena as the 

energy state of a material. In non-linear microscopy, time resolved spectroscopy, 

surface structuring and many other scientific fields.  

For all these amazing fields we focus on handling the laser light and cause 

controllable surface modification on solid material targets. There are many 

processes that occur when pulsed laser light strikes a material, some of them will 

be analyzed further on at this thesis and some of them are yet to be investigated, 

both theoretically and experimentally. At the end of the day structuring material 

surfaces with pulsed laser light can be compared to painting with tiny particles 

instead of colors and therefore it will always amaze me.          
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Introduction  
 

 

On the early sixties Birnbaum was the first to observe periodically 

arranged structures, following the irradiation of semiconductor surfaces, using 

one of the first pulsed ruby lasers [7]. These structures are commonly called 

‘’laser induced periodic surface structures’’ (LIPSS). Since then, extensive 

research has been conducted, with the aim to reproduce and to explore the 

formation mechanism of these structures but also to exploit the exotic properties 

that LIPPS can induce to a solid surface. Upon irradiation with short laser pulses, 

LIPSS can be observed in almost every class of materials, hence the consideration 

of such structures as a universal phenomenon may be valid. Although, the 

generation and evolution of these structures is still vividly and controversially 

discussed, the complete understanding of this extraordinary phenomenon is yet 

unraveled.  

In strongly absorbing materials, such as metals, low spatial frequency 

LIPSS are commonly observed upon irradiation with femtosecond-laser pulses. 

Such LIPSS exhibit a period strongly dependent with the initial laser wavelength 

[4,9,14-15,21,27]. On the other hand the irradiation of dielectric surfaces can 

give rise to periodical structures as well, although their formation is due to much 

different light-mater interactions mechanisms [8,17-19,26,30-31,34]. In case of 

metals, interference effects of the incident focused laser radiation with surface 

electromagnetic waves are commonly utilized to explain LIPSS formation. On the 

contrary, electrodynamics are inadequate for explaining the LIPSS formation of 

dielectric surfaces and thus thermo- and fluid- dynamic models [12,32] have 

been employed in this case.  

One of the most important parameters related to the LIPSS formation is 

the beam polarization state. It is generally known that irradiation of metals with 

linear polarized laser light gives rise to LIPSS oriented perpendicular to the 

incident electric field vector. In this context, the symmetry of the direction of the 

E-field vector of the radial and azimuthal polarization states, introduces a new 

approach for surface processing[1-3,11,20,22,33,38,43] providing further ability 

to tailor the optical, mechanical and chemical surface properties. The diversity of 

fabricated structures and the broad spectrum of available materials could 

therefore facilitate realization of various surface properties, including 

broadband, hierarchical, multi-directional, surface plasmon effects[13,24], the 

control of surface wettability[25,35,42] and tribological properties[10,37], 

biomimetic functional surfaces[16,23,29,39,41,44], surface topographies for 

biomedical applications[28], nano-plasmonic effects [5,40] and nanostructure 

formation for material colorizing[35-36]. Despite these versatile and promising 

applications, few studies have investigated the utilization of optical vortex beams 

for LIPSS surface structuring.  



 
 

  In this work new surface processing strategies are presented for the 

fabrication of highly controlled hierarchical and multi-directional biomimetic 

periodic surface structures on metallic and dielectric surfaces. CV beams we 

produced via the use of an s-waveplate [6] which transforms a linearly polarized 

Gaussian beam to a CV beam with radial and tangential polarization states. CV 

beams are utilized to induce morphological changes on Nickel and Fused Silica 

surfaces and fabricate novel structures and functional surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 1: Basic principles of light-matter interactions 
 

1.1 Thermodynamics 

 

1.1.1 Two-temperature model (TTM) 

 

 

One of the most popular theoretical models to predict how heat flows 

from the exited electrons to the lattice, when it comes to ultrafast laser 

processing on a solid surface, is the two temperature model (TTM). TTM has 

been widely used with a lot of variations depending on the materials and the 

irradiation conditions to calculate the temperature variations between the 

electron and lattice subsystems   [12, 32]. Due to the fact that the beam spot 

diameter typically varies from 10-100μm, much greater than the optical-electron 

penetration depth (tens of nanometers) the energy transport into a metal can be 

described by the following one-dimensional two temperature diffusion model. 

Hence assuming that the electron thermalization is very fast and that the 

electron-lattice temperatures can be described by Te and Tl .  
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  Where z axis is always perpendicular to the target surface, Q(z) the heat 

flux, S is the laser heating source. I(t) is the laser intensity, A=1-R and a are the 

surface transmissivity and the materials absorption coefficient. Ce , Cl are the heat 

capacities          ] for the electron and lattice subsystems and γ is the 

electron phonon coupling parameter which can be expressed as   
 

 
  , where τ 

stands for the electron, lattice characteristic heating phases, for every case. 

 

 



 
 

1.1.2 TTM and femtosecond laser pulses 

 

Following the equations 1-3 which have three characteristic timescales τe, 

τl and τp where τe= Ce/γ the electron cooling time, τl=Cl/γ and τp the laser pulse 

duration. In our case the pulse duration is shorter than the electron cooling time 

τp<< τe as we irradiate with femtosecond pulses. So this means that for t<<τe , the  

Ce/Te>>γTe , the electron-lattice coupling can be neglected. So the electron 

temperature can be calculated as following: 
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Assuming that the laser intensity I and the material reflectivity R are 

constant in time, we end up with: 
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Were Ia=Io A with I0 constant, and T0=Te(0) as the initial temperature. Finally at 

the end of the laser pulse we have: 
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 We ignore T0 as the electron temperature is much higher than the initial 

temperature T0<<Te.  

 

 

1.2 Electrodynamics 

1.2.1 Laser induced periodical surface structures (LIPSS) – Ripple formation 

 

Surface modification of solids with pulsed lasers has been of huge interest 

during the past decades due to the various and remarkable properties of the 

modified area. In particular, “Laser induced periodic surface structures” (LIPPS) 

or “ripples” exhibit a grating-like morphology with a periodicity close to the laser 

wavelength. LIPSS have been observed on the surface of nearly all classes of 

materials including semiconductors, metals, and dielectrics.  

There is a strong relation of the polarization state with the LIPSS 

formation and for normal incidence, ripples are formed perpendicular to the 

electric field polarization state. Figure 1 shows a spot created on a Ni surface 

irradiated by 100 tightly focused femtosecond pulses at a central wavelength of 

1026 nm. Ripples are formed perpendicular to the laser polarization, while the 



 
 

measured periodicity is measured to be close to laser wavelength and equal to 

900±96 nm.  

 

 

 

 

 

A model describing the interference of the incident with the surface 

scattered waves excited due to surface roughness can explain the LIPSS 

formation. Based on this model, the ripples wavelength Λ is equal to:  

   
 

  
 

      
 

(7) 

 

where λ the laser wavelength and θ is the angle of the incidence laser beam.. For 

normal incidence, Eq.7 gives Λ ~ λ therefore such ripples are called wavelength, 

or ‘’Low-Spatial-Frequency-Ripples (LSFR)”. Similar theoretical and 

experimental investigations provided a systematic and improved analysis 

towards the estimation of the periodicity of LSFRs on rough surfaces. All 

approaches predicted ripple wavelengths close to the beam wavelength (Λ ~ λ). 

 

1.2.2 Surface Plasmon waves 

 

Although we can sufficiently explain the LSFR with the simple 

interference theory, it has been observed on a large number of experiments that 

Figure 1: SEM image of LIPPS on Nickel surface irradiated with 
100 pulses at 0.31J/cm2   
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Figure 2: Illustration of the field components of an SPP supported by a metal–dielectric interface. Exhibiting 
electric field components normal to the interface (z-axis) and along the propagation direction (x-axis). The 
mode profile (orange) shows the exponential dependence of the electromagnetic field intensity on the 
distance away from the interface is shown on the right. 

ripple periodicity shows much smaller values than the initial laser wavelength 

(Λ<< λ). These type of structures we call ‘’High Spatial Frequency Ripples 

(HSFR)’’, while their formation could not be explained by the mechanism we 

exhibit with Eq.7. We present an improved and widely accepted mechanism that 

accounts for HSFR formation. The proposed mechanism relates the ripples 

generation to surface plasmon waves, , considering that all solid surfaces shows 

metallic behavior at high temperatures allowing excitation of surface plasmon 

waves. Such waves are electron density waves propagating at the interface 

between a metal and a dielectric and are often called surface plasmon polaritons 

(SPP). Figure 2 shows an electron density wave propagating across the metal-

dielectric interface. SPP, can be defined as the coupling of the surface plasmon 

and the electric field.; it can be generated during the material irradiation due to 

the accumulation of free carriers.  

 

 

 

 

 

 

The plasmon’s wavelength, λs, is related to the wavelength of the incident 

beam through the relations: 
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λs can be obtained by the dispersion relation on metal/dielectric interface 

assuming ε’’< | ε’| and a real εd, 
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where λ is the laser wavelength, λs is the plasmon wavelength, ε΄ is the real part 

of ε of a laser-induced high excited surface are the real parts and εd is the 

dielectric constant of the dielectric material (for air, εd =1), εg stands for the 

dielectric constant of the unexcited material, ω is the frequency of the incident 

beam, no is the valence band density.  

 

1.3 Hydrodynamics 
 

1.3.1 Brief introduction on fluid dynamics 

 

Irradiation of a material with laser pulses to induce surface modification, 

causes local melting on the material surface. Such phase transitions is of much 

significance to the final shape and geometry of the produced structures. On a 

previous subchapter we examined how the heat flow changes through time on 

the material surface. However we didn’ t consider the dynamics of the liquid 

phase of the molten material. Indeed, the melted material hydrodynamics is 

considered in this thesis, which is more accurate ot account for experimental 

results, especially on dielectric surfaces.   

 

1.3.2 Navier-Stokes equations  

 

The Navier–Stokes equations, are used to describe the molten layer 

motion. These equations arise from applying Newton's second law to fluid 

motion, together with the assumption that the fluid stress is the sum of a 

diffusing viscous term (proportional to the gradient of velocity), plus a pressure 

term.  

A simplification of the Navier–Stokes equations flow equations is obtained when 

considering an incompressible flow (material density is constant within an 

infinitesimal volume that moves with the velocity of the fluid) of a Newtonian 

fluid. The assumption of incompressibility rules out the possibility of sound or 

shock waves to occur. In this sense the Navier–Stokes equations will read, in 

vector form:    
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Where v is the flow velocity, ρ the fluid density, p is the pressure, f stands 

for body forces (per unit volume),      is the viscocity of the fluid and μ is the 

constant dynamic viscosity. Depending on the parameters used, the Navier-

Stokes equations can be solved and provide an estimation of the local pressure 

values that may lead the melted material to form convectional structure 

formations. 

   

Chapter 2: Light polarization 
 

Polarization is one of the most important features of light. What defines 

the polarization state, is the axis of the direction of the electric field during the 

propagation of an electromagnetic wave. The most common types of laser 

polarization is the linearly polarized light. Linear polarization actually means 

that the electrical field of the beam oscillates on a single axis of propagation. 

Following that, a linearly polarized laser beam propagates on z axis, it can be 

classified as S-polarized (vertical) or P-polarized (parallel) to the plane of the 

propagation. In this work we fabricated LIPSS with linear, radial, azimuthal 

polarization states. To produce radial and azimuthal polarization states we used 

an s-waveplate, an fs-structured glass which convents a typical Gaussian beam 

with linearly polarized laser light to a cylindrical vector beam (CV) beam with 

radial and azimuthal polarization, depending on the angle of the plate’s rotation.  

For the mathematical description of the polarization converter, Jones 

calculus can be used. The following table shows the most common polarization 

types expressed by Jones matrixes. 
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Table 1: This table shows the electric field distribution and Jones matrix expressions for each polarization state 
assuming propagation on z-axis (vertical to the table)  

 

 

 

 



 
 

2.1 A brief introduction to the cylindrical vector beams 

 

Laser beams with cylindrical symmetry in polarization, the so-called 

cylindrical vector (CV) beams, have attracted significant recent attention, largely 

due to their unique properties observed under high-numerical-aperture (NA) 

focusing. Numerical calculations have shown that tighter focus spots can be 

obtained using radial polarization, a subset of CV beams, caused by strong and 

localized longitudinal field. Such an effect has been experimentally confirmed by 

several groups and already found numerous applications in high resolution 

imaging such as confocal microscopy, two-photon microscopy, second-harmonic 

generation microscopy, third-harmonic generation microscopy and dark field 

imaging. Radial polarization also can be used as an ideal source for surface 

plasmon excitation with axially symmetric metal/dielectric structures, because 

plasmon excitation has a strong dependence on excitation polarization.  

CV beams also can be used for three-dimensional focus engineering. By 

controlling polarization azimuthal angle φ0 from the radial direction, it is 

possible to create focal field with a transverse flat-top profile. Introducing pupil 

plane phase or amplitude mask provides additional degrees of freedom and 

enables extra focal field profile control and highly homogeneous field 

distribution in three dimensions can be generated. Even more exotic focal field 

distributions, such as an optical “bubble” or optical “needle” can be generated. 

A converter from linear to CV polarization can be made by gluing several 

segments of λ/2 phase wave-plates with different discrete crystal. Because of the 

discreteness, this type of device provides only rough spatial alignment of the 

polarization. With lithographic methods, form birefringence of the 

subwavelength gratings can be induced. The local orientation of retardance can 

continuously vary through lithographic patterning and good spatial alignment of 

polarization can be achieved. However, owing to the requirement of a 

subwavelength period, these devices can be fabricated for far infrared but 

extension into the near infrared and visible would be difficult. Also this method 

is time consuming. Later in this chapter I will discuss about the use of 

femtosecond laser induced nanogratings for making polarization converters 

which allow generating CV beams. 



 
 

The cylindrical vector (CV) beams are vector-beam solutions of Maxwell’s 

equations that obey axial symmetry in both amplitude and phase. Comparison of 

spatially homogenous state of polarization beams (SOP) beams and CV beams 

are illustrated in Figure 3-1. Spatially homogenous SOPs modes have 

instantaneous electric field, which may have an opposite direction due to 

inhomogeneous phase distribution across the beam. Typical CV beams cases are 

shown in Figure 3-1 (g)-(i). When polarization of a beam is aligned in radially 

direction, it is called radial polarization. Similarly, azimuthal polarization is 

shown in Figure 3-1 (h). A linear superposition of these two modes can produce 

beam with even more complex polarization distribution as shown in Figure 3. 
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2.2 Mathematical description of cylindrical vector beams 
 

The solutions for the spatially homogeneous SOP beams are obtained by 

solving the scalar Helmholtz equation: 

  
(     )    

 

(12) 

where k=2π/λ is the wave number. In Cartesian coordinates, the general solution 

for the electric field has a form 

  (       )   (     )  (     ) (13) 
 

                                                        
1 Figure taken from (Zhan 2009) 43 

Figure 3: Spatial distribution of instantaneous electric vector field for several conventional 
modes and CV modes: (a) x-polarized fundamental Gaussian mode, (b) x-polarized HG10 mode, 
(c) x-polarized HG01 mode, (d) y-polarized HG01 mode, (e) y-polarized HG01 mode, (f) x-
polarized LG01 mode; (g) radially polarized mode, (h) azimuthally polarized mode, (i) 
generalized CV beams as a linear superposition of (g) and (h) 



 
 

For slowly varying envelope approximation, the Hermite-Gauss modes (HG) 

solution can be obtained: 
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where Hm(x) denotes Hermite polynomials, E0 is a constant electric field 

amplitude, w(z) is the beam size, w0 is the beam size at the beam waist, z0 is the 

Rayleigh range, q(z) is complex beam parameter and φm,n(z) is the Gouy phase 

shift.  

The general solution in cylindrical coordinates, paraxial is: 
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Substituting Equation (15) to (12) and applying the slowly varying envelope 

approximation we get differential equation [] 
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From this equation two solutions can be found. The first solution describes 

Laguere-Gauss modes (LGpl) [] 
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where  Ll is the Laguerre polynomials (l – azimuthal index, p – radial index) and 

φpl(z)is the Gouy phase shift. The second solution is independent of the azimuthal 

angle ϕ and describes Bessel-Gauss beams: 
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Those three solutions (Hermite-Gauss, Laguerre-Gauss and Bessel-Gauss) 

correspond to beams with spatially homogeneous polarization. 



 
 

In many practical applications, instead of the vector Bessel-Gauss solutions, the 

following simplified distribution can be used: 
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(19) 

 

The profile of amplitude is the same like in LG01 mode and without the vortex 

phase term e(iϕ). Alternatively, CV beams can be described as a superposition of 

orthogonally polarized Hermite-Gauss HG01 and HG10 modes as shown in (Figure 

4). For instance, radially and azimuthally polarized beams in such a way can be 

expressed as: 
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Chapter 3: Experimental & Data acquisition details 

3.1 Laser system 
 

All experiments in this thesis were performed on the ultrafast micro and 

nano processing lab at FORTH-IESL, with the use of a ‘Pharos’ laser system from 

Light Conversion. ‘Pharos’ is a compact solid state laser with ytterbium doped 

with potassium, gadolinium and tungsten (Yb:KGW) active medium. It emits at a 

                                                        
2 Figure taken from (Zhan 2009)43 

Figure 4: Formation of radial and azimuthal polarizations using linear superposition of 

orthogonally polarized HG modes. 



 
 

Figure 5: Experimental provision for the fabrication of multi-directional structures is presented. As it is showed a power is changing 
with a λ/2 waveplate (HW) which is used for rotating the initial S-polarization from the laser and a liner polarizer (LP) for 
detaining the electric field on y-axis. Beams profile is transformed to optical vortex with an s-waveplate (SW) which depending on 
the angle of incidence with the Ê it produces radial, azimuthal or spiral polarization 

central wavelength of 1026nm and it supports harmonic generation of the 

fundamental at 513nm. The maximum pulse energy is 1.5mJ and the repetition 

rate ranges from 1kHz up to 200kHz. The pulse width can vary from 170fs to 

10ps. For our experiments we preferred to use the minimum of the pulse 

duration as we intent to explore the morphological changes that femtosecond 

laser light induces to solid surfaces.    

3.2 Experimental set up 
 

The experimental setup used for the experiments is presented in Fig.5. 

The laser beam is guided via high reflective dielectric mirrors to a Glan-Thomson 

linear polarized with high extinction ratio up to 100.000:1. After the polarizer 

the beam passes the s-waveplate[6] and is transformed from Gaussian to a CV 

beam with radial and azimuthal polarization states. Laser pulses were focused 

with a spherical N-BK7 lens (60mm focal length) providing an initial gaussian 

spot diameter of 32μm, measured on the focal plane by a  CCD camera at 1/e2. 

Due to the different spatial allocation of Gaussian in relation with CV beam, 

fluence calculations were made for both beam types. Samples where positioned 

perpendicular to the incident beam and all irradiations were performed to 

air/metal or air/dielectric environment on a 3-axis motorized stage. An internal 

laser shutter was used to define the irradiation time and thus the number of 

pulses incident to the sample. For the dynamic processing procedures, line scans 

were produced on the surfaces with radial, azimuthal and linear polarization at 

variable velocity values v=0.3mm/s-2.0mm/s. Images of the treated surfaces 

were taken by scanning electron microscopy (JEOL JSM-7500F) and atomic force 

microscopy. The characterization of ripples period was determined with two 



 
 

dimensional fast Fourier transform (2D-FFT) performed on SEM images using 

the ‘Gwyddion’ software.  

 

3.3 Period measurements & Fourier analysis  
 

To characterize the laser fabricated LIPSS stcructures, besides monitoring 

its geometry and shape, the LIPSS periodicity and its respective dispersion 

should be accurately estimated. For this purpose the scanning electron 

microscopy (SEM) images of the irradiated surfaces were transformed into 

Fourier-space images. The exact procedure of the transformation and 

subsequent analysis is presented in the following paragraphs. 

3.3.1 Two-dimensional fast Fourier transform on SEM images 

 

In order to be able to extract spatial frequency information a 2D fast Fourier 

transform (2D-FFT) transform was employed. High-resolution (1280x1024) SEM 

pictures had been transformed in reverse space images via a 2D-FFT alrogithm. 

The new dimensions of the generated Fourier images are inversely proportional 

to x and y dimensions of the original image. Fig.6 presents a typical SEM image of 

an irradiated laser spot using azimuthal polarization. While Fig.6(c) shows the 

corresponding Fourier space image. The orange line represents the direction 

vertical to the ripple nanostructure. Along this direction the Fourier 

transformation detects a periodical fluctuation of the frequency intensity. This 

fluctuation exhibits an average frequency which is inversely proportional to the 

average ripple period. 

In particular, the distance between the centre of Fig.6 (d) and the first peak 

represents the characteristic frequency f of the periodic structure. In order to 

calculate the periodicity, Λ, of the structures first we calculate the average 

frequency of 1 and 2 peaks for a vertical as well as a horizontal image cross 

section (Fig. 6d), and then the average period is                          

   .  



 
 

Given that the beam can be changed from Gaussian to CV beam, which radically 

alters the spot surface profile,  the LIPSS periodicity values and their relative 

errors using SEM images of three irradiated spots, produced with identical 

conditions were calculated. For the estimation of range of frequencies involved 

into the respective 2D-FFT images, we applied a Lorenzian fit on both peaks of 

the cross section and the error of each measurement is calculated using the 

following relation: 
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(22) 

were Δf is the mean of the linewidths for the two Lorenzian fit curves of the 2D-

FFT image profile peaks. 

Chapter 4: Results & Discussion Ni 

4.1 Parametric study on Nickel surfaces 
 

Figure 6: SEM images of ripple formation on nickel surface, (a) Laser spot, (b) higher magnification of the red box on 
(a). Image (c) represents the 2D-FFT of the image (b) without the labels on the bottom. The cross section of the black 
dashed ellipse of the Fourier space image (c) in presented on image (d) with peaks 1, 2 to correspond on the intensity 
fluxuation of the Fourier image.     

a) b) 

c) d) 



 
 

4.1.1 Ablation threshold fluence estimation  

 

Parametric study was initially conducted by performing single shot 

irradiations (NP=1), on nickel surfaces, at different fluences. The estimation of 

the ablation threshold fluence, was found to be at φth=0.17J/cm2 and 0.99J/cm2 

for the radially and azimuthally polarized CV beams respectively. It was aslo 

found that irradiation with fluence 0.11J/cm2 ≤ φ ≤ 0.17J/cm2 can cause phase 

transition and give rise to a sort of surface roughness due to rapid 

resolidification of the melted material.  

 

0.24J/cm2 0.49J/cm2 0.74J/cm2 1.12J/cm2 

Figure 7: SEM images are presented from single shot (NP=1) irradiations of Nickel targets with azimuthally polarized laser pulses, for the 
estimation of the ablation threshold fluence area. The red outlined images represent higher magnification of the red dashed area.  

1.12J/cm2
 0.74J/cm2

 0.49J/cm2
 0.24J/cm2

 

Figure 8: SEM images are presented from single shot (NP=1) irradiations of Nickel targets with radially polarized laser pulses, for the estimation of the 
ablation threshold fluence area.  

 



 
 

 

Consequently, we can identify two fluence value regimes, the sub-ablation 

one (0.11J/cm2 ≤ φ ≤ 0.17J/cm2) and the above-ablation one with fluences of 

0.17J/cm2 and higher. Fig.7 and Fig.8 present SEM images with single shot 

irradiation of Nickel surfaces with azimuthal and radial polarization beams 

respectively. It was observed that sub-ablation fluence values could not produce 

LIPSS at low pulse numbers, while above-ablation fluence values strongly ablate 

the surface for high number of pulses. In view of this we have decided to work at 

a fluence area that can give rise to LIPSS for both low and high number of pulses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

4.1.2 Multiple pulse irradiations 

 

 The surface profile of the irradiated targets obtained with CV beam 

results to annular shaped ablated regions comprising LIPSS structure exhibiting 

variable orientations as well as an unaffected discus area at the spot’s center. To 

investigate the LIPSS size/shape dependence on the number of pulses as well as 

Figure 9: SEM images of LIPSS formation on nickel surfaces after fs-irradiation with azimuthal, radial and linear polarization at 
φ=0.24J/cm2 and NP=1000 (a),(e),(i) & NP=100 (c),(g),(k). Images (b),(f),(j) tilted at 450. Images (d)-(h)-(l) higher magnification of the 
red dashed area. 

a) b) 

c

) 
d) 

e) f) 

h) g) 

i) j) 

k) l) 
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the polarization state, surface structures using variable number of pulses, NP=2 

to1000 at a constant fluence of φ=0.24J/cm2, were fabricated at each 

polarization state. In addition to this, a set of spots at a constant number of 

NP=100 pulses for six different fluence values in both sub- and above- ablation 

conditions starting from φth=0.17J/cm2 up to 0.74J/cm2 was fabricated to 

account for the structure dependence on laser fluence. Concerning the multiple 

pulse irradiation experiments, morphological analysis indicated that for NP<5 no 

LIPSS can be formed for all fluence values used. On the contrary, for 2≤NP≤5, 

surface roughness was significantly increased and it appeared like a 

nanostructured, mashroom-like pattern, with a tendency to orientate parallel to 

the incident polarization. SEM images showing the surface morphological profile 

following fs-irradiation of Nickel at various pulse numbers, are presented in 

Fig.9. In particular, it presents structures at a fluence of φ=0.24J/cm2 using 

azimuthal (a-d) and radial (e-h) and linear(i-l) polarization. More specifically: 

For azimuthal polarization: (Fig.9(a)), NP=1000: Fig.9(b) NP=1000 tilted at 450: 

Fig.9(c) NP=100: Fig.9(d) zoomed area of red dashed square at image Fig.9(c). 

For radial polarization: NP=1000, Fig.9(f) NP=1000 tilted at 450, Fig.9(g) 

NP=100, Fig.9(h) zoomed area of red dashed square at image Fig.9(g). For linear 

S-polarization: Fig.9(i) NP=1000, Fig.9(j) NP=1000 tilted at 450, Fig.9(k) NP=100, 

Fig.9(l) zoomed area of red dashed square at image Fig.9(k). It is observed that 

LIPPS produced with azimuthally polarized electric field showed a radial spatial 

distribution, while LIPSS obtained with radial polarization showed a concentric 

ring spatial distribution at all times. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

4.1.3 Nanostructures at low number of pulses   

 

 SEM images showed that at low number of pulses (NP=2-10) and fluence 

values that range close to the ablation threshold, i.e. 0.17J/cm2-1.12J/cm2, the 

surface shows a mushroom-like nano-roughness, with nanostructures aligned 

parallel to the incident electric field. Such nanostructures exhibit an average 

period of 100nm-250nm. Fig.10 shows SEM images of fs laser-iradiated spots at 

NP=5 and fluence of φ=0.49J/cm2 with azimuthal (Fig.10(a),(b)) and radial 

polarization (Fig.10(c),(d)) respectively. Ripple’s formation is established 

following irradiation with NP=10 pulses. Ripples where observed to always be 

perpendicular to the incident polarization, regardless the polarization state. 

Indeed, linear polarization produced ripple structures linearly aligned and 

perpendicular to the incident electrical field distribution. On the other hand 

azimuthal and radial polarization showed curved ripple structures, always 

perpendicularly arranged to the incident electric field. Consequently, ripples 

produced with azimuthal polarization showed radial orientation, while the ripple 

Figure 10: Figure shows SEM images of 0.49J/cm2 with azimuthal (a) 5 pulses, (b) higher magnification of the red 
dashed area. Radial polarization, (c) 5 pulses, (d) higher magnification of the red dashed area. The red arrows shows 
the electric field vector distribution.  

a) b) 

c) d) 



 
 

structures fabricated with radially distributed electrical field showed concentric 

circle-like symmetry.   

 

4.1.4 Ripple period characterization 

 

 In this section we will demonstrate the ripples period-size dependence on 

the fluence and the number of pulses respectively. For this purpose, the SEM 

images of the laser spots fabricated with multiple pulse irradiations were 

subjected to 2D-FFT as explained in paragraph 3.3.1. Based on this analysis, 

Fig.11 (a) and (b) present the ripples’ period dependence on fluence and number 

of pulses respectively. The periodic structures formed after the irradiation of the 

surface were characterized by Scanning Electron Microscopy. SEM images were 

then analysed using a two-dimensional Fast Fourier Transform (2D-FFT), used to 

calculate the periodicity of the structures. Given that the beams transformation 

from Gaussian to CV beam alters radically the spot surface profile, a valid way of 

period measurements were performed to define the size of the LIPSS as a 

function of fluence and the number of pulses  dependence, as it is presented in 

Fig.11. The 2D-FFT images of the original SEM images for azimuthal (Fig.11c) for 

radial (Fig.11d) reveals the direction of the periodicity which is radially 

a) 

b) 

1 

2 

c) 

d) 

e) 

Figure 11: Ripple dependence (a) from fluence change and (b) from the number of pulses. On the right we present 
2D-Fast Fourier Transforms corresponding for SEM images (c), (g) of Fig [2] in comparison with linear. Cross-
section spectrums of the 2D-FFT images with the period measurement for each polarization at 0,24J/cm2, 100 
pulses are presented as demonstration. 



 
 

distributed for azimuthal and vortex-like for radial see also Fig.9. The profile of 

the image was taken as cross section as shown in Fig.(11c,d,e). For higher 

accuracy and error estimation, SEM images of three spots, produced with 

identical conditions were analysed and the period measurements as well as the 

errors come from the mean and the standard deviation of the mean for all three 

polarization states. It can be observed that the LIPSS period significantly reduces 

with the number of pulses, regardless tha polarization state. On the contrary 

there is practically no dependence of the ripples period on fluence, for the range 

of fluences used. 

4.2 Dynamic surface processing with CV beams 

4.2.1 Line and area scans  

 

In case of line or area scanning the effective number of laser pulses (Neff) 

should be defined per unit length or unit area respectively. Neff is commonly used 

for Gaussian beams and corresponds to the number of laser pulses incident, 

upon linear scanning, to a length interval equal to the Gaussian beam diameter 

2w0. In case of a CV beam and for line scanning at constant velocity v, using a 

repetition rate f, the effective pulse number Neffline can be defined as:   

                                                               (   )  
 

 
 (23) 

, where R is the radius of the CV beam and r corresponds to the central disk 

radius exhibiting nearly zero intensity.      

While, for large area scanning at constant velocity v, using a repetition rate f and 

individual line separation δ, Neffarea can be defined as: 

           (   )  
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In this Thesis, line and area laser scans were performed on Ni surfaces, 

using radial and azimuthal polarization states. The corresponding results, 

presented in Figure 12, showed that dynamic surface processing with CV beams 

produces periodic structures of differential directionality, which are always 

oriented parallel to the incident electric field. This is in contrast to the line scans 

performed with linear polarization, that give rise to unidirectional LIPSS. 

Specifically, Fig.12 (a)-(b) represents SEM images of line scans at φ=0.24J/cm2, 

v=0.5mm/s and Neffline=62, for radial (Fig.12a) and azimuthal (Fig.12b) 

polarization respectively. The multiple orientations of the periodic structures 

formed within the scanned line is due to the fact that the electric field is 

symmetric across the CV beam profile. Accordingly, as the beam advances on the 

surface during the linescan, the overlapping pulses at each spot give rise to 

frittering of LIPSSS-like structures, resulting to the formation of rhombic shaped 

structures. Owing to the CV beam profile the overlap among subsequent pulses is 

more pronounced at the spot peripheral areas. As as result the rhombic shaped 

structures become more pronounced at the line verges. Such structures show 

significant resemblance to the natural structures comprising the shark’s skin 

[23,39]. Microstructures like that could potentially be used for applications 

requiring reduction of the friction coefficient of a metallic surface interfacing 

water [10,36].  

500μm 1μm 

10μm 10μm 

Figure 12: SEM images of line scans and large areas produced with CV beam at 0,5mm/s scan speed, 0,24J/cm2. (a) Line 
scan (top view) with radial and (c) azimuthal polarization. Images (b), (d), are higher magnification of the red dashed 
square. 

a) 

c) 

b) 

d) 



 
 

Further experiments were focused on the fabrication of large-area 

processed surfaces. Fig.13 presents SEM images of 16mm2 processed areas 

fabricated at φ=0.37J/cm2, v=2mm/s and Neffarea≃49. It can be observed that the 

fabrication of large area scans with radial or azimuthal polarization gives rise to 

multi-directional surface structures with ill-defined shape and size. Such surface 

morphology occurs due to the overlap among individual lines that are scanned at 

a certain overlap to form the final processed area.  

 

 

4.2.2 Scanned lines & areas with variable Neff 

 

Results on the multiple pulse experiments, presented at section 4.1.4 

showed a strong correlation between the number of pulses and the ripple 

periodicity. In this section we aim to investigate such dependence in case of area 

scanning. For this purpose, lines with variable scan velocities and thus Neffline 

were fabricated and presented in Fig.14. Specifically, Fig.14(a)-(d) corresponds 

to azimuthal and Fig(e)-(h) to radial polarization respectively. In Fig.14[(a),(e)] 

the scan speed is v=0.2mm/s and Neffline=250 , in Fig.14[(b),(f)] v=0.5mm/s and 

Neffline=100: in Fig14[(c),(g)], v=0.7mm/s and Neffline=71 and in Fig.14[(d),(h)] 

v=1mm/s and Neffline=50. The inset placed at the bottom right of each SEM image 

represent the 2D-FFT generated image for each line scan respectively. It can be 

observed that large-area structuring with radial and azimuthal polarization 

a) b) e) 

c) 

45
0

 

Figure 13: SEM images from large treated areas with azimuthal (a) and radial (d) polarization fabricated with 0.37J/cm2 , 2mm/s scan velocity 
and Neffarea=31.  Images (c) & (d) are higher magnification of the red dashed box, while (e) & (f) are the (c) & (d) images tilted at 450.  

d) f) b) 

a) c) e) 



 
 

states give rise to multi-directional ripple structures, exhibiting a motif that 

strongly depends on Neff. . Indeed, the 2D-FFT analysis on the SEM images of 

Fig.14 confirms that the ripples period changes as a function of Neff, specifically 

for high Neff values the ripples period becomes smaller than for low Neff. Further 

analysis of the SEM images with 2D-FFT indicated that the scan speed affects the 

degree of directionality and ordering of the ripple structures. 

 

Based on the above results, the scan speed and the overlap between the 

scanned laser lines are the most important parameters concerning the 

fabrication of large areas. Fig.15 presents SEM images of 4x4mm2 areas, which 

were fabricated with φ=0.37J/cm2, at different scanning velocities ranging from 

v=3mm/s to v=9mm/s with a step of v=2mm/s. The different scanning speed used 

for the every surface, changes significantly the Neffarea which was calculated to 

be: for Fig.15[(a),(e)] Neffarea≃32, Fig.15(b),(f)  Neffarea≃20, Fig.15[(c),(g)] 

Neffarea≃14 and for Fig.15(d),(h) Neffarea≃11.  It can be observed that the lower 

the Neffarea (the higher the scan velocity), the higher the degree of ordering and 

a) b) c) d) 

e) f) g) h) 

Figure 14: SEM images of treated areas with different scan velocities. The images (a)-(d) are with radial and (e)-(h) with azimuthal 
polarization. Image (a) & (e) where fabricated with 3mm/s, (b) & (f) with 5mm/s, (c) & (g) with 7mm/s and (d) & (h) with 9mm/s. The 
two red dashed images below represent Fourier space images, generated from the images (e) and (h), while the yellow dashed plots are 
the cross section, power plots previous mentioned 2D-FFT images.   

732nm±104nm 

803nm±69nm 



 
 

directionality of the ripples formed. At high scanning velocities ripples structures 

are similar to LIPSS obtained by linear polarization.   

 

4.3 Hierarchical surface structures with CV beams 
  

To produce hierarchical structures, we should fabricate surface structures that 

simultaneously exhibite, a periodic feature at more than one frequency. In 

principle, the angular beam profile of a CV beam complemented with the 

morphological surface profiles created via the multiple pulse irradiations could 

provide with both high and low spatial frequencies. Indeed, by exploiting the 

ring-shaped spatial energy distribution of the optical vortex beam we performed 

a series of large area surfaces, using zero-overlapped sequential spots of radial 

or azimuthal polarization. 

Our aim was to induce periodical arrangement on the conical shaped 

profile that the CV beam imprints on the nickel surface and at the same time to 

fulfill the conditions providing LIPSS with a pulse-number dependent size of 

1000-400nm(see Fig. 11). For a specific polarization state, different kinds of 

Figure 15: SEM images of three types of hierarchical structures are presented. HR: (a) 500 pulses 9,45J/cm2 , radial polarization (tilted at 
450). (b) tilted view of the red dashed area at higher magnification.MR: (c) 400 pulses 1,12J/cm2 , azimuthal polarization (tilted at 450), (d) 
top view of the red dashed area on higher magnification. LR: (e) 600 pulses, 0,42J/cm2 , azimuthal polarization, (tilted at 450) (f) top view 
of the red dashed area at higher magnification. 

a) b) c) 

d) e) f) 

g) h) i) 



 
 

hierarchical (micro/nano) structures can be realized upon variation of the 

incident fluence and/or the pulse number, as presented in Fig.16.  

.One could classify such hierarchical structures according to the 

sharpness of the microstructures. Figure.16 presents typical SEM images of three 

different hierarchical structures classified as high roughness (HR) (Fig.16[(a)-

(c)]), medium roughness (MR) (Fig.16[(d)-(f)]) and low roughness (LR) 

(Fig.16[(g)-(i)]). For instance, in order to fabricate the HR hierarchical structures 

shown in Fig.16 [(a)-(c)], we used φ=9.45 J/cm2, N=500 pulses and radial 

polarization. Such structures show a dual lengthscale periodicity of 60μm and 

500nm respectively. For the fabrication of MR structures shown in Fig.16 [(d)-

(f)] we used φ=1.17J/cm2, N=400 pulses of azimuthal polarization, Such 

structures show a dual lengthscale periodicity of 50μm up to 520nm 

respectively. Finally for the LR structures shown in Fig.16 [(g)-(i)] we utilized 

φ=0.42J/cm2, N=600 pulses and azimuthal polarization, the respective structures 

exhibited dual periodicity of 50μm and 480nm respectively. 

It should be emphasized that the microstructures spatial frequency can be 

easily controlled with the separation distance among the irradiating spots or 

upon change of the spot size. While, the nano structures spatial frequency can be 

adjusted by controlling the irradiation time and thus the number of incident 

pulses per spot. It can be concluded that this approach is capable of creating an 

ensemble of hierarchical surface structures. 

 

 

 

 

4.4 Inducing transparency on thin metallic films  
 

Irradiation of thin metallic films, with an average thickness of d≃100μm, 

using intense femtosecond pulses, at high fluence values, leads to massive 

material removal. Due to the small thickness of the film, the material removal 

could enhance the film transparency. In this context, we have conducted a series 

of experiments aiming at altering the layer thickness and fabricate laser 

structured transparent metallic membrane areas.  



 
 

For the fabrication of the transparent membrane-like surfaces we used 

linearly polarized Gaussian as well as radially polarized CV beams.. Typical SEM 

images are presented in Fig.17. In the same Figure one can observe the treated 

areas of 4x4mm and 1x1mm under normal light illumination conditions. All laser 

treated areas show a significantly stronger light transmission compared to the 

untreated ones. 

Based on the fact that the fabricated surfaces showed a significant 

increase in transparency, we performed UV-VIS optical characterization on the 

samples. The results are presented in Fig.18 which compares the transmission 

Figure 16: Photograph of Nickel films under light (middle). SEM images of semi-transparent areas fabricated 
with intense laser pulses. Images (a) top view (b) tilted at 450 represents the red dashed highlighted area 
fabricated with CV beam and radial polarization at 500 pulses 9,45J/cm2. Images (c) top view (d) tilted at 450 
represents the blue dashed highlighted area fabricated with Gaussian beam S-polarized at 800 pulses 
9,79J/cm2. 

a) b) 

c) d) 



 
 

spectra of the flat nickel and the laser treated surfaces, presented at 

Fig.17[(a),(b)]. The results show an enhancement of the film transparency by 

approximately 10%, for the laser treated surfaces. 

       

4.5 Wetting properties of hierarchically structured surfaces  

 

It is generally known that pulsed laser structuring of metallic surfaces 

radically alters the surface tension and thus wetting properties, resulting to 

hydrophobic or even superhydrophobic and water repellent surfaces [35,42]. An 

important parameter used to account for a surface wettability is the contact 

angle (CA) of a water droplet placed onto the surface. Following the fabrication 

of hierarchical surfaces, we performed CA measurements; for this purpose, 
distilled water drops of 4μl were deposited on fs-irradiated areas presented in 

Fig.16. The respective contact angle measurements are shown in Fig. 19. The CA 

values plotted are the result of the mean and the standard deviation of 5 

different measurements. Results indicate that, as the surface roughness 

increases, the CA rises significantly as well [41]. In particular, the flat Ni surface 

showed an average CA of 48.60±6.20, the LR surface of 79.30±6.70 and the MR 

surface of 121.500±4.400. Notably, the HR surface showed superhydrophobic 

behavior, with average CA of 149.70±4.80.  

Figure 17: Transmittance spectrum of treated and untreated surface of Nickel foil. 
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It should be mentioned that all surfaces including the biomimetic ones  

presented in Fig.13 (a), showed super-hydrophilic behavior, when measured 

immediately after fabrication. This is relatively common on most laser textured 

metal surfaces, attributed to oxidation of the surface caused by reaction with the 

ambient air environment. Following irradiation the CA gradually increases and 

after 7-10 days it stabilizes. The results presented in Fig. 19 correspond to the 

terminal CA values measured. The observation of CA increase with time is not 

completely understood yet, although one of the most used explanations is the 

gradual deposition of hydrocarbon molecules on the irradiated surface. 

Wettability measurements performed on the large-area surfaces 

presented in section 4.2.2 and Fig.13 showed that these surfaces are slightly 

more hydrophobic compared to the flat surface. In particular, the average CA 

measured for the plain surface was CAplain=48.60±6.20 , while for the irradiated 

ones was CAtreated=80.40±6.80. 

 

4.5.1 Hydrophobic durability 

 

Figure 18: Contact angle measurements as a function of surface roughness. The red boxes presents SEM images of measured surface while blue boxes 
shows images of the drop displacement on the surface. 

 



 
 

The durability of the wetting properties of the SH surfaces was also tested 

,by measuring the evolution of the CA over time. As shown in Fig.20 the CA is 

practically preserved for almost a two-month period.  

 

Chapter 5: Results & Discussion (SiO2) 
 

5.1 Parametric study on fused silica (SiO2) surfaces 

 

The focus of this section is to induce permanent and controllable surface 

modification, following the irradiation of fused silica surfaces with linearly, 

radially and azimuthally polarized laser pulses.   

  

5.2 Multiple pulse irradiation  
   

The fabrication of LIPSS on fused silica substrates was the initial aim of this 

work. The experimental details were described in section 3.1-3.2.  

Figure 19:   Contact angle measurements on High roughness surface for two month time.   

 



 
 

The initial parametric study included multiple-pulse irradiations, with 

linearly polarized femtosecond laser pulses.. The main parameters varied were 

the number of pulses and the fluence. Fig.21 presents the respective top view 

SEM images of the irradiated areas, as a function of fluence (vertical column) and 

the number of pulses (N, horizontal column). The results indicate that periodic 

structures are formed for N=2-40 pulses at different fluence values. These 

structures can be characterized as high spatial frequency LIPSS (HSFL) or low 

spatial frequency LIPSS (LSFL)., depending on the size that each structure type 

exhibited.  

Figure 20: This figure presents SEM images of fused silica surfaces after irradiation with multiple femtosecond laser pulses at variable 
fluence values. The white double ended arrow indicates the electric field distribution. 



 
 

Fig.22 presents the morphological map including all LIPSS types obtained 

from the multiple pulse irradiations. It is observed that HSFL appear at low 

fluence values, (0.2-0.4) J/cm2, exhibiting a periodicity that is much smaller than 

the laser wavelength and are oriented perpendicular to the incident polarization. 

The second type of structures, LSFL, appears at higher fluence values, (1J/cm2-5 

J/cm2) and corresponds to groove-like structures with a periodicity much higher 

than that of HSFL, while their orientation is parallel to the incident beam 

polarization. Fig.22 shows also a transition zone from HSFL to LSFL formation. In 

this zone both types of structures appear on the same spot, while in most cases 

the HSFL structures are located at the spot periphery and the LSFL at the center. 

The following table summarizes all the information we collected for the main 

characteristics of the two different  LIPSS types observed . 

Structure type Orientation Size 
LSFL Ʇ to Ê LSFL≥λ 

HSFL ⫽ to Ȇ HSFL<<λ 
    Table 2: This table summarizes the characteristics of the HSFL and the LSFL, fabricated on SiO2 surfaces upon 

irradiation with focused linearly polarized femtosecond laser pulses. 

 

5.3 LIPSS period characterization   
        

Figure 21: Morphological map of fused silica surfaces is presented, the colored symbols on the right indicate a different type morphology, 
as presented on the SEM images on the right of each. The white double ended arrow indicates the electric field distribution.  
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For the estimation of the LIPSS period,, the same procedure described in 

section 3.3.1 was followed. Fig.23 presents the period measurements as a 

function of fluence and number of pulses. The fluences used were φ=[0.2J/cm2, 

0.3 J/cm2, 0.5 J/cm2, 1.3 J/cm2, 2.2 J/cm2, and 3.2 J/cm2] respectively., while the 

sample was irradiated with a sequence of , N=[4, 6, 8, 10, 20, 30, 40] pulses 

respectively.It is remarkable that, in some cases, the average period of LSFL 

structures can reach the value ΛLSHL=1.3μm, which exceeds the incident laser 

wavelength almost by one third. On the other hand the periodicity of the HSFL 

was always significantly smaller than the laser wavelength ΛHSFL<<λ.  

5.4 Structuring SiO2 surfaces with 513nm laser wavelength 

 

Figure 22: This figures shows the extracted period measurements from the SEM images of the irradiated 
surfaces.  Results presented are from 6 different fluence values, for a sequence of 4, 6, 8, 10, 20, 30, 40 pulses 
respectively.  



 
 

In order to further understand the LIPSS formation on fused silica we 

proceeded to experiments using higher photon energies. For this series of 

experiments we used a linearly s-polarized laser beam with λ=513nm central 

wavelength, τ=170fs pulse width and v=60 kHz repetition rate. Multiple pulse 

irradiations were conducted in order to achieve permanent surface modification. 

All irradiations were performed at normal incidence close to the focal plane on 

air environment and room temperature. The samples were irradiated with a 

sequence of N=[2,5,10,20,30,40] pulses at variable fluence values, scaling from 

φ=0,74J/cm2 - 3.33 J/cm2. It is important to state that irradiations with λ=513nm 

didn’t produce any HSFL structures and only LSFL structures could be fabricated. 

a) b) 

c) d) 

e) f) 

Figure 23: (a)-(b) Morphological changes induced on SiO2 following irradiation. (N = 30, φ= 3.33/cm2, λ= 513 nm the double-ended 
arrow indicates the laser beam polarization). (c)-(d) (N = 5, φ= 3.33/cm2, λ= 513 nm). Periodicities calculated using a FFT on 
image (b), while (e) and (f) are the relevant intensity profiles. 
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 The morphological analysis is presented in Fig.24 showing SEM images 

and respective 2D-FFT plots of LSFL structures. The corresponding periodicity 

results are presented in Fig.25, showing the LSFL period dependence on fluence 

and the number of pulses. From the period values obtained,, it is observed that 

such structures exhibit periodicities, which are markedly higher than the laser 

excitation wavelength. Fig.25(a) shows as the laser fluence increases so does the 

LSFL period following an almost linear dependence. The periodicity tends to 

saturate at fluences higher than φ=3.33J/cm2 where it reaches the value of 

Λ=1071nm±108nm, almost two times higher than the wavelength of the material 

excitation. Fig.25(b) confirms that the LSFL periodicity is highly dependent on 

fluence, showing that high fluence values give rise to supra-wavelength LSFL 

structures, regardless the incident number of pulses. The mechanism behind the 

formation of such suprawavelength structures is described in Ref. [34]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24:This figure presents the LSFL dependence on the fluence at 20 pulses (a) and the LSFL period dependence on the 
number of pulses at four different fluences (b).  

a) b) 



 
 

5.5 Structuring SiO2 with CV beams 

 

 

 The final aim of this work was the investigation of laser processing of 

fused silica with radially and azimuthally polarized femtosecond laser pulses. 

Initially, multiple pulse irradiations had been performed. The wavelength used 

was λ=1026nm at v=1kHz repetition rate.   

Fig.26 shows out first results on multiple pulse irradiation of SiO2 with 

radial and azimuthal polarization. In comparison with the results obtained on Ni 

surfaces the LIPSS formed on the dielectric surface shows parallel orientation 

with each vector of the incident polarization. This is obvious from the SEM 

images shown in Fig.26(a), presenting the surface profile following irradiation 

Figure 25: SEM images with mophological profile of SiO2 surfaces treated with (a) azimuthal 
and (b) radial polarization states at fluence, φ= 2.16J/cm2 and NP=30. Images (c) and (d) are 
tilted at 450 views of (a) and (b) respectively.  

Azimuthal Radial 

a) b) 
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with NP=30 at φ=2.16J/cm2. Indeed, LIPSS structures showed the same 

concentric circle symmetry with the polarization vectors for the azimuthal spot. 

The same applies for radial polarization, where LIPSS show radial symmetry 

(Fig26(b)). I t can be concluded that irradiation laser processing of transparent 

materials with CV beams can be novel approach towards adjusting its optical 

properties and therefore needs further investigation. It could also be a new way 

of realising biomimetic surface structures on dielectrics.      

Conclusions 
 

 In conclusion we presented a parametric study on laser structuring of Ni 

surfaces using radially and azimuthally polarized CV beams. This study included, 

estimation of the ablation threshold, investigation of LIPSS formation 

dependence on fluence and number of pulses and dynamic surface processing 

(lines and large area scans). The exploitation of multiple pulse LIPSS formation, 

complemented with the CV beam profile for the fabrication of biomimetic 

hierarchical structures, is additionally presented. The fabrication of hierarchical 

structures at high fluences on Ni foils, gave rise to significant increase of the 

sample transparency and to stable superhydrophobicity.. Finally we have  

presented preliminary results on the characteristics of the LISS structures 

formed upon laser processing of fused silica with linearly, radially and 

azimuthally polarized beams. 
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