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Thesis Summary 

 

Utilizing laser light for materials processing came along with the first laser invention and 

revolutionized a plethora of technological applications and scientific fields. It did not take 

long for lasers to be applied on a vast range of diverse fields such as manufacturing, 

imaging, chemical analysis-synthesis, medicine and biology. However, the fundamentals 

of lasing and coherent light manipulation, along with the scientific understanding of the 

physics involved are under continuous investigation given that any advance in laser 

science and instrumentation follows significant breakthroughs in most research fields. In 

particular, since the development of laser sources with ultrashort wave-packets so rapid 

that can yield timescales of a few femtoseconds (10-15 sec), the field of laser ablation and 

micro-structuring was revolutionized as today there are many ways to induced surface 

morphological changes with the use of laser light exclusively.  

Among the various and fascinating phenomena that can take place during the interaction 

of intense ultrashort laser pulses with solid matter such as ablation, welding, sintering 

and thermal annealing, it is found that in some conditions, tiny self-arranged and 

reproducible surface patterns can occur. These surface structures beat the typical laser 

beam diffraction limit and since their first observation they paved the way for a new laser 

processing field during the past decades due to their implementation in numerous 

technological and industrial applications.  

This thesis explores the formation of a particular type of self-assembled structures, the 

laser induced periodic surface structures (LIPSS), their morphological features, and 

possible ways to control them by introducing vectorial polarization states as a new 

parameter among the various laser parameters such as the laser wavelength, energy, etc. 

of the laser pulses is investigated. Moreover, this work explores the effect of complex 

polarization states on the LIPSS formation mechanism, along with the reversibility of the 

observed surface morphologies utilizing ideal material case, which can permit under 

specific irradiation conditions the formation and deletion of high ordered LIPSS.  Finally, 

the yet unexplored utilization of these type of structures on sub-micrometer sized metal 

films is investigated. A few examples of the use of laser-based patterned surfaces with 

femtosecond (fs) pulses are discussed as they can be further utilized in applications such 

as laser marking, the direct realization of planar meta-optics and polarizers and 

potentially in fs-data storage. 
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The first Chapter is focused on a review of LIPSS and their classification based on the 

distinct features of the induced structures. A review of the most prominent physical 

mechanisms that lead to the formation of LIPSS is presented along with the most 

important applications that have risen from this field.  

In Chapter 2, the experimental protocols and procedures are presented. The intensity 

distribution of the laser beam is described along with the polarization conversion process. 

A brief overview of the fundamentals of Gaussian and Cylindrical vector beams, their use 

for dynamic surface processing as well as the development of the experimental set up are 

presented. Moreover, the details of all material targets and the characterization methods 

(along with digital image analysis) that are involved in this thesis are listed. 

In chapter 3 the experimental and theoretical results on irradiations of metals well known 

for their use in industry such as Nickel (Ni) and steel surfaces are presented and 

discussed. A systematic study was conducted with LIPSS formation with linear, radial and 

azimuthally polarized laser pulses. The dependence of such exotic polarization states in 

the formation mechanism is explored along with the experimental conditions that lead to 

complex structures of multiple orientations exhibiting omnidirectional angle 

independent diffractive properties.  

For chapter 4, the use of controlled irradiation conditions leads to high-regularity, 

erasable and re-writable periodic surface patterns on silver metaphosphate glass (AgPO3) 

by means of ultrashort pulsed laser processing. The so-formed periodic patterns can be 

readily erased upon further exposure to femtosecond laser irradiation under irradiating 

conditions that can selectively permit or deny the physical process that leads to LIPSS 

formation. This all-laser inscription and deletion protocol allows the reversible 

patterning of the phosphate glass surface by employing a single laser beam and could 

potentially be utilized for data storage.  

Finally, in the last chapter, we explore the direct realization of LIPSS, on sub-micrometer 

thin Ni films which are deposited on a dielectric substrate. The experimental investigation 

showed that it is possible, under specific conditions to realize high regular LIPSS on the 

thin film while the substrate remains unaffected. The fabricated surfaces were optically 

and morphologically characterized and exhibit significant response on the Infrared (IR) 

and The Mid-IR electromagnetic spectrum exactly as a wire grid polarizer. The effective 

spectrum of the polarizer can be controlled with the thin film ripple period which can be 

controlled precisely with the laser wavelength. Furthermore, due to the simplicity of this 

technique and the versatility, it can be potentially applied in almost all thin metal surfaces 
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regardless of the substrate characteristics. Whereas, this approach can be with further 

development revolutionize the current way we produce wire grid polarizing plates with 

no need for chemicals and time-consuming multi-step processes.   
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1 Ultrafast laser induced surface processing – Literature 

overview 

 

Abstract – The birth of the original idea for the realization of surface structures by means 

of ultrashort laser pulses is briefly reviewed. The LIPSS formation, is characterized as a 

universal phenomenon that occurs on almost all classes of solid surfaces upon irradiation 

with intense polarized pulsed laser beams. Their classification and the proposed 

fundamental formation mechanisms are discussed. Modern methods for their 

morphology control and some examples of their technological applications are given as 

well. 

 

1.1 Introduction 

 

The ability to structure solid surfaces exclusively with laser light has gained significant 

attention due to the relative simplicity of the process itself and the remarkable 

functionalities that a material can attain by this drastic change in the surface 

morphological features. There are currently two major approaches to provoke laser 

surface modification. The direct laser inscription and the laser induced self-assembly. 

In the early sixties, Birnbaum was the first to observe periodically arranged structures, 

following the irradiation of Germanium surfaces, using one of the first pulsed ruby lasers 

1. These structures are commonly called ‘’laser induced periodic surface structures’’. Since 

then, an 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 

LIPSS can induce to a solid surface 2.  

This chapter will provide an overview of the  LIPSS formation as a universal phenomenon 

that can be observed in almost every class of materials upon irradiation with short laser 

pulses. The proposed and most widely accepted theoretical models that can describe 

LIPSS formation are also discussed, accounting for many issues related to the mechanisms 

for the generation and evolution of these structures that have been addressed, while still, 

the complete understanding of this extraordinary phenomenon is missing. The various 

types of LIPSS and the dominant physical processes that account for their formation are 
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presented, along with the most important applications that LIPSS have been 

implemented.  

 

1.2 Classification of LIPSS  

 

Surface structuring with laser pulses can be classified in two major approaches, one which 

is based on self-organized laser-irradiated structures and another with direct laser-

inscribed structures (see Figure 1.1) 3. The direct laser inscription is the most common 

approach as it exploits the laser beam as a tool to modify the surface most of the times 

with ablative conditions. The direct laser inscription, also called micromachining is the 

most common approach for surface modification with laser pulses, however, there is a 

limitation on the spatial features of the inscribed structures as the spatial resolution is 

always limited by the laser beam diffraction limit.  On the other hand, self-organized 

surface irradiation results in features characteristic (quasi-)periodic surface 

morphologies of a particular orientation which take place within the laser beam spatial 

limits. The self-organized surface structures may consist of microstructures, 

nanostructures, or hybrid variants. The emphasis of this thesis will be centered on the 

formation of periodic nanostructures (Figure. 1.1) 

 

Fig. 1.1: Classification of laser-patterned surface structures. Image reproduced from Ref. 3. 
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The periodic self-organized surface structures are usually classified as nanometric laser-

induced periodic surface structures LIPSS, (also termed as ‘ripples’). Ripples are observed 

as high spatial frequency LIPSS (HSFL), Figure 1.2(a) featuring periods significantly 

smaller than the irradiation wavelength (Λ < /2) or as low spatial frequency LIPSS 

(LSFL), Figure 1.2(b) with periodicity of the order of the laser wavelength 2,4,5. LSFL and 

HSFL, both exhibit a well-defined orientation with respect to a linear polarization state of 

the incident laser light and recently it has been also observed that they  follow the electric 

fields orientation for other more complex polarization states 6–8.  

 

Fig. 1.2: Top-view scanning electron microscopy images of two characteristic surface morphologies observed 
upon femtosecond laser scan processing of a Titanium surface (1026 nm, 170 fs, 1 kHz). (a) High spatial 
frequency LIPSS (HSFL), (b) Low spatial frequency LIPSS (LSFL). The double ended white arrow indicate the 
polarization state of the exciting laser source. 

The characteristics such as the periodicity and the orientation of ripples strongly depend 

on the irradiated material 2,9. For strongly absorbing materials (metals or 

semiconductors), near-wavelength sized LSFL are usually generated with an orientation 

perpendicular to the laser beam polarization. The periods are close to the laser 

wavelength and their specific value has been found to depend on the optical properties of 

the material 9–12, the pulse number13, and the surface roughness 11,14–16. These structures 

are observed in the ablative regime for fluences up to several times the ablation threshold. 

For fluences very close to the ablation threshold, HSFL can be formed 2. Note that 

semiconductors often behave like metals as they can be transiently made metallic upon 

high-intensity ultrashort laser pulse irradiation10,17. Semiconductors in addition may 

show the peculiarity of enabling the formation of amorphous-crystalline LSFL in a narrow 

fluence interval below the ablation threshold 18,19. 

For weakly absorbing materials (dielectrics), sub-wavelength-sized LSFL are found 

mostly with an orientation parallel to the laser polarization. The periods are close to /n, 

with n being the refractive index of the material20,21. The corresponding HSFL on 

dielectrics normally are oriented perpendicular to the polarization22,23 of the laser beam 
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but sometimes also parallel 24. In this thesis we will focus more on LSFL structures and 

less on HSFL, since those are the structures we experimentally achieved and used for 

surface functionalization.  

 

1.3 Physical mechanisms – Proposed theoretical models 

 

To provide a detailed description of the physical origin of LIPSS formation as well as the 

quantitative features of the induced self-assembled structures on the surface of the 

irradiated material upon excitation with ultrashort pulsed lasers, a thorough 

investigation of the underlying multiscale phenomena that take place is required. 

Following Birnbaum’s first time observation that the surface morphology can be 

controlled through formation of LIPSS1 he tried to explain their formation due to 

diffraction effects. Emmony et al. in 1973 proposed an interface mechanism in which the 

irradiated laser light, is scattered on the surface from an existing roughness25. They also 

observed that the periodic structures size is comparable with the laser wavelength and 

expressed their formation with a general surface scattering model describing the 

interference of the incident with the surface scattered waves excited due to surface 

roughness. Based on this model, the ripples period Λ is equal to:  

𝛬 =
𝜆

1 ± 𝑠𝑖𝑛𝜃
 Eq. 1 

 

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

incidence, the equation 1 gives Λ ~ λ and therefore the term LSFL.  

Later on, Sipe et al. reported an until today well-established formation mechanism of 

surface structures26,27. They claimed that the energy deposition on a rough surface 

(depending on the wavelength) in not homogeneous  and introduced an “efficacy factor”, 

𝜂 26. Moreover, that strong peak of electromagnetic field inducing the periodic surface 

patterns with specific orientation depends not only on the angle of incidence but also on 

the polarization of the laser beam. They proposed a new model in which the interference 

of incident beam with the surface-scattered wave originates the LIPSS formation. It didn’t 

take long for the surface-scattered wave scenario to be replaced with the proposition that 

the incident laser beam interfere with surface electron density waves commonly called as 
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surface plasmon polariton waves (SPPs). Since the SPPs are the most prominent LIPSS 

formation mechanism it will be discussed more extensively on the following paragraph.  

In addition, numerous other studies have been reported regarding the formation 

mechanisms of LIPSS 28,29. Some authors considered non-resonant models like capillary 

wave excitation 30 and solid surface defects. In a totally different approach, in 2002, Reif 

et al.31 proposed that ripples take place at the bottom of the laser ablated crater due to a 

self-organized structure formation during the surface relaxation. Instead, the other 

proposals suggest to involve electromagnetic waves and light localization in order to 

explain the properties of LIPSSs32. Another important contribution was from Huang et. al 

who reported a multiple pulse feedback mechanism in which they considered that the 

ripples result from the initial direct SPPs-laser interference and the subsequent grating-

assisted SPP-laser coupling33. Here, Dufft et. al 34 and Bonse et. al 10 are worth mentioning 

as they suggested the carrier-dependent LIPSS formation by combining the classical 

theory of Sipe et al. 26 and the the Drude model (1900) and accounting for the optical and 

electrical properties of a laser excited material.  

However, the origin of LIPSS is still debatable, since there is not yet reported a single 

theoretical model that can account and predict all classes of LIPSS. Undoubtably, one 

other process is also required in order to cause dramatic change in the surface 

morphological profile. Electromagnetic effects themselves are not sufficient to achieve 

that. Hence, other physical process like a transient phase transition, i.e., melting, that 

eventually leads to a surface modification 35 is required to change the relief. Other 

processes might involve ablation (i.e., mass removal)36, spallation or even 

thermomechanical effects 37.  

Finally, various theoretical approaches or experimental observations were performed in 

a variety of conditions to describe the evolution of the surface morphology and LIPSS 

formation. One other approach was based on self-organization processes 38, near field 

enhancement from random surface inhomogeneities39. However, the underlying 

theoretical approach was not sufficient to correlate the laser conditions with the most 

types of the laser induced surface morphological features but given that it is an interesting 

approach and the best theoretical approximation that can account for HSFL will with also 

provide a brief review in the following paragraphs. 
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1.3.1 Surface Plasmon Polariton Waves 

 

Since both the LSFL and HSFL orientation always depend on the polarization direction it 

can be inferred that they originate from an electromagnetic mechanism leading to a 

spatially modulated deposition (absorption) of the laser pulse energy 2,9,23. The absorption 

channels, however, can be different among the material classes. While for metals and 

semiconductors usually, the excitation and interference of Surface Plasmon Polaritons 

with the incident laser beam are involved and eventually lead in the formation of LSFL 

9,10,17,40,41. Recent approaches attribute the formation of HSFL to the interference between 

the incident beam and the radiation scattered at the rough surface while the proposed 

mechanism is associated to the coupling of the incident light with the far-field scattering 

of the rough dielectric surface 23. In most models, excitation of modes and generation of 

conditions that lead to LIPSS formation is closely related to the carrier density levels upon 

irradiation with high intensity fields 10,22,23,32,40–44. 

Although we can sufficiently explain the LSFL with the simple interference theory, it has 

been observed on a large number of experiments that ripple periodicity shows much 

smaller values than the initial laser wavelength (Λ<< λ). Hence, their formation could not 

be explained by the mechanism related to Eq. 1. An improved and widely accepted 

mechanism that accounts for LSFL formation is further developed and depicted in Eq. 2. 

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)45. Figure 1.4 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 of the laser beam; it can be generated during the material irradiation due 

to the accumulation of free carriers.  
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Fig. 1.3: 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. Reprinted from Wikimedia Commons. 

 

The plasmon’s wavelength, λspp, is related to the wavelength of a single laser pulse on a 

flat surface through the relations: 

𝛬 =
𝜆

𝜆
𝜆𝑠𝑝𝑝

± 𝑠𝑖𝑛𝜃
 Eq. 2 

 

λs can be obtained by the dispersion relation on metal/dielectric interface assuming ε’’< | 

ε’| and a real εd, 

𝜆𝑠𝑝𝑝 = (
휀′ + 휀𝑑

휀′휀𝑑
)

1/2

 Eq. 3 

휀′ = 𝑅𝑒(1 + (휀𝑔 − 1) (1 −
𝑁

𝑛0
) −

𝛮

𝛮𝑐𝑟

1

(1 + 𝑖
1

𝜔𝜏𝑒
)
) Eq. 4 

 

 

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.  

The SPP propagation on metal or semi-conductive surfaces and all the above relations are 

pretty capable of predicting the LIPSS formation as well as their spatial characteristics 
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such as periodicity. Although as we mentioned before there are multiple and competitive 

physical processes that take place during and after ablation processes. In principle, all the 

previously mentioned laser beam parameters (wavelength, pulse duration, fluence, 

number of pulses, angle of incidence, and beam polarization state) determine the onset of 

the surface modification as energy absorption, electrodynamical effects and relaxation 

processes are critical to the material heating. Femtosecond laser interaction also involves 

several complex phenomena, including energy absorption, photo-ionization processes, 

electron excitation and electron-relaxation processes46.  

The multiscale processes are different with respect to the material nature and can define 

in some extent the final laser induced surface features.  Therefore, besides the SPPs a two-

temperature model, emerged from the Boltzmann’s transport equation47 will be 

described in some extend in the following paragraph which will provide useful 

information regarding the variations between the electron and lattice subsystems of the 

materials that sustain irradiation with ultrashort laser pulses. In the following paragraph 

an energy exchange model is presented capable of probing the electron or carrier 

energy/temperature in time and how it is delivered to the lattice of the material leading 

in thermalization. 

 

1.3.2 Two temperature model  

 

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 48,49. 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.  

  

Evolution of electron 

temperature in time 
𝐶𝑒

𝜕𝑇𝑒

𝜕𝑡
= −

𝜕𝑄(𝑧)

𝜕𝑧
− 𝛾(𝛵𝑒 − 𝑇𝑙) + 𝑆 Eq. 5 
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Evolution of lattice 

temperature in time 

 

𝐶𝑙

𝜕𝑇𝑙

𝜕𝑡
= 𝛾(𝛵𝑒 − 𝑇𝑙) Eq. 6 

Heat flux 𝑄(𝑧) = −𝑘𝑒

𝜕𝑇𝑒

𝜕𝑧
 , Eq. 7 

Laser heating source 𝑆 = 𝐼(𝑡)𝐴𝑎𝑒−𝑎𝑧 Eq. 8 

 

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 R the reflectivity, 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 γ=Ce/τe , where τe stands for the electron, lattice characteristic 

heating phases, for every case. 

 

1.3.2.1 TTM and femtosecond laser pulses 

 

In this thesis we conduct all of our experiments with laser pulses of duration of some tens 

of femtoseconds. The use of laser pulses at the fs-regime is preferred in order to not only 

to provoke surface morphological changes but also to avoid as much as possible the 

pronounced thermalization that laser irradiation can cause to the surface50. Hence, the 

total energy deposition to the material surface is way finished before the exited electron 

system starts to return (relaxation) on ground state and eventually reach thermal 

equilibrium. Therefore, we have to consider that the pulse duration (τp) is less in time that 

the electron cooling time. Subsequently, following the equations 5-8 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 ~170 fs pulse duration. So, this means that for 

t<<τe, the Ce/Te>>γTe, the electron-lattice coupling can be neglected. Accordingly, the 

electron temperature can be calculated as following: 

𝐶𝑒
′
𝜕𝛵𝑒

2

𝜕𝑡
= 2(1 − 𝑅)𝐼(𝑡)𝑎𝑒−𝑎𝑧 Eq. 9 

 

Assuming that the laser intensity I and the material reflectivity R, are constant in time 
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𝑇𝑒(𝑡) = √(𝑇0
2 +

2𝐼𝑎𝑎

𝐶𝑒′
𝑡𝑒−𝑎𝑧) Eq. 10 

 

Were Ia=Io A with I0 constant, and T0=Te(0) as the initial temperature. Finally, at the end of 

the laser pulse (as T0<<Te ) 

 

𝑇𝑒(𝜏𝑝) ≅ √(
2𝐼𝑎𝜏𝑝𝑎

𝐶𝑒′
)(𝑒−𝑎𝑧) Eq. 11 

  

1.3.2.2 Combined TTM and Hydrodynamic effects 

 

Given that the phase change of an irradiated surface in inevitable and that before 

resolidification the melted material volume dynamics has to be taken into account for the 

formation of LIPSS, in 2012 Tsibidis and colleagues has introduced a unifying theoretical 

framework by considering that hydrodynamic, and not mass removal, effects constitute 

the main agent that govern the initial morphological changes49. 

The combined theory can provide an extension based on the spatial dependence of the 

laser intensity distribution that induces bending of the isothermal lines. The proposed 

model comprises, a heat transfer component that accounts for the particle dynamics and 

heat conduction phenomena and a hydrodynamics component, which describes the 

molten material dynamics and the resolidification process.  

In this context considering a Newtonian incompressive fluid for the mass conservation 

∇⃗⃗ ∙ u⃗⃗⃗⃗ = 0, where  �⃗�  is the velocity of the fluid while for the energy conservation: 

𝐶𝑙(
𝜕𝑇𝑙

𝜕𝑡
+ ∇⃗⃗ ∙ (�⃗� 𝑇𝑙)) = ∇⃗⃗ (𝐾𝑙 ∇⃗⃗ 𝑇𝑙) Eq. 12 

And for the momentum conservation: 

𝑝𝑙 (
𝜕�⃗⃗� 

𝜕𝑡
+ ∇⃗⃗ �⃗� ∙ �⃗� ) = ∇⃗⃗ ∙ (−𝑃 + 𝜇(∇⃗⃗ �⃗� ) + 𝜇(∇⃗⃗ �⃗� )𝛵) Eq. 13 

 

Where KL is the thermal conductivity of the lattice, μ is the liquid viscosity, P pressure. and 

KL stand for the thermal conductivity of the liquid phase, respectively. It is evident that 
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the transition between a purely solid to a completely liquid phase requires the presence 

of an intermediate zone that contains material in both phases.  

 

1.3.3 Near-field enhancement from random inhomogeneities 

 

Another proposed mechanism that aims to describe self-assembly is based on the 

electromagnetic effects originating by irradiating materials in the presence of initial 

inhomogeneities, scattering centers or defects. In order to account for the periodic self-

organization of matter beyond the diffraction limit, compares the mechanisms of periodic 

nanostructure formation on the surface and in the bulk of fused silica. Rudenko and 

colleagues show that volume nanogratings and surface nanoripples having 

subwavelength periodicity and oriented perpendicular to the laser polarization share the 

same electromagnetic origin39,51. They claim that the nanostructure orientation is defined 

by the near-field local enhancement in the vicinity of the inhomogeneous scattering 

centers while the periodicity of the nanostructures is attributed to the coherent 

superposition of the waves scattered at inhomogeneities. Consequently, the latter 

structures also share the electromagnetic origin, but are related to the incident field 

interference with the scattered far-field of rough non-metallic or transiently metallic 

surfaces. Given that in this thesis we did not performed any experiment in the bulk of any 

material it is more important to discuss the proposed effect of the near-field local 

enhancement in the vicinity of the inhomogeneous scattering centers on the surface.  

So, an example of surface nanostructuring, for a rough surface between air (= 1) and a 

dielectric surface with half-sphere inhomogeneities of radius r = 10 nm is considered in 

Figure 1.4(a). Below the surface, random perpendicular oriented patterns are generated 

by the interference of the incident field with near-field scattered waves by single 

inhomogeneities, so-called roughness-dependent radiation remnants also referred 

previously at paragraph 1.3. These patterns are considered as the seeds for the periodic 

HSFL formation which eventually leads to LSFL. Whereas, for a low number of applied 

pulses, subwavelength HSFL oriented perpendicular to the laser polarization are almost 

randomly-distributed as reported in the experimental literature 40,52,53. 

Furthermore, the presence of the interface air-fused silica is not necessary for the HSFL 

structures or volume nanograting formation. However, the growth of the nanoplasmas 

can be significantly accelerated by the ionization processes in dielectrics if the 

predistributed inhomogeneous seeds for the nanostructure formation acquire the 
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metallic properties54. Apart from the enhanced near-field interaction with the incident 

light, the rough surface is at the origin of the far-field periodic modulation, enhanced in 

parallel direction to the laser polarization for non-metallic surface Re(ε) > 0 and in 

perpendicular direction for metallic surface Re(ε) < 0. The typical intensity distributions 

from one single dielectric hemisphere on the non-excited and the metallic fused silica 

surfaces are shown in Figure 1.4(b,c). The intensity patterns dominant enhancement in 

the directions perpendicular (Figure 1.4(b)) and parallel (Figure 1.4(c)) to the laser 

polarization as we it was previously predicted by Sipe theory 26 and used afterword to 

explain the orientation and the laser wavelength in media periodicity of the classical 

laser-induced ripples32. In this case the presence of the interface (surface) is essential for 

generation of the far-field periodic intensity patterns and the condition Re(ε) < 0 is 

sufficient to generate the perpendicular oriented patterns, even if the condition for the 

surface plasmon wave excitation Re(ε) < -1 is not satisfied.  

 

Fig. 1.4: (a) Schematic representation of the electromagnetic formation mechanisms of periodic nanostructures 
in surface ultrashort laser pulses. Intensity pattern from a single inhomogeneity (hemisphere with R = 50 nm) 
(b) on the non-excited fused silica surface (n2 = 2.105), (c) on the excited metallic fused silica surface (ε = −1 + 
i0.5) image reproduced from ref 51. 
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Therefore, the electromagnetic origin of LIPSS with periodicities between  λ/2–λ is a 

process of multipulse selection of hybrid standing waves produced by the interference of 

the incident light with surface wave scattered by nanoholes with comparable 

contributions of SPP and continues wave (CW). An important conclusion is that there are 

two main factors that can lead to periodicity reduction. The enhanced dipole–dipole 

coupling between nanoholes, and the surface curvature at the edges of the ablation crater, 

dictating the saturation value of well-organized LIPSS. This claim was supported with 

multipulse numerical simulations based on Maxwell equations, coupled with the TTM and 

ablation removal criterion, to reveal the transition from a rough surface to a pronounced 

sinusoidal periodic grating. 

Conclusively the local field enhancement contributes to their growth into nanoplanes in 

the direction perpendicular to the laser polarization on a shot-to-shot basis, were in 

addition to the near-field enhancement, each nanoplasma or inhomogeneity center 

scatters spherical waves into the far-field, which are enhanced parallel to the nanoplane. 

 

1.4 LIPSS applications and functionalities 

 

Since the LIPSS typical period of the structures matches the wavelength range of 

visible/near-infrared light, pronounced changes appear in the reflection or transmission 

spectra of a material, and in some cases diffraction of white light occurs into its different 

spectral components. In this context, the work of Vorobyev and Guo 55 demonstrated for 

several metals a considerable control over the color appearance through generation of 

self-organized surface structures with femtosecond laser pulses. Furthermore, extremely 

broad Hue color range of angle-insensitive colors on silver, gold, copper and aluminum 

surfaces 56. Inspired by the glass-wing butterfly Greta oto 57 and the Cicada Cretensis 58 

species, laser structuring has been employed to generate structural anti-reflective 

properties in glasses 59. Moreover, it has also been demonstrated that fs laser 

nanostructuring of a SiC surface leads to an increase in visible light transmission by a 

factor of more than 60 60. The LIPSS are also used for luminescence enhancement in light-

emitting diode (LED) 61,62 and ZnO nanowires 63.  

LIPSS formation is not limited to the surface of a material but can also be formed 

underneath its surface. One example are sub-wavelength periodic gratings inside 

transparent materials that share their electromagnetic formation mechanism with HSFL 

found at surfaces as described above 23. Such sub-surface self-organized gratings in form 
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of voxels can be produced by focusing fs laser pulses inside fused silica glass 64,  paving 

the way for high-density 5D data storage. The information encoded in an individual voxel 

is not limited to binary information but can be multiplexed via the rotation of the 

nanograting, giving rise to optical anisotropy (form birefringence) and effectively adding 

a fourth dimension 65. A fifth dimension can be added in form of the strength of the 

retardance, further increasing storage density 65. The same self-organized grating 

structure in fused silica has also found applications in generating laser beams with exotic 

properties 66 and one of these element was used in this thesis as a polarization converter 

in Chapter 3.  

Another self-organization process that can be triggered inside glasses is the self-

organized re-distribution of different elements of the glass composition 67,68. This laser 

processing strategy has been further developed in order to fabricate optical waveguides 

by writing tracks inside a glass, whose self-organized cross sections feature a region 

enriched by heavy elements, locally increasing the refractive index and thus strongly 

confining light 68,69. Using this technique, efficient optical waveguides, as well as optical 

amplifiers and integrated lasers with high net gain have been fabricated 70,71. The 

pronounced hierarchy of many types of LIPSS in metals leads to strong electromagnetic 

field enhancement. Microfluidic surface enhanced Raman scattering (SERS) chips have 

already been fabricated by all-femtosecond-laser processing 72.  Some important 

examples of LIPSS applications are depicted in Figure 1.4 where images with outstanding 

examples are illustrated for surface functionalization in Figure 1.4(a) photonics, 

biologically active surfaces (Figure 1.4(b)), remarkable wetting properties (Figure 

1.4(c)), effects in tribology (Figure 1.4(d)), structural coloration (Figure 1.4(e)) and data 

storage (Figure 1.4(f)). 
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Fig. 1.5: Summarized the most important LIPSS applications categories up to date with an example for each one 
for  (a)anti-reflection, (b) bactericidal activity, (c) wettability, (d) friction reduction, (e)iridescence and (f) data 
storage. The image (a) was reproduced from ref 73, (b) from ref 74, (c) from ref75, image(d) from ref2, (e) from 
ref76 and (f) from ref77. 

In other properties LIPSS are a popular as previously mentioned as a direct way to control 

the surface wetting properties for metal 55,78–84, semiconductors 85–87, dielectrics 88,89, even 

natural stone, such as marble 90. Furthermore in metals, the very same self-organized 

structures that feature hydrophobic behavior present oleophilic properties 80,91,92 leading 

to friction control 93,94 and underwater superoleophobicity 85. These remarkable 

wettability features are also exploited for fluidic transport 79,95–97, surfaces that can 

transport water with gradient surface tension. The self-organized laser structuring offers 

also great potential for enhancing and directing cell growth on suitably structured 

substrates 98–105, implantable vaccines 106. Moreover, Laser micro- and nanostructuring 

provides a promising method to reduce the growth of biofilms by altering topographical 

and chemical surface properties 107–110. 
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2 Experimental methods 

 

Abstract - This chapter discusses the procedures illustrating the experimental setups (i.e. laser 

source, optical components, target materials and instrumentation) used in the target irradiation 

experiments and the characterization techniques exploited for optical and chemical analysis as 

well as for the determination of the various spatial features of the laser induced periodic surface 

structures. 

 

2.1 Introduction 

 

The direct fabrication of LIPSS structures is based on laser matter interactions with 

specific parameters. The effects that lead to the desired laser structuring are performed 

under certain conditions of the laser beam parameters such as wavelength, pulse 

duration, pulse energy, beam size, polarization and repetition rate. These parameters can 

be optimized according to the substrate material and irradiation conditions 79,80. The laser 

beam characteristics can significantly affect the formation and features of the surface 

structures. In our experiments we generally used fs laser beams with a Gaussian intensity 

spatial profile only with the exception of chapter 3. However, the interesting capabilities 

of fs surface treatment for realizing mask free surface and volume structuring are 

highlighted in the present work by means of experiments with cylindrically polarized 

laser beams111.  

In this chapter, the experimental methods including the definition of the laser beam 

parameters, instrumentation such as laser type, optics, material targets, electronics and 

mechanical devices are presented, along with the illustration of the experimental 

techniques for the surface morphological and chemical and optical characterizations, 

which are discussed in detail. 
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2.2 Laser beam spatial profile  

 

2.2.1 Gaussian beams 

 

The Gaussian intensity profile is the most common laser beam mode and it can be 

described as a fundamental transverse electromagnetic mode (TEM00). This Gaussian 

mode describes the intended output of most commercial lasers, given that such a beam 

can be focused into the most concentrated spot. For a Gaussian beam, the spatial profile 

of the normalized pulse fluence φ(r) along the diameter of the beam, 𝑟, is given by: 

𝜑(𝑟)  =  
2𝐸𝑝

𝜋𝑤0
2 𝑒

(
−2𝑟2

𝑤0
2 )

 Eq. 14 

 

where Ep is the pulse energy and w0 the waist of the fundamental Gaussian beam 111. The 

maximum fluence value occurring within the Gaussian profile when the radius r = 0, is 

commonly named as peak fluence φp 

𝜑(𝑝)  =  
2𝐸𝑝

𝜋𝑤0
2 Eq. 15 

 

The spot size or beam waist of a Gaussian beam is the location along the beam axis where 

the intensity is 1/e2 its own maximum value. A simple method to measure the spot size of 

the Gaussian beam is to use the fabricated circular craters produced by amorphization or 

ablation was provided at 1982 by Liu 112. Considering the actual laser damaged craters 

radius profiles ra (vertical radius) and rb,(horizontal radius) and plotting out the following 

relations: 

 𝐸𝑎 = 𝐸𝑝 𝑒
(
−2𝑟𝑎

2

𝑤0
2 )

 
Eq. 16 

𝐸𝑏 = 𝐸𝑝 𝑒
(
−2𝑟𝑏

2

𝑤0
2 )

 
Eq. 17 

We end up with the extracted dependence of ra and rb as: 

𝑟𝑎
2 =

𝑤0
2

2
𝑙𝑛

𝐸𝑝

𝐸𝑎
 Eq. 18 
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𝑟𝑏
2 =

𝑤0
2

2
𝑙𝑛

𝐸𝑝

𝐸𝑏
 Eq. 19 

From Equations (18-19), the beam spot size can be derived by plotting average r2 versus 

energy Ep and estimating the slope of the plot, which is equal to 𝑤0
2/2, through a fitting 

procedure. The parameters, Ea and Eb can be considered as the minimum pulse energies 

required for observing surface modification or ablation (threshold energies), which 

correspond to the above beam energies of Eq. (16-17) when r(a,b) is firstly observed on 

the material surface, introducing the threshold fluence value of φth which is expressed as: 

𝜑(𝑡ℎ)  =  
2𝐸𝑎,𝑏

𝜋𝑤0
2  Eq. 20 

 

Additionally, the beam w0 can be calculated theoretically.  The theoretical beam radius of 

a collimated laser beam after passing through the focusing (converging) lens is calculated 

by the following equation 113,114: 

  

𝑤𝑜  =  
2𝑓𝜆𝛭2

𝜋𝐷
 Eq. 21 

 

where f is the focal length of the focusing lens, λ is the wavelength of the laser, D is the 

input/collimated laser beam diameter onto the focusing lens, and M2 is the beam 

propagation factor, which describes the difference between a real laser beam and an ideal 

diffraction-limited Gaussian beam.  

The laser fluence see (equation 20) can be also altered not only by varying the laser pulse 

energy but it can be change by shifting the distance (z) between the sample and the lens, 

which alters the beam diameter. The beam radius (wz) at any z position from the focus is 

given by115: 

𝑤𝑧  = 𝑤0 √1 + (
𝑧

𝑧𝑅
)2 

Eq. 22 

 

where zR is the Rayleigh length and for a beam propagation in air is given by: 
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𝑧𝑅  =  
𝜋𝑤0

2

𝜆
 Eq. 23 

 

 

2.2.2 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 111,116,117. Radial and azimuthal 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 8,118–120.  

 

Fig. 2.1: 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). Image reprinted 
from ref 111. 

CV beams also can be used for three-dimensional focus engineering121. By controlling 

polarization azimuthal angle φ0 from the radial direction (Fig. 2.1), 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 
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more exotic focal field distributions, such as an optical “bubble” or optical “needle” can be 

generated122. 

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 2.1. 

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 2.1(g)-(i). When polarization of a beam is aligned in 

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

shown in Figure 2.1(h). A linear superposition of these two modes can produce beam with 

even more complex polarization distribution as shown in Figure 2.1. 

The solutions for the spatially homogeneous SOP beams are obtained by solving the scalar 

Helmholtz equation: 

(∇2 + 𝑘2)𝐸 = 0 Eq. 24 

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

electric field has a form 

𝐸(𝑥, 𝑦, 𝑧, 𝑡) = 𝑢(𝑥, 𝑦, 𝑧)𝑒𝑖(𝑘𝑧−𝜔𝑡) Eq. 25 

 

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

be obtained: 

𝑢(𝑥, 𝑦, 𝑧) = 𝐸0𝐻𝑚√2
𝑥

𝑤(𝑧)
𝐻𝑛√2

𝑥

𝑤(𝑧)

𝑤0

𝑤(𝑧)
𝑒−𝑖𝜑𝑛,𝑚(𝑧)𝑒

𝑖
𝑘

2𝑞(𝑧)
𝑟2

 Eq. 26 

 

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 shift123.  

The general solution in cylindrical coordinates, paraxial is: 

 

𝐸(𝑟, 𝜑, 𝑧, 𝑡) = 𝑢(𝑟, 𝜑, 𝑧) 𝑒𝑖(𝑘𝑧−𝜔𝑡) Eq. 27 
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Substituting Equation (27) to (24) and applying the slowly varying envelope 

approximation we get differential equation: 

 

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕

𝜕𝑟
) +

1

𝑟2

𝜕2

𝜕𝜑2
+ 2𝑖𝑘

𝜕𝑢

𝜕𝑧
= 0 Eq. 28 

 

From this equation two solutions can be found. The first solution describes Laguerre-

Gauss modes (LGpl)124. 

 

𝑢(𝑟, 𝜑, 𝑧) = 𝐸0 (√2
𝑟

𝑤(𝑧)
)
𝑙

𝐿𝑝
𝑙 (√2

𝑟2

𝑤(𝑧)2
) 𝑒−𝑖𝜑𝑝𝑙(𝑧)𝑒

𝑖
𝑘

2𝑞(𝑧)
𝑟2

𝑒𝑖𝑙𝜑 Eq. 29 

 

where 𝐿Ll 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: 

𝑢(𝑟, 𝑧) = 𝐸0

𝑤0

𝑤(𝑧)
𝑒−𝑖𝜑(𝑧)𝑒𝑖 𝑘/(2𝑞(𝑧)) 𝑟^2𝐽0 (

𝛽𝑟

1 + 𝑖𝑧/𝑧0
) 𝑒

−
𝛽2𝑧

2𝑘(1+
𝑖𝑧
𝑧0

)
 

Eq. 30 

 

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: 

�⃗� (𝑟, 𝑧) = 𝐴𝑟𝑒
(−

𝑟2

𝑤2)
𝑒 (𝑟, 𝜑) Eq. 31 
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Fig. 2.2: Formation of radial and azimuthal polarizations using linear superposition of orthogonally polarized 
HG modes. Image reprinted from ref 111. 

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 2.2. For instance, 

radially and azimuthally polarized beams in such a way can be expressed as: 

 

�⃗� (𝑅𝑎𝑑𝑖𝑎𝑙) = 𝐻𝐺10𝑒 (𝑥) + 𝐻𝐺01𝑒 (𝑦) Eq. 32 

 

�⃗� (𝐴𝑧𝑖𝑚𝑢𝑡ℎ𝑎𝑙) = 𝐻𝐺01𝑒 (𝑥) + 𝐻𝐺10𝑒 (𝑦) Eq. 33 

 

 

2.3 S-Waveplate polarization converter 

 

A converter from linear to more complex polarization states can be made by gluing 

several segments of λ/2 phase wave-plates with different discrete crystal layers. Such a 

converter was utilized to convert our laser typical Gaussian and linearly polarizer beam 

to a doughnut shaped cylindrically polarizer beam125. This polarization converter is an s-

waveplate and the most fascinating aspect of it is that is works using nanograting HSFL 

structures which were formed in the volume of fused silica glass with fs laser pulses as 

previously mentioned on Chapter 1.4. Continuous phase profiles of nearly any optical 
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component can be fabricated in silica, which allows unparalleled control over the local 

phase of a laser beam that is transmitted by the element.  

For the incident circular-polarized beam, the radial or azimuthal polarization can be 

formed with a space variant quarter-wave plate possessing a radial symmetry Figure 2.3, 

which can be described using Jones calculus with the following matrix: 

 

(
𝑐𝑜𝑠2𝜃 + 𝑖𝑠𝑖𝑛2𝜃 (1 − 𝑖)𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

(1 − 𝑖)𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 𝑖𝑐𝑜𝑠2𝜃 + 𝑠𝑖𝑛2𝜃
) Eq. 34 

 

where angle θ=ψ+π/4 and ψ is a polar angle. Multiplying a vector describing the left-

handed circular polarization by this matrix the following expression is derived: 

 

(
𝑐𝑜𝑠2𝜃 + 𝑖𝑠𝑖𝑛2𝜃 (1 − 𝑖)𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃

(1 − 𝑖)𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 𝑖𝑐𝑜𝑠2𝜃 + 𝑠𝑖𝑛2𝜃
)

1

√2
(
1

𝑖
) = (

−𝑠𝑖𝑛𝜓

𝑐𝑜𝑠𝜓
) 𝑒𝑖𝜓𝑒𝑖𝜋/4 Eq. 35 

 

This enables fabrication of advanced optical components (similar to q-plates) that are 

capable of generating beams with radial and azimuthal polarization. The s-waveplte can 

operate as a polarizing retarder without the capability for any degree of freedom 

regarding the polarization conversion, but with much higher laser damager thresholds. 

 

 

Fig. 2.3: Actual image of the commercial optical element (on the left), image reprinted from www.altechna.com. 
On the right, color online (a) Schematic drawing of nanograting distribution in polarization converter. (b) and 
(c) Distribution of the electric field for left-hand and right-hand circularly (see white circles) polarized beam 
after passing through the polarization converter. (d) and (e) Measured beam profiles before and after beam 
converter. (f) Modeled beam profile after beam converter. Image reprinted from ref 125. 
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We have previously demonstrated that the availability of such beam shaping elements for 

laser processing has already led to the fabrication of highly complex self-organized 

structures126. So, in principle we exploit the functionalities of LIPSS in the bulk of glass to 

be able to extend our control LIPSS in the surface.  

 

2.4 Dynamic surface processing with Gaussian and CV beams 

 

Dynamic surface processing is defined as repetitive irradiations in a single or multiple 

direction with laser pulses. In this case, the sample is in constant motion with controlled 

velocity on the x and y axis and fixed position on the z-axis. For line scanning with focused 

laser pulses an effective number of pulses Neff  must be introduced in order to define and 

correlate the attained surface morphology of the line scans with the static irradiations 

(multiple pulses on a single spot).  

In the case of a laser beam with Gaussian spatial intensity distribution the line or area 

scanning, effective number of laser pulses can be defined per length unit or per area unit. 

The actual Gaussian beam diameter (2w0) (at the 1/e2) or the corresponding beam waist 

area (πw02) can be the measuring factor. Expressing the number of laser pulses which fall, 

upon one-dimensional (linear) scanning, into a length interval equal to the Gaussian beam 

diameter 2w0. 

For “line scanning” at a constant velocity v (mm/s) and at a pulse repetition rate f (Hz), the 

effective pulse number Neffline can be defined as: 

𝑁𝑒𝑓𝑓𝑙𝑖𝑛𝑒 =
2𝑤0𝑓

𝑣
 Eq. 36 

 

Subsequently for area scanning by repetitive line scan overlap at a line distance (δ), the 

number of laser pulses which fall, upon two-dimensional (area) scanning (Νeffarea), into 

an area equal to π(w0)2 can be expressed as: 

𝑁𝑒𝑓𝑓𝑎𝑟𝑒𝑎 =
𝜋𝑤0

2𝑓

𝑣𝛿
 Eq. 37 

 

In case of line or area scanning with CV beams the Neff should be defined per unit length 

or unit area respectively. 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 with Equations 

(36) and (37) by replacing the w0 with (R-r). Where R is the radius (μm) of the CV beam 
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and r (μm) corresponds to the central null disk radius exhibiting nearly zero intensity.

      

 

2.5 Experimental set up 

 

The experimental apparatus developed and used for the direct laser processing of the all 

samples in this thesis is schematically and, in a photograph, presented in Figure 2.4. A 

Pharos-SP laser source from Light Conversion with an Yb:KGW active media was utilized 

to produced linearly polarized pulses of 170 fs, with tunable repetition rate ranging from 

single shot to 200.000 kHz and 1026 nm central wavelength with the possibility of 513nm 

second harmonic output.  

 

Fig. 2.4: Photograph and schematic representation of the experimental set up developed and used to conduct 
all of the experimental procedures on this thesis. The beam profiles for both Gaussian and CV beam are 
presented on the left.  

 

The laser pulses were focused in all of the thesis experiments on each sample via a plano-

convex lens of 200 mm focal length while the Gaussian (and CV) spot diameter, measured 

by a CMOS camera within the Rayleigh length of the focal plane at 1/e2, was ~49μm 

diameter for the IR and ~27μm for the second harmonic. Typical beam profile images are 

presented at Figure 2.4 on the black dashed box on the left, along with intensity insets on 

every beam profile image taken at 1026nm and 1kHz. All the samples were mounted onto 

a 3-axis motorized servo stage from Newport and positioned perpendicular to the 
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incident beam. A CCD camera mounted above the sample were used to visualize in situ all 

experimental process on the sample surfaces. While all the irradiations were performed 

in ambient environment at normal incidence (~90 degrees). At the same time, power 

modulation was achieved by means of an automatically rotating zero-order half wave 

plate behind a high extinction ratio (10000:1), glan-taylor linear polarizer. The 

polarization conversion from linear to radial and azimuthal was realized with the use of 

an s-waveplate as discussed at chapter paragraph 2.3 above. 

 

2.6 Characterization methods 

 

2.6.1 Period measurements & Fourier analysis  

 

To characterize the laser fabricated LIPSS structures, besides monitoring its geometry 

and shape, the LIPSS periodicity and topography and its respective dispersion should be 

accurately estimated. For this purpose, the scanning electron microscopy (SEM) and 

(AFM) images of the irradiated surfaces were examined thought image analysis software 

such as imageJ and Gwyddion and in most cases statistical measurements were performed 

for the best possible approximation of the surface morphological features. The exact 

procedure of the transformation and subsequent analysis is presented in the following 

paragraphs. 

 

2.6.1.1 Two-dimensional fast Fourier transform surface image analysis 

 

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 algorithm. The new dimensions of the 

generated Fourier images are inversely proportional to x and y dimensions of the original 

image. Figure 2.5(a, b) presents a typical SEM image of an irradiated laser spot using 

azimuthal polarization. While Figure 2.5(c) shows the corresponding Fourier space 

image. The orange line represents the direction vertical to the ripple nanostructure.  
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Fig. 2.5: 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 of the attained characteristic frequencies in the Fourier space.     

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 Figure 2.5(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 (Figure 2.5(d)), and then the average period is, given by the relation < 𝛬 >= 1/𝑓.  

 

For the estimation of range of frequencies involved into the respective 2D-FFT images, we 

applied a Lorentzian fit on both peaks of the cross section and the error of each 

measurement is calculated using the following relation: 

 

 

were Δf is the mean of the linewidths for the two Lorentzian fit curves of the 2D-FFT image 

profile peaks. 

𝛥𝛬 = |−
1

𝑓2| 𝛥𝑓 Eq. 38 
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2.6.2 Material targets 

 

In the following Table, the materials used as targets for irradiation and surface 

modification with ultrashort laser pulses in every thesis chapter. Both bulk and thin film 

materials are included with its natural properties and physical dimensions. Also, the 

irradiating parameters and LIPSS type is given for every material and the possible 

functionality of each material and process respectively. 

 

Table 1: summarized the materials used as targets for irradiation and surface modification with ultrashort laser 
pulses. 

Material 
Crystal 

structure 
Physical 

dimensions 

Irradiation 

parameters 
Chapter Functionality 

Bulk Nickel 

(Ni) 

Poly-crystalline 

Face-centered 

cubic (fcc) 

Square plates of 

1.0 cm diameter 

and 0.5mm 

thickness 

1kHz, 1026nm, 

170fs 
3 Multi-directional LIPSS 

Austenitic 

Stainless-

Steel Alloy 

(1.4307) 

(X2CrNi18-9) 

Poly-crystalline 

Face-centered 

cubic (fcc) 

Square plates of 

2.5cm diameter 

and 1.0mm 

thickness 

1kHz, 1026nm, 

170fs 
3 

Omnidirectional 

Iridescence 

Silver 

Phosphate 

glass (AgPO3) 

Amorphous 

Round plates of 

1.5cm diameter 

and 0.5mm 

thickness 

1kHz, 1026nm, 

170fs 
4 

High order erasable and 

re-writable gratings 

100nm Nickel 

(Ni) film 

Poly-crystalline 

Face-centered 

cubic (fcc) 

100nm thick Ni 

films on Square 

(4cm2) SiO2 plates 

(1mm thick) and 

Round Al2O3 plates 

(1mm thick) 

1 – 60kHz, 

170fs, 1026nm 

& 513nm 

5 
Polarizing plate (wire grid 

polarizer) 

 

 

2.6.3 Instrumentation 
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All of the characterization methods and instruments used for optical, morphological, 

topographical and chemical analysis in this thesis are summarized below in Table 2. The 

characterization of the morphological features of the irradiated samples was carried out 

by different techniques including optical microscopy (OM), scanning electron microscopy 

(SEM), atomic force microscopy (AFM), depending on any specific experiment. The 

analysis of the images was carried out using open source software as ImageJ and 

Gwyddion. In addition, further techniques such as UV-Vis spectroscopy, Fourier-

transform infrared spectroscopy (FTIR), Ultraviolet–visible spectroscopy (UV-VIS) were 

used for optical characterization and Energy-dispersive X-ray spectroscopy (EDX) were 

available and used to collect more information on phase study and elemental analysis 

when appropriate (see Table 2). 

 

 

Table 2: Summarized the characterization techniques along with instrumentation specifications. 

Scope Instrument Observation Specifications 

Surface analysis 

Field Emission 

Scanning Electron 

Microscope 

(FESEM) 

Surface Morphology 

JEOL 7000F, equipped with a Shottky field-emission 

electron gun and a secondary electron detector. The 

resolution is 1.2 nm at 30KV and 3.0 nm at 1.0KV. 

The magnification range is x10 to x650000 

Atomic Force 

Microscopy (AFM) 

Surface Morphology 

and Topography 

Digital Instruments - Multimode microscope was 

employed with piezo scanner J (scan size: 

125μm×125μm, vertical range: 5μm) working in the 

tapping mode by using sharp tips (radius of curvature 5-

10 nm) from Veeco. 

Optical Microscopy 
Surface imaging (up 

to 100x resolution) 
Leica DM2700 M 

Energy Dispersive X-

Ray (EDX) 

Qualitative and 

Quantitative Surface 

Chemical Analysis 

Oxford Instruments (INCA). The X-ray Detector is Si 

(Li) with a resolution of 137eV at 5.9KeV. 

Spectroscopy 

Ultraviolet–visible 

spectroscopy (UV-

VIS) 

Optical 

characterization 

PerkinElmer Lambda 950 UV-VIS lamda 950 

spectrometer with an integration sphere 

Fourier-transform 

infrared 

spectroscopy (FT-

IR) 

Polarization 

Response in the IR – 

Mid-IR 

Bruker Vertex 70v FT-IR vacuum spectrometer, in a 

spectral range of 1.33-28.6μm (7500 - 350cm-1).   
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3 Surface processing with cylindrically polarized fs 

laser pulses 

 

Abstract 

This chapter’s aim is to provide useful tools for surface processing and explore the 

physical mechanisms that govern LIPSS formation with locally variant polarizing laser 

beams such as cylindrical vector beams (CV) beams. In this chapter, a combined 

experimental and theoretical investigation will be followed to explore ways to control the 

spatial orientation of LIPSS structures via azimuthally and radially polarized laser pulses. 

Furthermore, the material response to irradiation with such beams will be discussed 

along with promising surface functionalities.  

 

Introduction 

  

As discussed previously in chapter 1, one of the most important parameters related to the 

LIPSS formation is the beam polarization state127. 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 processing118,119,128–130  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 

effects8,126. Despite these versatile and promising applications, few studies have 

investigated the utilization of optical vortex beams for LIPSS surface structuring. 

In this chapter, experimental and theoretical results will be discussed with static and 

dynamic irradiations on Nickel surfaces. The choice of pure Ni surfaces is attributed to the 

fact the we needed a pure material for the theoretical investigation, and Ni resistance in 

oxidation and rust will affect at least our study on the surfaces without extensive 
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corrosion. Furthermore, the relative abundance of the element in nature and broad range 

of industrial applications it is used made our choice much easier. The complex 

polarization states like radial and azimuthal, which were discussed in chapter 2 will now 

be exploited to investigate the morphological characteristics that induce to metal surfaces 

as well as their effect on the fundamental physical phenomena that lead to surface 

modification, always in comparison with a typical linearly polarized gaussian laser beam.  

Furthermore, large Stainless-steel surfaces are fabricated with the CV and gaussian fs 

beams that could potentially be an important tool for structural coloration131,132, and 

information marking elements133 on metal surfaces.   

 

3.1 Static Irradiations with gaussian and CV beams on Ni 

surfaces 

 

In a first step, the characteristics of laser-induced structures formed upon variation of the 

NP (1–1000 at a constant fluence of 0.24 J/cm2), as well as the incident φ= 0.17 J/cm2–0.74 

J/cm2, at a constant NP = 100) of the CV beams, was investigated. The central laser 

wavelength was λ= 1026nm with f=1kHz repetition rate and 170fs pulse width. All the 

static irradiations were performed in ambient conditions at normal laser beam incidence 

(~89.90) and the sample was fixed in a specific z-position within the focusing Rayleigh 

range.  SEM imaging of the respective spots indicated that for NP<5 no periodic structures 

were formed in the whole range of fluences used. While, from 2 ≤ NP ≤ 5, surface 

roughness was significantly increased and resembles a nanostructured grating with a 

tendency to orientate parallel to the incident polarization similar to the HSFL structures 

previously discussed on chapter 1.2. For higher NP, the resulting surface comprises a 

central microstructure formed in the inner region of the CV beam, exhibiting almost null 

intensity, while the donut area was always decorated with a characteristic texture of 

LIPSS, always aligned perpendicular to the laser polarization. Accordingly, LIPSS 

produced with azimuthally polarized light showed radial spatial distribution, while LIPSS 

obtained with radial polarization exhibited a concentric ring spatial distribution. Figure 

3.1 presents typical examples of SEM images of such structures for Gausian linear, CV 

radial and azimuthal polarization respectively at NP=50 and φ=0.24J/cm2 irradiation 

conditions. The morphological features of the statically irradiated Ni surfaces show a 

linear and parallel ripple formation for the linear polarization (Figure 3.1(a,b)) with 

periodicity close to the laser irradiation wavelength (1026nm). Remarkably spot profiles 
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attained with the azimuthal polarization as depicted in Figure 3.1(c, d) resemble a 

doughnut shape with radial ripple distribution and a null in the center of the spot caused 

by the electric field cancellation leading to almost zero intensity.  This zero intensity null 

is also observed in vortex beams, beam that carry an orbital angular momentum 

regardless the polarization state and it is referred as a phase singularity134. Similarly, for 

radial polarization the spot profile has the same characteristic doughnut shape only this 

time the ripple formation in exhibiting a vortex-like pattern aligned vertically to the 

radially distributed electric field charges (Figure 3.1(e, f)).   

 

 

Fig. 3.1: Top view SEM images of fs laser-induced structures formed on Ni surfaces upon irradiation with linear 
(a,b), azimuthal (c,d) and radial (e,f) polarization states respectively, using φ=  0.24 J/cm2 and NP= 50. Images 
(b), (d) and (f) are higher magnifications of the white-blue-red dashed-square areas for every polarization 
state respectively. The white double ended arrows denote the electric field state.  

 

In order to study the effects of the polarization on the laser spot we performed periodicity 

measurements according to the chapter 2.6.1.1. The periodicity measurements were 

carried out on every SEM top view laser spot, accounting the whole laser spot for linear 

and four measurements of every quarter for the doughnut spots.   

The results from the parametric analysis, described above, showed that, regardless the 

polarization condition and LIPSS orientation, the LIPSS periodicity decreases with NPs, 

(Figure 3.2(a)) while it is weakly influenced by the incident fluence (Figure 3.2(b)). At the 

same time, the crater depth and thus the height of the microstructure formed at the spot 
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center of the CV beam can be changed, upon increasing NP, the laser fluence and focusing 

conditions, in the range from hundreds of nanometers to several microns. 

As shown in Figure 3.2, the LIPSS period progressively decreases for 5 < NP < 600, with a 

trend to saturate at higher NPs, an effect which is valid for both Gaussian (linear 

polarization in Figure 3.2 and CV beams. On the contrary, LIPSS period is weakly 

dependent on the incident fluence, despite the spatial profile and polarization of the beam. 

This behavior has been attributed to the ripple depth increasement with repetitive pulses 

and the coupling of the SPP with the already formed grating-like roughness. The ripple Λ 

decrement has been recently addressed by one of our previous communications8 , via a 

combined theoretical and experimental study, which showed that it can be attributed to 

a synergy of electrodynamic and hydrodynamical effects49. Figure 3.2(c–e) also presents 

the 2D-FFT analysis used to determine the ripples periodicity, performed on typical SEM 

images of spots created by linearly, azimuthally and radially polarized beams 

respectively.  

 

 

Fig. 3.2: LIPSS dependence on (a) the number of pulses and (b) the fluence for the linear (black), radial (red) 
and azimuthal (blue) beams respectively. The 2D-FFT analysis corresponding to the SEM images (d), (d) and (f) 
of Fig. 3.1 is demonstrated. 

 

It can be observed that the 2D-FFT image characteristics reveal the polarization type and 

confirm our observation for the ripple distribution as it exhibits a preferential 
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directionality for linear, a radial distribution for azimuthal and a vortex-like pattern for 

radial polarization respectively. While the detailed analysis that was performed on the 

SEM images in order to extract the average periodicities along the standart diviations for 

every laser spot was dicussed in detail at chapter 2.6.1.1. Furthermore, it is observed that 

the periodicity values attained with radial or azimuthal polarization have a slightly 

decreased periodicity when compared with the typical linear polarization, althought we 

can observe this trend the periodicity values are in most cases overlaping within the 

standart deviation of each measurement as we can see on Figure 3.2. In order to validate 

these periodic trend we have to examine the amount of the energy absorbtion that is 

induced for the linearly and radially polarized laser pulses and wheather it is in 

accordance to our experimental findings.   

 

3.2 Effect of radial polarization on the formation of LIPSS 

 

To explain the surface patterning results, it is important to underline the  physical effects 

that account for the surface modification upon irradiation of Ni with vectorial and linear 

polarized laser pulses; to this end,  a multiscale modelling of the processes that describe 

laser beam energy absorption and response of the material has to be implemented. The 

thermophysical and thermomechanical properties of Ni were taken from 46,135–137. In the 

simulations (performed by Dr. George Tsibidis), a detailed theoretical model was used 

that comprised the following components:  

(i) A term for the energy absorption  

(ii) A term that describes electron excitation,  

(iii) A heat transfer component that accounts for electron-lattice thermalization 

through particle dynamics and heat conduction and carrier-phonon coupling. 

(iv) A term that described a phase transition, molten material movement and 

resolification that eventually led to surface modification.  

In principle, the absorbtion processes starts immidiately, from the moment the pulse 

irradiates the surface. It is followed by the electron exitation and relaxation mechanisms 

that complete after some picoseconds (ps), while phase transtion, resolidification are the 

last stage which require more time as they last up to several nanoseconds (ns). It is also 

important to note that with higher energy deposition other physical phenomena (i.e. 

ablation, spallation, etc.) that can have significant effects of the surface morphology, 

however, the laser beam conditions used in this work are not sufficient to produce such 
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effects. In the rest of this section, the components that constitute the theoretical 

framework are described 138. 

Irradiation of Ni with a radially polarised CV beam, is assumed, in which the electric field 

of the beam is typically expressed as the superposition of orthogonally Hermite-Gauss 

HG01 and HG10 previously described at chapter 2.2.2 (equation 32). To  compute  the  

energy  absorption,  heat  transfer  and  relaxation process    the    temperature   

dependence    of    the    thermophysical parameters is considered 136. A minimal mass 

removal (i.e. we call it ‘sub-ablation  conditions’  to  distinguish  effects  resulting  from  

the normal ‘ablation conditions’ that assume plume formation, presence of ejected 

fragments, etc) 49. 

 

Fig. 3.3: (a) Comparison  of electron and lattice temperatures for RP and LP beams for J=0.24J/cm2(NP=1, 
τp=170fs). Lattice temperature profile at t=20ps (NP=1) for (b) radially polarized CV beam and (c) linearly 
polarized Gaussian beam. 

Simulation results for the electron and lattice temperatures show the evolution of 

temperatures for various fluences (for melting conditions). The electric field spatio-

temporal distribution and the associated intensity is incorporated into the source term of 

the revised TTM 139 as it was briefly desctibed at paragraph 1.3.2, which is solved to derive 

the heat transfer, electron-phonon relaxation, heat lattice temperature and fluid dynamics 

in the formed surface tension gradient. In the model, interband transition contributions 

are also assumed 33.   

It is evident radial polarization produces slightly higher temperatures and delay of the 

electron-phonon relaxation (Figure3.3(a)) with respect to linear. The spatial distribution 

of the lattice temperature is illustrated in Figure 3.3(b,c)   which illustrates   the   

temperature   spatial   lattice   temperature variation at t=20ps that results from 

consideration of SPP excitation for NP=1, for φ=0.24J/cm2. Lattice temperature values 

determine the region where lattice displacements will be dictated by hydrodynamics and 

surface-tension related forces (where TL>Tmelt) or mechanical effects (where TL<Tmelt). In 

case of phase transformation, the movement of the molten material is expected to induce 
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two craters around the region of highest temperatures due to the CV beams, ring shaped 

intensity profile.  

Phase change and resolidification process is incorporated into the model by solving the 

Navier-Stokes equation. A finite-difference method in a staggered grid is employed to 

solve numerically the heat transfer equations (i.e. by solving the differential equationsthat  

describe  the  two  temperature  model previously described at chapter 1.3.2) 49,  phase 

change  and  dynamic  elasticity  equations 139.  Plastic  effects  are considered  when  the  

total  stress  exceeds  the  yield  stress  of  the material139. Simulation results for the 

electron and lattice temperatures show the evolution of temperatures for various fluences 

(for melting conditions). It  is  evident  that  radial  polarization  produces  slightly  higher 

temperatures and delay of the electron-phonon relaxation (Figure 3.3). 

A comparison of the theoretical predictions with the experimental results regarding the 

LSFL periodicity is illustrated in Figure 3.4 for both the radial polarization and the linear 

polarization cases, under identical irradiation conditions. It is observed that irradiation 

with radial polarization results in a reduced ripple periodicity, compared to that derived 

using a linearly polarized  beam. The respective simulations indicate that this deviation 

can be attributed to both electrodynamic and hydrodynamical effects. In particular, as the 

local energy deposition on the material is higher and is diffused to larger depths for the 

radial polarization case, it produces an increased maximum of the energy displacement at 

smaller Λ/λ (for subsequent irradiation), which means that the grating wavelength will 

decrease. Besides this, the results obtained with radial porarization exhibit higher lattice 

temperature which, in turn, leads to enhanced fluid vortex development that further 

decreases the ripple periodicity 49.  
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Fig. 3.4: Comparison of ripple periodicity vs. NP at 0.24 J/cm2  for radially and linearly polarized beams. Both the 
experimental observations and theoretical predictions are presented in each case. 

Results on the pulse number dependence of ripple periodicity demonstrate a good 

agreement between the tendency of the experimental observations and theoretical 

predictions (Figure 3.4). Furthermore, for both types of polarization, the irradiation 

fluence does not appear to influence substantially the ripple periodicity as previously 

observed at Figure 3.2(b). In the case of  Ni which is a transition metal without completed 

d bands, the electron heat capacity of Ni strongly deviates from linear electron 

temperature dependency, while the electron-phonon coupling γ rapidly decreases with 

increasing electron temperature for low temperatures, followed by a slower decrease as 

temperature further rises 46. These properties emphasise the significant role of electron-

lattice coupling and electron diffusion in energy confinement and thermalisation that 

eventually influence size of the laser induced morphological features. 

Moreover, LIPSS formation is attributed to the repetitive irradiation of Ni with fs pulses 

give rise to excitation of SPP (as the real part of the dielectric constant of Ni is (εr<-1), 

although the photon energy and the density of states of Ni indicate that interband 

transitions dominate its optical properties in the infrared range 140. Accordingly the 

already laser induced corrugated surface profile (from the first few pulses) allow SPP 

excitation 27,49 and correlation of morphological characteristics of the irradiated zone 
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(depth, and LSFL periodicity, Λ) with the magnitude of the longitudinal wavevector of the 

SPP requires a systematic analysis of the propagation of the respective electromagnetic 

field [19,21].  

In conclusion, the numerical simulations provided a specific indight into the underlying 

mechanisms that lead to surface modification upon irradiation of our Ni surfaces for both 

cases of irradiating polarization. The investigation shows the considerable influence of 

the incident beam polarization on both the morphological profile as well as the size of the 

produced periodic structures. The ability to control the size of the morphological changes 

via modulating the beam polarization is expected to provide novel types of surface 

structures with significant functionalities.  

 

3.3 Line scanning with radially and azimuthally polarized CV 

beams 

 

Following spot analysis, line processing experiments were performed in scanning mode, 

using different scan velocities and spot overlap at a constant ϕ value. Scanning mode as 

well as the static irradiations were performed in ambient conditions and room 

temperature. While in the scanning mode the sample is moving along the x-axis or y-axis 

with constant velocity (v) in the exact same z-position as is was in the static mode. Figure 

3.5 exemplifies the characteristic surface morphologies attained, in top-view SEM 

micrographs of scanned lines, obtained at v= 0.5 mm/s (Neffline = 62) and ϕ = 0.24 J/cm2, 

for azimuthal (Figure 3.5(a)) and radial (Figure 3.5(b)) CV beams respectively. The Neffline 

was calculated with the equation (36) as described at chapter 2.4 accounting the null 

radius on the center of the CV beam.  

Contrary to the, mostly applied to date, linear polarization state, dynamic surface 

processing with CV beams produces multi-directional rhombus-like structures exhibiting 

a radial or azimuthal directionality respectively. The LIPSS formed with the used of radial 

and azimuthal polarization show an unpresented omnidirectionality in their orientation 

which is directed in almost any possible direction but also exhibit significant differences 

in their geometrical features. The multiple directionalities are attributed to the spatially 

variance of the local electric field oscillations of the vectorially polarized CV beams, taking 

into account that the beams’ polarization is oscillating in every possible direction with a 

profound symmetry as described in chapter 2.2.2.   
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Fig. 3.5: Top view SEM images of  line scans with (a) azimuthal and (b) radial polarization state at Neffline =62, 
φ=0,24J/cm2.  

 

As presented in Figure 3.5, it was revealed that the central part of the scan lines is 

patterned with LIPSS exhibiting relative linearly, which is totally depending on the CV 

beam focusing conditions used for scanning and the zero-intensity null is the center of the 

doughnut spot as discussed above. While, the line scan peripheral areas are textured with 

rhomboid structures. The differences in the geometrical features, observed especially on 

the edges of the line scans can be attributed to the pulse to pulse overlap caused by the 

beam advances on the surface during scan, the pulse overlapping effect leads to crossed 

vector peripheral areas, leading eventually rise to the rhombic-shaped structures. Such 

structures form as the natural outcome of the overlap between successive CV beam spots, 

specifically as the beam advances on the surface during scan, the pulse overlapping effect 

leads to crossed vector peripheral areas, giving rise to the rhombic-shaped structures. 

According to the above, the scanning speed that determines the degree of overlap should 

play significant role on the patterns’ morphology attained.  

The attained morphological changes of the structures presented at Figure 3.5 exhibit 

notable differences with respect of many previous studies6,84,141 in which linearly 

polarized fs pulses were used on metal surfaces; the overall periodicity of the LIPSS is 

slightly affected within the standard deviation of the period measurement. These are 

wavelength LSFL structures and exhibit and average periodicity of ~890nm ±62nm 

measured in the SEM images for eight times with a 45-degree difference. 
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3.4 Omnidirectional iridescence on steel surfaces 

 

As previously discussed, the fabrication of LSFL in the form of parallel fringes with great 

spatial accuracy and homogeneity are possible upon irradiation with ultrashort laser 

pulses, due to the limited collateral damage and thermal effects. LSFL are thoroughly 

characterized by their depth, periodicity and orientation. Both periodicity and depth are 

dependent on the fundamental characteristics of the laser irradiation such as wavelength, 

intensity and scanning speed3. However, their orientation as we saw above, is absolutely 

dependent on the polarization state of the laser beam. Specifically, for metallic surfaces, 

LSFL there are numerous reports of their tendency to align perpendicularly to the 

incident net force of the E-field components for a typical linearly polarized 

pulse48,126,142,143. At this context Vorobyev and Guo  have demonstrated the possibility of 

realizing well-defined structural color via a precise control of periodicity and orientation 

of LSFL, upon changing various irradiation parameters144,145. Following this work, there 

are numerous reports on the fabrication of structural colors via laser based fabrication 

approaches 131,132,146, 141,147–149, 150. 

Nevertheless, none of the methods reported to date, including the laser-based ones, is 

capable to produce multidirectional spatial frequency patterns, in a single step. As a 

consequence, the produced iridescence strongly depends on the viewing angle, thus it 

exists only for specific angles of incidence and is absent upon tilting the diffraction 

element 151,152 .Besides this, it has been both experimentally and theoretically reported, 

that diffraction cannot occur when the plane of light incidence is parallel to grating 

orientation76,142. Efforts have been made in order to overcome the above restrictions with 

the generation of LSFL in variable orthogonal directions by utilizing the polarization 

dependence of the ripple orientation. In particular, a grid can be fabricated where each 

laser scanning direction employs different polarization state such as p and s polarization 

respectively76,153. Therefore, the surface can produce diffraction in two different planes of 

incidence. Also, it has recently been reported that irradiation with circular polarization 

pulses can form triangular periodic surface structures that could potentially significantly 

increase the range of incident light-illumination angles154. Despite these efforts, 

omnidirectional iridescence has not yet been realized via a single-step irradiation 

process. 

Following the previous results of this chapter we present, an effective, simple and single-

step technique for the fabrication of diffractive surfaces, exhibiting iridescence with great 
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efficiency for any angle of incidence. This is realized via large-area processing of  

austenitic stainless steel (1.4307) with radially polarized cylindrical vector (CV) fs laser 

beams126, leading to the formation of LSFL, which are spatially oriented in multiple 

directions as we presented in the previous paragraph. The choice of stainless steel instead 

of Ni in this section was due to the availability of lager samples which was more 

convenient for the surface characterization methods we will use below. The only notable 

difference in stainless steel samples was that the fluence we used to be slightly increased 

with respect to the value we used for Ni line scanning as presented at Figure 3.5 above.  

Large areas of 25 mm2 were also fabricated via scanning the fs beam onto the sample 

surface using the optimized conditions found during the line scanning experiments. 

Figure 3.6(a-c) illustrates the characteristic morphologies attained for the S1 samples, 

using φ=0.45 J/cm2, Neff-area=36, δ=32 μm and v=2 mm/s. The corresponding 2D-FFT, 

frequency spectrum, acquired by the SEM images indicates that the LSFL structures 

exhibit a single and well-defined directionality, which is perpendicular to the laser beam 

polarization. 

 

 

Fig. 3.6: Top-view SEM images of areas produced upon irradiation using linearly, (a,b,c) and radially, (d,e,f), 
polarized fs beams. The images shown in b,c and e,f are higher magnifications of the images a,d respectively. The 
areas in a,b,c were fabricated at φ=0.45 J/cm2 and Neff-area=36, δ=32 μm and v=2 mm/s, while those in d,e,f 
were obtained at φ =0.49 J/cm2, Neff-area=30, δ=34 μm and v=2 mm/s. The white arrows depict the electric field 
polarization state. The 2D-FFT patterns corresponding to each area are shown in the insets. 

 

The average period calculated by the FFT pattern for the linear-polarized case equals to 

870±80 nm. On the other hand, areal scanning with CV beams gives rise to more complex 
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LSFL structures exhibiting multi-directional orientation (Figure 3.6(d-f)). As previously 

reported126, such structures is the outcome of the dynamic evolution of the overlap 

between successive CV beam spots. Indeed, there are two different kinds of overlap taking 

place in this case. The first is the pulse overlap between successive CV beam spots as the 

beam advances on the surface during line scan and the second is the overlap between two 

successive scan lines. In both cases, the crossing of the electric field vectors between 

successive CV beam pulses determines the LSFL direction per irradiation area. The 

corresponding 2D-FFT pattern, presented in the inset of Figure 3.6c, shows no dominant 

spatial frequency, which confirms the multidirectional nature of the formed structures. 

The average LSFL periodicity calculated in this case to equals to 850±97 nm. 

Following irradiation, all the processed surfaces exhibited vivid coloration, which is 

expected, considering that the calculated LSFL periodicities are close to the visible 

wavelengths 155,156.  

 

 

Fig. 3.7: (a) Experimental setup and geometry used for the evaluation of surface diffraction properties; (b) 
Typical intensity plot of the white light spectrum; (c) Schematic illustration of the structural color monitoring 
system; (d) the respective coordination parameters. 

 

It is also striking that the S2 samples are iridescent at practically any viewing angle, 

contrary to the S1 ones. Figure 3.7(a) shows the geometry of the used to study the white 

light diffraction properties of such surfaces, while Figure 3.7(b) depicts a typical light 
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emitting diode (LED) white light spectrum detected for a specific angle of incidence. Based 

on the color measuring system, the diffracted light wavelengths can be calculated by the 

simple diffraction grating equation 156 

𝑚𝜆 =  𝛬 (𝑐𝑜𝑠𝜑 · 𝑠𝑖𝑛𝜔 +  𝑠𝑖𝑛𝛽) Eq. 39 

, where λ is the diffracted wavelength, Λ corresponds to the LSFL period and m is the order 

of diffraction, in our case m=±1 (Figure 3.7(c)). The angle φ denotes the white light 

incidence, while ω corresponds to the sample rotation within the sample plane. Assuming 

that θ is the sample tilt angle, the grazing angle equals to φ+θ as presented at Figure 

3.7(a,d).  

The ability of the surface to act as diffraction grating was tested for 8 different angles ω 

in order to prove experimentally the hypothesized angle free iridescent when the surface 

exhibits LIPSS aligned in every direction. We tested for eight different angles ω, starting 

from 0ο to 360ο with a step of 45o. The grazing angle can be considered as φ+θ. In each 

angle ω, the grazing angle was changing and the color change was observed for the visible 

spectrum while the angle β was recorded in every case. Consequently, the experiment is 

based on the coordinate system (ω, φ+θ, β). Each color was captured by a SONY DSC-

RX100M4 camera that was placed perpendicular to the sample along the z axis.  

It is observed that for practically every possible incident angle of illumination, the plane 

direction of light is always perpendicular to locally formed LSFL, hence reflective 

diffraction can take place.  Τhe ability of the obtained structures to act as diffraction 

gratings (S2) (Figure 3.8(a)) was systematically studied and compared against the 

diffraction originating on the conventional ones (S1) fabricated using linearly polarized 

laser pulses Figure 3.8(b). The polar coloration attained images of Figure 3.8 presents in 

the form of a polar plot of the angle ω the structural coloration in the case of the, single 

spatial frequency, S1, surfaces, which is in good agreement with the theoretical 

predictions 155. Indeed, no diffraction is observed when the ripples orientation becomes 

parallel to the x-axis (i.e. ω=0ο and 180ο). On the contrary, when x-axis is perpendicular to 

the ripple’s orientation, i.e. the angle ω was 90ο and 270ο, diffraction with maximum 

intensity takes place and vivid structural colors were observed. Diffraction also occurred 

for the rest of angles ω tested, i.e. 45ο, 135ο, 225ο and 315ο, but with a lower intensity and 

yield. As a result, the structural colors appeared as blurred.  
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Fig. 3.8: Schematic illustration of the resulting observed colors (a,b). The (a) corresponds to the colors obtained 
after the white light is applied to the area irradiated with a linearly polarized beam. Similarly, the (b) refers to 
the processed surface with radially polarized beam. The angles of the circle correspond to the angles ω of the (a-
b). 2D-FFT images for the fabricated areas with linearly and radially polarized beams are depicted at (c) and (e) 
respectively. Images (d) and (f) are profiles of the dashed lines shown at images (c) and (e). 

As mentioned above, the diffraction properties and respective structural colors are quite 

different for the S2 series of surfaces fabricated by a radially polarized CV beam. This is 

due to the formation of multi-directional LSFL structures, giving rise to reflective 

diffraction, regardless of the rotational angle ω. As a result, the surface is iridescent for 

practically any viewing angle, although the vividness and sharpness of the diffracted 

colors are slightly different depending on the angle ω. Specifically, for the angles ω = 0o, 

90ο, 180ο, 270ο, the diffracted colors appeared to be most vivid and exhibit maximum 

rendering capacity, compared to the angles ω = 45 o, 135 o, 225 o, 315 o. This effect is also 

indicated by the respective FFT pattern (Figure 3.8(c, e)), which shows characteristic hot 

spots only for the angles where the diffraction is dominant.  

The limitation of angles ω where the diffraction occurs was surpassed by the use of a 

radially polarized CV beam for the fabricated S1 showed at Figure 3.8 (e-f). As discussed 
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above, the pulse overlap during the dynamic irradiation with radial polarization causes 

the formation of complex multi-directional surface structures. As a result, the reflective 

diffraction is irrespective of the rotational angle ω due to the existence of structures 

perpendicular to each individual direction. Thus, the white light can be analyzed in all 

directions, although the vividness and sharpness of the diffracted colors are slightly 

different for each angle ω. In particular, at the angles ω = 00, 900, 1800, 2700, the diffracted 

colors appeared to be the most vivid and have maximum rendering capacity, compared to 

angles ω = 450, 1350, 2250, 3150.  

At this point it is important to note that the radial intensity of the diffraction colors 

depends directly on the quantitative sum of the periodic structures that are present in the 

each observed direction, which we set always perpendicular to the x-axis. In our case a 

way to quantify this is presented at Figure 3.8(c-f) where the 2D-FFT images for S1 and 

S2 surfaces are showed along with the relative cross section intensities for four different 

radial directions Figure 3.8(d,f). More specifically the distribution of the frequencies of 

the structures in each direction arising from the combination of theory and observations 

of the results can be confirmed by the Fourier transformation method. The 2D-FFT 

method provides information about the direction of the dominant structures, that is, the 

direction that has a higher sum of LIPSS formation. Specifically, four axes were taken. In 

each case, the axis gives information about the frequency of the structures in the direction 

perpendicular to that particular cross section axis. In Figure 3.8(e), axis 1 used for the 

investigation of the frequency of the structures in the direction parallel to ripples 

orientation axis. Respectively, axis 2 informs about the frequency of the structures that 

exist perpendicular to ripples orientation axis and cross sections 3 and 4 for the diagonal 

structures. These four axes are transformed into a common plot of intensity of frequency 

as a function of length in Figure 3.8(f). This plot shows that the higher intensities belong 

to the axes 1 and 2, while the lower ones on the axes 3 and 4.  

Consequently, it is noticed that the greatest frequencies are in the directions that are 

perpendicular and parallel to the predefined ripples orientation axis. In more detail, the 

axis 1 has a greater intensity than axis 2 in the diagram, so the direction that is parallel to 

ripples orientation axis appears the highest frequency. Moreover, using the 2D-FFT 

image, the average LIPSS periodicity was calculated in four directions showing ineligible 

period variations. Indicating that the frequency of the structures remains almost the 

same, within the standard deviation regardless their orientation for S2. Figure 3.9 displays 

analytically all the diffracted colors presented at Figure 3.8(a and b) with the exact values 

of polar (ω), grazing (φ+θ) and diffracted (β) angles. 
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Fig. 3.9: The resulting diffracted colors obtained by irradiation with white light on the area fabricated with 
linearly polarized beam for S1. Each color shows up based on the coordinate system (ω, φ+θ, β). The colors 
obtained by diffraction of white light on the surface fabricated with radially polarized beam. Each color is based 
on the coordinate system (ω, φ+θ, β) for S2. 

The combination of the above leads to the conclusion that the intensity characteristic 

frequencies of the surface structures in the directions that are vertical or parallel to axis 

ripples orientation are dominant in diffractive efficiency than the frequencies of the 

structures in the diagonal directions. Furthermore, it is observed that when the white 

light impinges in such a way that the angles 90ο and 270ο are formed, that is, when the 

light is incident with the x axis being perpendicular to the ripples orientation axis, the 

colors have the maximum intensity compared to the colors of the remaining angles. 

Therefore, the direction of structures that dominates is the one that is located parallel to 

the ripple orientation axis. Thus, when the white light impinges in a way where the x-axis 

is perpendicular to the ripple orientation axis, the reflective diffraction effect occurs with 

the maximum intensity of the diffracted wavelengths. However, it is possible following 

alternative surface processing strategies 126 to control and tune the surface morphology 

for each observing angle and define the diffraction efficiency for each ω.  

This is a novel and rapid technique for the fabrication of large areas of multi-directional 

laser induced periodic surface structures exhibiting omnidirectional diffraction 

properties. The diffraction and structural coloration properties are by far different than 

those exhibited by LSFL areas fabricated via linearly polarized Gaussian beams. Our 

S1 S2 
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results show that it is possible to efficiently tune the diffraction and structural coloration 

properties via surface processing strategies employing femtosecond CV beams. 
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4 Erasable & rewritable highly regular LIPSS on AgPO3 

glass surfaces 

 

 

Abstract – In this chapter results on the fabrication of high-regularity, erasable and re-

writable periodic surface patterns on silver metaphosphate glass (AgPO3) by means of 

ultrashort pulsed laser processing are discussed. We show that laser induced periodic 

surface structures (LIPSS) are formed perpendicular to the laser beam polarization, 

exhibiting a periodicity similar to the laser wavelength. Notably, the so-formed periodic 

patterns can be readily erased upon further exposure to femtosecond laser irradiation 

under controlled conditions. This all-laser inscription and deletion protocol allows the 

reversible patterning of the phosphate glass surface by employing a single laser beam. 

This could practically enable infinite cycles of the write/erase/re-write process on the 

same area of the glassy material, posing the AgPO3 glass as an important candidate for 

waveguides and optical responsive memory components of advanced photonic 

applications.  

 

4.1 Introduction 

 

Direct laser processing of transparent materials in the visible spectrum, via femtosecond 

pulses has been extensively explored over the last decades as it poses tremendous 

advantages in terms of the patterning of periodic structures that can be exploited in a 

wide range of photonic devices with remarkable functionalities 141,157–160. Moreover, the 

rapid development of femtosecond laser sources over the years allows not only the 

exploitation of ultrashort pulses, but also, the advantage of creating well shaped light field 

in both space and time regimes 159,161. Fabricating periodic structures on the surface 

and/or within the bulk provides the potential of enhancing advanced optical materials 

with a wide range of additional applications, including super-hydrophobicity 162,163, fluid 

transport164, friction reduction 165, tissue engineering 166, data storage 167, and light 

manipulation 168. 
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The formation of (LIPSS) on transparent, dielectric materials as briefly described at 

chapter 1 can, in general, be interpreted as the photo-excited electron density induced 

modification of the dielectric properties of the material. To date, the vast majority of 

glassy materials that are used for laser writing and patterning are based on pure silica169, 

while this trend is mainly prompted by the excellent transparency of silica based glassy 

compounds. On the other hand, pure silica exhibits the highest glass transition and 

melting temperatures among all glasses170, i.e. glass transition temperature (Tg) of well 

above 1000 oC. In this chapter, we demonstrate the inscription of erasable periodic 

structures on the surface of silver metaphosphate (AgPO3) glass by the means of direct 

femtosecond laser writing.  

 

The selection of the much softer AgPO3 glass was based on its optical properties 

(transparent in most of the visible) as well as the electric conductivity which is attributed 

on the silver nanoparticles may promote SPP excitation and result to similar LSFL 

structures as presented in the previous chapter. Moreover its elastic mechanical 

properties and low Tg temperature (with respect to common glasses i.e. silica or soda lime 

glasses) could be the ideal case for the control of the so-formed surface pattern deletion 

upon either controlled femtosecond laser irradiation or conventional thermal annealing, 

and thus, potentially giving rise to infinite writing/erase/re-write cycles. This remarkable 

reversibility feature is considered extremely important in terms of optical memory 

storage and thermo-responsive photonic applications, especially due to the fact that it can 

be an entirely all-laser process. Recently, Lei et al. demonstrated nicely a similar process 

of writing and eliminating LIPSS on metal glasses by utilizing two temporarily separated 

femtosecond laser beams171. However, to the best of our knowledge, our present study is 

the first demonstration of such process on transparent inorganic oxide glasses, while 

being possible to erase the so-formed patterned with a sole laser beam. Furthermore, the 

selection of the transparent AgPO3 soft glass permits the deletion of patterns by means of 

both all-laser and/or thermal annealing routes, i.e. depending on the desires of the 

application. 

 

 

4.2 Silver metaphosphate glass preparation 
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The silver metaphosphate glass, AgPO3, was prepared by Dr. Ioannis Konidakis in a 

platinum crucible by melting equimolar amounts of high purity AgNO3 (99.995%) and 

NH4H2PO4 (99.999%) dry powders, following a well-established synthesis 

procedure172,173. Namely, all weighing and mixing manipulations of the two powder 

precursors were performed within a glove bag purged with dry nitrogen gas. Following 

this, the melting batch was transferred to an electrical furnace initially held at 170 oC, 

while slowly heated up to 290 oC in order to allow the smooth removal of the volatile gas 

products. The furnace temperature was then raised to 700 oC, and kept steady for 90 

minutes, while the glass melt was stirred regularly. AgPO3 glasses were obtained in the 

form of ca. 1 mm-thick disc specimens with a diameter of ca. 10 mm, by splat-quenching 

the melt within two silicon wafers. The latter allows the formation of remarkably smooth 

glass surfaces that render the samples suitable for laser inscription. It is noted that the 

aforementioned fabrication protocol results to AgPO3 glasses with minimum water traces 

of less than 0.3 mol.%, which are proven unable to cause any noticeable changes to optical 

and/or structural properties 172, while the samples remain unaffected of room humidity 

(25-30%) for several months. 

 

 

4.3 Static irradiations and thermal incubation effect 

 

Initially laser parametric study was conducted with single and multiple pulse irradiations 

varying the laser fluence and the number of pulses174. In the static mode the sample is 

always mounted to a fix z-position on our 3-axis motorized servo stage and in moves only 

after the irradiation process takes place. Subsequently arrays with laser spots were 

created with the number of pulses ranging from NP= 1 - 1000 and the laser fluence used 

were φ= (1.20J/cm2, 1.74J/cm2, 2.20J/cm2). The fluence values were selected after 

performing ablation threshold experiments for NP= 10. The single shot damage threshold 

laser fluence was estimated to be around φth= 1.12 – 1.22 J/cm2. The single shot damage 

threshold is the minimum pulse energy or fluence that is required to induce considerable 

morphological change with a single laser pulse. For damage threshold unlikely to the 

ablation threshold there is no material removal and the material surface is just reshaped. 

In most cases for the fs regime, the damage threshold is lower than the ablation threshold 

and for materials with dielectric properties in with respect to the amount of the energy, it  

is distributed in some the three major absorption channels (multi-photon absorption, 

tunnel effect, and impact ionization)175. Moreover, the ablation and damage thresholds 
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can vary with respect to the NP, and the LIPSS formation can occur for multiple repetitive 

NPs when irradiating a surface of low roughness. 

In this context multiple shots of variable pulse number at φ=2.20J/cm2 are presented in 

SEM images at Figure 4.1(a) along with high magnifications of the brinks of the beam 

spots for NP= 2 (Figure 4.1(b)) which indicate silver nanoparticle clustering spheres and 

1000pulses and Figure 4.1(d) with LIPSS formation on the laser spot edges due to the 

inhomogeneous intensity of the beam. Moreover, a characteristic laser spot of 50 pulses 

with LSFL-LIPSS formation is depicted at Figure 4.1(c).   

 

Fig. 4.1:Top view SEM images depicting (a) multiples irradiations at 2.2 J/cm2. The highlighted white and red 
dashed squares are the corresponding (b) and (d) images at higher magnification. And (c) LIPSS formation for 
50 pulses and 1.74 J/cm2. 

 

Through all static irradiations, it was observed pronounced thermalization and melting 

of the irradiated surface areas along with significant LIPSS inhomogeneity as presented 

in Figure 4.1(c). The characteristic SEM image of Figure 4.1(c) presents the laser spot with 

the most homogenous LIPSS that was currently achieved. It is also important to stress that 

indications of the LSFL-LIPSS formation were only observed in φ=1.74 J/cm2 and for the 

range of 15≤ NP ≤50. It is also very important to note that for all the NP and φ, parameters 

examined there was not a single observation of sub-wavelength structures parallel to the 

polarization state. On the contrary HSFL structures were observed on the lateral regions 

of several laser spots that were always perpendicular to the laser polarization and they 

exhibited almost half the laser wavelength size with a periodicity (Figure 4.1(d)) roughly 

estimated at ~418nm±70nm. The period was roughly estimated without the 2D-FFT 

method presented in chapter 2.6.1 due to sample sufficiency as well as the low order of 

regularity of these structures, which produce significant noise on the FFT measurement. 
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Hence their average period was evaluated with manual measurements with ten 

repetitions on 5 different areas.    

The attained non-uniformity of LIPSS, observed in the laser spots can be attributed to heat 

accumulation176, and thermal incubating effects177 due to repetitive number of pulses in 

the confined (laser spot) area. On the other hand, the material thermal properties 

intensify this claim, taking into account that the silver phosphates glasses exhibit 

extremely low glass transition temperature Tg ~190 0C and lower thermal conductivity 

from the metal surfaces examined in the previous chapter, indicating pronounced 

thermalization effects in the material surface.  

Regardless of the structural homogeneity the LSFL formation on the surface of soft glasses 

such as the silver phosphate glass can be attributed to an electromagnetic origin. The 

silver phosphate glass has a band gap of 0.49-0.53eV172 with the laser wavelength 

(¬1.2eV) more than sufficient to provoke the excitation of surface plasmon polaritons 

(SPPs) on the AgPO3 glass surface141,178  since the carrier density of the material during 

irradiation exceed the critical carrier density threshold. Hence, the materials real part of 

the dielectric constant results in negative values, therefore for a finite time the excited 

material can be considerate as metal as previously discussed at chapter 1 for the case of 

LIPSS on semiconductors49,179.  

 

4.4 Fabrication of high order LIPSS on AgPO3 surfaces 

 

In an attempt to reduce thermal incubation and heat accumulation effects we preformed 

line scans in order to examine the material response when the laser pulses were 

progressively delivered to the material surface in different location every time (via raster 

scanning). The results showed significant improvement on the LIPSS homogeneity as 

Figure 4.2 presents SEM images of the periodic rippled structures formed on the surface 

of AgPO3 glass. The pristine glass surface is also shown as Figure 4.2(a). The areal 

scanning was performed with a rate of 2 mm/s, whereas the employed fluence was φ=1.74 

J/cm2 and the effective number of pulses for the fabricated areas, Neffarea, was ~330 and 

the line separation δ=10μm. As shown in Figure 4.2(b-d) the obtained structures are 

always orientated perpendicular to the incident electric field polarization state, exhibiting 

an average periodicity ranging from 850 to 950 nm.  
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Fig. 4.2: (a) Top view SEM image of pristine AgPO3 glass surface. (b-d) Top view SEM images of periodic patterns 
on the surface of AgPO3 glass following laser irradiation process (LIPSS) in different magnifications. The 
orientation of the incident electric field state is indicated by the white double ended arrows. (e) Corresponding 
two-dimensional fast Fourier transform (2D-FFT) of (b) revealing the spatial distribution and the orders of 
regularity for the fabricated LIPSS. (f) Cross section of the inversed space 2D-FFT image (e), depicting the 
characteristic high order periodicity of the LIPSS. 

 

The LIPSS analysis regarding their spatial features are presented at Figure 4.2(e), which 

shows the corresponding two dimensional fast Fourier transform (2D-FFT) of the Figure 

4.2(b) SEM image, revealing the spatial distribution and the high order of regularity for 

the fabricated LIPSS, while the characteristic periodicity of the patterns is extracted by 

the illustrated cross section of the inversed space 2D-FFT image depicted in Figure 4.2(f). 

The origin of the high regularity of the LIPSS formed on the AgPO3 glass surface can be 

compared with reported LIPSS on pure metal surfaces141,180. The spatial features of the 

created LSFL-LIPSS and its extremely high order and excellent regularity as presented at 

Figure 4.2 could be potentially used as transmissive gratings181 for the visible and the near 

infrared spectrum.  

 

Apart from the soft nature of the AgPO3 glass, the presence of silver ions provides a system 

with attractive plasmon and non-linear optical properties that could be further exploited 

towards functional applications. As for instance, it has been shown that the formation of 

silver clusters induced by direct laser writing or conventional thermal annealing 

treatment induces second harmonic generation (SHG) effects 182,183. In a similar manner, 

LIPSS can be employed for the formation of metallic silver nanoparticle domains and 

nanogratings184,185. In addition, the plasmonic features of the AgPO3 glass have made it 

attractive material also in the field of composite optical fibers186,187. 
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4.5 Erasing LIPSS with Laser pulses 

 

Notably, the so-formed surface patterns can be completely erased upon further scanning 

with the same laser beam fluence and scanning velocity conditions, however, through 

reducing the overall number of pulses receptive to the surface. This was achieved by 

slightly increasing the line separation δ=18μm, leading to Neffarea ≈180. Figure 4.3(a) 

presents a SEM image that shows a square region where the previously written pattern 

has been erased. Figure 4.3(b) depicts higher magnification of the erased square of Figure 

4.3(a). While higher magnifications are also presented at SEM images at Figure 4.2(c,d)  

 

Fig. 4.3: (a) Top view SEM image showing an erased pattern region on the surface of AgPO3 patterned glass. (b) 
Magnified area of (a) where the threshold between the erased region and the patterned region is shown (for 
images of higher magnification see SI). (c) Magnified area of (a) within the erased patterned. (d) SEM image of 
a periodic structure edge of the laser beam reach in the erased region. The double ended white arrow indicates 
the polarization of the erasing beam. 

 

An indication that the erasing process can be significantly smooth in the whole erasing 

area even at the edges, is that the ripple structures seems to be fading at the lateral regions 
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that the erasing beam were deposited.  The erasing process can be attributed to heating 

effects caused by the accumulated laser pulses in higher accumulated fluence with respect 

to the one used for the initial writing process188.   

This means that while the erasing fluence value was identical with the fluence used for 

the initial LIPSS formation the energy deposition on the re-irradiated surface was higher 

due to the fact that the surface roughness is much higher than the pristine. This significant 

increment of the active surface results in higher energy deposition than it was in the flat 

polished sample. More specifically, once the initially flat profile becomes corrugated due 

to ablation or mass displacement, the geometrical effects will significantly influence 

interaction of the laser with the solid’s surface49. As in the vicinity of sharp features of the 

surface topography, a significant enhancement of the electromagnetic fields can occur, the 

spatial carrier density distribution may become inhomogeneous and increases locally at 

a rough or corrugated surface.  Along with the increased optical absorption, the sample 

reflectivity decreases due to the geometrical corrugation and the absorbed energy 

increases sharply that leads to material melting.  

Therefore, the number of pulses in this fluence value was not enough to induced LIPSS 

formation also on static irradiations as described above in Figure 4.1.  The low Tg of the 

AgPO3 glass seems to be of much significance on the quality of the erasing process 

assuming that the elastic mechanical properties of these glasses when heated around and 

above Tg is responsible at these conditions to attain low roughness (polished-like) erased 

areas. While as reported on previous studies the erasing LIPSS quality on non-visibly 

transparent metallic glasses171 performed on fs scanned lines with double pulses (two 

beams) the erasing quality seems to be much lower to the results presented above. 

It becomes apparent that the previously written pattern is readily erased while the glass 

surface at the erased region (Figure 4.3(b)) rejuvenates to a smooth profile equivalent to 

that of the pristine glass presented at Figure 4.2(a). Another interesting characteristic of 

the images of Figure 4.3(b) is the presence of metallic silver particles upon laser 

processing of the glass in the erased area. Indeed, some silver nano-particles are also 

noted in the surface of the pristine AgPO3 glass (Figure 4.2(a)), as well as, upon the first 

laser patterning (Figure 4.2(b,c)). Nevertheless, the processes of erase and re-patterning 

appear to cause further augmentation of the silver clusters Figure 4.3(b).  
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4.6 Re-writing LIPSS on the erased areas 

 

Following the successful demonstration of the erasing LIPSS process we attempted to re-

structure the exact point that we previously have removed as described in the previous 

section. Our result confirmed that the erased surface can be re-structured with slightly 

reduced laser fluence φ=1.39 J/cm2, v=2 mm/s scanning velocity and δ=10μm line 

separation. Which are the exact parameters used for the initial LIPSS formation with the 

only exception of the fluence value. Figure 4.4(a) presents a SEM image that shows a 

square region where the previously erased pattern has been re-written.  Figure 4.4(b) 

depicts higher magnification of the remained erased square (highlighted with blue dashed 

square) of Figure 4.4(a). While at Figure 4.4(c) higher magnification of the red dashed 

square at Figure 4.4(a) is presented along with the laser polarization state denoted with 

the white double ended arrow.  

 

Fig. 4.4: (a)Tilted at 450 SEM image of a periodic structure re-written on the previously erased region. The blue 
and red dashed highlighted square areas correspond to the higher magnification, top view SEM images of the 
previously erased (b) and the re-written (c) regions. The double ended white arrow indicates the polarization of 
the re-writing beam. 

Such particle formation explains plausibly the lower laser fluence required for the 

optimum re-structuring conditions, as the rougher (in this case) glass surface due to the 

presence of silver particles favors LIPPS formation since they act like light scattering 

centers. Moreover, the formation of silver nanoparticle clusters observed in the already 

erased surface at Figure 4.3(b) and Figure 4.4(b) seems to be more pronounced in the re-

structured surface of Figure 4.4(c). These can be easily spotted on the top view SEM 
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images at Figure 4.4(b,c) with the same magnification where the silver nanoparticle 

formation is much more pronounced and dispersed across the re-written area.  

 

 

 

4.7 Optical characterization of AgPO3 Processed Surfaces 

 

It is of great interest to examine whether the LSFL-LIPSS formation, as well as, the all-

laser re-patterning cycle on the surface of AgPO3 glass induces significant glass network 

structural modifications and most importantly to investigate how the silver clustering is 

affecting the overall absorbance of the material. Figure 4.5 depicts the normalized optical 

absorbance spectra of the glasses in question. The presence of silver clusters gives rise to 

the distinct but relatively broad silver plasmon profile in the 380-500 nm region of the 

absorbance spectra189,190. 

 

Fig. 4.5: Normalized optical absorbance room temperature of pristine, patterned, erased, and re-patterned 
AgPO3 glasses. 

 

In accordance to SEM data, the absorption profiles of Figure 4.5 confirm the presence of 

silver particles within the pristine glass, while the silver plasmon feature gains intensity 

upon patterning the glass. However, it is highlighted that there is no significant difference 

between the absorption profile of the erased and the re-patterned glass. The latter finding 
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suggests that the formation of silver clusters is maximized upon employing the elevated 

laser power to erase the pattern (φ=1.74 J/ cm2), whereas the lower laser fluence (φ=1.39 

J/cm2) re-pattern process does not seem to cause any further worth noting silver 

clustering. 

The output of all the above experimental results, induced by means of a single-beam 

femtosecond laser irradiation can pave the way for a complete patterning/erase/re-

patterning technique performed by employing a single laser source, i.e. an all-laser 

process. The ability to erase the so-formed patterns while being able to re-write the 

structure with the same laser source can be further developed for the surface and the bulk 

of soft glass. Furthermore it will have enormous potential towards the utilization of 

phosphate glasses for advanced optical memory160,167, waveguides157 and photonic 

grating sensors191. Further work is in progress aiming at the formation of erasable 

periodic structures within the bulk of soft phosphate glasses of various compositions and 

types. 
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5 Realizing polarizing plates via laser processing of sub-

micron thin metal films 

 

Abstract – In this chapter a single-step and versatile method to create polarizing plates 

like wire grid polarizers with high order laser induced periodic surface structures (LIPSS) 

on metal Ni films. Wire grid polarizers (WGPs) are grating type planar metasurfaces that 

consist of periodically aligned infinite ridges commonly placed on a uniform transparent 

substrate. For some electromagnetic frequencies, like the far or mid infrared WGPs is the 

only available polarizing optic. Herein, we experimentally and theoretically demonstrate 

a single-step and versatile method for the realization of polarizing plates. We find that 

highly ordered, femtosecond laser induced, periodic surface structures (LIPSS) formed on 

nanometre-thick metallic films which are deposited on dielectric substrates demonstrate 

transmissive WGP operation. Moreover, we show that the LIPSS technique can produce 

metal-substrate-metal patterns in the form of nanowire arrays with a periodicity that can 

be tuned by the exciting laser wavelength. Using this method, we pattern polarizing plates 

on a 100nm Ni film with two different dielectric substrates; the samples exhibit high 

transmittance and consistent polarization response at IR and Mid-IR. The experiment 

results for the polarizing efficiency stand in very good agreement with the numerical 

investigation. Our study indicates that exploiting the LIPSS formation on sub-micron 

metal films may lead to new types of meta-optics and applications. 

Introduction 

 

The ability to control polarization is crucial for most optical systems. WGP, unlike 

birefringent crystals or Brewster angle polarizers, are subwavelength parallel metal lines 

attached on a substrate transparent to the desired polarizing spectra. A WGP can reflect 

polarizing light when the incident electric field is parallel to their orientation and transmit 

it when its vertical. In principle a polarizer of this type can be effective in any spectral 

range depending on its spatial characteristics. Wire-like structures were first used as a 

polarizing element from Heinrich Hertz used a WGP in 1893 to test the properties of radio 

waves192. Limited by the current fabrication technology, the first report as “wire-grid 

polarizer” for the infrared region was at 1960193. Since then many studies were conducted 

for the realization of modern polarizing optical elements based on conductive wire 

patterns, with nanofabrication technology194,195. Different geometric structures have been 
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developed and fabricated from the ultraviolet to the Terahertz electromagnetic 

spectra196–198. However, the current methods that lead to the creation of such a polarizer 

are based on multiple processes and involve toxic chemicals199.  

On the other hand, as we previously presented at chapter 3 & 4 the material removal 

utilizing laser light can consist a significant tool for the realization of such optical 

elements.  

So far the direct laser ablation on metal films has been a single step method to induce 

parallel metal arrays on the surface and selectively remove the material200–202. However, 

this approach will always be constrained from the laser beam focusing diffraction limit 

and laser beam pointing stability203 which can be a huge problem on ablation quality with 

tight focused laser light. On the other hand, LIPSS formation can be employed on such 

spatially confined tin metal films in order to realize self-assembled morphological 

changes which will appear within the laser beam boundaries. Their periodicity is 

completely dependent on the laser wavelength and their orientation from the pulse 

polarization state126. Latest studies have shown that it is possible to induce LIPSS 

formation on sub-micrometer thin metal films204–207.    

In this section investigate LIPSS formation on 100nm Ni films via exclusively ultrashort 

laser pulses. Moreover, we will seek the exact condition in order to generate of high order 

LIPSS, selectively induced on the thin metal films. The Ni films were deposited before the 

irradiation on Fused silica and Sapphire substrate materials and the substrate material 

type had no effect on the optimum irradiating conditions required. The deposited Ni thin 

films were irradiated with two laser wavelengths under static irradiation conditions and 

line scanning. Moreover, rectangular areas were produced with identical conditions on 

both substrates, which showed polarization response for TE and TM electromagnetic 

modes. The polarizing plates fabricated are efficient for the IR & Mid-IR spectral regions. 

Remarkably the Energy Dispersive X-Ray Spectroscopy (EDS) measurements showed 

significant decrease on Ni concentration among the LIPSS, which is a strong indication 

that there is complete material removal and only substrate presence. The initial thin film 

thickness is preserved after the laser processing as showed the analysis on the metal 

wires height. We believe that this method can potentially revolutionize the way we 

currently create WGPs.  
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5.1 Ni thin film deposition 

 

The 100nm Ni thin films were deposited on amorphous silica glass (SiO2) and crystalline 

sapphire glass (Al2O3) by e-beam evaporation. Various metallic thin films are deposited 

by e-beam evporation. Substrate is placed in the evaporation chamber which is pumped 

down to high vacuum (10-7 Torr) by cryo-pumping. Then an electron beam is generated, 

accelerated and deflected towards metal target (crucible), where the transfer of kinetic 

energy from the electron heats the metal up.  Evaporation rate and deposited metal 

thickness is monitored by a quartz crystal sensor. 

 

5.2 Effect of static irradiations on Ni films 

 

Initially the experimental investigation started with a parametric study on the effects of 

the laser fluence and the pulse number on the surface morphological features. Hence, 

static irradiations with multiple pulses on the Ni thin films for both substrates were 

performed. The expression for the energy density (peak fluence) φp was calculated as 

described at chapter 2.2.1. 

The number of pulses range was from NP= 1 up to NP= 100 receptive to the sample and 

the fluence range used was φp= 0.17J/cm2 - 0.32J/cm2 for the 513nm and φp= 0.28J/cm2 - 

0.90J/cm2 for the 1026nm wavelength both performed at 1kHz. For NP < 5 no LSFL 

structures were formed in the whole range of fluences used. While, from 2 ≤ NP ≤ 5, 

surface roughness was significantly increased and resembles a nanostructured grating 

with a tendency to orientate parallel to the incident polarization similar to the HSFL 

structures discussed in chapter 1. For the more detailed understanding of the 

experimental procedure which was described at chapter 2.5 and due to the fact, that in 

this section the samples are consisted of more than one element with significant physical 

properties; the experimental procedure is illustrated schematically at Figure 5.1.  In 

Figure 5.1(a) shows the pulses focused on the thin film in ambient conditions while Figure 

5.1(b) presents the morphological effects of the focused laser beam on the thin film 

material, revealing a pattern of Ni-substrate-Ni within the laser beam limits. Given that 

the ablation threshold of the dielectric substrates we used is significantly higher than that 

of Ni there was no differences observed on the morphological features of any of the 

substrates which were totally unaffected by the laser beam. Hence, the irradiating 

conditions were identical for both substrate cases, inducing the same periodical 
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structures. Due to the low value of the laser fluence and the gaussian spatial energy 

distribution of the beam; LIPSS were formed in a much smaller area than the actual spot 

size.  

 

 

Fig. 5.1: Schematic illustration of LIPSS formation on 100nm thick Ni films on a dielectric substrate, were (a) a 
focusing laser pulse on the surface of the sample. (b) higher magnification of the black dashed highlighted are at 
(a). And (c) an SEM image of laser spot with pulse energy Ep=0.38μJ, NP=30, φ=0.17J/cm2 at 513nm the black 
dashed circle surrounding the affected area and the red the real spot size at the 1/e2. The double ended black 
and whited arrows at (b) and (c) denote the laser polarization orientation.  

 

The affected area of a laser spot as an example is presented at Figure 5.1(c) on a top view 

SEM image highlighted with black dashed circle, produced with Ep = 0.38μJ, NP= 30 and φ= 

0.17J/cm2 at 513nm. The characteristic threshold diameter of the affected laser induced 

crater exceeding diameter was measured dth ≈ 7μm more than twice smaller than the 

actual spot size d1/e
2 (red dashed circle) for this wavelength. The same effects were 

observed for the static irradiations of 1026nm with the affected area for NP= 30 at Ep= 2μJ 

and φ= 0.25J/cm2 was dth ≈ 19μm. Further analysis and more systematic on the laser spot 

affected area will be provided in the following figures after we examine the types of LIPSS 

we could produce with this method. 

Under static irradiations with variable laser fluence and number of pulses showed LSFL 

formation on the Ni film can occur, selectively removing the metallic layer, giving rise to 
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parallel metal arrays with periodicity strongly dependent on the laser wavelength and 

orientation always vertical to the incident polarization state. This metal-substrate-metal 

interface could be the beginning for the realization of wire-like ripple patterns. In Figure 

4.2 top view SEM images are presented as examples, created with λ513nm and λ1026nm at 

f=1kHz for φ=0,17J/cm2 & 0,25J/cm2 respectively. The periodicity of the LSFL structures 

realized with λ513nm was half of the periodicity measured for those created with the λ1026nm 

wavelength. The 2D-FFT image in Figure 4.2 is the intensity profile of the characteristic 

frequencies in the 2D Fourier space for the top view images of NP=30 in the Figure 5.2. 

The spatial morphological features of the LSFL structures will be more analytically 

characterized and discussed in the following paragraphs with AFM.  Moreover, the static 

irradiations showed that the linear polarization direction can dictate the orientation of 

the ripples, for both wavelengths used, totally in agreement with the previously discussed 

results on chapter 3&4.  

 

Fig. 5.2: Top view SEM images at different magnifications of NP=(5,10,20,30) for 513nm at 0.17J/cm2 top line 
and 1026nm at 0.25J/cm2 bottom line. The 2D-FFT images reveal the intensity profile of the characteristic 
attained frequencies for NP=30 at both wavelengths. The white double ended arrow indicates the polarization 
state for both cases. 

Notably, the laser induced crater of the affected metal layer is not constant in size for the 

same laser fluence and variable NP (Figure 5.2). Furthermore, SEM analysis on the surface 

morphological profiles showed that LIPSS formation can occur for a wide range of NP at 

λ513nm. Due to this structural variety and the we have summarized the surface 

morphological profiles and their dependence on the irradiating conditions (φ, NP) on a 

morphological map (Figure 5.3) which contains the formation of all the different 

structures in the central region of the laser spot crater, symbolizing the type of surface 

structures observed for any couple of values of the parameters. The map was created at 

f=1kHz and for λ513nm 
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In particular it was observed for all the range of fluences used that for NP= (2-5), deep 

subwavelength HSFL structures appear with orientation parallel to the laser polarization. 

There average periodicity was approximately 148 ±40nm, while their spatial alignment 

can be characterized as pseudo-periodical since their spatial arrangement is not regular 

and uniform. For 5≤ NP ≤10 it the formation of LSFL was observed with irregular arrays 

formed within the HSFL structures. The mixture of HSFL and LSFL structures was 

observed for ever higher 10≤ NP ≤30 at the lower φ values where the LSFL formation was 

faintly notable in the central area of the laser spot crater and decorated with HSFL 

structures. It is also important to stress that for the highest fluence used at φ= 0,26J/cm2 

and for 5≤ NP ≤10 there no LSFL formation at any NP while it was observed this hybrid 

LSFL and HSFL structures.  

In most cases and for φ>0,17J/cm2  intense ablation was pronounced in the center of the 

laser spot for a wide range of pulses with LSFL formation taking place only in the 

periphery of the spots. In the central region only parts of metal remnants remained. The 

total material removal is even more pronounced for the highest 0.21J/cm2 ≤ φ ≤ 0.26J/cm2 

used, given that LSFL structures were observed only in one NP value for each case and 

material removal occurred for ΝP≥15. Another important observation is that we observed 

surface modification for a single pulse only for the φpeak ≥0,24J/cm2 which indicates that 

the single shot ablation threshold φth(1) of the 100nm Ni film at λ513nm should range 

0.19J/cm2 <φth(1) ≤ 0.24J/cm2.  

Furthermore, it is of worth to mention that we did not notice any superficial 

morphological change in the substrate holding the Ni film, which was sapphire in this case. 

The substrates surface evaluation was performed on the metal ablated regions in which 

the substrate was exposed and could be further examined with SEM. The substrate type 

seems to has to effect on the LIPSS formation and that was also verified with structures 

produced on the top of silica glass with the exact same conditions. The much higher 

ablation and damage threshold of the dielectric substrate (Al2O3 or SiO2) makes it 

completely unharmed at the whole range of fluences we used for both irradiation 

wavelengths. 

As previously discussed for metals and semiconductors, the excitation and interference 

of Surface Plasmon Polaritons (SPP) with the incident laser beam, is the most prominent 

mechanism accounting for the formation of this wavelength structures commonly called 

as low spatial frequency LIPSS (LSFL)9,10,17,40,41. While there are also reports of high order 

LIPSS on bulk metal surfaces141. 
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Fig. 5.3: Structures observed for any couple of values of the parameters (φp , NP) in 100nm Ni films deposited on 
sapphire at 1kHz and λ513nm. The data refer to irradiation sequences with NP = 1-100 for six fluence values. The 
SEM images on the right are a typical morphological criterion for the classification of every mark structure case.  

 

The same morphological map was created with λ1026nm at f=1kHz for the evaluation and 

classification of the LIPSS formation, this time the metal film was irradiated twice lower 

radiation frequencies and half the photon energy. Subsequently, Figure 5.4 contains the 

experimental morphological observations and the summarized surface morphological 

profiles coupled with their classification mark regarding their dependence on the 

irradiating conditions (φ, NP) exactly as presented at Figure 5.3 earlier. The fluence range 

we used was 0.13J/cm2 <φth ≤ 0.8J/cm2 and the number of pulses sequence was identical 

with the previous conditions.  
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Fig. 5.4: Structures observed for any couple of values of the parameters (φp , NP) in 100nm Ni films deposited on 
sapphire at 1kHz and λ1026nm. The data refer to irradiation sequences with NP = 1-100 for six fluence values. The 
SEM images on the right are a typical morphological criterion for the classification of every mark structure case.  

The results of the spot profiles showed an increased single shot ablation threshold, which 

was observed much higher at the previous study at λ531nm, indicating that the range of the 

single shot ablation threshold for the λ1026nm should be around 0.25 J/cm2 <φth≤0.38 J/cm2. 

LSFL formation is confined in a smaller range of parameters if one compares the Figure 

5.4 with Figure 5.3. On the other hand, the this is not a safe conclusion due to the fact that 

the fluence variation for λ1026nm was performed with higher step than the λ513nm.  Making 

it possible to miss some LSFL observations that could occur in-between the φ values we 

performed. Nevertheless, the LSFL formation that was observed on the laser spots with 

λ513nm was well defined (straight lines), with narrow ripple width distribution (182 ± 

66nm) and an average period (432± 58nm) for all the sets of parameters of (NP,φ), while the 

LSFL produced with λ1026nm was not regular they exhibited much width discrepancies and 

the ripples were observed to form oblique lines with two characteristic average periods 

at (868± 121nm) and (434± 48nm) with a very broad ripple width distribution (433 ± 

199nm). 

As discussed before on the Figure 5.2, the number of pulses is significantly affecting the 

later laser affected area. Therefore, the we performed measurements on experimental the 

spot size areas examined with the SEM images versus the NP in variable fluence values 

and for both wavelengths. Figure 5.5(a) illustrate the average spot size diameter (d) 

measurements for NP=1-100 and φ =0.17J/cm2 and 0.19 J/cm2 fabricated at λ513nm and 

Figure 5.5(b) shows the same measurements for φ =0.25J/cm2 and 0.37 J/cm2 for λ1026nm 

respectively.  
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Fig. 5.5: Average spot size dependence on the number of pulses at φ=0,17J/cm2 & 0,19J/cm2 for λ513nm (a) and 
λ1026nm (b) at φ=0,25J/cm2 & 0,37J/cm2 respectively. 

There is a strong dependence of the affected area with respect to the number of pulses 

especially for the lower NP values. The spot diameter measurements showed an almost 

linear increase in the average diameter for NP= 1-30 for both laser wavelengths. While 

there is a tendency to saturate for 50≤ NP ≤100. The reason we decided to perform the 

spot size measurements in this φ values was that as we noticed from the morphological 

map at Figure 5.3 these are the exact φ values that can produce LSFL structures in a much 

wider range of NPs in comparison with all the other. Moreover, the exact dimensions of 

the laser affected area will be of further use our efforts towards the realization of large 

areas with LSFL structures on the 100nm Ni films.  

 

5.3 Ablation threshold and ripple formation at λ513nm and λ1026nm 

wavelengths 

 

Since the number of pulses is crucial to the overall size of the material removal area and 

considering the Gaussian beam spatial profile, we estimated the NP dependent fluence 

threshold for the successful LSFL (ripple) formation. Figure. 5.6(a,b) reports the variation 

of the threshold fluence φth for ripple structures as a function of the pulse number NP, for 

both λ513nm and λ1026nm respectively. The variation of the area of the spot covered by these 

specific LIPSS for various values of the number of pulses and the laser pulse energy 208,209. 

For the sake of precision, also the fluence values which produced LSFL which did not 

cover the hole spot were analyzed and displayed in Figure. 5.6. As ripples typically also 

decorate the very peripheral annular region of the spot, the crater fluence threshold is not 
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assigned as ripples formation and these threshold fluences were neglected, exactly as the 

classification on these specific parameters on the morphological maps at Figures (5.3 & 

5.4).  

 

Fig. 5.6: Squared spot diameter (r2) dependence on fluence for NP=10,30,50,70 for (a) λ513nm and (b) λ1026nm. The 
colored lines are a linear fit to the individual scattered points.  

 

It is obvious that some of the values in Figure 5.6 are significantly lower than the single-

pulse thresholds φth(1)  evaluated from Figure 5.4 and Figure 5.5, because the thresholds 

of modification and ablation depend on the number of applied laser pulses.  This 

incubation effect rests on a non-ablating modification of the sample material by the laser 

pulses in such a manner that the threshold for damage decreases. Hence, another 

modification threshold fluence φth(NP) denotes the modification threshold fluence for 

multiple laser pulses, and ξ is a material-dependent coefficient210. Incubation coefficient ξ 

is related `to the accumulation of energy (i.e. non-complete dissipation of the deposited 

energy) into plastic stress–strain of the metal. In both cases, we observe a progressive 

reduction of φth with multiple NP according to the expected trend described by the 

dependence 208:  

𝛷𝑡ℎ(𝑁𝑃) = 𝛷𝑡ℎ(1) 𝑁𝑃ξ−1 Eq. 40 

 

where ξ is a material dependent incubation factor and φth(1) is the fluence threshold for 

NP=1 . For the surface modification we observe that the fluence threshold φth(1) at λ513nm 

is a factor of 1.5 times lower than at λ1026 nm, confirming the larger effectiveness of 

ablation and LIPSS formation at shorter wavelengths, which is likely due to diverse energy 
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coupling efficiency to the thin film Nickel target of laser pulses with different wavelengths 

and to the consequent different level of excitation reached by the material 211. For accurate 

purpose we estimated to separate ξ values the incubation factor for the LSFL formation 

(ξLSFL) and the incubation for any other possible surface modification(ξmodification).  

Moreover, the threshold fluence values for the 170 fs infrared pulses at λ1026 nm are pretty 

consistent with those observed earlier (namely (0.12 ±0.04) J/cm2 and (0.20 ±0.04) J/cm2) 

for ablation threshold on bulk Nickel surfaces with NIR 100fs pulses212,213. The following 

table 3 summarizes all the parameters regarding the LSFL threshold fluences for both 

wavelengths along with the calculated incubation factor ξ for Nickel. 

 

Table 3: Peak fluence threshold φth(1), for N=1 pulse and incubation factor ξ for the two wavelengths used in the 
experiments, namely 513 nm and 1026 nm. The peak fluence threshold for ripples corresponds to that needed to 
produce exclusively LSFL formation across the hole irradiated laser spot. 

λ (nm) φth(1) (J/cm2) ξLSFL ξmodification 

513 0.23 ± 0.01 0.89± 0.02 0.83± 0.06 

1026 0.32 ± 0.06 0.90± 0.04 0.85± 0.03 

 

Hence, while the fluence threshold for LIPSS formation shows a clear reduction at λ513nm 

the incubation factor displays a negligible effect of the laser wavelength. 

These morphological maps as well as the morphological threshold fluences are a key for 

advancing on further development of LIPSS on the sub-micron thin Ni film areas due to 

the prospect of correlating the desired LIPSS class from the map with the effective number 

of pulses, typical strategy as presented at both previous chapters 3&4.  Furthermore the 

fluence threshold for each surface modification type could provide us the most efficient 

in energy and speed, (the lower) φpeak , and NP values for the successful fabrication of 

areas with the desired LIPSS.  

 

5.4 Line scanning on Ni thin films 

 

Following spot analysis, line processing experiments were performed in scanning mode, 

using different scan velocities (v) and spot overlap at a constant φ value. For line scanning 

at a constant velocity and stable pulse repetition rate the effective pulse number (Neff) was 

calculated with the Equation 36. The scanning speeds were calculated to match an overall 
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effective number of pulses within the NP = (30 – 100) and the φpeak values were explicitly 

selected as from the parametric study at section 5.2. Also, some extreme cases with NP ›› 

100 were studied via line scans in order to examine the LSFL formation in much higher 

number of pulses in the dynamic mode.  

 

Fig. 5.7: Line scans with variable scanning velocities for λ1026nm (top line) and λ513nm (bottom line) irradiated with 
φpeak = 0.25 J/cm2 and φpeak = 0.17 J/cm respectively. The white double ended arrow indicate the polarization 
state. 

 

Subsequently the top view SEM images of Figure 5.7 exemplifies the characteristic surface 

morphologies on the Ni films for both λ513nm and λ1026nm respectively. The scanned lines, 

were all obtained at repetition rate f=1kHz, at variable scanning speeds ranging from v= 

0.1 mm/s to v= 0.9 mm/s with a 0.2mm/s increment. As expected, the fluence as well as 

the effective number of pulses values were φpeak = 0.17 J/cm2, Neffline ≈ (270, 90, 54, 39, 30) 

for λ513nm and φpeak = 0.25J/cm2, Neffline ≈ (490, 163, 98, 70, 55) at λ1026nm respectively. All 

LSFL ripples as presented at Figure 5.7 were formed vertically to the laser beam 

polarization. The ripples attained with λ1026nm showed well-defined metallic arrays and 

formed a characteristic Ni-substrate-Ni interface but with a characteristic non continuity 

as the ripples showed several gaps with only the substrates presence across the scanned 

line area. On the contrary the LSFL-ripples formed with λ513nm exhibited a remarkable 

regularity and continuity with a characteristic example the SEM image of figure 5.7 at 

v=0.3mm/s. The origin of high regular LIPSS was previously discussed on chapter 4 and it 

seems that this effect is more likely to occur on lower wavelengths for metallic surfaces 

as theoretical predictions suggest that reducing the laser wavelength can provide the 

possibility of High regular LIPSS production on principally any metallic 

surface141,180,214,215. Nonetheless, this is the first time these kinds of structures are 

observed at a sub-micron thin metal film.  
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As depicted at Figure 5.7 the scanning speed increment lead to a reduced line width. These 

effects are similar to the spot size variations were presented at Figure 5.5 with the only 

difference that this time the number of pulses is changing dynamically. Consequently, the 

higher v leads to lower Neffline values almost in the same manner that the lower NP showed 

significant decrease in the previously measured laser spot diameter. Furthermore, there 

were observed LSFL in high Neff values for both wavelengths which was previously 

unexplored in the parametric study.  

Note that all the top line SEM images on Figure 5.7 for the λ1026nm exhibit some 

inhomogeneous brightness on the grayscale, which is due to charging effects induced 

from the dielectric substrate during acquiring the SEM picture. This charging effect is a 

result caused by the dielectric substrate and also the fact that the sample were not 

sputtered with any additional metal layer before SEM. This was intentional given that it 

would made impossible the EDS analysis that was performed in the LSFL metal-dielectric-

metal interface and will be discussed in the following section. The observed charging 

effect on the SEM images were not appeared in any SEM image of the λ513nm line scans and 

one possible explanation would be that the LSFL created with λ1026nm are of almost twice 

the periodicity from those created with λ513nm. The longer the periodicity the more 

substrate is exposed that can eventually lead to charging effects216.  

The results on the line scanning and the ability to induce partial metal exfoliation leading 

to the metal-substrate-metal interface can pave the way for a new laser-based tool for 

polarization control. Moreover, the ability to control the LSFL period with the exiting laser 

wavelength is of huge importance for the versatility of this method. Given that, we 

performed the periodicity measurements for the “finest” or, the most regular line scans v 

with LSFL which we attained at both wavelengths. The periodicity for λ1026nm was 

848±66nm for the SEM image with v=0.9mm/s and for λ513nm was measured 422±30nm for 

the image with v=0.3mm/s of Figure5.7 respectively. 

 

5.5 Realization of a polarizing plate 

 

A multi-scale structuring approach is especially important for comprising optical 

elements with the desired polarization response at multiple length scales. In this respect, 

the fabrication of precisely controlled large surfaces consisting of structures with specific 

spatial frequency, is desirable. Such surface morphology occurs due to the overlap 

between adjacent lines during the scanning process. Accordingly, the scanning speed 
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together with the overlap between adjacent spots, are the most important parameters 

affecting the morphology of the surfaces attained. In our case the distance (δ) between 

two overlapping laser scanning lines can define along the overlap on the y-scanning-axis 

while the always assumed constant (v) expresses the pulse to pulse overlap along x-

scanning axis.  

In order to be able to produce large surfaces that could function as polarizing plates we 

were in need of a short of up-scaling procedure for the significant reduction of the laser 

processing time. An example of the importance of the laser processing time would be the 

following, assuming we are to produce a surface with f=1kHz and v=0.3mms/s with the 

λ513nm  and with δ=6μm, for a surface area of 1cm2 we would need approximately ≈15.5 

hours for a single surface of 1x1cm. Due to the fact that the v and δ are very low with 

respect to the actual area we would need in order to perform a proper characterization. 

Subsequently the need to reduce the processing speed time was eminent. That is the 

reason we decided to increase to laser repetition rate but retain the pulse energy exactly 

the same since the laser pulse energy is given by Ep= (Laser measured average power/f). 

With this approach for a f=10kHz the much higher pulse repetition enables that we could 

use v=3mm/s and for f=100kHz we could use 30mm/s respectively. The only constrain 

was that with the (f) increasement we need to sustain the exact some Ep as we have used 

with f=1kHz.  Another approach would be to increase the δ distance and reduce the 

processing time, but the significant increasement of δ would need to almost zero overlap 

between two adjacent scanning lines and eventually cause important irregularity and 

unaffected areas. Consequently, and interplay between the f and δ as described in the 

chapter 2.4 was the key for the successful reduction of the laser processing time in order 

to realize the desired surfaces with the specific morphological features we have presented 

in the previous paragraphs.  

In this context, we performed a series of irradiations for the realization of large surface 

areas of LSFL on the 100nm-Ni films. Figure 5.8(a–d) demonstrates the top view SEM 

images of 1 cm2 areas, fabricated at f= 60kHz with φ= 0.17 J/cm2, v= 30 mm/s, δ=6μm on 

fused silica and sapphire substrates with λ513nm. The SEM images on Figure 5.8(a,b) 

correspond to 100nm Ni with a SiO2 substrate while Figure 5.8(c,d) for Al2O3 substate 

respectively. It can be observed that the structures attained are of high order and 

homogeneity with high preferential shape and orientation. The LSFL formation was again 

perpendicular to the incident laser beam linear polarization state, and the structures 

showed a smooth corrugation of Ni-substrate-Ni interface. All the fabricated surfaces 

showed high regularity with only a few imperfections (small discontinuity points) which 
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can be spotted in Figure 5.8(a,c). These imperfections could be attributed to our custom 

made set up and which is designed for research purposes and not for the realization of 

large high-precision laser treated surfaces (due to vibrations). But also, it could be the 

result of weak local adhesion of the deposited Ni films during the e-beam evaporation due 

to the presence of dust of other impurities during the metal film deposition. The 

geometrical characteristics of these metal ripples of the produced surfaces are 432± 

58nm in periodicity, in a complete agreement with the period measurements we obtained 

for the line scans at Figure 5.7 (namely 422±30nm), showing an average ripple width of 

182± 66nm. The actual photograph of the laser structured area of the Figure 5.8(c,d) is 

presented at Figure 5.8(e) showing the processed area of the 100nm-Ni thin film on a 

round sapphire substrate of 1mm thickness and 26mm diameter on a low-illuminated 

background, comprising the polarizing plate.  

 

 

Fig. 5.8: Top view SEM images of LIPSS on Ni films on SiO2 (a),(b) and Al2O3 (c),(d) fabricated with at f= 60kHz 

with φ= 0.17 J/cm2, v= 30 mm/s, δ=6μm at λ513nm. Physical photograph of (a) The actual physical image of the 1 

cm2 on Al2O3 substrate is presented on (e) as an example. The double ended white arrow denotes the beams 
polarization state. 

The same surfaces were realized on both sapphire and silica substrates this time with 

λ1026nm in order to prove that the control of the spatial features in large surface areas is 

possible with the change of the λ. In Figure 5.9(a-d) top view SEM images of 0.5 cm2 areas, 

at different magnifications fabricated at f= 60kHz with φpeak= 0.25 J/cm2, v= 30 mm/s, 

δ=6μm on fused silica and sapphire substrates with λ1026nm. The SEM images on Figure 

5.9(a,b) correspond to 100nm Ni with a SiO2 substrate while Figure 5.9(c,d) for Al2O3 

substate respectively. It can be observed that the structures attained are of high order and 

homogeneity with high preferential shape and orientation. In addition, with the surfaces 
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produced with λ513nm those created with λ1026nm are not so regular with the LSFL structures 

to exhibit a lot of discontinuities and ununiform corrugation. All the fabricated surfaces 

showed a relative low regularity with many voids (presence of the substrate only) which 

can be spotted more clearly in Figure 5.9(a,c) which are the higher magnification SEM 

images.  

The reduced LIPSS regularity of the surfaces in Figure 5.9 can be attributed to the fact that 

we used identical parameters except the laser fluence for their fabrication as we used for 

the those at Figure 5.8 which were fabricated with λ513nm. The use of the exact same δ and 

v caused and increased number of pulses to the surfaces produced with the IR pulses 

because of the almost twice bigger spot size of the λ1026nm with respect to λ513nm as 

previously explored and presented at Figure 5.5. Nevertheless, the aim of the fabrication 

of this second polarizing plate was only an attempt to prove the wavelength dependence 

on the spatial features of the LSFL and the validity of this method for the direct realization 

of polarization responsive plates upon laser processing of sub-micrometer metal films on 

a substrate. Hence, the estimated periodicity of the Ni ripples on the surfaces of Figure 5.9 

was 892±91 and in very good agreement with the line scans previously discussed at 

Figure 5.7 and twice higher that the polarizing plate produced with λ513nm (Figure 5.8) and 

an average width of 221±85. 

 

Fig. 5.9 Top view SEM images of LIPSS on Ni films on SiO2 (a),(b) and Al2O3 (c),(d) fabricated with at f= 60kHz 

with φ= 0.25 J/cm2, v= 30 mm/s, δ=6μm at λ1026nm. Physical photograph of (a) The actual physical image of the 1 

cm2 on SiO2 substrate is presented on (e) as an example. The double ended white arrow denotes the beams 
polarization state. 

Because of the low regularity obtained in the surfaces produced with the infrared fs pulses 

we decided to perform a complete topographical assessment on the surface only 

produced with λ513nm.  Given that the analysis on the LIPSS spatial characteristic such as 

period, width and height are crucial for the realization of WGP the need to evaluate the 

obtained structural dimensions of the LSFL are of huge importance.  Therefore, all the 
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spatial characteristics (except the ripple depth which will be discussed in the following 

paragraph) of the surfaces produced with both wavelengths are summarized in the 

following table. The estimation of the ripples period and width was performed on SEM 

images for the period (p) according to chapter paragraph 2.6.1 and for the width (w) we 

calculated the average and the standard deviation of ten manual measurements on 

random areas on top view SEM images. Furthermore, the fill factor (F) =(w/p) of the 

surfaces is calculated for every case since it is an important parameter for the polarizing 

plates efficiency as we will discuss below.  

Table 4: Summarized the spatial characteristics of the LSFL-ripples produced with λ513nm 

and λ1026nm of the polarizing plates 

λ (nm) p (nm) w (nm) F 

513 432± 58 182± 66 ~0.42 

1026 892±91 221± 85 ~0.25 

 

5.6 Morphological and Chemical characterization of the LSFL 

structures 

 

Following the estimation of the spatial characteristics (periodicity and width) of the 

fabricated LSFL on the Ni films it is crucial to evaluate the depth of the laser induced 

corrugation on the Ni film and whether it is affected from the initial thickness of the 

deposited metal layer (100nm). Thus, the attained structures on the line-scanned areas 

were characterized through EDS and AFM with aim to investigate whether the initial thin 

film thickness (100nm) is preserved after the laser processing procedure. The AFM 

analysis on the laser processed areas Figure 5.10(a,b) showed that the average ripple 

height was 123nm ± 21nm. These slight increase on the thin film height is due to Ni 

nanoparticle accumulation (observed on AFM and SEM high magnification images) on the 

top of the ripple structures as the surfaces didn’t passed through any cleaning procedure 

after irradiation as a precaution due to our concern that they might not survive an 

ultrasonic cleaning bath. It is important to note at this point that after characterization we 

tested this case and Ni structured films on both substrates seemed to endure without any 

visible deformation (examined from the optical microscope) a 10-minute ultrasonic bath 

on 400 heated ethanol.  
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Fig. 5.10 AFM and EDS analysis for line scans produced with 513nm. Here, (a) the AFM morphological 3D image, 
(b) the extracted height from cross-section line acquired from (a). EDS analysis with (c) SEM image depicting the 
examined areas, (d) the corresponding spectrums for red and yellow marked areas of (c). 

Along with the AFM Figure 5.10(c,d) depicts the EDS results for the red and yellow cross-

marked areas on Figure 5.10(c). The EDS spectrum for these marked areas are presented 

on Figure 5.10(d) and indicate that the Ni concentration on the ripple (red spectrum) is 

about ≈9 times higher than the void between two ripples (yellow spectrum). This is a 

strong indication that the only remnants are nanoparticles which can be afterwards 

removed through the cleaning procedure. The complete removal of the Ni film in-between 

the ripple structures as well as the confirmation that the only metal remnants are some 

ablated nanoparticles are essential for the further developments of high-quality laser 

induced polarizing plates. 

Conclusively, the results of the AFM as well as the EDS analysis indicate that we created 

well-defined corrugation of metal lines with a complete removal of the metallic layer from 

one line to another. While the almost ineligible Ni concentration presented in the exposed 

substrate segments (in-between the ripples), verifies our hypothesis that these surfaces 

can potentially act exactly like a WGP plate. In this framework we proceed with optical 

characterization of the fabricated surfaces in transmission mode.  

 

5.7 Polarization response in the Mid-Infrared of the plate 
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In order to evaluate the polarization response of the fabricated surfaces we had to 

measure the percentage of linearly polarized light that is passing the plate when the light 

polarization is parallel (TE) and vertical (TM) to the ripple orientation. Transmission 

measurements with linearly polarized light were performed for surfaces processed with 

λ513nm on both silica and sapphire substrates as well as the surfaces produced with λ1026nm 

for the same substrates. It is important to note that all the measurements of the polarizing 

plated were performed with the help of Dr. George Kenanakis with a Fourier-transform 

infrared spectroscopy (FT-IR) system, placed in the laboratory of the Photonic-, 

Phononic- and Meta-materials (PPM) Group at FORTH. The fused silica and the sapphire 

substrates were uncoated and without any anti-reflection coating treatment while all 

transmittance measurements were performed at normal incidence of the incident beam 

with respect to the sample surface (≈89.90). The background of all the transmittance 

measurements for both samples was the air.    

 

Fig. 5.11: The transmission spectrums for (a) Sapphire and (b) Fused silica substrates, the red and black lines 
correspond to λ1026nm and λ513nm respectively. The straight red and black lines are the transmittance 
measurements of the TM polarization (vertical to the ripples) and the dashed lines correspond to the 
transmittance measurements of the TE polarization (parallel to the ripples). 

All the surfaces of Figure 5.8 and Figure 5.9 were characterized regarding their 

transmission with polarized light for TE and TM polarization modes at the IR and the Mid-

IR spectrum (1-7μm). The TE polarization was parallel to the metal ripples and the TM 

vertical. The transmittance results for both surfaces are presented at Figure 5.11 were the 

straight red and black lines correspond to the fabrication wavelengths with red for λ1026nm 

and black for λ513nm, while the straight lines are always the TM and the dashed lines the TE 

polarization modes for both the sapphire and fused silica substrates. From the spectrum 

graph of Figure 5.11(a), for the TM mode the transmittance is almost as a plateau, similar 

for both irradiation wavelengths and showing a maximum of ~90% value for the λ1026nm 
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at 4.5μm. Furthermore, it is observed significant and gradual decrease in transmittance 

when the incident light is TE-polarized for a wide range of 1.3μm-7μm, while the 

transmission in approximating a zero value at 7μm given that the Sapphire is non 

transparent for λ>7μm and most of the far-infrared. For the fused silica substrate (Figure 

5.11(b)) the same trend is observed for both wavelengths while the TE transmittance is 

lower with respect to the sapphire (Figure 5.11(a)). The transmittance values showed a 

maximum value at 76% in the 3.5μm for λ513nm, while the overall transmittance spectra in 

less broadband than the one examined with the sapphire substrate due to high absorption  

of the silica substrate from the 5μm and higher. Moreover, the characteristic absorption 

valley of the UV-graded silica substrate we used is observed at ~2.7μm, given that the 

measurements were performed with respect to the air background transmittance.   

The overall transmittance reduction for the TE mode in both cases presented at Figure 

5.11 is attributed  due to the electric fields alignment parallel to the metal orientation, 

which prompts movement of electrons along the length of the ripples217. Given that the 

electrons are free to move in this direction, the polarizer behaves like a typical metal 

surface when reflecting light and most of the wave is reflected backwards (except of a 

small amount of energy which is lost due to Joule heating of the metal ripple)192.  

 

Fig. 5.12: Extinction ratio of the polarizing plates for (a) sapphire and (b) fused silica, the red and black lines 
correspond to λ1026nm and λ513nm respectively. (c) consistency of the polarizing plate, measured at 1026nm and 
60kHz by rotated with a zero-order λ/2 waveplate. 

 

The extinction ratio of the polarizer was acquired from the transmittance spectrums of 

Figure 5.12(a) as the ratio of the transmittance of TM/TE polarization, presented at Figure 

5.12(b) with the red and black straight lines corresponding to the λ1026nm and λ513nm 

fabrication wavelengths respectively. The extinction ration measurements showed 

https://en.wikipedia.org/wiki/Electric_field
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Metal
https://en.wikipedia.org/wiki/Joule_heating
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significant differences for the polarizing plates attained with the fundamental and the 

second harmonic of the laser. Regardless the substrate type, the polarizing plates 

fabricated with λ513nm was dominant and with much higher contrast with respect to those 

obtained with λ1026nm as the LSFL structures were much more regular and with very few 

discontinuities and the ratio of ripple (w) and the ripples (p) is almost twice higher as we 

saw in the previous section.   

The highest extinction ration values were 25:1 at 4.0 – 5.0μm for Fused Silica and 23:1 

between 6.5 – 7.0μm for Sapphire. Furthermore, the consistency of the polarizing plate 

fabricated with λ513nm on a fused silica substrate. The reliability of the plate was measured 

and depicted at Figure 5.12(c) graph were the polarization of our femtosecond laser beam 

(and not on the FT-IR) at 1026nm and 60kHz was rotated with a zero-order λ/2 waveplate 

for a full circle at 360o. 

For the optimization of our method towards higher extinction ratio yields which would 

make even more valuable our direct realization of the polarizing plates, the effective 

medium theory (EMT) has often been used in order to estimate the effective permittivity 

of a dielectric periodic structure218–221. In our case and for the regular array of ripples on 

a dielectric substrate the refractive index is termed as ns. The refractive index of the Ni 

ripple or wire and the filled material are nNi and nf. The grating period is p and the shape 

of the wire can be described by a value of (w) and height (h). The filled factor (F) (defined 

as ratio w/p).  

So, for an unpolarized wave with λ propagating upon the grating medium with refractive 

index nni at normal incident. The EMT can be considered222, with the only boundary that 

grating period is much shorter than the incident wavelength (which is met in our case 

both cases). Therefore, our fabricated surfaces can be regarded as an equivalent 

anisotropic film, and the complex effective refractive indexes of our polarizing plates for 

both TE polarization and TM polarization can be estimated with the EMT223: 

𝑛𝑇𝐸 = √[𝑛𝑁𝑖
2 𝐹 + (1 − 𝐹)𝑛𝐹

2] Eq. 41 

 

𝑛𝑇𝑀 = 𝑛𝑁𝑖𝑛𝐹

1

√[𝑛𝐹
2𝐹 + (1 − 𝐹)𝑛𝑁𝑖

2 ]

 
Eq. 42 
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With equation 41 and 42 we performed theoretical calculations for the Ni polarization 

gratings we fabricated, assuming that the refractive index of the Ni is not changed thought 

the laser irradiation process (due to oxidation).  The nickel’s complex refractive index was 

taken from ref224. Figure 5.13 shows the effective permittivity of the Nickel wire-grid 

grating as a function of F ranged from 0.1 to 0.9 with nF=1 and nNi=3.47+9.09i which is the 

refractive index of Nickel at λ= 1.937μm. As seen, the refractive indices of effective 

medium for both TE polarization and TM polarization increase with the increase of filled 

factor. The effective refractive index for TM polarization is larger than that for TE 

polarization. Figure 5.13(b) shows that the extinction coefficient for TE polarization 

increases with the increase of fill factor.  

 

Fig. 5.13: The calculated effective refractive index (n) as a function of fill factor (a) and  the effective extinction 
coefficient (k)as a function of fill factor (b) 

From Figure 5.13(b), we can see that the extinction coefficient for TM polarization is near 

zero, and it is much smaller than that for TE polarization. We can also observe that the 

effective refractive index and extinction coefficient of the ripples with different fill factors 

for TE polarization show similar characteristics with the bulk Nickel material that has 

small refractive index and large extinction coefficient in the infrared region. In contrast, 

the effective refractive index and extinction coefficient of the wire-grid grating with 

different filled factors for TM polarization exhibit characteristics of bulk dielectric 

material with large refractive index and extremely small extinction coefficient. 

With the use of EMT we can also demonstrate how to design our polarizing plates with 

higher polarization extinction ratio than those we can yield taking into account the 

substrate properties. We can now calculate the most effective F for a fused silica substrate 

as an example.  Given that, the parameters are fixed and the ambient refractive index 
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nair=1.0, the ns=1.439 (for fused silica), p=0.5μm, λ=1.937μm, the refractive index of the gap 

between two successive ripples nF=1.0, and the angle of incidence θ=00, we can determine 

the fill factor of the wire-grid grating according to the refractive index of the substrate. 

And in advance, the requirements of the LSFL height (h) for TM polarization can be 

obtained by enhancing the TM-polarization transmission. Furthermore, the requirements 

of the h for TE polarization can be obtained this time by enhancing the TE-polarization 

reflection resulting to higher transmission and reflection for the TM and TE modes 

respectively. Therefore, the ideal h can be determined as the h value that the polarizing 

plate can presented enhanced TM-polarization transmission and the TE-polarization 

reflection.  

Accordingly for the fused silica substrate, we can define the optimum F to make the wire-

grid grating as an effective antireflective film with high transmittance according to the 

film theory225. Hence, the refractive index of the effective film that is the most efficient to 

act as an antireflection film is: 

𝑛𝑒𝑓𝑓(𝑇𝑀) = √𝑛𝑎𝑖𝑟𝑛𝑠 Eq. 43 

 

Subsequently with the above parameters the neff(TM) = ~1.2. Furthermore, the F of the for 

nTM from Figure 5.13(a) equals to F~0.3. 

This means that our polarizing plate could reach the highest extinction rates for a F~0.3. 

The only constriction of our method is that currently there is not a possible way to control 

he w of the LSFL and on the same time to obtain high regular LIPSS.   

Consequently, for TM polarization, the transmittance will reach a maximum value and the 

reflectance for TM polarization will be nearly zero with the optimized filled factor if the 

height of wire-grid grating meets the condition of 

ℎ = m
1

4

1

𝑛𝑒𝑓𝑓
𝜆 Eq. 44 

 

where m= (1,2…) It has to be mentioned that the k for TM polarization has been neglected 

in our design process because of its relatively small contribution from Figure 5.13(b). And 

the h of the ripples can be adjusted to the initial thin film deposition.  

The extinction ratio results we obtained are significant but not tremendous, due to the 

fact that the h was not the optimum, given that we needed to prove the validity of this 
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method. However, for future prospects polarizing plates with variable h can be produced 

with both laser wavelengths (we have strong indications for this) were of high regularity 

and exhibiting well divined spatial characteristics with dimensions that can respond to 

the calculated spectral region that we need to examine.   

Conclusively, we have presented a systematic method for the direct realization of a 

polarizing plate, based on laser induced periodic surface structures on thin metal films. 

The fabricated surfaces were characterized optically and morphologically and exhibited 

significant polarization response on the IR and The Mid-IR electromagnetic spectrum. As 

a future prospect, the effective spectrum of the polarizer can be controlled with the thin 

film ripple period which can be controlled precisely with the laser wavelength or even the 

angle of incidence of the laser beam226. Furthermore, due to the simplicity of this 

technique and the versatility it can potentially be applied on alternative thin film 

materials with different thickness for optimization. Due to the simplicity of the method 

we estimated that with the current laser technology we can create a 2.5cm2 polarizing 

plate in ~3seconds. We believe that this method can be applied on almost all thin metal 

surfaces regardless the substrate characteristics. Eventually, this approach can with 

further development revolutionize the current way we produce wire grid polarizing 

plates without the need of chemicals and time-consuming multi-step processes.   
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Conclusions 

 

This thesis reports on systematic experimental investigations regarding the direct 

femtosecond laser structuring of bulk and sub-micrometer layered surfaces. Within the 

framework of the thesis, the focus on particular surface structures have been considered 

along with their development from single craters covered with self-organized laser-

induced periodic surface structures to large area surface patterns. The realization of these 

surfaces was achieved via laser scanning with spatially variant and linear polarization 

modes. Furthermore, the influence of the experimental parameters, like laser wavelength, 

laser fluence and number of pulses have been also addressed with particular emphasis on 

the LIPSS formation on sub-micrometer thin metal films. All the experiments were 

designed basically with the following aims: i) to acquire further indications on the 

physical processes involved in the formation of the surface structures with respect to the 

laser exiting polarization state; ii) Implement LIPSS formation for the possibility to realize 

reversable control on the morphological characteristics of the laser-generated structures; 

iii) Provide some preliminary results towards scientific applications or methods that 

could potentially have possible technological and industrial interest. 

In Chapter 3 the fabrication of LIPSS using cylindrical vector beams with vectorial 

polarization states was addressed. The observation of the orientation of the LIPSS 

following the complex state of polarization states (radial and azimuthal) on Nickel 

surfaces was illustrated in detail as it consists a direct method to produce complex and 

multi-directional LIPSS patterns. Along with the surface characterization, the Nickel 

response was experimentally and theoretically investigated for the radial and linear 

polarization effect on the surface plasmon polariton properties and eventually on the 

ripple formation and their spatial features. Moreover, we demonstrated a new strategy to 

realize angle-free structural coloration (iridescence) introducing a single step approach 

for the fabrication of unique surface structures that act as refractive gratings in all 

possible observing angles with multi-ordered surface patterns.  

Based on our knowledge on the mechanism for LIPSS formation, we have demonstrated 

the possibility of highly-regular, erasable and re-writable periodic surface patterns on 

silver metaphosphate glass (AgPO3). The experimental investigation was performed at 

1026nm laser wavelength, 170fs pulse duration and 1kHz repetition rate. We showed that 

laser LIPSS can be readily erased and re-written upon further exposure to femtosecond 
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laser irradiation under controlled conditions. This all-laser inscription and deletion 

protocol allows the reversible patterning of the phosphate glass surface by employing a 

single laser beam. While the UV-VIS spectroscopy revealed that the formation of the 

periodic patterns and the erasing process do not cause any phosphate network 

modifications or structural damage on the glass, and thus, proving that the demonstrated 

reversible LIPSS process in sub-ablation conditions. This could practically enable infinite 

cycles of the write/erase/re-write process on the same area of the glassy material, posing 

the LIPSS formation on AgPO3 glass as an important method for laser induced waveguides 

and optical responsive memory components of advanced photonic applications.  

Finally, the possibility of direct laser structuring of Ni thin films deposited on a dielectric 

substrate, to obtain wire-grid polarized elements, was demonstrated. We have 

particularly shown the realization of a functional WGP plate. Exploiting the generation of 

high order LIPSS, selectively induced on 100nm Ni thin metal films. It is also shown that 

the substrate material had no effect on the optimum irradiating conditions required. The 

deposited Ni thin films were irradiated with two laser wavelengths of 1026nm and 513nm 

on static irradiation conditions and line scanning mode. Detailed experimental analysis 

was presented regarding the fluence thresholds for LSFL and crater formation on the 

layer material. Moreover, rectangular areas were produced with identical conditions on 

both substrates, which showed polarization response for TE and TM electromagnetic 

modes. The polarizing plates functioned as polarizing plates for the IR and Mid-IR spectral 

regions. The polarizer was characterized both experimentally and theoretically from 1μm 

to 7μm spectral range for TE and TM polarizing modes showing extinction ratio up to of 

23:1 and high consistency. Remarkably the EDS measurements showed significant 

decrease on Ni concentration among the metal ripples, which is a strong indication that 

there is complete material removal. Following the laser processing, the initial thin film 

thickness is preserved, as showed by the analysis of the metal wires height. As a future 

prospect it could be possible to control the effective polarization response of the plate 

with the laser wavelength or the laser fabrication angle of incidence, as this is the only 

way to control the spatial characteristics of the LIPSS on the metallic film. We believe that 

this method can potentially revolutionize the way we currently create wire grid polarizers 

and with further development it could consist an important method for the direct, 

maskless and chemical free technique that produces wire grid polarizers from the visible 

to the far infrared electromagnetic spectra.  
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