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Abstract  

 

The aim of this thesis is the experimental investigation of structuring metallic 
surfaces with linearly polarized Gaussian femtosecond laser pulses, in order to 
achieve controllable surface modification. Steel samples were irradiated with a 
focused ultra-short laser pulses and the morphology was studied as a function of 
fluence and number of pulses. Laser Induced Surface Structures (LIPSS) were 
structured on the sample surfaces following irradiation with tunable micro 
periodicity. A complete study was conducted investigating LIPPS periodicity as a 
function of wavelength, fluence angle of incidence and number of pulses. 
Furthermore large areas were fabricated with laser scanning method achieving each 
type of morphology observed for every type of steel. This work was conducted by 
irradiating samples a) in air and b) immersed in water, comparing results. Finally, 
wetting properties of the surfaces were investigated with i) water droplets ii) oil 
droplets and compared to the flat surface showing an increase in both water 
repellency and slight oil repellency. 
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Introduction  

 

Over the past several years, there have been many reports of laser generated 
self-assembled structures on metals [1–4], semiconductors [5, 1–3], dielectrics [93–
95], polymers [6, 7] and ceramics [92], hence the characterization of these structures 
as a universal phenomenon is valid. Although, the generation and evolution of these 
structures is still vividly and controversially discussed, the complete physical 
mechanism of this extraordinary phenomenon has yet to be completely elaborated.  

Surface texturing in metals has been reported using nano second Nd:YAG and 
excimer lasers [8, 9], and picosecond Nd:YAG and sub-picosecond excimer lasers [8]. 
However, the structures formed by these lasers do not exhibit well-defined features. 
Recently, femtosecond lasers have become an advanced tool for material processing 
and have advantages over nano second lasers in terms of high precision, reduced 
heat-affected zone, and minimum burr formation [10].  

The formation of laser-induced periodic surface structures, (LIPSS) also known as 
ripples, with a period approximately equal to the laser wavelength and aligned 
vertically to the laser polarization is well understood [11]. A variety of timescale-
dependent processes are triggered following ultra-short pulsed laser interaction with 
matter: (a) Carrier generation, (b) internal thermalization of free carriers, (c) carrier-
lattice thermalization, (d) energy transport via carrier transport (d) thermal and 
surface modification. Repetitive irradiation of the target can generate self-assembled 
microstructures (grooves, spikes) [12] which can be attributed to non-uniform 
thermalization after irradiation [13, 14] or hydrodynamic instabilities of molten 
material that follows irradiation [15]. 

Material laser processing in the presence of water is often the preferred method of 
laser fabrication to the otherwise dry treatment in order to fulfill very specific 
technological applications [16, 17]. In most cases, the presence of water results in 
cleaner and more precise laser micromachining by removing ablation debris and 
hindering its redisposition back to the surface irradiated. Ultimately, the surface 
obtained during irradiation with the presence of water differs from that of dry 
treatment. Water as a propagation medium can give rise to phenomena like super-
continuum generation, filamentation and optical breakdown, depending on the laser 
beam fluence, which have a shielding effect reducing the amount of energy reaching 
the target [18–20]. All these contribute to the different morphologies observed 
compared to the dry experiment.  

Texturing surfaces to create micro/nano scale surface structures has remarkable 
technological importance [21–37, 8, 9]. These induced surface structures augment  
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various properties essential to many areas of research and development, for 
instance:(a)Biomedical: improving cell growth and proliferation [21–27, 8, 9]; 
(b)Optical: improving light trapping properties [28]; (c)Surface characteristics: 
controlling surface wetting behavior for self-cleaning applications [29–31]; (d) Solar 
cells and light detection: broadening the spectrum of efficient light trapping and 
improving photo-responsivity [32–35]; (e) Field emission effect: improved electron 
emission due to high field at the tips of the microstructures [36]; (f)Tribology: 
fabricating surfaces with the desired tribological properties [37]. 

Wettability describes the spreading of a liquid on a surface. Wettability engineering 
is important in e.g. the automotive industry for water repellent windshields and 
paints [81], preventing fouling [82], and reducing friction in moving parts [83]. In the 
marine industry wettability engineering is applied to prevent fouling [84], in the 
electric power industry to prevent fouling on solar cells [85] Also, it is important in 
biology to prevent bacterial contamination [86, 87] and in the electronic [88] and 
chemical industries [89]. 

In this thesis we report the formation of micro/nanostructures in various 
types of steel of industrial importance. I have investigated in detail the dependence 
of micro/nanostructures on beam fluence, number of laser shots per spot and 
wavelength. This study was conducted by irradiating the samples a) in ambient air, b) 
submerged in deionized water. In both cases laser-induced periodic surface 
structures were observed in slightly different conditions. The formation mechanism 
of LIPPS is discussed for both air and water. Furthermore, large surfaces covered 
with LIPPS were fabricated with laser scanning technique and their wetting 
properties were characterized showing an increase in hydrophobicity and a slight 
increase in oleophobicity. 

 

Chapter 1: Basic principles of laserlight-matter interactions 
 

The moment a metallic surface is exposed to an ultrashort laser pulse, a 
sequence of processes take place [38]. The laser pulse is absorbed by electrons, 
leading to a rapid increase in their temperature during the laser pulse irradiation, 
while the lattice remains at the initial temperature prior to irradiation. The system is 
thus driven out of thermal equilibrium and is consisted now of two subsystems each 
at its individual temperature: electrons at the temperature of the order of one 
electron volt (~11000 T) and the lattice at the room temperature. The thermal 
equilibrium between the lattice and electrons is established on the picosecond time 
scale. If the energy of the laser pulse is sufficient, the surface melts and remains in 
the melted state for up to a nanosecond. After the resolidification, the self-organized 
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Figure 1: LIPPS (ripples) formed on the surface of stainless steel after irradiation with 5 fs pulses. 
Their orientation is perpendicular to the beam polarization. 

patterns are frozen into the surface and can be observed. Although the basic 
physical processes at the laser ablation are well understood and moreover, the 
effect of the LIPSS formation is interesting as well for fundamental physics as for 
practical applications, the mechanisms of the pattern formation are still not 
completely clear.  

 

There are two theoretical approaches, which try to explain the laser-induced 
periodic structures: (1) theories based on interference, i.e., a purely optical 
approach; (2) theories involving hydrodynamic instabilities, which result in self-
organization effects. Patterns explained in frames of the optical theories are referred 
to as coherent structures, whereas patterns explained by hydrodynamic-like theories 
are referred to as non-coherent structures [39]. 

 

1.1.1 Electrodynamics 
 

Emmony et al. suggested in 1973 that LIPSS were a consequence of 
interference between the incident laser beam and surface-scattered waves [40]. An 
interference model of the incident and the scattered surface waves, caused by 
surface roughness can explain the formation of LIPSS. The ripple wavelength Λ due 
to the proposed mechanism was assumed to be equal to:  

   
 

𝛬 =
𝜆𝜆

1 ± 𝑠𝑠𝑖𝑖𝑛𝑛𝜃
 (1) 

 

Where, 𝜆𝜆 the laser wavelength and θ is the angle of the incidence laser beam. The ± 
accounts for the scattered wave co and counter propagating to the surface 
projection of the incident wave. For normal incidence, Eq.1 gives Λ ~ λ therefore 
such ripples are called wavelength, or ‘’Low-Spatial-Frequency-Ripples (LSFR)”.  

Ê 
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Figure 2: Τhe interface between a conductor and a dielectric able to support SPP excitation. 

Following this idea, Sipe et al. created the efficacy factor theory to account for LIPSS 
formation [11]. According to this theory surface roughness gives rise to a surface 
scattered wave which interferes with the laser beam. As a consequence, this leads to 
inhomogeneous absorption of energy on the target surface. Ripple formation is 
realized assuming that damage occurs first in regions where inhomogeneous 
absorption is largest. This can be quantified with the relation  

                                                      𝛢(𝑘𝑘�⃗ ) ∝ 𝜂�𝑘𝑘�⃗ ,𝑘𝑘𝚤���⃗ � �𝑏(𝑘𝑘�⃗ )�                      (2) 

Where η is called the efficacy factor and quantifies the efficacy with which the 

roughness leads to an inhomogeneous absorption at 𝑘𝑘�⃗ , while 𝑏�𝑘𝑘�⃗ � is the Fourier 

component of the roughness. Hence 𝜂�𝑘𝑘�⃗ � and 𝑏�𝑘𝑘�⃗ � are governing the formation of 
ripples. The efficacy factor theory has several drawbacks [41]. Inter-pulse changes in 

the 𝑏�𝑘𝑘�⃗ � function are not modeled, it is therefore impossible to use the efficacy 
factor theory on a pulse to pulse basis. Consequently, the only possible quantitative 
predictions are related to the steady state LIPSS, governed by the efficacy factor. 
Furthermore, this theory does not consider transient changes of the material 
properties during a laser pulse, and the influence of the pulse duration itself is not 
taken into account.  

All approaches predicted ripple wavelengths in the order of the beam wavelength (Λ 
~ λ). Although we can sufficiently explain the LSFR 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). 
These type of structures we call ‘’High Spatial Frequency Ripples (HSFR)’’, while their 
formation is not considered in the frame of the η theory. 

We present an improved and widely accepted mechanism that accounts for HSFR 
formation. The proposed mechanism is related with surface Plasmon waves, for the 
generation of ripples, as all metallic surfaces allow excitation of surface Plasmon 
waves. At the interface between a dielectric half space with positive real dielectric 
constant and an adjacent conducting half space of metallic character with a negative 
real dielectric constant, we can have wave solutions propagating confined at the 
interface of the two materials. 
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Figure 3: Illustration of the field components of an SPP supported by a metal–dielectric interface. 
Transverse magnetic electric field components are normal to the interface (z-axis) and along the 

propagation direction (x-axis). The mode profile (red) shows the exponentially dependent attenuation 
of the electromagnetic field intensity on the distance away from the interface is shown on the right. 

Confinement implies an evanescent decay in the perpendicular direction. These 
waves are called surface Plasmon Polaritons (SPP) and are composed of electron 
density waves that oscillate on the metallic surface and the electric field in the 
dielectric. It can be exited during the material irradiation with incoming photons 
transferring their energy to SPP excitation. An SPP will propagate along the interface 
until its energy is lost either to absorption in the metal or scattering into other 
directions (such as into free space).  

 

 

Τhe dispersion relation of the propagating SPP Is given by, 

 
𝜆𝜆𝑠 = �

𝜀1 + 𝜀2
𝜀1𝜀2

�
1/2

 

 

(3) 

Where 𝜀 is the dielectric function (1 for metal, 2 for the dielectric).  

It has to be noted that SPP propagation is allowed only for transverse magnetic (TM) 
polarization modes where only the field components 𝐸𝑥, 𝐸𝑧 and 𝐻𝑦 are non-zero. 

According to this model SPP-laser interference occurs, giving rise to ripples with 
periodicity given by, 

 
𝛬 =

𝜆𝜆
𝜆𝜆
𝜆𝜆𝑠

± 𝑠𝑠𝑖𝑖𝑛𝑛𝜃
 

 
(4) 

 

Comparing this relation with Eq. 1, the formation of ripples with significantly higher 
periodicity can be predicted. Furthermore, the transverse magnetic characteristic of 
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Figure 4: Grating coupling between incident laser beam with k-vector𝑘𝑘𝑖𝑖 with in- plane k-vector 𝑘𝑘𝑝𝑝. Grating 
constant period is denoted as 𝜆𝜆𝑝𝑝. 

SPP waves determines the polarization dependence of ripples we observe on the 
target. 

Although it is known that a flat surface cannot excite SPP waves since there is a 
mismatch in wave vectors of SPP and incoming photons, we can have SPP excitation 
on corrugated surfaces produced after light-matter interaction via a mechanism 
known as grating coupling. 

 

1.1.2 Excitation via Surface Morphology 
 

In 1902 R. W. Wood observed drops in the optical spectrum produced by the 
diffraction grating, which he could not explain [42]. The positions of these drops 
depend on the incidence angle. This observation proves that Plasmons can be 
excited on a periodically patterned surface [43], e.g., on a diffraction grating. A 
coupling between the surface Plasmon wave and the incident light may also happen 
due to surface roughness (corrugation), when it’s spectrum contains frequencies, at 
which the coupling is effective [39, 11, 44].  

 

 
This mismatch in wave vector between the in-plane (x direction) momentum 
𝑘𝑘𝑥  =  𝑘𝑘 𝑠𝑠𝑖𝑖𝑛𝑛 𝜃 of impinging photons and 𝑘𝑘𝑠 = 2𝜋

𝜆𝑠
 can also be overcome by patterning 

the metal surface with a shallow grating of grooves or holes with lattice constant 𝜆𝜆𝑝𝑝. 
This simple one-dimensional grating of grooves induces phase matching if the 
condition 𝑘𝑘𝑠 =  𝑘𝑘𝑥 + 𝑛𝑛 2𝜋

𝜆𝑝
 is fulfilled. Where 𝑛𝑛 = 1,2 …. 

 

1.2.1 Thermodynamics (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 
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lot of variations depending on the materials and the irradiation conditions to 
calculate the temperature variations between the electron and lattice subsystems   
[10, 45]. Due to the fact that the beam spot diameter typically varies from 10-100 
μm, 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 𝐶𝑒𝑒

𝜕𝑇𝑒𝑒
𝜕𝑡

= −
𝜕𝑄(𝑧)
𝜕𝑧

− 𝛾(𝛵𝑒𝑒 − 𝑇𝑙) + 𝑆 
 

(5) 

Evolution of lattice 
temperature in time 

 
𝐶𝑙
𝜕𝑇𝑙
𝜕𝑡

= 𝛾(𝛵𝑒𝑒 − 𝑇𝑙) 
 

(6) 

 
Heat flux 
 
 
 

𝑄(𝑧) = −𝑘𝑘𝑒𝑒
𝜕𝑇𝑒𝑒
𝜕𝑧

    
 

 

 
(7) 

Laser heating source 𝑆 = 𝐼(𝑡)𝐴𝑎𝑒𝑒−𝑎𝑧 (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 𝑎 are the 
surface transmissivity and the materials absorption coefficient. 𝐶𝑒𝑒  , 𝐶𝑙  are the heat 
capacities [𝐽𝐽𝑐𝑐𝑐𝑐−3𝐾−1] for the electron and lattice subsystems and γ is the electron 

phonon coupling parameter which can be expressed as 𝛾 = 𝐶
𝜏
  , where 𝜏 stands for 

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

 

1.2.2 TTM in the case of femtosecond pulses 
 

Following the equations 5-7 which have three characteristic timescales τe, τl 
and τp where τe= Ce/γ the electron cooling time, τl=Cl/γ and τp the laser pulse 
duration. In our case the pulse duration is shorter than the electron cooling time 
τp<< τe as we irradiate with femtosecond pulses. So this means that for t<<τe , the  
Ce/Te>>γTe , the electron-lattice coupling can be neglected. So the electron 
temperature can be calculated as following: 

 
𝐶𝑒𝑒′
𝜕𝛵𝑒𝑒

2

𝜕𝑡
= 2(1 − 𝑅)𝐼(𝑡)𝑎𝑒𝑒−𝑎𝑧 

 
(9) 
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Assuming that the laser intensity I and the material reflectivity 𝑅 are constant 
in time, we end up with: 

 
𝑇𝑒𝑒(𝑡) = �(𝑇02 +

2𝐼𝑎𝑎
𝐶𝑒𝑒′

𝑡𝑒𝑒−𝑎𝑧) 
 
(10) 

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

 
𝑇𝑒𝑒�𝜏𝑝𝑝� ≅ �(

2𝐼𝑎𝜏𝑝𝑝𝑎
𝐶𝑒𝑒′

)(𝑒𝑒−𝑎𝑧) 
 
(11) 

   
 We ignore T0 as the electron temperature is much higher than the initial 
temperature T0<<Te.  

 

1.3.1 Hydrodynamics 
 

Irradiating a target material surface with laser pulses causes local melting on 
the material surface provides that the pulse energy is sufficient to induce phase 
change. This phase transition is of much significance to the final shape and geometry 
of the produced structures. On a previous subchapter we examined how the heat 
flow progresses through time on the material surface. But we didn’t consider what 
happens, when the liquid phase of the material moves and the possible 
hydrodynamic instabilities that occur, due to the temperature gradient that forms as 
a consequence of the inhomogeneous energy deposition. The melted material 
hydrodynamics has to be considered in this thesis as the fluid dynamics are more fit 
to explain some experimental results.  

 

1.3.2 Navier-Stokes equation 
 

The Navier–Stokes equations are used to describe the motion of fluid 
substances. These equations arise from applying Newton's second law to fluid 
motion, together with the assumption that the fluid stress is the sum of a diffusing 
viscous term (proportional to the gradient of velocity), plus a pressure term. A 
simplification of the Navier–Stokes equations flow equations is obtained when 
considering an incompressible flow (material density is constant within an 
infinitesimal volume that moves with the velocity of the fluid) of a Newtonian fluid. 
The assumption of incompressibility rules out the possibility of sound or shock waves 
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Figure 5: Illustration of microgrooves formed parallel to the beam polarization after irradiation with 40 
pulses (left), spikes after irradiation with 80 pulses (right).  

to occur. In this sense the Navier–Stokes equations will read, in vector form (bold 
characters):    

 𝜕𝒖
𝜕𝑡

+ (𝒖 ∙ ∇)𝒖 − 𝜈∇2= −∇𝑤 + 𝒈       (convective form) (121) 

 

Where w is the specific (per mass unit) thermodynamic work, ν = μ/ρ0 is 
the kinematic viscosity (ρ is the uniform density), u is the flow velocity, g 
specific body accelerations acting on the continuum (gravity). In the convective form 
the equation assumes the presence of convective acceleration: the effect of time-
independent acceleration of a flow with respect to space. While individual fluid 
particles indeed experience time-dependent acceleration, the convective 
acceleration of the flow field is a spatial effect, one example being fluid speeding up 
in a nozzle. Depending on the parameters used, the Navier-Stokes equations can be 
solved and provide an estimation of the local pressure values that may lead the 
melted material to form convectional structure formations. 

 

1.4 Formation of Laser induced periodic surface structures 
 

Following irradiation with ultrashort pulses a plethora of self-assembled 
structures can be realized as the number of pulses applied increases.  At first, the 
formation of ripples perpendicular to the laser beam occurs. Applying a greater 
number of pulses leads to the formation of microgrooves that form perpendicular to 
the ripples. If the number of pulses is even greater a quasi-periodic array of micro-
spikes is shaped on the surface. The physical mechanism that bridges the 
inhomogeneous absorption of energy with the formation of LIPPS is vividly explored 
[46–54] though still open and debated.  

 

Ê Ê 
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Figure 6: Multilayer system formed by the existence of the oxide layer between water and metal.  

 In particular, mass removal occurs due to the excessive temperatures that are 
reached, while the inhomogeneous deposition of energy induces recoil pressure 
from ablated regions, temperature gradient and surface tension variance along the 
irradiated area. These effects give rise to a Marangoni-driven flow and capillary 
waves that eventually lead to the formation of a rippled landscape upon 
resolidification.  Upon increasingly irradiating the material with more pulses, leads to 
a rapid decrease of the efficacy factor [54], as consequence inhomogeneous 
deposition of energy diminishes leading to a gradual suppression of ripples. This 
implies that groove as well as spike formation cannot be ascribed to electrodynamics 
and SPP excitation as in the case of ripples. Investigating the transient evolution of 
lattice temperature indicates that hydro-dynamical effects control groove formation. 

 

1.5 Processing in liquid environment 
 

Laser processing has been implemented in various conditions sounding the target 
material beyond ambient air, such as vacuum, gas or liquid environment. Altering 
the environment of the experiment effectively alters the surface structures 
observed. In particular by immersing the target in water LIPSS with significantly 
reduced period [55–57] are observed by contrast to those observed during dry 
treatment while maintaining the same direction as in air. This suggests that there is a 
common formation mechanism. Moreover lower ablation threshold has been 
reported [58, 59] with irregular damage patterns which indicate Kerr-effect. Since 
water has a nonlinear refractive index (𝑛𝑛2) ~three orders of magnitude greater than 
that of air, specifically 𝑛𝑛2𝑤𝑎𝑡𝑒𝑟 ≈ 2.8 × 10−16 𝑐𝑐𝑐𝑐2/𝑊 while 𝑛𝑛2𝑎𝑖𝑟 ≈ 2.1 ×
10−19 𝑐𝑐𝑐𝑐2/𝑊, the occurrence of laser-induced effects such as super-continuum 
generation, filamentation and optical breakdown is expected. All these effects can 
alter the Gaussian distribution of the laser beam. 

 

It has been shown that in the case of water an oxide film forms at the 
metal/water interface [60, 58]. This thin oxide layer that exists between the water 
continuum and the metal target effectively creates a multilayer system ultimately 
affecting SPP characteristics. This can explain both the physical mechanism of LIPSS 
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Figure 7: LIPPS formed by irradiation under water. Ripples (left) after 20 pulses, Grooves (right) after 80 
pulses. Irregular damage pattern is observed, especially in the right figure where the crater suggests 

autofocusing effects. Period of LIPSS is reduced though the same alignment of the structures in relation to 
the beam polarization is the same as the dry experiment.  

formation under water confinement by modifying the SPP excitation mechanism, 
and the differentiation in LIPSS periodicity. 

 

 

 

Chapter 2: Experimental setup & Data acquisition methods 
 

At first, rough samples where polished with a rotary polishing tool after applying 
special polishing cream on the surface, then samples where thoroughly cleaned with 
soap to remove particles produced during polishing. Finally, samples where cleaned 
with a solution of acetone before and after irradiation. After laser treatment, 
structures were observed under field emission scanning electron microscope (FE-
SEM). Finally, Wettability measurements were conducted after letting the samples in 
ambient air for ~15 days.  

 
2.1 Laser system 
 

All experiments in this thesis were performed on the ultrafast micro and nano 
processing (ULMNP) lab at FORTH-IESL, with the use of a Pharos laser system from 
Light Conversion. Pharos is a compact, solid state, single-unit, integrated, 
femtosecond laser system. It’s active medium is an ytterbium crystal doped with 
potassium, gadolinium and tungsten (Yb:KGW). It emits at a central wavelength of 
1026nm and it supports second harmonic generation (SHG) of the fundamental at 
513nm. PHAROS is built upon the conventional chirped pulse amplification 
technique. The maximum pulse energy is 1.5mJ and the repetition rate ranges from 

Ê Ê 
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Figure 8: Experimental Setup. As it is showed beam power is controlled with a λ/2 waveplate (HW) which 
is used for rotating the initial S-polarization from the laser and a liner polarizer (LP) for detaining the 

electric field on y-axis. A Power meter (PW) is put in the beams path to measure its intensity. 

1kHz up to 200kHz (60kHz-200kHz for second harmonic). The pulse width can vary 
from 170fs to 10ps controlled via pulse stretcher / compressor modules. It’s also 
equipped with a built-in pulse picker which allows pulse-on-demand mode. 

All experiments were conducted with minimum pulse duration ~170fs. 

 

2.2 Experimental Setup 
 
The experimental setup is illustrated on Fig. 8 with a sketch of the optical path from 
the laser system all the way to the sample target. Beam propagates from the laser 
guided by high reflective dielectric mirrors to a Glan-Thomson linear polarized with 
high extinction ratio up to 100.000:1 before passing through a zero-order half-wave 
plate.  Pulses where focused with a spherical N-BK7 lens (60mm focal length) and the 
initial Gaussian spot diameter was 32μm measured on the focal plane by a  CCD 
camera at 1/e2. The aperture of a laser-induced crater (~1/𝑒𝑒2 ) at the original 
surface was taken as ablation area for more precise fluence calculation. Samples 
where positioned perpendicular to the incident beam and all irradiations were 
performed to air/metal or water/metal environment on a 3-axis motorized stage 
controlled from a computer. An internal laser shutter was used to define irradiation 
time and thus the number of pulses receptive to the sample or the built-in pulse 
picker when a small number of pulses were applied. For the dynamic processing 
procedures large areas where fabricated. Firstly, line scans were produced on the 
surfaces at variable velocity and then these line scans were brought together with 
variable line separation values affecting overlap between neighboring line scans. To 
estimate the number of pulses that effectively irradiates each area equal to the 
beam spot size we define the one dimensional effective number of pulses 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,1𝐷𝐷 
when line laser scanning and two dimensional effective number of pulses 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 
when 2D surfaces are fabricated.  

 

PW 
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Figure 9: Dynamic laser scan processing procedure. First the beam scans a line with scan speed velocity 𝑣𝑣 
at the end of the line, the laser beam moves a predefined distance in the perpendicular direction 𝑦𝑦 to start 

a new line scan. Progressively a large area is being fabricated. 

The dynamic processing procedure is shown schematically in Fig.7. The observed 
morphology is much dependent on the parameters discussed during the formulation 
of the effective number of pulses.  

 

 

The effective number of pulses plays a crucial role and defines not only the surface 
morphology covering an area but also the homogeneity of a 2D surface. 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,1𝐷𝐷 and 
𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 are calculated from formulas 13, 14. 

 

Where 𝑦𝑦 is the consecutive scan line separation, 𝑟 is the spot radius, 𝑓 is Repetition 
rate and 𝑣𝑣 is the laser scan velocity. 

Images of the treated surfaces were taken by field emission, scanning electron 
microscopy (JEOL JSM-7500F).  

 

 

2.3 Period measurement (Fourier analysis) 
 

In order to characterize the structures besides the geometry and shape we 
had to find a way to automatically measure the frequency that LIPSS are appearing 
on the surface after the irradiation. Therefore to make accurate measurements of 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,1𝐷𝐷 =
𝑟 × 𝑓
𝑣𝑣

 
  (13) 

𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 =
𝜋 × 𝑟2 × 𝑓
𝑣𝑣 × 𝑦𝑦

 
(14) 
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the ripple periodicity and its dispersion, the obtained SEM Images were transformed 
into Fourier-space images. The exact procedure of the transformation and analysis is 
presented in the following paragraph. 

For being able to extract spatial frequency information as well as to conduct valid 
measurements and estimate the standard deviation of each measurement, 2D fast 
Fourier transform (2D-FFT) transform was utilized. High resolution (1280x1024) SEM 
images were 2D-FFT transformed on a new reverse-space image. The transformation 
changes the images dimensions. The new dimensions of the generated Fourier 
images are inversely proportional to x and y dimensions of the initial image. The 
orange axis represents the direction vertical to the ripple nanostructure. Along this 
axis the Fourier transformation detects a periodical fluctuation of the images color 
intensity (pixel color). This fluctuation has an average special frequency and 
dispersion. The length of this frequency is inversely proportional to the average 
ripple period. In image one can note the major symmetry axis of the image present 
in the 2D Fourier Transformed image. Fig. 10 presents as an example, SEM images of 
an irradiated laser spot featuring ripples (a), higher magnification of the enclosed 
area in the red dotted box (b). Fig. 10 (c), (d) show the Fourier space image of the 
image Fig. 10 (b).   Consequently to calculate the periodicity of the structures, the 
profile of the image was taken as cross section, yellow dotted line tin Fig. 10 (d), 
which is shown in Fig.10 (e). The distance between the centre of Fig. 10 (f) with 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 the two peaks (as shown in Fig. 10 (e)) for a vertical as well as a 
horizontal image cross section, and so the average period is < 𝛬 >= 1/𝑓, where Λ is 
the period of the formations, and 𝑓 is the spatial frequency, periodicity. 

For the estimation of the amount, or range of frequencies that’s the 2D-FFT images 
show i.e. the standard deviation, we apply a Lorenzian fit on both peaks of the cross 
section and the error of every measurement is calculated as follows:               

 
𝜟𝜦 = �−

𝟏𝟏
𝒆𝒆𝟐𝟐� 𝜟𝒆𝒆 

 
 

 
 

Where 𝛥𝑓 is the mean of the widths for the two Lorenzian fit curves from the 2D-FFT 
image profile peaks.  

The characterization of ripples period was determined with two dimensional fast 
Fourier transform (2D-FFT) on high analysis and high magnification Field emission-
SEM images, using Gwyddion software.  
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Figure 10: SEM image of irradiated spot featuring ripples (a), higher magnification (b), 2D-FFT 
transformation of (b) in grayscale (c), higher magnification showing the profile feed (yellow line), 

extracted intensity profile showing two symmetric peaks around a central peak (e), Lorentzian fit of the 
left peak and periodicity value extraction with standard deviation in nanometers unit. 

 
 

 

 

 
 
 
2.4 Energy surface density (Peak Fluence) calculation 
 

Peak Fluence is the surface energy density calculated from the laser beam 
intensity at its peak and the beam radius. Pulse energy is not sufficient to describe 
the experiment conditions since focal conditions and thus beam radius play a crucial 
role. 

Firstly, we calculate the pulse energy (𝐽𝐽), by measuring the Average power (𝑊 = 𝐽𝐽/𝑠𝑠) 
and dividing it by the Repetition rate (𝑠𝑠−1).  

2D 
FFT 
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Figure 11a: Laser spot image captured from a CCD camera converted to grayscale (a), intensity profile of 
the laser spot with a Gaussian spatial filter (b), the laser spot area is encircled in black bold line, laser spot 
imprint on material surface, the full spot is encircled with black, 1/𝑒𝑒2 beam area is encircled with yellow 

color (c), beam spot intensity in 3D chart demonstrating Gaussian profile (d). 

𝑃𝑢𝑙𝑠𝑠𝑒𝑒 𝑒𝑒𝑛𝑛𝑒𝑒𝑟𝑔𝑦𝑦 (𝐽𝐽) =
𝑃𝑜𝑤𝑒𝑒𝑟 (𝑊𝑎𝑡𝑡)

𝑅𝑒𝑒𝑝𝑒𝑒𝑡𝑖𝑖𝑡𝑖𝑖𝑜𝑛𝑛 𝑟𝑎𝑡𝑒𝑒 �1
𝑠𝑠�

 

The spot radius can be found with two different methods: (I) by directly measuring 
the beam spot using a CCD camera located at the desired focal conditions that are 
used during irradiation of the samples, or (II) by measuring the imprint on the target 

surface after impinging it with the laser. In every case the spot size is calculated at 1
e2

 

which is considered the beam radius peak, since the laser beam intensity profile is 
Gaussian (method I), and the damage profile of the imprint on the material will be 
Gaussian (method II). 

 

 

 
Fig. 11a demonstrates method (I) steps: Beam spot captured with a CCD camera (a) 
demonstrating a Gaussian intensity profile in pixel color. This picture is converted to 
a 2D-color chart (b) and 3D-color chart (d), after applying spatial Gaussian filters. 
Beam radius can be calculated from (b) by converting distance in pixels, to true 
distance by taking into account the pixel size of the camera. Pixel size for the CCD 
camera used is 3,6 𝜇𝜇𝑐𝑐/𝑝𝑖𝑖𝑥𝑒𝑒𝑙. 
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 The conversion is given by the formula: 
 

𝐵𝑒𝑒𝑎𝑐𝑐 𝑟𝑎𝑑𝑖𝑖𝑢𝑠𝑠 =
𝑑𝑖𝑖𝑠𝑠𝑡𝑎𝑛𝑛𝑐𝑐𝑒𝑒 𝑖𝑖𝑛𝑛 𝑝𝑖𝑖𝑥𝑒𝑒𝑙𝑠𝑠 (𝑝𝑖𝑖𝑥𝑒𝑒𝑙)

𝑝𝑖𝑖𝑥𝑒𝑒𝑙 𝑠𝑠𝑖𝑖𝑧𝑒𝑒 ( 𝜇𝜇𝑐𝑐
𝑝𝑖𝑖𝑥𝑒𝑒𝑙)

 

 
Fig. 11a (c) presents the imprint of the laser on a target. Beam radius can be 
calculated from the SEM image directly. 
 
 
 
 
2.5 Electronic-Optical properties 
 
 
As strong absorbing materials steel kinds’ dielectric functions can be described by 
the Drude model [61], which reads:  
 

𝜀𝑟(𝜔) = 𝜀∞ −
𝜔𝑝𝑝2

𝜔(𝜔 + 𝑖𝑖𝛤)
 

 
Where 𝜔 is the laser frequency, 𝜔𝑃 = ( 1

2𝜋𝑐
)(4𝜋𝑁𝑁𝑒𝑒2/𝑐𝑐∗𝜀∞)2 is the plasma 

frequency, 𝑁𝑁 is the free electron density which is a function of the electric field and 
𝛤 is the electron collision frequency, 𝑐𝑐∗ is the effective optical mass of the laser-
excited electrons. During irradiation in water confinement, the water medium can be 
highly exited reaching metallic state which can also be described by the Drude model 
[58, 18, 62]. 
 
We have to take into account the index matching that occurs during the water 
experiment which leads to a lower reflectivity and thus lower Fresnel reflection 
losses on the steel surface because of the presence of water. Before irradiation the 
laser beam has an initial intensity 𝐼0 which impinges the sample. For normal 
incidence and by the assumption that all transmission mediums are non-absorbing, 
the Fresnel equation for the reflectivity (𝑅) at the interface reads [61]: 
 

𝑅12 = �
𝑛𝑛�1 − 𝑛𝑛�2
𝑛𝑛�1 + 𝑛𝑛�2

�
2

 

 
The percentage of intensity finally reaching the target will be the fraction of the 
intensity that is transmitted. The optical transmission (𝑇) through each interface can 
be calculated according to: 
 

𝑇12 = 1 − 𝑅12 
 
Where 𝑛𝑛� is the complex refractive index, the indices 1, 2 represent the different 
materials of the interface. The total intensity 𝐼𝑡𝑜𝑡 impinging the target will be 
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Table 1: Optical constants of media presented along the optical path, 𝑛𝑛� = 𝑛𝑛 + 𝑖𝑖𝑘𝑘. 

multiplied by a factor which accounts for reflection losses at all interfaces along the 
optical path. 
 
During dry treatment the only interface along the optical path is the air/steel 
interface, thus 𝑰𝒕𝒐𝒕 = 𝑰𝟎𝟎 × 𝑻𝒂𝒔𝒔 = 𝑰𝟎𝟎 × (𝟏𝟏 − 𝑹𝒂𝒔𝒔), where 𝑎 indicates air medium and 
𝑠𝑠 steel target. During underwater treatment there are two interfaces in the beam 
path, firstly air/water and secondly water/steel. 𝐼𝑡𝑜𝑡 Now becomes 𝑰𝒕𝒐𝒕 = 𝑰𝟎𝟎 ×
𝑻𝒂𝒘 × 𝑻𝒘𝒔𝒔 = 𝑰𝟎𝟎 × (𝟏𝟏 − 𝑹𝒂𝒘) × (𝟏𝟏 − 𝑹𝒘𝒔𝒔) where 𝑤 subscript is indicative of the 
water medium. 
 

Medium 
 

𝑛𝑛 𝑘𝑘 Ref 

Air 1.00 0 63 
Water 1.33 0 64 
Steel  3.03 3.68 65 

 
Since these calculations were conducted for qualitative reasons, and since optical 
indexes vary for different steel types because of the great variance in composition of 
various elements that comprise each steel type, a single value was selected for the 
dielectric constant found in ref. 65 for stainless steel 𝜀𝑟,𝑠𝑡𝑒𝑒𝑒𝑒𝑙 = −4.4 + 22.3. Where 
𝜀𝑟 = 𝜀�̅� + 𝑖𝑖𝜀�̃� , 𝜀�̅� is the real part and 𝜀�̃� is the imaginary part of the dielectric 
constant. Using the dielectric constant, the optical constants can be calculated using 
following formulas: 

|𝜀𝑟| = �𝜀�̅�2 + 𝜀�̃�2,  𝑛𝑛 = �|𝜀𝑟|+𝜀�𝑟
2

,    𝑘𝑘 = �|𝜀𝑟|−𝜀�𝑟
2

 

 
Calculated values for steel are: 𝑛𝑛 = 3.03,  𝑘𝑘 = 3.68. 
 

Using these values, we calculate 𝑅𝑎𝑠 = �1−3.03
1+3.03

�
2

= 0.254, 𝑅𝑎𝑤 = �1−1.33
1+1.33

�
2

= 0.02, 

𝑅𝑎𝑠 = �1.33−3.03
1.33+3.03

�
2

= 0.152. 
 
Finally, we calculate 𝑰𝒕,𝒂𝒊𝒓 = 𝟎𝟎.𝟕𝟕𝟓𝟓𝑰𝟎𝟎 for Air treatment, and 𝑰𝒕,𝒘𝒂𝒕𝒆𝒆𝒓 = 𝟎𝟎.𝟕𝟕𝟑𝟑𝑰𝟎𝟎 for 
Water treatment. This effect can partly explain the difference in damage thresholds 
observed. 
 
 
 
2.6 Wettability Measurement (Contact angle) 
 

Wettability measurements were taken for large fabricated areas covered 
with observed self-assembled structures using a motorized automated contact angle 
apparatus with the sessile drop technique. For water measurements, deionized 
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Figure 11b: Sessile drop technique demonstration. Water droplet is shown into the surface of stainless 
steel. Red dotted line covers the droplet shape to evaluate the droplet shape. Red solid line measures the 

contact angle. 

water was loaded on a mechanically controlled syringe which produced 4 𝜇𝜇𝐿 
droplets. Then the sample was carefully elevated until the water droplet touched the 
surface. Finally, the sample was drawn down steadily until the droplet detached 
from the edge of the syringe and stayed on the surface.  A picture of the droplet was 
taken and Contact angle was measured automatically.  

 

 

 

The algorithm measures the angle by measuring the contrast of the pixels near the 
droplet edges taking into account the droplet shape. For oil measurements Shell© 
Rimula R3 10W (CF) energized lubricant oil was used  

Measurement error represents standard deviation of contact angle measurement. 

 

 

Chapter 3: Results & Discussion 
 

Firstly, materials were treated with a defined number of pulses range at 
various fluences. Then the samples were examined and the observed morphologies 
were evaluated. Graphs were created exhibiting the observed morphology as a 
function of beam fluence and number of pulses. This procedure is called Mapping. 
Finally, large areas were fabricated one with each of the observed morphologies 
during the mapping process and their wetting behavior was examined ~14 days after 
irradiation. This procedure was conducted in ambient air and under water 
confinement. 
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Figure 12: Laser spots on the surface of stainless steel after irradiation with 170fs pulses of 1026 nm. 
Various self-assembled structured are formed depending on the beam fluence and number of pulses. 

3.1 Surface morphology mapping 
 

Mapping procedure was conducted on various types of steel, in particular 
1.4307 stainless steel, 100CR6 steel, 1.7131 steel and 1.7225 steel. Results were 
similar for all kinds of steel. 

 

3.1.1 Dry processing 

 

By observing SEM images, various surface morphologies can be recognized. 

Stainless steel 

1026 nm 

 

 

At first, we observe the formation of ripples always perpendicular to the 
beam polarization. Ripples start to form even after the second pulse. For higher 
fluences microgrooves start to appear after NP=10. For intermediate fluences 
microgrooves start appearing after NP=40, while for the lowest fluences no grooves 
are observed as can be seen in Fig. 12. Spike formation follows for NP=80 for higher 
fluence while for intermediate fluences spike formation begins after 100 or more 
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Figure 14: Laser spots on the surface of stainless steel after irradiation with 170fs pulses of 513 nm. 

Figure 13: Morphological map for stainless steel showing all observed structures after irradiation with a 
preset number of pulses (NP) range for various fluences. 

pulses. For a very high number of pulses (NP~1000) no structures can be observed 
since material removal is excessive leading to hole formation for all fluences.  

 

 

For the lowest fluence (0,02 𝑗/𝑐𝑐𝑐𝑐2) no irradiation spots can be observed for 
𝑁𝑁𝑃 < 600 which is expected since we are much below single shot damage threshold 
and a great number of pulses is needed to induce surface damage.  

513 nm 

 

Fig. 14 shows laser spots obtained after irradiation of stainless steel samples 
with the second harmonic generated from the laser system, with central wavelength 

A. Mimidis – Ultra-fast laser Fabrication of biomimetic metallic surfaces  25 
 



Figure 15: Morphological map for stainless steel showing all observed structures after irradiation with a 
preset number of pulses (NP) range for various fluences for 513 nm. 

of 513 nm. As it is shown in Fig. 15 both ripples microgrooves and spikes are 
observed. 

 

 

Surface structures observed follow the same trend concerning their formation order. 
Contrary to irradiation with 1026 nm, in this case mushroom like formations can be 
observed in the central region of the spots possibly due to the vastly greater fluences 
used.  

A beam of central wavelength of 513 nm compared to 1026 nm has double the 
photon energy which can induce interband transitions [60, 77–80], which can be 
theoretically described by the same approach used for direct band transitions in 
semiconductors [78, 79], while 1026 nm induces intraband transitions [60]. This 
fundamental difference may have an effect on carrier excitation. 

Furthermore, 513 nm has half the wavelength compared to 1026 nm, meaning that 
is has also double the k-vector. A change in k-vector leads to a modulation of the 
efficacy factor. As can be seen in Eq. 2 efficacy factor is a function of the incident k-
vector, thus different wavelengths imply a different efficacy factor. The same holds 

for 𝑏�𝑘𝑘�⃗ �  meaning that each wavelength “sees” surface roughness in a different 
manner.  
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Figure 16: Laser spots on the surface of 100CR6 steel after irradiation with 170fs pulses of 1026 nm. 
Observed structures (ripples, microgrooves, spikes) are typical for steel samples. 

Figure 17: Morphological map for 100CR6 steel. 

100CR6 steel 

1026 nm 

 

Irradiation spots for 100CR6 steel resemble those on the surface of stainless steel.  

 

Ripples can be observed after the second pulse but not for the first pulse which 
roughens the target area. Microgroove and spike formation depends on the fluence 

A. Mimidis – Ultra-fast laser Fabrication of biomimetic metallic surfaces  27 
 



Figure 18: Laser spots on the surface of 100CR6 steel after irradiation with 170fs pulses of 513 nm. 

Figure 19: Morphological map for 100CR6 Steel after 513 nm irradiation. 

as can be seen in fig. 13. For the lowest fluence not grooves or spikes can be 
observed even after NP = 200. At 1,3 𝐽𝐽/𝑐𝑐𝑐𝑐2 and 2, 2 𝐽𝐽/𝑐𝑐𝑐𝑐2 microgrooves are 
formed after 20 pulses while for 0,6 𝐽𝐽/𝑐𝑐𝑐𝑐2 they appear only after the 50th pulse. 

513 nm 

 

Fig. 16 shows laser spots on the surface of 100CR6 steel after irradiation with 513 
nm.  As in the case of stainless steel, irradiation with 513 nm beam induces 
formation of mushroom-like structures on the center of the spot. 
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Figure 20: Morphological map for 1.7131 Steel after 1026 nm irradiation. 

Fig. 17 shows the formation conditions of Ripples, grooves and spikes. As for 
irradiation with 1026 nm, after just one pulse, no ripples can be observed. 

 

1.7131 Steel (Dry processing) 

Similarly by observing SEM images after illumination the morphological map for 
1.7131 steel is formulated. 

 

As can be seen by comparing morphological maps for different kinds of steel 
investigated, many similarities can be realized. In all kinds of steel ripples, grooves 
and spikes can be observed. Ripples form at low number of pulses, microgrooves at 
intermediate and spikes at high number of pulses. At even higher number of pulses, 
especially if fluence is high, no structures are observed since the surface is then 
ablated excessively. Finally, grooves and spikes have a strong dependence of the 
fluence of the laser beam since at low fluences no grooves/spikes are observed even 
at very high NP. Material removal dominates grooves/spike formation at this fluence 
regime, as can be seen in Fig. 13, Fig. 17 and Fig. 20 material removal is profound 
after ripples form but before grooves start to appear. Finally, we observe that the 
higher the beam fluence the lower the NP needed to induce groove/spike formation. 
This trend can be seen for 1026 nm irradiation while this is not the case for the 
second harmonic experiment suggesting that photon energy might play a role in 
groove/spike formation. 
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Figure 21: Laser spots under water confinement at low NP (NP=2) (left), high NP (NP=800) (right). 

Figure 22: Damage profiles on Stainless Steel after 1000 NP in Air (left), Water (right). Fluences are 
0,75 𝐽𝐽/𝑐𝑐𝑐𝑐2for the dry experiment, and 0,87 𝐽𝐽/𝑐𝑐𝑐𝑐2for the liquid experiment. 

3.1.2 Processing in the presence of water 

 

Processing in water confinement was conducted for Stainless steel and 
1.7131 steel. Samples were placed in a glass petri dish filled with deionized water. 
Water volume was selected to cover each material ~3mm. During irradiation higher 
modification threshold was observed as LIPSS formed after relatively higher number 
of pulses. Morphological features also differed since mushroom-like formations were 
observed and debris redeposition was negligible. Ablated material was suspended in 
the water phase giving the water a milky aspect, while high NP induced cavitation 
bubbles formation.  

 

Furthermore underwater corrugated surfaces exhibited anomalous profile at low NP 
(Fig 21, left) and at high NP after bubble formation (Fig 21, right). 

 

Profiles of underwater cavities obtained at high fluences and high number of pulses 
per spot, were consistent with a strong spatial deformation of the laser beam by 
comparison to the dry experiment. Fig. 22 demonstrates the cavities observed at the 

A. Mimidis – Ultra-fast laser Fabrication of biomimetic metallic surfaces  30 
 



Figure 23: Laser spots SEM images on the surface of stainless steel after irradiation with 170fs pulses of 
1026 nm under water confinement. Irregular surface damage for a Gaussian beam can be observed 

especially for low NP and low fluence, since several circle-like damage patterns form far from the beam 
center. Ripples and microgrooves can be observed at relatively higher NP compared to the dry 

experiment. 

dry experiment in the left picture, and the one observed in the liquid experiment. As 
it can be seen in the air experiment the cavity has a profile consistent to a Gaussian 
distribution of laser intensity. The ablated material leaded to a gradually deeper 
cavity and most of the laser spot is ablated. In the right picture ablation was limited 
to a tiny central cavity while the surrounding irradiated spot is covered with LIPSS. 
This may be correlated with the occurrence of laser induced effects in the water 
layer in front of the target surface like fluence dependent self-focusing. This could 
explain the slit like crater observed in the region where laser intensity is at its peak. 
Total ablated region in the air experiment (area circled in blue curve) is 21% of the 
total area of the irradiated spot (are encircled in yellow) while in the water 
experiment is it only 2.1%. Furthermore, in the air spot material redeposition is 
evident near the spot edges. 

Stainless steel 

 

It is known that phenomena like supercontinuum generation, filamentation 
and optical breakdown of the water phase have a shielding effect, which reduces the 
amount of energy reaching the target. These effects coexist in water above certain 
threshold values [55]. For self-focusing and filamentation this value is 𝑃𝑐𝑟𝑖𝑖𝑡 = 4.4 ×
106 𝑊 and for optical breakdown 𝐼𝑐𝑟𝑖𝑖𝑡 = 1.2 × 1013 𝑊/𝑐𝑐𝑐𝑐2. In the case of a ~170 fs 
pulse with a waist radius at the focal point of 𝜔0 = 23 𝜇𝜇𝑐𝑐 these values become 
𝛷𝑐𝑟,𝑒𝑒𝑖𝑖𝑙 = 0,05 𝐽𝐽/𝑐𝑐𝑐𝑐2 and 𝛷𝑐𝑟,𝑜𝑝𝑝𝑡 = 2 𝐽𝐽/𝑐𝑐𝑐𝑐2. Τo avoid reaching such fluence values 
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Figure 24: Morphological map for stainless steel after processing in water environment. Surfaces of high 
roughness have mushroom like formation. Ripples and grooves form at relatively higher NP. Spikes are 

not observed. 

tight focusing of the laser beam was avoided, thus samples were placed in slightly 
defocused position (~600 μm) before the focal plane of the lens. 

Fig. 23 demonstrates SEM imaged of the machined surface under water 
confinement. At low NP damage patterns lead to surface modification occurring in 
the form of solidified concentric waves surrounding a central region covered with 
mushroom like protrusions. These formations can be accounted to ablated particles 
that solidify before they completely detach from the illuminated surface. After 
irradiation with more than ~100 pulses, the water layer was mechanically perturbed 
to mix the suspended ablated particles in order to minimize scattering of the laser 
beam from regions with very high concentration of particles. The same procedure 
was conducted when bubbles where formed and remained in the water surface. 
Damage profile which resulted from beam scattering from bubbles formed after 
irradiation occurred frequent at high NP (Fig. 21 left). 

 

 

Morphologies realized during irradiation in water environment are presented in Fig. 
24. Regions of high roughness bear resemblance to mushrooms in contrast to the dry 
experiment where initial damage patterns looked like solidified bubbles. Ripples and 
microgrooves form at relatively higher NP compared to surfaces treated in ambient 
air suggesting a higher modification threshold in the water experiment. Irradiation 
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Figure 25: Laser spots SEM images on the surface of 100CR6 steel after irradiation with 170fs pulses of 
1026 nm under water confinement. Similar morphological modification can be observed in the surfaces 

of this kind of steel as those observed on stainless steel.  

Figure 26: Morphological map for 100CR6 steel after processing in water environment. Ripples and 
microgrooves are formed. 

with even higher NP leads to the formation of a cavity in the center of the spot. No 
microspikes are observed. 

100CR6 steel 

 

 

In this type of steel, irradiation in water confinement has a similar behavior as 
irradiation of stainless steel.  
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Figure 27: Ripples periodicity evolution with NP for two different wavelengths. Λ/λ as a function of NP 
shows a decrease from ~0,95 λ initially after NP=2, to 0,7λ for NP=250 and NP=100 respectively. 1026 

nm (left), 513 nm (right). 

At NP=1 damage profile consists of randomly arranged hole formations around a 
central region. 

In the water experiment only ripples and microgrooves but no spikes are observed 
for this type of steel. The same observation was done for stainless steel suggesting 
that spike formation is inhibited in the presence of water regardless of the steel 
type.  

 

 
3.2 LIPSS Periodicity Study 
 

LIPSS periodicity is examined as a function of NP and fluence. Periodicity 
dependence helps unravel the physical mechanism governing their formation, and 
elucidate transient evolution of NP dependent dynamics. This study was conducted 
on two types of steel, stainless steel and 100CR6 steel. 

 

3.2.1 LIPSS Periodicity study in dry experiment 

 

LIPSS periodicity shows dependence on the number of pulses for both type of steel 
used in this study. The evolution of periodicity with the number of pulses is plotted 
and compared to the periodicity evolution with fluence. Fig 27 illustrates the 
evolution of ripples periodicity with fluence (Fig 27 (a), (c), (f)) and NP (Fig 27 (b), (d), 
(e)). It is shown that fluence does not modulate ripples periodicity for a given 
number of pulses. Periodicity variance appears to be minute and does not seem to 
follow a normal trend. On the contrary, ripples modulation with NP is evident for 
both materials (Fig 27 (b) for stainless steel, (e) for 100CR6 steel). It can be seen that 
ripples periodicity drops as the number of pulses increases rapidly at first but this 
increase slows up for NP~40. At first, NP=2 ripples period is calculated to be ~0,9𝜆𝜆 
but after NP=250 the period drops to 0,7𝜆𝜆 (Fig.27). 
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Figure 28: LIPSS periodicity as a function of fluence, for stainless steel (a), 100CR6 steel (c), (f), as a 
function of NP for stainless steel (b), 100CR6 steel (d), (e).  

This variation in ripples periodicity has been reported and attributed to the 
enlargement of the spot crater as NP increases [66]. 

 

 

As the crater increases, fluence in the periphery of the spot declines. As a 
consequence, the number of excited electrons in the periphery decreases.  As Eq. 17 
predicts [66] as 𝑛𝑛 decreases, 𝜀1 decreases. Ultimately, this leads to a decrease in 𝜆𝜆𝑠 
and 𝛬. It can be noted by comparing Fig. 28 (b) and (e) that this trend is similar to 
both kinds of steel implying the universal nature of the ripples evolution mechanism. 
Furthermore, it has been shown that after the formation of initial gratings, the laser 
beam coupling with SPP is enhanced and the laser field localizes in the groove [66] 
making the grooves deeper and shaping ripples more regularly. It is also shown that 
ripples period decreases as their grooves become deeper [67]. Moreover, the 
ablated material rich plume that follows irradiation increases the dielectric constant 
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Figure 29: LIPSS periodicity as a function of fluence, for stainless steel (b), 100CR6 steel (c), (f), as a 
function of NP, stainless steel (a), 100CR6 steel (d) using the second harmonic 513 nm beam. 

of air near the target surface which can also reduce ripples period [66]. A 
combination of all these effects account for rapid period decrease with NP. 

The aforementioned mechanism holds for materials processing using the second 
harmonic generated 513 nm beam. Fig. 29 demonstrates diagrams linking ripples 
periodicity with fluence (b), (c) and NP (a), (d). It is shown that fluence does not 
affect ripples periodicity in a normal manner. On the contrary, period decreases 
(periodicity i.e. spatial frequency increases) when NP increases as shown for 1026 
irradiation. This is more evident in Fig. 29 (d) where more moderate fluences were 
used. In Fig. 29 (a) this trend is more evident for the lower fluences 0,9 𝐽𝐽/
𝑐𝑐𝑐𝑐2 and 1,5 𝐽𝐽/𝑐𝑐𝑐𝑐2, this may be attributed to the much higher material ablation for 
the higher fluences which leads to a wider and deeper crater deforming ripples. 

 

 

In the irradiated spots with higher fluences, a melted layer can be observed on the 
central region of the spot for low NP, before excessive ablation occurs. This molten 
layer further destabilizes rippled formations obscuring their topography near the 
edges. This is also observed in the wider error bars systematically seen for higher 
fluences.  

It must me noted that Ripples periodicity shows variance along an individual spot. 
This variance qualitatively appears as a splitting of a single ripple into two which 
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Figure 30: Ripples at the edge of a spot indicating ripple splitting in the region inside the red dotted 
box. Fluence is 0,095 𝐽𝐽/𝑐𝑐𝑐𝑐2, NP=30. 

Figure 31: High spatial frequency LIPPS aligned parallel to the laser polarization, observed after 10 
pulses with 1,267 𝐽𝐽/𝑐𝑐𝑐𝑐2fluence on the surface of 100CR6 steel. 

leads to more closely arranged formations.  Fig. 30 demonstrates the 
aforementioned evolution of periodicity resulting from the splitting of a ripple into 
two. This was observed for selected spots near the edges for lower fluences. This 
phenomenon has been observed [68] on the surface of steel and its physical 
mechanism is attributed to electric field localization on the protuberance of the 
ripples that occurs when the coupling of SPP and incident wave is not very strong 
explaining the reason why ripples splitting is observed only for lower fluences. 

 

 

 

 

 

 

 

A special type of LIPPS observed is aligned parallel to the beam polarization and has 
a much lower period. This kind of LIPPS is observed for very low NP and their 
formation mechanism is obscure although they have been reported lately and 
discussed [14].  

Fig. 31 depicts such LIPPS observed on the surface of 100CR6 steel after 10 pulses. 
The usual ripples discussed in this work have started to appear in the background. 

 

The occurrence of this kind of very high periodicity LIPPS is relatively rare, and their 
existence frame in terms of NP is very low, as they tend to appear in a very narrow 
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Figure 32: LIPSS periodicity in liquid processing. Ripples period decreases with NP while remains 
relatively unaffected with fluence.   

range of NP (between 1 and 10). Furthermore, their alignment parallel to the 
incident E-field as well as their frozen-droplet morphology suggests a completely 
different physical formation mechanism. For these reasons this type of LIPPS is 
beyond the scope of this work. 

 

3.2.2 LIPSS Periodicity study in water experiment (1026 nm) 

 

A similar analysis was conducted for processing in liquid environment impinging the 
target materials with the fundamental harmonic of 1026 nm. 

 

 

As in the dry experiment the same trend can be noticed in the liquid experiment as it 
is shown in Fig. 32. In Fig. 32 (b) LIPSS period is compared between the two different 
experimental conditions. The same trend can be realized as indicated in the drop in 
ripples period. It is also shown that period values differ which is expected as 
discussed in the theoretical chapter (Chap 1.5). Fig. 33 demonstrates the evolution of 
Λ/λ as a function of NP.  Ripples start to appear after NP=20 as discussed previously 
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Figure 34: LIPSS periodicity as a function of NP in water environment for various fluences. Ripples with 
different period can me observed close to the center of the spot and near the spot edges. Ripples at the 

edges of the spot typically have a much lower period.   

Figure 33: LIPSS periodicity in water. The much lower Λ/λ can be partly explained by the modulation of 
the wavelength in the presence of water. 

 

with a period ~0,6𝜆𝜆 while period drops to ~0,45𝜆𝜆 after NP=200. By applying the 
scaling law that Siegman and Fauchet provided [69], 𝛬 = 𝜆𝜆/𝑛𝑛𝑤𝑎𝑡𝑒𝑒𝑟, where 
𝑛𝑛𝑤𝑎𝑡𝑒𝑒𝑟 = 1.33 [REF VIVL]. Thus expected LIPPS period is 𝛬 = 770 𝑛𝑛𝑐𝑐, or 𝛬/𝜆𝜆 now 

becomes 1.33 × 𝛬
𝜆

= 0,79,  and are found to be in the expected range as those seen 

in Fig. 33 by comparison to Fig. 27.  

 

 

During liquid experiment ripple period modulation was observed, as in the case of 
the dry experiment, but this time it was observed for all fluences used. Fig. 34 
demonstrates the different spacing of ripples observed close to the central region of 
the spot (black boxes) and near the spot edges (red dots). This is discussed in the 
literature [65] recently suggesting that ripples with period ~0.45𝜆𝜆 as those seen in 
Fig. 33 for NP=250 undergo double-splitting and ripples form with period ~0.2𝜆𝜆 =
200 𝑛𝑛𝑐𝑐 for 1026 nm beam, in a similar manner as the one discussed for splitting of 
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ripples due to E-field localized effect in the dry experiment. Fig. 34 accounts for the 
formation of ripples with period ~0.2𝜆𝜆 for the higher NP presented. 

 

 

3.3 Fabrication of large surfaces - Biomimetics 
 
 
Laser irradiation can create different kind of morphologies as it has been discussed 
previously, depending on the accumulated number of pulses that fall upon a spot. 
Similarly, during laser scanning large surfaces we can calculate the effective number 
of pulses that irradiate a surface equal to a beam spot surface.  By controlling laser 
scan parameters all morphological structures observed during spot by spot 
irradiation and presented in the morphological maps, can be produced in large 
surfaces. 

 

 
3.3.1 Laser scan in dry environment 
 
During irradiation in ambient air three types of morphology were realized, Ripples, 
microgrooves, and spikes on the surfaces of every kind of steel irradiated.  
 
1.7131 Steel 
 
 
Ripples are formed on the surface after irradiating with an effective number of 
pulses equal to 211 shots with a beam fluence of 1.90 𝐽𝐽/𝑐𝑐𝑐𝑐2, at 1.4 𝑐𝑐𝑐𝑐/𝑠𝑠 scan 
speed velocity using, a line separation of 35 𝜇𝜇𝑐𝑐 (Fig 35, left). When the scan                                                                                                                                                         
speed was reduced to 0.8 𝑐𝑐𝑐𝑐/𝑠𝑠  while keeping the same line separation the                                                                                                                                                      
effective number of pulses is  370 which results in the formation of grooves (fig. 35, 
right). Further reduction in the scan speed to 0.4 𝑐𝑐𝑐𝑐/𝑠𝑠 gives rise to spike 
formations (Fig. 36, b). It is evident that by decreasing the Laser scan speed velocity 
(thus increasing the number of laser shots irradiating each area equal to the laser 
spot area) we can control the microstructures being formed at will in the same 
manner that the morphological map dictates. The effective number of pulses can 
also be controlled with a balanced increase/decrease of the line separation along 
with an adequate decrease/increase of the laser scan velocity. In this case horizontal 
beam overlap (directed by scan velocity) can be balanced with vertical beam overlap 
(directed by line separation). 
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Figure 35: Large surfaces on 1.7131 Steel. Ripples (left) are fabricated with 1.90 𝐽𝐽/𝑐𝑐𝑐𝑐2, at 1.4 𝑐𝑐𝑐𝑐/𝑠𝑠 scan 

speed, line separation is 35 𝜇𝜇𝑐𝑐. 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 = 211 Shots. Grooves (right), 1.90 𝐽𝐽/𝑐𝑐𝑐𝑐2
, 0.8 𝑐𝑐𝑐𝑐/𝑠𝑠 scan 

speed, line separation is 35 𝜇𝜇𝑐𝑐, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 = 370. 

Figure 36: Large spiked surfaces on 1.7131 Steel showing a variety in micro topography. 1.90 𝐽𝐽/𝑐𝑐𝑐𝑐2 (a) 
line step 40𝜇𝜇𝑐𝑐, 𝑣𝑣 = 0.2 𝑐𝑐𝑐𝑐/𝑠𝑠, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 1300, (b) line step 35𝜇𝜇𝑐𝑐, 𝑣𝑣 = 0.2 𝑐𝑐𝑐𝑐/𝑠𝑠, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 1480 , (c) line 

step 35𝜇𝜇𝑐𝑐, 𝑣𝑣 = 0.15 𝑐𝑐𝑐𝑐/𝑠𝑠, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 1977 , (d) line step 35𝜇𝜇𝑐𝑐, 𝑣𝑣 = 0.4 𝑐𝑐𝑐𝑐/𝑠𝑠, 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 741. 

 

 

 

 

 

 

 

 

Slight different laser scan conditions resulted in more cone shaped spikes (Fig. 36) 
indicating that spike dimension, shape, and spacing can be tuned. This controllability  
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Figure 37: Different types of microstructures observed on the surface of steel type 1.7225 after laser 
irradiation. (a) Ripples formed after irradiation with a beam fluence of 𝟎𝟎.𝟕𝟕𝟕𝟕 𝑱𝑱/𝒄𝒄𝒄𝒄𝟐𝟐, line separation 

𝟓𝟓𝟎𝟎 𝝁𝝁𝒄𝒄, scan speed 𝟏𝟏 𝒄𝒄𝒄𝒄/𝒔𝒔 , 𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆,𝟐𝟐𝟐𝟐 = 𝟕𝟕𝟕𝟕, (b) higher magnification. (c) Grooves formed with a beam 
fluence of 𝟐𝟐.𝟑𝟑𝟓𝟓 𝑱𝑱/𝒄𝒄𝒄𝒄𝟐𝟐 line separation 𝟏𝟏𝟓𝟓 𝝁𝝁𝒄𝒄  and scan speed 𝟎𝟎.𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔, 𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆,𝟐𝟐𝟐𝟐 = 𝟓𝟓𝟏𝟏𝟐𝟐 ,(d) higher 
magnification. (e) Top view of Spikes formed after irradiation with a 𝟐𝟐.𝟕𝟕𝟕𝟕 𝑱𝑱/𝒄𝒄𝒄𝒄𝟐𝟐 laser beam fluence, 

line separation 𝟑𝟑𝟓𝟓 𝝁𝝁𝒄𝒄  and scan speed 𝟎𝟎.𝟐𝟐 𝒄𝒄𝒄𝒄/𝒔𝒔,  𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆,𝟐𝟐𝟐𝟐 = 𝟓𝟓𝟓𝟓𝟎𝟎, (f) Tilted view. 

In spike formation will be discussed in a later chapter in more detail. It is worth-
noting that there is a significant discrepancy in the number of pulses needed to 
induce formation of various structures between spot by spot fabrication and raster 
scan (dynamic) fabrication. This can be seen by comparing the number of pulses 
demonstrated in the morphological maps with 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 for each of the observed 
structures. This might be linked to the vertical overlap of consecutive laser scan lines, 
since if the overlap is high enough, the energy might be adequately high to induce 
melting and modification the structures formed in the previous line. This effect 
becomes much more important when the aim is to fabricate surfaces with very high 
uniformity. This dictates that laser parameters have to be carefully fine-tuned.    

 
1.7225 Steel 
 
 
Large surfaces were structured on steel type 1.7225 showing all three possible 
morphologies, ripples, microgrooves and spikes. 
 

 

 
Evidently morphological features between these two types of steel are similar. 
Moreover, the calculated 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 appear to be similar. Because of the discrepancy 
between the numbers of pulses in spot by spot irradiation and laser scanning and 
since 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 can be correlated with the formation of various structures on the 
surface of different kinds of steel examined, a morphological map for dynamic 
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Figure 38: Morphological map of 1.7131 steel produced with laser scanning. 

 

Figure 39: Large surfaces fabricated on the surface of stainless steel. Ripples (left), microgrooves 
(center), Spikes (right). 

processing is formulated. Fig. 38 shows the induced structures as a function of 
fluence and 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷.  

 

 
Stainless Steel 
 
 
As for the other types of steel, using the morphological map, large surfaces were 
created with each of the morphological structural features observed on stainless 
steel. 

 

It has been shown that all morphological structures observed can be produced in 
large surfaces on all steel types experimented with in dry environment. 
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Figure 40: Large surfaces fabricated on the surface of stainless steel in water environment. Structures 
fabricated: High-Roughness (mushrooms) (left), ripples (center), microgrooves (right). 

3.3.2 Laser scan in water environment 
 

Stainless steel was used for large surface fabrication in water environment due to its 
stainless nature.  

 

 

As during spot by spot irradiation, a much greater number of pulses was required to 
induce the formation of ripples and grooves under water. 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 In the presence of 
water was much greater as expected. 

 

 

3.4 Large surface wetting properties-Functionality 
 

After laser treatment large surfaces created were found to have an enhanced 
hydrophobic behavior compared to the untreated, flat surface.   

Wettability of corrugated surfaces Young’s model had to be extended. Wenzel [70] 
and Cassie and Baxter [71] described how surface texture influences wettability. 
Wenzel assumed that the droplet completely wets the rough surface whereas Cassie 
and Baxter stated that air was trapped in the rough solid-liquid interface. Later [72], 
it was shown that both states could be obtained, depending on the scale of the 
roughness. Wetting states intermediate between the Cassie- Baxter and Wenzel 
states have also been reported [73–75]. The apparent contact angle (𝜃∗) of a liquid 
droplet in a Wenzel wetting state can be defined as: 

cos 𝜃∗ = 𝑟𝑐𝑐𝑜𝑠𝑠𝜃𝐸 

With r being the roughness, defined as the ratio of the true surface area to the 
projected surface area and 𝜃𝛦 is the Young’s contact angle. 
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Figure 41: Contact angle measurements on the surface of stainless steel featuring various structures 
after dry treatment. Angles measured after applying a water droplet (left), oil droplet (right). 

In general, roughness tends to increase 𝜃∗ on a hydrophobic surface and the 
likelihood of a superhydrophobic wetting state. Reciprocally, the superhydrophilic 
wetting state is also observed by roughening an originally hydrophilic substrate [76]. 

 

Stainless Steel 

Large surfaces (5𝑐𝑐𝑐𝑐 × 5𝑐𝑐𝑐𝑐) were fabricated both in air and under water. Fig. 41 
demonstrates wetting properties of various surface morphological structures 
investigated using water droplet (left), lubricant oil (right). 

 

 

It can be seen that inducing morphological changes on the surface leads to an 
increased hydrophobic behavior of the surface. The untreated surface has a slight 
hydrophilic character, 𝐶.𝐴 (𝑤𝑎𝑡𝑒𝑒𝑟, 𝑓𝑙𝑎𝑡,𝑑𝑟𝑦𝑦) = (75,46 ± 3,12°).  Rippled surface 
exhibits slightly more hydrophobic properties with a contact angle increase of 
12°.𝐶.𝐴 (𝑤𝑎𝑡𝑒𝑒𝑟, 𝑟𝑖𝑖𝑝𝑝𝑙𝑒𝑒𝑠𝑠, 𝑑𝑟𝑦𝑦) = (87,41 ± 4,31)°. Formation of grooves and 
spikes show a remarkable augmentation of hydrophobicity. 
𝐶.𝐴 (𝑤𝑎𝑡𝑒𝑒𝑟,𝑔𝑟𝑜𝑜𝑣𝑣𝑒𝑒𝑠𝑠,𝑑𝑟𝑦𝑦) = 124,0 ± 5,0°.𝐶.𝐴 (𝑤𝑎𝑡𝑒𝑒𝑟, 𝑠𝑠𝑝𝑖𝑖𝑘𝑘𝑒𝑒𝑠𝑠,𝑑𝑟𝑦𝑦) =
(114,35 ± 5,16)°. It has to be noticed that grooved structures appear to be slightly 
more hydrophobic than spikes. It can be observed that laser induced microstructures 
lead to an increased hydrophobicity of the irradiated surface at the time of 
measurement (14 days after irradiation). 

Oil measurements show a strong oleophilic character which exhibits moderate 
tunability. Flat surface has superoleophilic wettability, 𝐶.𝐴 (𝑓𝑙𝑎𝑡, 𝑜𝑖𝑖𝑙,𝑑𝑟𝑦𝑦) =
(19,3 ± 3,93°) very similar to spiked surfaces, 𝐶.𝐴 (𝑠𝑠𝑝𝑖𝑖𝑘𝑘𝑒𝑒𝑠𝑠, 𝑜𝑖𝑖𝑙,𝑑𝑟𝑦𝑦) = (22,78 ±
2,75°).  Similarly, surfaces decorated with microgrooves show an enhanced 
oleophilic behavior reaching contact angle as low as 𝐶.𝐴 (𝑔𝑟𝑜𝑜𝑣𝑣𝑒𝑒𝑠𝑠, 𝑜𝑖𝑖𝑙,𝑑𝑟𝑦𝑦) =
(5,68 ± 0,17°).  In this case the oil droplet spread on the surface almost instantly 
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Figure 42: Contact angle measurements on the surface of stainless steel featuring various structures 
after underwater treatment. Angles measured after applying a water droplet (left), oil droplet (right). 

Figure 43: Contact angle measurements after 15 Days (black) 3 Months (red) demonstrating durability 
of the wetting properties for air processing (left) and water processing (right). 

covering the surface completely. On the contrary, rippled surfaces are significantly 
more oleophobic than all other microstructured surfaces, although still oleophilic in 
nature with 𝐶.𝐴 (𝑟𝑖𝑖𝑝𝑝𝑙𝑒𝑒𝑠𝑠, 𝑜𝑖𝑖𝑙,𝑑𝑟𝑦𝑦) = (38,51 ± 3,28°).  This indicates that 
structured surfaces lead to an increase of the already high oleophilic character of 
stainless steel. The only exception is microgrooves which enhance oleophobicity.  

Fig. 42 demonstrates CA measurement of underwater laser treated samples. Water 
wettability of structures assembled underwater shows a similar enhancement 
towards more hydrophobicity as those assembled during dry 
treatment. 𝐶.𝐴 (𝑤𝑎𝑡𝑒𝑒𝑟, 𝑟𝑖𝑖𝑝𝑝𝑙𝑒𝑒𝑠𝑠,   𝑙𝑖𝑖𝑞𝑢𝑖𝑖𝑑) = (104,2 ± 4,73)°.  𝐶.𝐴 (𝑤𝑎𝑡𝑒𝑒𝑟,
𝑔𝑟𝑜𝑜𝑣𝑣𝑒𝑒𝑠𝑠, 𝑙𝑖𝑖𝑞𝑢𝑖𝑖𝑑) = (116,87 ± 5,30)°. On the contrary, high roughness surfaces 
decorated with micromushrooms do not seem to affect wettability. 

 

 

 

Measurements with oil droplets for underwater structures also exhibit high 
oleophilicity as the untreated surface. Rippled surfaces show a mild increase in 
oleophobicity as it was observed during dry treatment. 
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Wetting features of the fabricated surfaces appear to be durable against time. Fig. 
43 presents initial contact angle measurements 15 days after irradiation (after 
surface stabilization) and 3 months after irradiation. Surfaces fabricated in dry 
experiment demonstrate a small variance of contact angle but the wetting character 
of the fabricated surfaces appear to be durable. The surfaces fabricated under water 
show a more pronounced variation of CA demonstrating both an increase 
(Roughness), and a decrease (Ripples, Grooves). 

 

1.7131 Steel 

Spiked surfaces were more extensively investigated on 1.7131 steel. Surfaces were 
fabricated using slightly different laser conditions to investigate spike diversity and 
possible control mechanisms.   

 

Fig. 44 and Fig. 45 present different surfaces produced by slight adjustment of 
experiment parameters, while structure morphology varies accordingly. By 
decreasing scan speed we increase the effective number of pulses, as a consequence 
while at low 𝑣𝑣 surfaces of high roughness are observed Fig. 44 (a), (b), increasing 
𝑣𝑣 leads to the formation of spikes Fig. 44 (c), (f), (g) and Fig. 45 (a), (b), (c), (f) and (g). 
It is also evident that spike formation is possible for a wide fluence window Fig. 44 
(c), (d), (e), Fig. 45 (d) and (c). Fig. 45 (e) presents a surface produced by further 
decreasing peak fluence of the laser beam, in this case the fluence at the edges of 
the beam is not sufficient to induce surface modification thus the surface which was 
created is not uniform with higher modification and structure formation evident at  

Figure 44: Surfaces fabricated on 
1.7131 steel by slightly different scan 

velocity and fluence, producing 
different microstructures, and their 

wetting properties. Line separation is 
kept constant at 35𝜇𝜇𝑐𝑐. It is evident 

that at low 𝑣𝑣 no structures are 
formed while at 𝑣𝑣~0.2 𝑐𝑐𝑐𝑐/𝑠𝑠 spikes 
are formed which demonstrate the 

highest CA. 

(a) (b) (c) 

(d) 

(e) 

(g) (f) 
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the region where the central region of the beam scans the surface. CA on the 
contrary shows similar value as the more uniform surfaces Fig. 45 (d), (c). The same 
effect can be seen by comparing Fig. 45 (g) with Fig 45 (h) which differ only in line 
separation 35 𝜇𝜇𝑐𝑐 (g) and 49 𝜇𝜇𝑐𝑐 (h). It is evident that (g) is much more uniformly 
structured while in (h) there are regions of high modification featuring spikes  and 
regions in between with almost no structures. While these two surfaces differ 
morphologically their contact angles are similar. 

 
 
  
 
3.5 Spike controllability 
 
 
As it was discussed in chapter 3.3.1, spike morphology has a certain degree of 
tunability. One way to fine tune spike formation was found to be the multi scan 
process i.e. the laser-scan of a surface with multiple passes at the exact same laser 
scan parameters each of time. Two individual experiments were conducted on 
1.7131 steel by this method to investigate the range of structural controllability this 
method can provide. 

Figure 45: Surfaces fabricated on 
1.7131 steel by slightly different scan 

velocity and fluence, producing 
different microstructures, and their 

wetting properties. Line step is 35 𝜇𝜇𝑐𝑐 
(a), (b), (c), (d), (e), (f), (g), and 49 𝜇𝜇𝑐𝑐 

(h) showing that the surface is not 
uniformly structured although CA 

value is still very high, similar to the 
other more uniform surfaces. 

(a) (b) (c) 

(d) 

(e) 

(f) (g) 

(h) 
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Figure 46: Self-assembled spike formation on the surface of 1.7131 steel, after laser irradiation showing 
structural variety. Line step is 𝟑𝟑𝟓𝟓 𝝁𝝁𝒄𝒄 (a) 𝟏𝟏.𝟗𝟗 𝑱𝑱/𝒄𝒄𝒄𝒄𝟐𝟐, 𝒗𝒗 = 𝟎𝟎.𝟕𝟕 𝒄𝒄𝒄𝒄/𝒔𝒔, 𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆,𝟐𝟐𝟐𝟐 = 𝟕𝟕𝟕𝟕𝟏𝟏, (b) 𝟏𝟏.𝟗𝟗 𝑱𝑱/𝒄𝒄𝒄𝒄𝟐𝟐, 

𝒗𝒗 = 𝟎𝟎.𝟕𝟕𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔, 𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆,𝟐𝟐𝟐𝟐 = 𝟔𝟔𝟓𝟓𝟗𝟗, (c) 𝟏𝟏.𝟑𝟑 𝑱𝑱/𝒄𝒄𝒄𝒄𝟐𝟐, 𝒗𝒗 = 𝟎𝟎.𝟕𝟕 𝒄𝒄𝒄𝒄/𝒔𝒔, 𝑵𝑵𝒆𝒆𝒆𝒆𝒆𝒆,𝟐𝟐𝟐𝟐 = 𝟕𝟕𝟕𝟕𝟏𝟏. 

Table 2: Microgroove periodicity calculated for two different types of steel and various fabrication 
conditions. 

 

It can be seen in Fig. 46 that spikes formed vary in micro-topography depending on 
the individual laser condition during irradiation. Spikes in Fig. 46 (a) and (c) were 
fabricated with almost identical conditions using a different fluence. Higher fluence 
(Fig. 46 (a)) seems to lead to greater spikes and less densely packed while a 
reduction in fluence (Fig. 46 (c)) induces the formation of smaller sized spikes more 
closely arranged. Fig. 46 (b) demonstrates spikes being formed with a slightly lower 
𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 which are identical to those shown in Fig. 46 (a) indicating that spike small 
adjustments in 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 does not affect spike micro-topography.  

Periodicity of self-assembled called microgrooves is presented on table 2. 

Experimental conditions 
 

Stainless steel 100CR6 steel 

1026 nm, Air (1481 ± 89)𝑛𝑛𝑐𝑐 (1640 ± 134)𝑛𝑛𝑐𝑐 
1026 nm, Water (1303 ± 205)𝑛𝑛𝑐𝑐 (1201 ± 32)𝑛𝑛𝑐𝑐 

513 nm, Air (862 ± 339)𝑛𝑛𝑐𝑐 (2040 ± 36)𝑛𝑛𝑐𝑐 
 

Ripples periodicity as shown previously was extensively explored, as well as spike 
periodicity and density. In the case of microgrooves because of their, relative to the 
NP range step used during experimentation, narrow existence window, their 
periodicity was not investigated thoroughly. Table 2 presents the microgroove 
periodicity for two types of steel and various fabrication methods. It appears that 
microgroove period is lower in the water experiment as it was found for ripples as 
well. On the contrary, 513 nm irradiation produced grooves with a much higher 
period for 100CR6 steel as opposed to those observed for 1026 nm irradiation. 
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Figure 47: Spike formations on steel 1.7131 with a multi-scan process. Line separation is 35 𝜇𝜇𝑐𝑐, laser 
beam fluence 1.90 𝐽𝐽/𝑐𝑐𝑐𝑐2. The effective number of pulses is kept constant at 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,2𝐷𝐷 = 741. (a) one 

step process (𝑛𝑛 = 1, 𝑣𝑣 = 0,4𝑐𝑐𝑐𝑐/𝑠𝑠), (b) double pass (𝑛𝑛 = 2, 𝑣𝑣 = 0,8𝑐𝑐𝑐𝑐/𝑠𝑠), (c) triple pass (𝑛𝑛 = 3, 𝑣𝑣 =
1,2𝑐𝑐𝑐𝑐/𝑠𝑠), (d) quadruplicate pass (𝑛𝑛 = 4  𝑣𝑣 = 1,6𝑐𝑐𝑐𝑐/𝑠𝑠). All pictures are taken with a 45 degree tilt. 

MULTI-PASS LASER SCAN 

Multi-pass laser scan study was conducted to investigate the range of spike micro-
topography control that could be achieved. Multi-pass laser scan is realized by 
adjusting Eqs. 13 and 14 accordingly, to account for multiple laser scan over the 
same region. More specifically, we multiply the scan speed velocity calculating the 

effective number of pulses 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒,𝑜𝑛𝑒𝑒 𝑠𝑐𝑎𝑛 = 𝜋×𝑟2×𝑒𝑒
(𝑛×𝑣)×𝑦

 with the desired number of multi-

scans (n), thus dividing the effective number of pulses into consecutive scan steps. 
After the multi-scan process the total effective number of pulses will be 𝑛𝑛 ×

𝑁𝑁𝑒𝑒𝑓𝑓, 𝑜𝑛𝑛𝑒𝑒 𝑠𝑠𝑐𝑐𝑎𝑛𝑛 =  𝜋×𝑟2×𝑒𝑒
𝑣×𝑦

= 𝑁𝑁𝑒𝑒𝑓𝑓. 

 

 

This tunability in spiked structures was further characterized demonstrating 
tunability towards spike periodicity, resulting in smaller sized spikes and more closely 
packed as the number of passes 𝑛𝑛, increases. Fig. 47 (left) shows the calculated spike 
period calculated as a function of number of laser passes 𝑛𝑛. It is evident that as 
𝑛𝑛 increases spike period decreases almost linearly. Spike height was estimated from 
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Figure 48: Spike features after multi-pass process. (Left) Spike periodicity calculated for one pass, double 
pass, triple pass and quadruplicate pass demonstrating a constant drop in spike periodicity. (Right) 
Spike mean height estimation showing a sharp drop as the number of passes increased. Since spike 

height is calculated from SEM images this calculation is mostly qualitative. 

the acquired tilted SEM images which qualitatively demonstrate a decrease in spike 
height, thus Fig. 47 (right) is a rough estimation of spike height and cannot be used 
to extract certain quantitative conclusions, although spike height shows a sharp drop 
with increasing number of passes.  

The formation of micro-cones (spikes) has been reported repeatedly on the surface 
of steel types [65, 68, 50]. Contrawise, the multi-pass process can be found in a few 
works in the literature [12], where is was found that increasing the effective number 
of pulses with a multi-scan procedure or splitting the effective number of pulses into 
separate laser scan passes, both resulted in a tunability in spike micro-topography.  

 

Surfaces created with the multi scan procedure demonstrate an increased 
hydrophobic trait compared to the untreated material. It is shown that contact angle 
obtained does not vary as 𝑛𝑛 increases but all surfaces created this way have similar 
CA. 

Two different experiments were conducted fabricating surfaces implementing the 
multi-scan procedure. Experiment #1 presented in Fig. 49 and Experiment #2 Fig. 50.  

Results between the two individual experiments appear similar although surfaces 
fabricated in the second experiment appear more uniform. 

Laser conditions uses in order to create these surfaces are presented in Fig 47. It is 
evident that multi-scan process although affects spike periodicity and spike height, 
contact angles seem to be unaffected with this method. 

Oil wetting properties remain mostly unaffected with laser treatment implying that 
oleophobicity/oleophilicity contrarily to hydrophobicity/hydrophilicity cannot be 
controlled by corrugating surfaces and inducing surface structures the same way. 
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Figure 49: Experiment #1: Multi-pass surfaces fabricated with the laser condition presented in Fig. 47, 
and their wetting properties with water and oil droplets presenting high water contact angles and very 

low oil contact angles. 

Figure 50: Experiment #2: Multi-pass surfaces fabricated and their wetting properties with water and oil 
droplets presenting high water contact angles and very low oil contact angles, as it was observed on the 

surfaces of Experiment #1. 
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It is noteworthy that spikes formed on the fabricated surfaces exhibit smaller scale 
structures on their body, featuring ripple-like formations and small protrusions, thus 
creating hierarchical structures both at the micro (spikes) and nano (protrusions) 
scale.  Both of these formations contribute to the total roughness of the surface. Fig. 
51 presents SEM images of spiked surfaces demonstrating hierarchical structures at 
low (a), (c) and at high (b), (d) magnification. These nano-scale formations appear on 
spikes both after single step laser scanning Fig. 51 (a), (b) and multiple scanning 
process (c), (d).  
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Figure 51: Spiked surfaces fabricated in single step (a), and multiple scan step (c) process. High 
magnification images (b), (d) demonstrate nano-scale structures on individual spikes. 

 

 

CA measurements on 1.7131 steel were conducted 15 days and 3 months after 
irradiation to test the stability of the wetting properties. Contrary to stainless steel, 
hydrophobic surfaces on 1.7131 seem to deteriorate with time.  

(a) 

(b) 

(c) 

(d) 
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Figure 52: Wetting properties on the surfaces of 1.7131 measured after 15 days and 3 months after 
irradiation. Contact angles after 3 months are significantly lower on all but one (e) of the surfaces. 

Surfaces (a), (b), (e) are created with the multiple-scan process.    

Figure 53: CA durability 3 months after irradiation for surfaces treated with multi –pass laser scan. 
Treated surfaces with more than one passes show greater durability compared to the single step 

process. 

 

A possible explanation is the appearance of signs of corrosion on material, with clear 
marks of rust. 

Fig. 52 presents CA measurements showing a significant drop in angles measured 
after 3 months. It is evident that CA decrease is profound for most surfaces (c), (d), 
(f), (g), (h), (i), (j), (k) and (l) while there is a slight decrease (a), (b) and increase (e). 
The surfaces which demonstrate the greatest durability are the ones fabricated using 
the multi-scan procedure. Fig. 53 presents CA durability as a function of 𝑛𝑛 showing  
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That multiple-scan procedure fabricated surfaces demonstrate very good durability 
against time compared to the single step fabrication process.  

 

 

3.6 Tilted incidence processing  
 

A set of experiments was conducted with various angles other than normal 
incidence. This set of experiments was done on stainless steel and 100CR6 steel to 
test the possible similarities and differences of this fabrication method and to check 
the variance of the periodicity of the produced structures as well. Spot by spot and 
line scanning procedures were implemented and the formed structures were 
compared to those formed after normal incidence irradiation both qualitatively 
(morphological comparison) and quantitatively (periodicity study). 

 

3.6.1 Spot by spot processing 

Stainless steel samples were irradiated with a varying train of pulses for different 
incident angles. As for normal incidence microstructures form spontaneously on the 
irradiated surfaces featuring both ripples, grooves and spikes. 
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Figure 54: Laser spots on the surface of stainless steel after irradiation with 10, 20, 30 and 40 incident 
angle tilt. Microstructures form on the surface of the material as it was observed after normal 

incidence. On the contrary, formation of periodic structures becomes slower as the incidence angle 
becomes shallower. Furthermore, the beam spot obtained after irradiation with shallow angles acquires 

an elliptical shape compared to normal incidence. 

 

Fig. 54 presents laser spots obtained for 10°, 20°, 30° and 40° incidence angles for 
various number of pulse packets and fluencies. Periodic formations observed after 
normal incidence irradiation are now formed as well. It is evident that as the angle of 
incidence increases higher fluence and NP is needed to induce the formation of 
microgrooves/microspikes. This is reported in the literature [12] and is explained 
because of the deformation of the beam fluence due to the varying distance 
between the lens and each point of the target in the laser spot area. This variance 
becomes greater as the angle becomes shallower leading to a decrease of the beam 
fluence.  

It is also noted that the microstructes formed (grooves, spikes) tend to align 
themselves to the incident beam direction which is shown in Fig. 55. This has also 
been reported previously in reff [12]. While this effect is evident for spikes and 
microgrooves, it is not seen in the formation of ripples.  

(a) (b) 
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Figure 55: SEM images demonstrating spots on stainless steel after irradiation with normal incidence 
(b), (d) and 40° incidence (a), (c). Comparing microstructures in the two individual fabrication 

procedures demonstrates the alignment of the produced structures with the incident beam direction for 
both spikes (c), (d) and microgrooves (a), (b). 

Figure 56: SEM images comparing ripples formed after normal incidence and 40° incidence. 

 

 

This is presented in Fig. 55 for microspikes (c), (d) and microgrooves (a), (b). Ripple’s 
hill compared to spike’s peak, is much less high making it more difficult to observe if 
ripples also align to the incident beam (Fig. 56, 58). 

 

 

(c) (d) 
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Figure 57: Laser spot shape obtained after irradiation under normal incidence (left), and 40° angled 
incidence (right). 

Table 3: Degree of ellipticity calculated for 0 and 40 degrees of angle of incidence. 

Moreover, laser spots obtained after angled irradiation resemble the shape of an 
ellipse compared to the circular shape of laser spots after normal incidence as 
mentioned before. This elliptic character becomes more pronounced as θ increases. 

 

Fig. 57 Presents laser spots taken after 600 pulses with normal incidence and 40° 
angled incidence which corresponds to the two extreme conditions in this set of 
experiments. To measure the deformation of the spot, the diameter of each spot 
was measured two times in perpendicular directions. For the elliptic spot the major 
and minor axes were selected. The ratio of the two diameters was then calculated as 
quantification of the degree of ellipticity of each spot. Thus, a value of 1 would be a 
perfectly circular spot. Table 3 summarizes the calculations for the two laser spots 
indicating an increase in ellipticity for the angled spot compared to the normal 
incidence spot. 

Normal incidence 𝟕𝟕𝟎𝟎° incidence 

𝑅𝑝𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑒𝑙 𝑅𝑝𝑝𝑒𝑒𝑟𝑝𝑝𝑒𝑒𝑛𝑑𝑖𝑖𝑐𝑢𝑙𝑎𝑟 𝑅𝑝𝑝𝑒𝑒𝑟𝑝𝑝𝑒𝑒𝑛𝑑𝑖𝑖𝑐𝑢𝑙𝑎𝑟
𝑅𝑝𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑒𝑙

 
𝑅𝑝𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑒𝑙 𝑅𝑝𝑝𝑒𝑒𝑟𝑝𝑝𝑒𝑒𝑛𝑑𝑖𝑖𝑐𝑢𝑙𝑎𝑟 𝑅𝑝𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑒𝑙

𝑅𝑝𝑝𝑒𝑒𝑟𝑝𝑝𝑒𝑒𝑛𝑑𝑖𝑖𝑐𝑢𝑙𝑎𝑟
 

104.2 μm 92.4 μm 0.89 84.2 μm 103.3 μm 0.82 
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Spot by spot analysis also reveals that LIPPS period is affected by incidence angle θ 
which is discussed from a theoretic point of view, and its effect on LIPPS period is 
given by Eq. 1. This modulation of LIPSS period has been reported earlier in the 
literature [90, 91]. 

Fig. 59 presents period measurements for the spots presented in fig. 54. LIPPS Period 
tends to increase as the angle of incidence increases beyond zero degrees. 
Nonetheless LIPPS period still decreases as NP increases but this effect seems to be 
less profound for steeper angles. Fig. 59 (a) demonstrates period as a function of NP 
for 10 degrees incidence angle. It can be seen that period drops sharply as NP starts 
to increase progressively from 2 to 80. A similar effect can be seen for 20 degrees, on 
the contrary this effect in not so profound for 30 and even less for 40 degrees where 
period seems to be unaffected by NP and LIPSS period remains fixed. This is also 
evident in Fig. 60.  
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Figure 59: LIPSS periodicity for different angles of incidence as a function of NP. 10 (a), 20 (b), 30 (c) 
and 40 (d) degrees are shown. 

Figure 60: LIPPS periodicity comparison after irradiation with 0, 10, 20, 30 and 40 degrees of incident 
angle. It can be observed that period increases as θ increases. 

 

It is also evident that as θ increases, LIPPS period increases. This is demonstrated in 
Fig. 60 where LIPSS period is plotted for 0, 10, 20, 30 and 40 degrees.  
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Figure 61: Line scans on the surface of stainless steel at 10 and 20 degrees of incidence. Three 
morphological features are realized, ripples, grooves and spikes.  

3.6.2 Line scanning processing 

 

Lines were scanned with various laser scan velocities and at various angles of 
incidence for both types of steel.  

 

 

 At 10, 20 and 30 degrees all known morphological features can be easily produced 
by varying the laser scan velocity. Spikes and ripples are tilted to coincide with the 
incident beam direction as was observed during static irradiation. For 40 degrees 
inclination morphological features are harder and slower to form thus the largest 
space of the irradiated area is covered with non-periodic high roughness features 
instead of LIPSS. Cracks also appear after irradiation with a lowest scan speed 

(a) 

(b) 
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Figure 62: Line scans on the surface of stainless steel at 30 and 40 degrees of incidence. The same three 
morphological features are realized, ripples, grooves and spikes. It can be seen that spikes hardly form 

and are located at a very confined area. 

(0.25 𝑐𝑐𝑐𝑐/𝑠𝑠) possibly indicating the appearance of crystal defects. These cracks also 
appear after repetitive irradiation with a great number of pulses but are confined to 
a lesser area (fig. 61 (a) 0,25 𝑐𝑐𝑐𝑐/𝑠𝑠). 

 

 

 

On the surface of 100CR6 steel, even shallower angles were used during one 
dimensional laser scan procedure. Fig. 63 presents morphological comparison 
between grooves and ripples formed after laser scanning with 0, 20, 40 and 60 
degrees of angle of incidence. It can be seen that periodicity is affected as the angle 
of incidence increases from 0 degrees to 60, as it was observed for stainless steel 

(a) 

(b) 
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Figure 63: Line scans on the surface of 100CR6 steel at 0, 20, 40 and 60 degrees of incidence. Ripples 
are formed each of the times while grooves don’t appear after the sample is tilted at 60 degrees. A 

significant shift in LIPPS periodicity can be realized. 

samples. .

  

 

𝟎𝟎.𝟐𝟐𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔 𝟏𝟏.𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔 

𝟎𝟎.𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔 𝟐𝟐 𝒄𝒄𝒄𝒄/𝒔𝒔 

𝟎𝟎.𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔 𝟏𝟏.𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔 

𝟎𝟎.𝟓𝟓 𝒄𝒄𝒄𝒄/𝒔𝒔 
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Figure 64: Laser spots after irradiating with a train of 1000 pulses and line scans on the surface of 
100CR6 steel at 20, 40, 60 and 75 degrees of incidence at slow laser scan velocities. The laser spot is 

deformed and becomes an ellipse as θ increases.  

By reducing even more the laser scan speed, a greater effective number of pulses is 
achieved thus inducing the formation of well-formed periodic spikes even at 40 
degrees. At higher angles no such structures can be observed. 

 

Fig. 64 presents laser spots after 1000 shots at various angles of incidence. It can be 
seen that the damage pattern becomes elliptical which can be seen for θ=40. This 
effect becomes more profound at θ=60. At the most steep angle θ=75 the damage 
pattern resembles a line. It is noteworthy that the ablation mark shifted from the 
center of the spot and is limited to the edge of the spot which indicates local fluence 
fluctuation; also the intensity profile is distorted compared to normal incidence. 

 

 

Conclusions 

 

In this Thesis various types of steel were experimented upon. At first each target was 
irradiated with a preset pattern of number of pulses at various fluences and the 
induced microstructures were mapped as a function of NP and fluence. The period of 
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laser induced periodic surface structures observed was studied and found to be 
dependent on the number of pulses used to induce their formation and angle of 
incidence. Furthermore large surfaces featuring each of previously observed 
morphological structures were fabricated. Wetting experiments on the fabricated 
surfaces demonstrated an acquired biomimetic augmentation of hydrophobicity of 
the treated surfaces compared to the flat surface. Oil measurement showed an 
increase towards oleophobicity only for rippled surfaces. Finally, a method to 
manipulate spike micro-topography was presented and investigated, which showed 
an increase in spike periodicity as the total effective number of pulses was split to 
individual laser scan procedures while CA measurements between such surfaces 
were similar. 
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