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INTRODUCTION

Many products used in various industries are significantly influenced by
texture and surface quality [1]. Laser micromachining is an appealing method
because of the abundance of applications: from cutting [2-5] and drilling [6—
8] of various materials to forming two and a half dimensional (2.5D) structures
on different surfaces [9,10]. With continuing improvements to laser
micromachining, further techniques such as laser colouring and polishing are
becoming popular as well.

Humans attach a great deal of importance to colours. It aids with object
and pattern recognition, as well as navigating the environment. In addition,
particular colours may invoke emotions and create associations, which is
widely used in marketing and branding. Laser surface colouring has quickly
surpassed conventional marking techniques [11] since it is an adaptable,
versatile and environmentally friendly technology with many different
applications. While the utilization of laser colouring is growing rapidly, the
colourization process itself has not been sufficiently studied. There are three
main mechanisms of metal colouring using laser irradiation. First method is
laser induced oxidation where a substrate material reacts with oxygen
significantly more quickly when heated by laser irradiation. An oxide layer
forms on the metal, which is of different colour to the original metal [12-14].
Another explanation for the colour change with an oxide layer is the thin film
effect, when light reflects from the surface of the oxide and the surface of the
metal, interference happens and if the optical path difference is equal to a
certain wavelength or its product with an integer a corresponding colour is
seen [11]. The second method is structural colours that are angle dependent
and arise from laser induced periodic surface structures (LIPSS). LIPSS is the
development of wavy structures on a range of materials and requires surface
characteristics with a periodicity equal to or less than the wavelength of the
laser irradiation [15]. LIPSS similar to one dimensional grating can produce
colours due to diffraction. These colours are called structural colours and are
heavily angle dependent [16—18]. The third method of laser colouring uses
nanoparticles and nanostructures on metals to activate plasmonic colours.
These colours are also structural. In contrast to the second mechanism, the
colour does not change depending on the viewing angle since the surface
structures that excite the surface colours are randomly distributed without
regularity. The primary causes of this form of colours are surface plasmon
resonance (SPR) effects brought on by nanostructures and nanoparticles on
metals [19-21]. Laser colouring depends on many processing parameters,
including: laser power, scanning speed, hatch, pulse repetition rate and others.
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By optimizing the laser processing parameters, it is also possible to gain a
wanted structural surface change as well, which may result in useful properties
such as hydrophobicity.

Similarly, laser polishing is also a wanted and popular laser
micromachining technique. Because sub-micrometer surface roughness is
wanted in friction and wear resistance and aerodynamics, laser polishing is a
very perspective polishing method. Laser polishing allows high precision, a
vast range of possible materials, reaching delicate places, polishing complex
forms [22,23], and also the ability to micromachine and polish samples using
the same laser system.

However, optimal laser processing parameters such as pulse repetition rate,
pulse energy, pulse overlap, and others have to be chosen correctly to achieve
the best results, which is tedious and time-consuming. Lasers and systems
designed for laser micro/nano-fabrication are improved daily. It is now
possible to have systems that use megahertz (MHz) and gigahertz (GHz)
repetitions rates with femtosecond laser pulses and high average optical power
using burst and biburst (burst-in-the-burst) modes [24]. These modes allow a
significant increase in ablation efficiency [25,26] as well as significantly
improve the ablated surface roughness [15] if the laser processing parameters
are optimized correctly. Laser bursts also provide faster processing due to
burst energy division into pulse energies closer to optimal fluences, resulting
in the exploitation of more average laser power [27]. Moreover, because of
the short time between burst pulses, any residual heat from the previous pulse
is reused [28].

This dissertation was dedicated to finding optimal sets of various laser
processing parameters to achieve lowest surface roughness using laser
polishing and highest number of colours and highest colouring rate using laser
colouring on copper and stainless steel. The dissertation is split into two main
parts: one for laser colouring and one for laser polishing. Laser colouring was
performed on stainless steel with low fluence slow scanning speed colouring
and rapid colouring using higher fluences, where for copper, grayscale
colouring was performed. For laser polishing, optimization of number of
pulses in bursts, burst mode bi-stability, as well as nonlinear and saturable
absorption influence on laser lift-off threshold was performed.

Aim of the thesis

The aim of this thesis was to achieve the optimal number of pulses in MHz,
GHz, and biburst modes, as well as to achieve the optimal fluence, to minimize
surface roughness and maximize the number of colours and the colouring rate
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of metals, therefore increasing the applicability of laser polishing and
colouring in industrial uses.

Tasks of the thesis

1. Toinvestigate the influence of the number of pulses within MHz, GHz
and biburst modes and their effects on laser polishing and colouring.

2. To achieve the lowest possible surface roughness on different metals
after ablation to simulate real life applications.

3. To achieve the highest number of colours on stainless steel with laser
colouring more rapidly than has ever been done by optimising laser
processing parameters.

4. To achieve functional surfaces that would increase the applicability of
the coloured surfaces.

Scientific novelty

In this thesis laser polishing and colouring was performed on copper and
stainless steel. Different burst regimes including MHz, GHz and biburst as
well as different laser processing parameters were tested. Getting lowest
surface roughness on stainless steel and copper would be very useful for
industrial applications and it this dissertation, 0.1 um surface roughness was
achieved using optimal laser processing parameters. A wide array of colours
has also been achieved on stainless steel. To the best of our knowledge,
highest laser colouring rate has been achieved in our experiments. The
achieved colours are long lasting and the coloured surfaces are hydrophobic,
which increases their applicability greatly.

Practical value

Laser polishing and colouring are used in medical and automotive
industries as an environmentally friendly, adaptable and long-lasting methods
to polish and colour free-form parts or instruments as well as potential uses in
watch making and colouring. Our in-depth experiments that resulted in wide
range of colours, rapid colouring rates, hydrophobic coloured surfaces and
sub-micrometer polished surfaces furthers the processes applicability in
industrial use.
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Statement for defence

1. Stainless steel colouring rate reaching 42.5 mm?s, while using GHz
burst mode with 4250 mm/s scanning speed, was used to achieve
various colours, including blue, yellow, orange, purple and dark green
on stainless steel by femtosecond laser colouring technique due to
surface oxidation.

2. All three burst modes: MHz, GHz and biburst, with femtosecond
pulses can be used for laser colouring to achieve a wide spectrum of
colours on stainless steel and these coloured surfaces are hydrophobic,
which increases their applicability.

3. Dependence of the copper oxide film's transparency on laser
irradiation intensity due to nonlinear and saturable absorption changes
the film's lift-off threshold, which is the threshold laser energy required
to detach a thin oxide film by vaporizing the underlying metal, assists
laser polishing of the metal surface.

4. Using GHz burst mode with up to 15 pulses and biburst mode with 3
pulses in the MHz burst with up to 10 pulses in the GHz burst, it is
possible to achieve <0.1 um R, surface roughness on copper and
<0.5 um R, surface roughness on stainless steel, which shows the
importance of optimal number of pulses within the burst.

Author Contribution

In publication [P1] the author wrote the manuscript, performed all the laser
colouring and wettability experiments, the data analysis and was responsible
for the representation of the results in the form of graphs, figures, tables and
images.

In publication [P2] the author helped to conceive the original idea for the
research alongside co-authors, performed some of the ablation experiments
and analysed the data and discussed the results and commented on the
manuscript.

In publication [P3] the author wrote the manuscript, performed the data
analysis, as well as, SEM, optical and stylus profilers’ imaging. The author
was also responsible for the representation of the results in the form of graphs,
figures, tables and images.

In publication [P4] the author performed the data analysis and manuscript
corrections.

In preprint of the publication [PP1] author wrote the manuscript, performed
all the laser colouring and wettability experiments, the data analysis and was
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responsible for the representation of the results in the form of graphs, figures,
tables and images.

In the preprint of the publication [PP2] author helped to conceive the
original idea for the project, conducted the surface topography measurements
and surface roughness measurements using a 3D optical profiler. As well as
analysed the findings, discussed the results, and commented on the
manuscript.

PUBLICATION LIST

The results of the thesis were presented in 4 scientific publications [P1-
P4], one scientific publication still currently as preprints [PP1-PP2] and 3
conferences proceedings [P5-P7]. Five more scientific publication [P8-P12]
and 2 conferences proceedings [P13-P14] were written but are not directly
related to the thesis.

Scientific publications directly related to the thesis:

[P1] M. Gaidys, A. Selskis, P. GeCys, M. Gedvilas, “Stainless steel
colouring using burst and biburst mode ultrafast laser irradiation”, Opt. Laser
Technol. 174, 110561, (2024). DOI: 10.1016/j.optlastec.2024.110561

[P2] A. Zemaitis, M. Gaidys, P. Gelys, M. Gedvilas, “Bi-stability in
femtosecond laser ablation by MHz bursts”, Sci. Rep. 14, 5614 (2024). DOI:
10.1038/s41598-024-54928-7

[P3] M. Gaidys, A. Zemaitis, P. Ge¢ys, M. Gedvilas, “Efficient surface
polishing using burst and biburst mode ultrafast laser irradiation”, RSC Adv.
13, 3586-3591 (2023). DOI: 10.1039/D2RA05208C

[P4] A. Zemaitis, M. Gaidys, P. Gedys, M. Gedvilas, “Influence of
nonlinear and saturable absorption on laser lift-off threshold of an oxide/metal
structure”, Opt. Lett. 45, 6166 (2020). DOI: 10.1364/0L.404760

[PP1] M. Gaidys, A. Selskis, P. Ge¢ys, M. Gedvilas, “High-rate Stainless
Steel Laser Colouring with GHz Femtosecond Bursts”. Opt. Laser Technol.
(2025). (submitted, major review).

[PP2] M. Gaidys, S. Maragkaki, A. Mimidis, A. Papadopoulos, A.
Lemonis, E. Skoulas, A. Zemaitis, E. Stratakis, M. Gedvilas, Wettability and
Color Change of Copper by Controlling Area Fraction of Laser Ablated
Surface, Opt. Laser Technol. (2025). (submitted, under revision) DOI:
10.48550/arXiv.2411.17324
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Scientific publications directly related to the thesis (conference
proceedings):

[P5] M Gaidys, P Gecys, M Gedvilas, Laser Functionalization of Stainless
Steel Surface Using MHz, GHz, and Biburst Modes Proceedings of the 7th
International Conference on Optics, Photonics and Lasers (OPAL' 2024) 15-
17 May 2024 Palma de Mallorca (Balearic Islands), Spain Edited by Sergey
Y. Yurish, 142 (2024).

[P6] M. Gaidys, A. Zemaitis, P. Ge¢ys, M. Gedvilas, High-throughput
laser ablation and polishing of copper cylinders, Proc. CYSENI 1, 777-781
(2021).

[P7] A. Zemaitis, M. Gaidys, P. Gedys, M. Gedvilas, Saturable and
Nonlinear Absorption Role in Laser Lift-off Threshold Fluence of the Oxide
Layer from a Metal Substrate in z-scan Type Experiments, OPAL’ 2021 Conf.
Proc. 1, 114-120 (2021).

Scientific publications not directly related to the thesis:

[P8] A. Zemaitis, M. Gaidys, P. Ge¢ys, M. Gedvilas “Femtosecond laser
ablation by bibursts in MHz and GHz pulse repetition rate", Opt. Express 29,
5 (2021). DOI: 10.1364/0E.417883

[P9] M. Gaidys, A. Zemaitis, P. Gelys, M. Gedvilas, “Efficient
picosecond laser ablation of copper cylinders”, Appl. Surf. Sci. 483, 962-966
(2019). DOI: 10.1016/j.apsusc.2019.04.002

[P10] A. Zemaitis, J. Miksys, M. Gaidys, P. Gedys, M. Gedvilas, “High-
efficiency laser fabrication of drag reducing riblet surfaces on pre-heated
Teflon”, Mater. Res. Express, 6 065309 (2019). DOI: 10.1088/2053-
1591/ab0b12

[P11] A. Zemaitis, M. Gaidys, P. Gelys, G. Raciukaitis, M. Gedvilas,
“Rapid high-quality 3D micro-machining by optimised efficient ultrashort
laser ablation”, Opt. Lasers Eng. 114, 83-89 (2019). DOI:
10.1016/j.optlaseng.2018.11.001

[P12] A. Zemaitis, M. Gaidys, M. Brikas, P. Geéys, G. Raciukaitis, M.
Gedvilas, “Advanced laser scanning for highly-efficient ablation and ultrafast
surface structuring: experiment and model”, Sci. Rep. 8, 17376 (2018). DOI:
10.1038/541598-018-35604-z

Scientific publications not directly related to the thesis (conference
proceedings):
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[P13] A. Zemaitis, M. Gaidys, J. Miksys, P. Gecys, M. Gedvilas,
Functional surface formation by efficient laser ablation using single-pulse and
burst-modes, Proc. SPIE 11673, 116730S (2021) DOI: 10.1117/12.2574840

[P14] A. Zemaitis, M. Gaidys, P. Ge¢ys, M. Gedvilas, Laser processing
by ultrafast bursts of pulses, OPAL’ 2021 Conf. Proc. 2, 103-105 (2022).

CONFERENCE PRESENTATION LIST

The results of the thesis were also presented in 10 conferences [C1-C10].
[C1-C9] were presented by the thesis author as oral presentations and [C1-C3]
were chosen for the best or outstanding oral presentation awards. 15 more
conferences were co-authored [C10-C25] but were not directly related to the
thesis. [C17-C20] were presented by the thesis author as poster presentations
with [C20] being presented as oral presentation as well.

Conferences that are directly related to the thesis with the presenter
underlined:

[C1] M. Gaidys, P. Getys, M. Gedvilas, ,,Efficient laser surface colouring
of stainless-steel using femtosecond GHz bursts, The 25th International
Symposium On Laser Precision Microfabrication (LPM2024), San Sebastian,
Spain, June 11-14, 2024. Oral presentation, chosen as the best oral
presentation in the conference.

[C2] M. Gaidys, P. Getys, M. Gedyvilas, “Laser surface colouring on
metals using femtosecond burst regimes”, The 24th International Symposium
on Laser Precision Microfabrication (LPM2023), Hirosaki, Japan, June 13 —
16, 2023. Oral presentation, chosen among the 5 best oral presentations
in the conference.

[C3] M. Gaidys, A. Selskis, P. GeCys, M. Gedvilas, “Lazerinis plieno
spalvinimas ultratrumpyjy impulsy voromis”, 13th FTMC PhD students and
young scientists Conference (FizTechl13), Vilnius, Lithuania, October 18-19,
2023. Oral presentation, chosen among the 7 best oral presentations in
the conference.

[C4] M. Gaidys, P. Gecys, M. Gedvilas, ,,Laser functionalization of
stainless steel surface using MHz, GHz, and biburst modes*, 7th International
Conference on Optics, Photonics and Lasers (OPAL2024), Palma de
Mallorca, Spain, May 15-17, 2024. Oral presentation.

[C5] M. Gaidys, A. Zemaitis, P. Ge¢ys, M. Gedvilas, “Efficient
femtosecond laser polishing of metals using MHz, GHz, and biburst regimes”,
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The 23rd International Symposium on Laser Precision Microfabrication
(LPM2022), Dresden, Germany, 2022. Oral presentation.

[C6] M. Gaidys, A. Zemaitis, P. Gedys, M. Gedvilas, “Efficient laser
drilling, milling and polishing on metals using ultrashort bursts and bibursts”,
The 2021 International High Power Laser Ablation Symposium (HPLA2021).
Oral presentation.
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2021. Oral presentation.
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LITERATURE OVERVIEW
1.1 Pulsed laser matter interactions on metals

Through the inverse Bremsstrahlung phenomena, laser energy is directly
absorbed by metals' free electrons. The electrons are then thermalized through
femtosecond timescale collisions with other electrons. Since ions are far
heavier than electrons, the lattice structure cannot directly absorb the laser
energy. Instead, it is heated by the collisions with the energetic electrons. Only
a limited amount of energy is exchanged in each electron-lattice collision due
to the high ion-electron mass difference. Consequently, the electron-phonon
relaxation characteristic time z. is significantly longer than the electron-
electron collision time z.. Typical metals have ze, ranging from tens of ps to
several hundred of fs. After a few multiples of zp, the electron system and
lattice finally achieve thermodynamic equilibrium [29]. The well-known one-
dimensional two-temperature model provides a broad description of this
process and takes into consideration the thermal diffusion, also known as
Fourier's law, and the energy relaxation between electrons and phonons [30]:
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where C — heat capacity, k —thermal conductivity, T —temperature. The
subscripts e means the electron system and the subscript | means the lattice
system. z is the direction perpendicular to the target’s surface and S — energy
absorbed by the laser excitation. I(t) — is the laser intensity, R — surface
reflectivity, a —optical absorption coefficient. Parameter g denotes the
electron—lattice coupling.

The electrons and lattice have enough time to reach thermal equilibrium
(ie.,, Te=T=T) after a single pulse stimulation in the ns or longer pulse
regime. Thus, the normal heat diffusion equation can be obtained from the
aforementioned equations:
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Ultrafast laser pulses exhibit more intricate phenomena. When electron-
phonon relaxation takes as long as the pulse or more, the electron energy
cannot go to the lattice before the laser excitation. Comparing the two
scenarios, the ultrashort laser pulses would have a higher maximum lattice
temperature at the surface and a shorter thermal diffusion range after laser
excitation [29].

1.2 Laser ablation

Laser ablation is a process that uses laser irradiation to remove a specific
amount of material from the surface of a selected sample. For this process to
take place, it is necessary for the absorbed laser irradiation of the material to
heat the area where the absorption takes place to the evaporation temperature.
As the laser irradiation reaches the surface of the material, some of the laser
irradiation is reflected, some is scattered, some passes through (if the thickness
of the sample is less than the depth of absorption) and some is absorbed [31].
The absorbed part penetrates deeply and is attenuated according to the Beer—
Bouguer—Lambert law:

1(z) = (1 — R)lye~% )

where o is the initial incident light intensity, R is the reflection coefficient
of the material, « is the absorption coefficient and z is the depth.
The absorption coefficient g is equal to [1]:

41tk
- " 6
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where x is the extinction coefficient and A is the wavelength of the laser
irradiation.

Equation (6) shows that the absorption coefficient is independent of the
initial laser intensity, but only linear optical phenomena are included in this
formula. Laser irradiation is used to achieve very high intensities which
produce absorption-enhancing nonlinear effects.
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There are several mechanisms of material removal using pulsed laser
irradiation, depending on the pulse duration and other temporal parameters of
the material. These temporal parameters are: z. — electron cooling time, 7 —
grating heating time and 7z — laser pulse duration. The electron cooling time
is much shorter than the grating heating time, which for most materials is of
the order of picoseconds [32,33]. There are three different ablation
mechanisms depending on the pulse duration:

a) nanosecond and longer: . <7 < 7.

b) picosecond: e < 7. <7

c) femtosecond: 7. < 7. < 7

For nanosecond and longer pulse durations the absorbed laser energy melts
the material and raises the melt temperature to the boiling point. This time
interval is sufficient to allow the heat to diffuse deeper into the material. As
the material begins to evaporate, the resulting plasma and vapour pressure
removes some of the molten material from the ablation cavity, but some
remains due to surface tension. When the pulse is over, the heat is dissipated
deep into the material and a stagnant melt layer is formed [33]. Nanosecond
laser pulses induce a more diverse ablation mechanism because they exert a
long-time thermal effect after excitation. Machining materials with
nanosecond and longer pulses produces a variety of secondary ablation effects
including: heat-affected zone (HAZ), hardened melt layer, surface damage
due to the shock wave, and a large amount of surface debris deposited after
ablation. The vapourised material also forms a plasma from the beginning to
the end of the pulse. This results in plasma shielding, where the plasma
absorbs some of the radiation and the material is exposed to a lower fluences
[34].

For picosecond and femtosecond pulses, the two primary processes for
removing material from regions exposed to ultrafast laser radiation are
spallation and phase explosion. Compressive stresses are produced by the
quick energy deposition that occurs during the brief laser pulse irradiation. In
the stress-confinement regime, when the laser-heating duration is less than the
mechanical relaxation time, these tensions are particularly significant. The
irradiated sample's free surface may interact with the laser-induced
compressive stress, producing a tensile wave strong enough to produce
subsurface cavities. The development and connectivity of these subsurface
cavities results in spallation, which causes the top layer to separate and be
ejected from the target [35]. The other mechanism occurs with high-fluence
laser pulses, where the material removal is dominated by phase explosion.

The exterior layers of a target are quickly heated when exposed to high-
power ultrafast laser pulses. The regular boiling process caused by the
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heterogeneous nucleation of vapor bubbles is negligible in such a rapid
heating process. As a result, the melted surface area in the laser-irradiated
region is heated past the liquid phase's thermodynamic stability limit. The
heated melted components quickly break down into a mixture of liquid
droplets and vapor [36]. A dramatic shift in the ablation plume's composition
from big liquid droplets to mixed vapor-phase atoms and clusters/droplets of
varying sizes marks the change from spallation to phase explosion [37].

1.3 Laser burst modes

When micromachining materials with ultrashort laser pulses, negative side
effects that reduce the ablation efficiency and the quality of the machining
process occur, such as plasma shielding of the laser beam by the ablation
products, such as ablated material particles and plasma, as well as thermal
phenomena at the surface of the material. To overcome these problems, burst
modes are used [38].

Burst modes have several advantages. Because of the short time between
burst pulses, any residual heat from the previous pulse is reused [28].
Therefore, when the pulse repetition rate is increased, the HAZ is reduced,
because the heat is removed together with ablation products. Moreover, laser
bursts provide faster processing due to burst energy division into pulse
energies closer to optimal fluences, resulting in the exploitation of more
average laser power [27]. This also helps preventing plasma shielding effects
[38]. If pulse repetition rate was increased without changing the pulse energy,
plasma shielding would increase as well, because the plume of plasma and
ablated material cloud absorbs, reflects and scatters laser irradiation [39].

However, for the MHz burst regimes, there were some drawbacks as well.
While using the MHz burst mode for laser ablation it has been shown, that
ablation efficiency drops almost in half when two pulses are used in the MHz
burst. This happens due to the fact that the ablated material forms an ablated
material cloud that does not have enough time to dissipate. It was simulated
that particles can move as fast as 2 km/s [37] when ablated from the target‘s
material, but the time interval after the first pulse was 15.5 ns, which
corresponds to only 31 um [25]. This leads to shielding of the second pulse
[40]. On the other hand, the overall ablation efficiency increases by up to 20%
when there are three pulses in the MHz burst because the ablated material
cloud is heated and some of it is forced to redeposit to the target reducing the
shielding effect and increasing the samples temperature [41].

For the GHz burst modes, the literature is divided whether or not there are
benefits for laser ablation. An ablation cooling effect was proposed where
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laser pulses ablate the target material before the residual heat deposited by
previous pulses diffuses away from the processing region. Using the GHz
burst mode this effect allows lower fluences to be used for laser ablation, and
the ablation rate is increased almost by an order of magnitude. In order for the
ablation cooling effect to be significant, the time between pulses has to be
reduced to a point where the workpiece does not have time to cool
significantly [38]. On the other hand it was shown that the ablation removal
rate is decreased by up to 90% for metals including coper, brass and steel
[26,42], which contradicts the previous research article.

1.4 Colour theory

Colours are integral in human perception, significantly affecting mood,
decision-making, and interpretation. From nature to various man-made
designs, colours help people to notice and differentiate objects and affect their
emotions or even moods. Currently, colours server multiple purposes in such
fields as safety, communication, aesthetics, culture, marketing and even
health, where they impose particular reactions or associations. Different
colour models are used and are highly helpful as they offer a methodical
means of accurately and consistently representing colours on different
platforms. One of the most popular colour models is RGB (Red, Green, Blue),
which creates a large range of colours by adding the three main colours at
different intensities. In the RGB model, every colour is commonly represented
by a set of three values, each of which has a value between 0 and 255. For
instance, white, which is the combination of all three primary colours at
maximum intensity, is (255, 255, 255), whereas pure red is (255, 0, 0). This
model is crucial in most day-to-day devices. SRGB (standard Red Green Blue)
is a standardized colour space within the RGB model, created to ensure
consistent colour representation across different devices. The model provides
a baseline for colour accuracy, so when an image is viewed on different
screens, the colours appear the same or very similar. Nevertheless, there are
also other colour models that are quite useful and popular. The HSL colour
model, meaning hue, saturation and lightness, is another way of representing
colours, but it focuses more on human perception of colour. Unlike RGB,
which deals with intensity of light, HSL organizes colours differently. First
one being the hue, which is the type of colour, represented as an angle on a
colour wheel, like red, blue, or green. Second one being the saturation, which
is the intensity or vividness of the colour. Lastly, lightness which is the
brightness or darkness of the colour. Hue is measured in degrees, where red is
0° (or 3609, green is 120° and blue is 240°. Saturation is measured in
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percentages, where 0% is grayscale and 100% is fully vivid and lastly
lightness which is also measured in percentages, where 0% is black and 100%
is white. HSL is particularly useful in design and art because it allows creators
to adjust colours in a way that feels more intuitive and aligned with how
people perceive colour.

1.5 Laser colouring on metals

Various industries have utilized different colouring methods including
anodizing [43,44], electroplating [45-47], powder or physical vapor
deposition coating [48,49], patination [50], as well as heat, chemical and
electrochemical colouring [51-53]. All these methods have various benefits
and drawbacks; however, laser colouring has unique and sought-after
advantages that resulted in its rise in popularity. Laser colouring offers high
precision, permanence, non-contact nature, versatility with materials,
environmental friendliness, and suitability for automation and rapid
production. A wide range of metals have been coloured using laser irradiation
such as, stainless-steel [54-60], titanium [61-65], copper [66—68], aluminium
[18,69] and others [70-73].

Laser colouring is used in the medical field to mark surgical instruments,
equipment or implants with serial numbers, barcodes and logos, for greater
differentiation [74]. Because no coatings or chemicals are used, there is no
added risk of harm to the patients. It is also used in the aerospace and
automotive industries for marking various parts and components because of
laser colourings higher permanence and precision which ensures traceability
and compliance with stringent regulations. Moreover, laser colouring can be
used as an anti-counterfeiting measure by incorporating hidden or embedded
colour-changing elements into documents, banknotes [75] and in the jewellery
and branding industries to colour different decorative designs, detailed
patterns or logos [65,73].

1.5.1 Laser colouring due surface oxidation

Laser oxidation of metals is a rapid gaseous corrosion process occurring at
high temperatures. The process of laser oxidation and the growth of the oxide
layer can be divided into several steps. The first one being, heating of the metal
surface using laser radiation. When the metal is exposed to laser irradiation in
air or in an oxygen environment, the energy of the irradiation is transferred to
electrons which are excited from a lower to a higher energy state. The excited
electrons quickly return to the ground energy state by transferring energy to
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the lattice, which causes an increase in the temperature of the sample in the
affected area. After the high temperature causes a reaction between the oxygen
in the air and the metal. The oxidation process starts with the physical
adsorption of oxygen on the metal surface. This is followed by the dissociation
of the oxygen-oxygen bonds and the formation of ionic bonds between oxygen
free electrons and metal ions, which leads to the oxide germ forming on the
surface of the sample. The oxide germ expands laterally to form a continuous
thin film of a metal oxide at the site of the laser exposure. The diffusion of
cations and anions at the metal-oxide interface results in perpendicular oxide
growth [76]. Theoretically, the course and outcome of laser induced oxidation
reactions can be predicted from thermodynamic data and kinetic coefficients.
However, in reality, the laser heating process involves a number of complex
factors which make the oxidation a non-isothermal process. The process is
non-linear and takes place under non-equilibrium conditions. With short pulse
duration laser pulses, the temperature change can be faster than chemical
reactions. The reaction rate is high due to the local high temperatures.
Therefore, the laser induced oxidation process is complex and the variation of
oxidation rate with time are different from the isothermal processes. Thus,
providing a universal physical/chemical mechanism is a very difficult task
[77].

The colour changes due to oxidation of the metal when it is irradiated by
the laser beam is two-fold. First of all, the colour can arise due to the thin film
effect (Fig. 1). Thin film effect is seen when interference happens between
reflected light from the oxide layer and the light reflected from the metal
surface itself.

Air: ng=1

Oxide: n, II I h

Fig. 1 Schematic diagram of the interference effect of the thin oxide film.
no — air refraction index, n; — oxide refraction index, h — oxide layer
thickness, 6; — light incidence angle. Reprinted with permission from ref.
[11], © 2019 AIP Publishing.

If the optical path difference 6 is equal to a certain wavelength 4 or its
product with an integer mA, the specific colour will be seen as shown in Eq.

(7).
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The second mechanism is the colours of the oxides themselves. For
example, analysis of the composition of laser-induced titanium oxide has
shown that there is a correlation between the final surface colour and the laser-
induced oxide films. The gold colour is the same as that of TiO, the violet
colour is the same as that of Ti,Os, all of which is confirmed by X-ray
diffraction (XRD) analysis. The white colour can be attributed to TiO»
additives [63,78]. Lu et al. investigated the mechanism of laser colouration in
stainless steels by quantitative analysis. The laser coloured surfaces were due
to coloured oxides and spinel compounds, which acted as natural pigments
with different colour characteristics [13].

These two mechanisms are supported and validated by experimental and
theoretical studies. Studies on titanium and stainless steel show that both
interference and the colour of the oxide films themselves determined the final
surface colour. Which of these mechanisms dominates depends on the specific
colour and the properties of a specific sample [11].

1.5.2 Important parameters for oxide formation

For practical use of laser colouring, the key is to precisely control the
formation of oxide films to obtain the desired colours. Regardless of which
mechanism dominates, the thickness and composition of the oxide film are the
most important factors in determining the final surface colours. The thickness
and composition are determined by a number of factors: the laser processing
parameters, the state of the environment and the properties of the sample itself.
Many studies have been carried out on how each of these factors affects oxide
films and the resulting colours.

Li et al. have obtained results using a UV laser which show that oxide
formation is influenced by laser power, beam defocus, beam scanning
direction and speed, and number of scans [57]. Lavisse et al. demonstrated
that fluence is also an important parameter [79]. When the fluence was varied
from 4 to 60 J/cm?, the colour of the surface changed from colourless and
yellow at low fluences (<25 J/cm?) to violet and blue at higher fluences.

Since the colours produced by the laser irradiation are due to the oxide film
formed by the reaction between the sample and the oxygen around it, the
influence of the environment on the resulting colours is very important. Zheng
et al. performed laser colouring in different gases: Oz, N, Ar and He [80]. The
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results showed that a high concentration of O, can help to accelerate the
oxidation and reduce the number of laser pulses required. On the other hand,
low O; concentration slows down the oxidation process, but allows a more
precise control of the oxide layer growth and surface colours. Luo et al. found
that the O, concentration has a significant influence on the surface
morphology and chemical composition of the resulting oxide films and hence
on the surface colours [80]. Laser micromachining was carried out in four
different gases: air, oxygen (O-), nitrogen (N2) and argon (Ar) (Fig. 2). It can
be seen that the coloured surfaces were obtained in air (Fig. 2a) and oxygen
(Fig. 2b) environments. The colours obtained in the oxygen environment are
richer than those obtained in air. Meanwhile, in the oxygen-free environments
of nitrogen (Fig. 2c) and argon (Fig. 2d) only black and grey surfaces are
obtained. The main reason for these results is that oxygen is needed for oxide
layers to form and they do form only in air and O, environment, where oxygen
is present [81].

in different environments: a) air; b) oxygen; c) nitrogen; d) argon. Numbers
1-9 correspond to 10-—90 mm/s laser scanning speeds accordingly.
Reprinted with permission from ref. [81], © 2015 Elsevier B.V

Colours of the laser-treated surfaces are also highly dependent on the
composition and thickness of the sample. Different colours can be obtained
on different types of stainless steel using the same laser processing parameters
[76]. Since the laser colouring process is carried out by heating the sample
with a laser, the thickness of the sample can have a significant influence on
the resulting colours. A thick sample can provide higher thermal conductivity.
Conversely, a thin sample can suffer significant thermal affects [82].

With a precise choice of laser parameters, it is possible to obtain a variety
of individual colours or even a full colour palette [83]. (Fig. 3) shows the
colour palette obtained on a 304-grade stainless steel surface using a
nanosecond pulse duration fibre laser combined with raster scanning. Vivid
colours were obtained with different scanning speeds and different distance
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between scanned lines (hatch). Both the laser scanning speed and hatch
increase the area scanning rate, which is important not only for personal but
industrial use as well.

_ o0 II.IIIIIIE&

Z 0.01 34

=

Sb 0.008

£ E

£ 0.006 ET

w 1

R i
o.03| [ [ I I I L D 2

20 25 30 35 40 45 50 55 60 70 80 50 100

Scan speed/(mm/s)

Fig. 3. Colour pallet on 304 stainless steel using different laser scanning
speed and line spacing (hatch). Pulse repetition rate was 300 kHz, laser
power was 4.5 W and pulse duration was 10 ns. Reprinted with permission
from ref. [11], © 2019 AIP Publishing.

A CIE 1931 chromaticity diagram can be seen in (Fig. 4). It shows the
colours that were obtain by D.P. Adams et al. with laser colouring on titanium.
It can be seen that the resulting colours cover a wide range of x and y values
and are bright but not saturated. It should also be noted that the colours
obtained do not cover the entire field. The authors struggled to obtain red and
green colours on the titanium surface by laser oxidation [61]. This could be
explained by the thickness of the oxide film, which becomes too large for
interference effect to occur inside the film [14].
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Fig. 4. CIE 1931 chromaticity diagram that shows different colours
achieved with laser colouring using different average laser powers. Red
diamond shows the unaffected titanium colour. Reprinted with permission
from ref. [61], © Elsevier B.V.

1.5.3 Laser colouring due to surface oxidation applications

Laser colouring can be widely used in various industries to create colourful
labels, logos and decorative artwork. (Fig. 5) shows specific examples of these
applications. Laser colouring on stainless steel has been used to produce a bar
code and different artworks [11].

i e

Fig. 5. Laser colouring examples on stainless steel: (a) Colour bar code (b)
painted face; (c) mermaid; (d) cartoon characters. Reprinted with permission
from ref. [11], © 2019 AIP Publishing.

Many laser colouring studies have been carried out on titanium and its
alloys due to the extremely wide range of applications of this metal. Carey et
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al. and O'Hana et al. both demonstrated that it is possible to change the colour
of titanium jewellery and to add various ornaments and decorations on it as
well [84,85].

1.5.4 Laser colouring due to LIPSS

Another way of obtaining colours on metals using laser colouring is
structural colours [86], which are not due to oxidation, but due to diffraction,
interference or scattering from micro/nanostructures. A surface
micromachined by laser irradiation can produce LIPSS. Laser-induced
periodic surface structures (LIPSS) are nano/microscale patterns that form on
material surfaces when irradiated with ultrafast laser pulses. These periodic
ripples result from the interaction between the laser and the material. Two
main types of the LIPSS have been identified, low spatial frequency LIPSS
(LSFL) and high spatial frequency LIPSS (HSFL) [87]. Both of these types
can be formed either parallel or perpendicular to laser beam polarization [87]
and can be conventionally divided to subfamilies depending on periodicity
and depth-to-period aspect ratio [88]. These surface structures, which
typically have a spacing in the order of the laser wavelength, are useful in
tailoring surface properties like wettability, adhesion, optical reflectivity, and
antimicrobial functions. Like a one-dimensional grating, LIPSS can produce
structural colours due to the diffraction effect [11].

1.5.,5 Achieving LIPPS for laser colouring

LIPSS can be compared to diffraction gratings. A diffraction grating has a
periodic structure which, due to diffraction, splits the incident light into
several wavelengths that are reflected off the grating at different angles (Fig.
6).
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White light

Diffraction Grating

Fig. 6. White light splitting into different colours due to diffraction.

LIPSS structures provide a simple way to control the optical properties of
metal surfaces and their colours. Colours have been obtained with LIPSS on
various metals including titanium [89], aluminium [18], silver [71], stainless
steel [75,90] and copper [66]. The fundamental difference from the colours
obtained from laser colouring due to oxide films is that the colours generated
by LIPSS strongly depend on the viewing angle. In (Fig. 7a) Zhong et al. [66]
showed that using a 1064 nm picosecond laser, a copper sample can be
micromachined to achieve LIPSS on the surface. The spatial periodicity of the
LIPSS was 750 + 31 nm, which is slightly lower than the used wavelength.
The copper sample changes colour when the viewing angle is changed (Fig.
7b-c).
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Fig. 7. a) SEM photograph of the copper surface when the average laser

fluence was 0.43 J/cm? b-c) photographs of the 25 x 25 mm? copper sample
at different viewing angles to achieve different colours. Reprinted with
permission from ref. [66], © Elsevier B.V.

LIPSS are highly dependent on polarization. The periodic structures
obtained on metals are perpendicular to the polarization of the laser beam.
This correlation makes it easy to control the resulting surface colours by
controlling the polarization of the laser beam [66,89]. LSFL are typically
created by irradiating the material surface with nanosecond and picosecond
lasers. When a surface has a random roughness, interference between the
incident light and the surface scattered wave can occur which results in LSFL
[91,92]. While using femtosecond lasers, the mechanism is a bit different. A
surface plasmon polariton (SPP) is an electromagnetic excitation existing on
the surface of a metal [93]. The interference between the incident light and the
excited surface plasmon waves leads to a periodic spatial modulation of the
surface energy distribution and results in the formation of periodic structures
on the surface. The interference between the incident laser and the spatial
harmonics of the excited SPPs results in a finer periodic modulation on the
samples surface, leading to the formation of periodic nanostructures [11]. This
is how HSFL are achieved, however, they require higher fluences and their
period is of a fraction of the incident wavelength [94].

1.5.6 Applications of laser colouring due to LIPSS

Laser colouring due to LIPSS produces colours that are angle dependant.
LIPSS direction can be control when controlling polarization. This allows for
some interesting combinations as if LIPSS are micromachined

32



perpendicularly to one another, certain colours and figures will only be seen
at a specific angle. This allows this laser colouring method to be used for
decoration and anti-counterfeiting [75]. Lan et al. [75] have shown that angle
dependant colours have a lot of advantages. (Fig. 8a) shows a laser
micromachining scheme where a square area is scanned on the surface of a
301L stainless steel to produce LIPSS. The area of the micromachined square
is divided into two parts, where the ripples are oriented perpendicular to one
another. On the other hand (Fig. 8b) shows a slightly more complex
micromachining scheme. The laser beam will micromachine an overlapping
five and eight figures, but the laser beam scanning directions are perpendicular
to one another. In both cases the micromachined LIPSS achieved on the
samples’ surface were perpendicular to the laser beam scanning direction. The
machining parameters were: fluence 0.16 Jlcm? beam scanning speed

4 mm/s, hatch 50 pum.
(c) white light () white light () white light

(b)

-

i

Fig. 8. (a) Principal laser micromachining scheme for machining a square
by scanning the beam in two perpendicular directions. The polarisation is
always parallel to the scanning direction; (b) Overlapping 5 and 8 symbols
micromachined by scanning the beam in two perpendicular directions; (c)
depending on the direction of illumination, either one or the other of the two
parts of (a) is visible; (d) when illuminated from the two directions, the
entire machined colour area is visible; (f) depending on the illumination
direction, the different numbers, either 5 or 8 are visible. The red arrows
indicate the direction of illumination. Reprinted with permission from ref.
[75], © Elsevier B.V.

When the incident light coincides with the laser beam scanning direction
or is perpendicular to the LIPSS on the target’s surface, colours depending on
the incident lights’ angle are seen in the micromachined shape (Fig. 8c).
Otherwise, no colours are seen, except for the stainless steel surface being
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visibly micromachined by laser irradiation. By choosing to illuminate the
sample with white light from two perpendicular directions at different angles
of incidence, a combination of the desired patterns and colours can be seen
(Fig. 8d). The same can be seen in (Fig. 8e) where the pattern for (Fig. 8b)
was used. Depending on the direction and angle of the incident light we can
see either a five or eight in different colours [75]. Angle-dependent colours
can be applied to banknotes, passports, and ID cards to create highly secure
and difficult-to-replicate holographic effects, similar to current holographic
security features but with added customization and complexity.

1.5.7 Laser colouring due to nanoparticles/nanostructures

The structural colours due to surface ripples depend on the viewing angle.
However, scanning of metal surfaces with picosecond and femtosecond lasers
has shown that it is possible to change the colour of metals with the colour
being independent of the viewing angle. This process is explained by a
localised surface plasmon resonance effect due to metal nanostructures and
nanoparticles on plasmonic metals such as gold, silver [73], and copper [20].
The dielectric permittivity ¢ of metals depends on the wavelength of the
incident light. When the dielectric permittivity of the metal nanoparticles is
approximately double and of the opposite sign to that of the ambient dielectric
permittivity, the electromagnetic field is amplified at that wavelength. This
resonance of the surface plasmons leads to an enhancement of the absorption
for the resonant wavelength [19,95]. When the wavelength of the amplified
absorption is in the visible range of light, the reflection properties of the
surface and the visible colours change. The maximum absorption location
depends on the size of the nanoparticles, the metal itself and the dielectric
permittivity of the environment. By controlling these parameters, it is possible
to control the surface colours of metals. Laser-induced nanostructures are
usually randomly distributed over the surface of the sample. Examples of
nanostructures are nanocavities, nanospikes, and nanoparticles.

1.5.8 Applications of laser colouring due to
nanoparticles/nanostructures

Laser colouring of plasmonic metals such as silver and gold offers vibrant
and durable micromachining of the selected surface. In jewellery and fashion
accessories, it enables intricate and colourful designs while ensuring long-
lasting wear resistance. Watchmakers use it to enhance dials and bezels with
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aesthetic details and precise markings, while jewellers use this process to
create vibrant ornaments on various necklaces, bracelets and earrings [11].

It has been shown (Fig. 9) that using picosecond laser irradiation in the
non-burst and burst modes, it is possible to colour different metals including
silver, gold, copper and aluminium. Vibrant blue, purple and yellow colours
were achieved as well as intricate drawings were also shown [73].

A ib) TN s o 3 A ‘

image of an eagle on a silver coin; (b) and (d) image of a butterfly on a
silver coin before and after laser colouring, respectively; (c) microscope
image showing the size of the protrusions to be up to 2 mm and the
roughness of the surface to be between 1 and 2 um; (e) a 5 kg silver coin
with a diameter of 21 cm and a thickness of 2.5 cm with a coloured tiger
and the Canadian inscription (coin (d) is shown next to the coin for
comparison); (f) a zoomed-in photograph of the tiger to better show the
contrast between black and white; (g) the colouring of an identical silver
coin in other colours; (h) a zoomed-in photograph of the eyebrows and the
nose; (i) the colouring of a gold coin in various colours. Reprinted with
permission from ref. [73], © Springer Nature Limited.

1.6 Laser polishing

Surface texture and quality have a big impact on items' functionality and
quality in various industries. Numerous industrial applications make use of
microstructured surfaces [96]. A thin layer of a metal is melted as part of the
laser polishing procedure in laser micromachining yielding a surface devoid
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of fractures and other flaws. The goal of this technique is to level out the peaks
and valleys on metals to a range that is lower. Laser polishing is mainly done
at three levels. The first method is big area ablation polishing, which involves
polishing large surfaces. The second being localized ablation where by
controlling power density only rough surfaces are melted to reach a surface
level and lastly, polishing by remelting. Surface tension causes material to be
moved from the peaks to the valleys, smoothing surface roughness in the
molten state [97]. This is because laser polishing, in contrast to other polishing
techniques, depends on material conservation. Conventional laser polishing
can be further separated into laser macro-polishing and laser micro-polishing
based on the initial surface roughness to be polished and the consequent
melting depth [96].

Continuous wave laser radiation is the primary tool used for macro
polishing. The polishing process enables the top surface layer of the sample
to be continuously remelted throughout a range of 10 to 80 mm. The material
and the initial surface roughness must be taken into consideration when
selecting the re-melting depth. Fiber-coupled lasers typically have laser
powers between 100 and 300 W. Depending on the kind of material, the
desired roughness rate, and the initial surface roughness, the processing time
ranges from 10 to 200 s/cm? [98]. Heat conductivity, surface tension,
viscosity, melting and evaporating temperatures, the starting surface
roughness of the material to be polished, and the substance's homogeneity are
some of the thermophysical characteristics that affect roughness [97].

Laser micro-polishing uses pulsed laser light with a usual pulse duration in
the range of ns to ps if the goal is to reduce micro roughness and increase gloss
level [96]. Pulsed laser radiation is typically used for micro-polishing on a
previously ground and machined surface. The duration and intensity of the
pulses are the most crucial factors in micro polishing [97]. For micro laser
polishing the beam is moved along the target’s surface to melt the peaks into
the valleys and, as a result, gain a more even surface. The molten material is
already re-solidified when the subsequent laser pulse hits the surface and
creates a new molten pool [97]. Shallow surface melting is the primary cause
of this phenomena. The shallow surface melting zone is created by capillary
pressure and liquid curvature caused by the shallow melting of micro
asperities, which finally fill the metal surface's valleys with molten metal [99].
The laser beam's intensity must be chosen based on the pulse duration and the
type of material that will be polished. As a result, one of the most important
parameters for effective laser polishing is laser fluence, which is easily
controllable using laser bursts. Even little changes in fluence can result in a
wide range of surface quality finishes. Another major factor is the temperature
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of the sample’s surface. In the case of stainless-steel, studies have revealed
that a surface temperature reaching 600 °C before the next pulse has a
detrimental influence on surface roughness [100]. However, the accumulated
heat can be also used as an advantage when using various burst modes. Using
burst modes with fluences lower than the ablation threshold fluence results in
a thin melt layer that enhances surface quality, according to several studies
[101-103].

1.6.1 Surface roughness parameters and measurement

There are quite a few parameters that are numerical values which express
the unevenness of a surface. However, each parameter is slightly different and
is used for different purposes. R, is arithmetic average roughness, which is the
average of how far each point on the surface deviates in height from the mean
height. It’s the most widely used parameter because it provides a simple
overall roughness value and the average roughness is a good first-pass
indicator of the overall height of the surface texture. It has proven useful for
tracking manufacturing processes in industries from automotive to medical
devices. R, measures absolute deviations from the mean height, treating peaks
and valleys equivalently. However, many very different surfaces: some
uniform roughness, some with deep valleys or sharp peaks, may all have the
exact same R, value, which means R, cannot distinguish the location of surface
features across a profile. A surface with randomly scattered peaks will have
the same R, as a surface with those same peaks clustered at one end of the
polished part [104]. Another parameter R; is mean peak to valley height which
is often defined as the average of the sum of the heights of the highest peak
and the deepest valley across several sampling lengths. The average is usually
done from 5 highest peaks and 5 deepest valleys. R; is best for evaluating
surfaces where the extreme values (peaks and valleys) are critical, such as in
sealing surfaces or where contact stress concentrations might occur. It can be
overly influenced by a single abnormal spike or valley, and if the surface is
noisy, R, may not represent the overall texture effectively [105]. Third
parameter is Ry which is the root mean square roughness which is the square
root of the mean of the squares of the profile deviations. Because of the
squared values, Rq is more sensitive to peaks and valleys compared to Ra. This
parameter is used in optical surfaces and precision bearings where small
variations are important. Nevertheless, similarly to R; is highly sensitive to
outliers. In cases where isolated spikes or defects exist, it may overemphasize
their effect, potentially misrepresenting the typical surface condition [104].
Fourth parameter is Ry, which is the total roughness height, which means the
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vertical distance between the highest peak and the lowest valley within the
evaluation length. This parameter is used for assessing the full range of surface
irregularities when even one outlier would be important and it is less
representative of the general surface roughness. There is also R, and Ry
parameters that correspond to maximum profile peak height and maximum
profile valley depth, respectively. R, is the height of the highest peak above
the mean line, where Ry is the depth of the deepest valley below the mean line.
They are best used for identifying isolated high peaks or deep valleys that
might cause interference or initiate wear, critical in assessing potential surface
damage, but offer no information on the distribution of the rest of the surface
texture. Lastly, Rs is skewness, which is a statistical measure that describes
the asymmetry of the surface profile’s height distribution. Where a positive
Rsk indicates that there are more peaks than valleys and a negative R indicates
that there are more valleys than peaks. This parameter is used for predicting
lubrication behaviour and wear characteristics, as the asymmetry can
influence how surfaces interact under load, but does not provide direct
information about the amplitude of the roughness [106].

Surface roughness refers to the fine, closely spaced irregularities on a
surface, often resulting from the inherent characteristics of the material or the
machining process used. However, there is another parameter called surface
waviness that encompasses more widely spaced, macroscopic deviations on
the surface that are more regular. It arises from systematic process-induced
patterns, such as overlapping laser beam scanned lines or thermal gradients
during laser polishing. Unlike surface roughness, waviness reflects larger,
more regular deviations that can affect functional properties like friction and
optical scatter [107].

Surface roughness measurements can be divided into two primary
methods: contact and non-contact. The most common contact method is stylus
profilometry which is broadly used in the industrial sector for measuring
surface roughness. Contact type stylus profilometers are widely used in
industrial fields, research, and development. The main reasons for the
dominance of the roughness tester with a stylus are the accumulated
measurement and analysis technique to date, self-reliance by measuring direct
contact with the actual measurement surface, and compatibility with past
accumulated measurement data [108]. Stylus profilometers, which utilize
diamond-tipped styluses with typical tip radii of 2—5 pm, offer high vertical
resolution that is sub nanometer and are widely used for 2D profile
measurements. However, they risk damaging delicate surfaces and are limited
by contact-induced wear and a relatively small measurement area. Moreover,
atomic force microscopes that are used in contact mode provide atomic-scale
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resolution over very small areas but are slow and less practical for larger
samples [108].

Non-contact methods, such as optical interferometers and confocal
microscopes, enable fast, damage-free, three-dimensional surface
characterization with lateral resolutions down to approximately 0.1 um and
sub-nanometer vertical resolution, but these techniques can be sensitive to
variations in surface reflectivity, require stringent environmental control, and
often involve higher costs and more complex calibration procedures. When
optical measurement instruments are used, unwanted distorted shape
components are included in the resulting profile according to the beam shape,
measurement principle, shape of the measured surface, and characteristics of
light reflection and transmission. However, when contact type instruments are
used, systematic error occurs between the real contact point and the point
measured by the stylus tip radius [109]. Similarly, the profile distortion
phenomenon that occurs with the stylus profilometer also depends on the
shape and size of the stylus tip [108].

1.6.2 Laser polishing applications

Laser polishing is a versatile technique employed across various industries
to enhance surface quality and performance of components. In the tool and
automotive industries, laser polishing is applied to moulds to achieve superior
surface finishes, resulting in higher-quality end products. Furthermore, laser
polishing is used to improve the aesthetics and durability of various free form
components, increasing overall wanted characteristics. Kumstel et al. showed
that moulds and free form parts for automotive industries could be laser
polished to achieve a wanted surface. The mould for glass forming was
polished with continuous laser radiation. The mould insert out of grey cast
iron (EN-GJS-400-15) was ballend-milled to a roughness of R, 0.8 — 1.1 um.
Laser polishing reduced the roughness to R, 0.3 — 0.4 um (Fig. 10a). Several
laser-polished glass forming moulds were tested in the glass forming
production and the tests revealed an increased wear resistance in comparison
to manually polished parts. The group also reported an increased in the parts
hardness due to the remelting process principle during laser polishing [110].
The subsequent heating and cooling result in a heat treatment of the surface
layer. The group also performed laser polishing on an implantable ventricular
assist device (VAD) made of the titanium alloy Ti6Al4V, showing the
applicability in medical field as well, because the surface roughness of the
blood transporting component is crucial for the bio- and hemocompatibility of
the whole implant (Fig. 10b).
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Fig. 10. Laser polishing applications. a) Partially laser-polished mould for
glass forming; b) Ventricular assist device (VAD), left: initial, fine milled
state, right: laser polished [110].

Manual polishing usually leaves grooves and scratches on the surface,
which can be smeared up during subsequent polishing steps as well as some
hidden surface defects could be induced. These defects reduce the
biocompatibility of implants significantly. Manual polishing of the VADs
takes about 3.5 hours and with laser polishing the time is reduced to 2 minutes.
The surface roughness using pulsed laser irradiaton with pulse duration of
150 ns, the roughness of the VAD component, measured by tactile stylus, can
be reduced from Ra— 0.3 um to Ra — 0.08 um [110]. On the same alloy
continuous wave fibre laser was used to reduce surface roughness from
10.2 um to 2.4 um by another scientific group [111].

These applications show the adaptability of laser polishing in meeting the
stringent surface quality requirements across diverse industrial needs.
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EXPERIMENTAL SETUPS AND CHARACTERISATIONS

To perform the experiments, multiple different laser sources utilizing
different pulse lengths and burst modes were used. A table of the different
lasers and their parameters is listed (Table 1). A typical optical scheme
consisted of a laser source, mirrors for beam guiding, a beam expander,
galvanometric scanner, F-theta lens that can be controlled on a Z stage and XY

stages that control the samples’ position.

Table 1. Laser parameters used in experiments.

Laser source Baltic, Atlantic, Pharos, Light | Carbide, Light
Ekspla Ekspla Conversion Conversion
Wavelength 1064 nm 1064 nm 1030 nm 1030 nm
Pulse duration 10 ns 10 ps 210 fs 210 fs
Pulse rep. rate 100 kHz 100 kHz 100 kHz 100 kHz
F-theta lens 80 mm 80 mm 100 mm 100 mm
Beam Scangine 14, | Scangine 14, | Intelliscan 14, | Intelliscan 14,
positioning ScanLab ScanlLab ScanlLab ScanlLab
\rradiation MHz burst, MHz burst,
mode Pulsed Pulsed GH_z burst, GH_z burst,
Biburst Biburst
Laser Laser
Wettability colouring on Laser co_louring of
copper, . .| stainless steel,
Experiments and colour Influence of pohshmg, BI- Rapid laser
change of . stability .
copper absorptlons Measurements cqlourmg of
on lift-off stainless steel,
threshold Wettability
Publications [PP2] [P4,P7,PP2] | [P2,P3, P6] [P1, PP1, P5]

The lasers were capable of different burst regimes: MHz, GHz and biburst.
When the laser is working in the normal pulsed mode (Fig. 11a) at 100 kHz
the time difference between pulses is equal to 10 ps. These pulses can be
divided into smaller subpulses with either MHz or GHz intra-burst repetition
rates and the MHz and GHz burst modes work quite similarly. In the MHz
burst mode (Fig. 11b), the intra-burst repetition rate is equal to 64.68 MHz
with a time difference between subpulses of 15.5 ns, while in the GHz burst
mode (Fig. 11c), the intra-burst repetition rate is equal to 2.27 GHz with a time
difference between subpulses of 440 ps. The number of pulses within the MHz
and GHz bursts are notated by letters N and P, respectively. For the biburst
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mode (Fig. 11d), when we divide the MHz burst pulses further into the GHz
burst pulses, we get the aforementioned biburst mode. It is important to
remember, that it does not matter into how many subpulses the pulse is divided
into, the overall pulse energy stays the same.

a) Pulsed mode A=1030nm.,.. N=1
f=100 kHz: [} !
=245 ||
Ar=10ps ‘| |

b) MHz burst mode £, =64.7 MHz N=3

=
] :
2
£ |c) GHz burst mode £ =297 GHz
Ar- =440 ps /\/\
d) Biburst mode N=3
Time

Fig. 11. Schematic illustration of the different laser burst modes. a)
pulsed mode b) MHz burst mode; c) GHz burst mode; d) Biburst mode
[PP1].

For the experiment two different kinds of stainless steel samples and one
kind copper sample were used.

Stainless steel (304, Ekstremalé) plates with the size of
120 x 120 x 0.4 mm?® were used for stainless steel colouring [P1, PP1, P5].
Stainless steel 304 has 18% chromium and 8% nickel and is the most
commonly used grade of stainless steel with properties such as: excellent
resistance to the corrosion and temperature, high tensile strength and
durability, but is still easily formable. A scanning electron microscope (Helios
NanoLab 650, FEI) was used to visualize the samples.

For the laser polishing, copper colouring, bi-stability measurements and
influence of absorptions on lift-off threshold [P2, P3, P4, P6, P7, PP2]
5 mm x 50 mm x 50 mm copper (CWO004A, Ekstremal¢) samples were used
with a surface roughness R, of 0.1 um. The copper purity was 99%. The
ablated surface roughness R, was measured using a stylus profiler (Dektak
150, Veeco). A scanning electron microscope (JSM-6490LV, JEOL) was used
for the samples’ visualization.

For laser polishing of stainless-steel [P2] (1.4301, Ekstremalé)
5 mm x 50 mm x 50 mm stainless-steel plates were used with a surface
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roughness R, of 0.5 um. The ablated surface roughness R, was measured using
a stylus profiler (Dektak 150, Veeco). A scanning electron microscope (JSM-
6490LV, JEOL) was used for the samples’ visualization.

In order to change the laser fluence, the sample z position was changed.
This is known as a z-scan experiment in scientific literature. The beam radius
increased when the sample was moved in either the positive or negative z-
direction. A well-known D-squared method was used to calculate the different
beam radii values [112]. During this method, a sample is damaged using laser
irradiation at different average laser powers, and the radius of the damage is
measured using an optical microscope (BX51, Olympus). A graph of the
squared radius of the irradiated damage dependence on fluence is drawn.

D? = 2w?In (i (8)
Fi
here D — diameter of the laser irradiation damage of the sample, w — beam
radius at a given z position, F — fluence, Fi, — ablation threshold.

Fitting Eq. (8) onto the graph allows us to find the ablation threshold as

well as the beam radius at a given z position.

(z - ZO)AM2>2 ©)

2
W}

w(z) = w, (

here wo — beam waist, zo — samples position at beams waist, z — samples
current position, A — laser wavelength, which was 1030 nm, M? — beam quality
parameter.

Then when beam radius is calculated for all z positions using Eq. (9) we
can get the beam waist value.

Surface wettability was also measured for [P1, P5, PP1l, PP2]
experiments. The static water contact angle (SWCA) was measured by
depositing a 6 uL volume water drop on a specific laser coloured area using a
micropipette (Transferpette, Brand GmbH). The sample was illuminated from
one side by a high-parallelism diode backlight and an image of the drop was
taken from the other side using a digital camera. The SWCA angle was
deduced by using ImageJ software’s [113] plugin LBADSA [114]. Each
measurement was done 5 times and the standard deviation was calculated.
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EXPERIMENTS
2 Laser colouring of metals
2.1 Laser colouring of stainless steel

While many metals and different colours have been achieved using laser
colouring, the process has not yet been fully optimized. Copious amount of
laser processing and material parameters have an effect on laser colouring,
therefore increasing the time required to perfect the method. MHz, GHz and
biburst burst modes were tested to achieve the highest number of colours and
highest possible colouring rate. Laser processing parameters including hatch,
repetition of scans and laser frequency were also tested to see whether they
increase the colouring rate. Micromachined surface structure was analysed
and the static water contact angles were measured to see if the surface became
hydrophobic. [P1], [PP1], [PP2] and [P5] results will be presented here.

2.1.1 Experimental setup

The experiment was carried out using a solid-state laser (Carbide, Light
Conversion) with listed laser parameters in (Table 1). The beam waist radius
was 20.6 um and the beam quality factor M?was 1.08. Two different laser
colouring experiments were performed. First experiment was to find which
burst mode and pulse number within the burst combination produced most
colours. Results from the [P1] publication will be presented. The second
experiment was performed to find the highest scanning speed and colouring
rate possible to achieve colours. Results from [P5] and [PP1] publication will
be presented. During the first experiment the galvanometric scanner
horizontal lines were scanned by the laser beam on the stainless-steel plate
with the controllable scanning speed of 100 mm/s and 333 mm/s. The distance
between the lines or hatch h was constant and equal to 10 pm. The area of one
scanned rectangle was equal to 6 x 6 mm? (Fig. 12). Horizontally in the x
direction number of pulses in the MHz or GHz burst were changed from 2 to
9 with a step of 1. For the GHz burst mode 10, 15, 20 and 40 pulses within the
burst were also tested. For the biburst mode, the GHz experiment was repeated
while using different number of pulses within the MHz burst, changing from
2 to 8 with a step of 1. Vertically in the y direction laser output power was
gradually decreased and equal to 5.6 W, 4.4 W, 35W, 2.8W,25W, 1.7 W,
1.4W, 0.98 W, 0.73 W, and 0.26 W. This corresponded to pulse fluences of
7.6 Jlcm?, 6.0 J/cm?, 4.8 J/cm?, 3.8 J/lcm?, 3.4 J/cm?, 2.3 J/cm?, 1.9 J/cm?
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1.3J/cm? 1.0Jcm? and 0.34Jcm? respectively. Afterwards, the
micromachined stainless-steel plate with different laser induced colours was
put in a light box with all white walls (Lightroom, LR0001). Inside the box,
the samples were illuminated by light-emitting diode (LED) lights, which
were on the top part of the box and the samples themselves were photographed
using a digital camera (Leopard Imaging, LI-IMX563-MIPI-AF) equipped
with 7.05 mm lens and 12 MP CMOS image sensor (Sony, IMX563) that was
on the roof of the white box to maintain constant conditions for the whole
experiment.

Galvanometric scanner

\ED lights on the inside

Number of pulses in MHz or GHz burst

Fig. 12. Design of the laser colouring experiment. First using a galvanometric
scanner coloured rectangle squares are micromachined using laser irradiation
on the stainless-steel plates. Afterwards, the stainless-steel plates are
photographed inside a white walled light box with LED lights [P1].

Beam waist wo— 21,7 pn{

During the second experiment on the stainless-steel plates, using a
galvanometric scanner 5 mm horizontal lines were scanned in a square shape
with a 10 um distance or hatch between the lines. The area of the square was
set to 5 mm x 5 mm. An array of squares was achieved where laser scanning
speed was increased vertically and average laser power was increased
horizontally. The scanning speed was increased from 1000 mm/s to
4250 mm/s, while the average laser power was increased from 9.6 W to 40 W.
The experiment was repeated at different burst modes with varying number of
pulses within the burst. Other laser parameters were also tested. The same
experiment was performed but instead of horizontally changing the laser
power, other parameters, including hatch, pulse duration, laser frequency and
repetition of scans were chosen.
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2.1.2 Laser colouring using MHz, GHz and biburst modes

The CIE 1931 (Fig. 13) chromaticity diagram represents colour based on
human visual perception and is used in many industries, such as printing,
photography, television and also scientific literature [12,61,73,90,115-117].
The diagram represents all visible colours as seen by the human eye, mapped
within a two-dimensional space defined by the x and y chromaticity
coordinates. The horseshoe-shaped curve, known as the spectral locus,
outlines the limits of human vision in the diagram. Every colour visible to the
human eye falls within this curve, however not all colours can be replicated
by technology. Therefore, various approximation models are used, and
because no model can replicate all colours within the diagram, only the
colours in the black triangle can be shown. The triangle is an overlay that
shows the range of colours that can be produced by a specific set of three
primary colours. In other words, the triangle’s vertices mark the chromaticities
of the red, green, and blue primaries, and every colour inside the triangle is
one that can be achieved by additively mixing those primaries. Colours outside
the triangle cannot be reproduced with the RGB system. The diagram includes
a point representing white light, located at coordinates x — 0.333, y — 0.333.
Colours closer to this point appear more desaturated, meaning they look closer
to white or grey. As can be seen in the colour space in (Fig. 13) a wide range
of colours was achieved in our experiment, from multiple shades of brown and
yellow, to blue and green. Notably the hardest colour to achieve was red, with
only purple colour being close to it.
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Fig. 13. CIE 1931 colour diagram containing all achieved colours. Black
triangle shows all achievable colours due to the usage of XY Z colour model.
Green squares — biburst mode with N = 2 pulses in the MHz burst and a
scanning speed of 100 mm/s; blue stars — biburst mode with N = 2 pulses in
the MHz burst and a scanning speed of 333 mm/s, red circles — biburst mode
with N = 8 pulses in the MHz burst and a scanning speed of 100 mm/s [P1].

Three different burst regimes: MHz, GHz and biburst were used to achieve
different colours on stainless steel.

MHz burst mode was not very effective in producing a broad spectrum of
varied colours, as shown in (Fig. 14) Only different tones of brown were
achieved. When using the GHz burst mode, the situation marginally improved
and more colours, including many hues of green and one very dark purple,
were produced. The bulk, however, continued to be brown, just like in the
MHz burst mode.
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Fig. 14. Stainless steel colour achieved by laser colouring dependence on
fluence F in the (2) MHz and (b) GHz burst modes [P1].

The majority of colours are achieved when using the biburst mode. In
picture (Fig. 15a) we see the GHz mode with brown and green colours.
However, starting with the biburst mode in (Fig. 15b) the first blue colour is
visible. Increasing the number of pulses in the MHz burst yields greater
number of shades of blue with (Fig. 15f-h) showing that half of the grid is
either blue or purple. Achieving these colours is a difficult and time-
consuming task because of the parameters involved. We can see that the
optimal window for achieving colours is between 1.1 J/cm? and 2.1 J/cm?
which is quite narrow. Furthermore, while the fluence for the entire burst
ranges from 1.1 J/cm? to 2.1 J/cm?, the intra-burst fluence for a single pulse is
only about 0.01 J/cm? to 0.02 J/cm? for purple colours and 0.02 J/cm? to
0.04 J/cm? for blue colours, making the use of various burst modes a very
practical and precise way to attain such low fluences.
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Fig. 15. Stainless steel colour achieved by laser colouring dependence on
fluence F and number of pulses per GHz burst P, at different number of pulser
per MHz burst N: @ N=1; (b)) N=2; (c)N=3; (d)N=4; (&) N=5; (N =
6; (g) N=7; (h) N=8[P1].

Scanning speed is also a very important processing parameter for laser
colouring. Comparing two arrays in the biburst mode with 2 pulses in the MHz
burst (Fig. 16) we can see that increasing the scanning speed threefold yielded
only shades of brown. While using a scanning speed of 100 mm/s resulted in
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a few blue and purple colours. Further optimising the set of parameters by
increasing the number of pulses in the MHz burst to 8 yielded a high range of
colours, with more than half of the array being blue or purple. We can see
these results in (Fig. 13) as well, where the second set of parameters resulted
in a small range of colours, while the third set spanned throughout the whole

possible triangle.
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Fig. 16. Stainless steel colour achieved by laser colouring dependence on

fluence F and number of pulses per GHz burst P, at different number of pulses
in the MHz burst and scanning speed: (a) N =2, v=100 mm/s; (b) N =2,
v =333 mm/s; (c) N =8, v=100 mm/s [P1].

Fluence, F (Jicm®)

Although we achieved numerous colours, the colouring rate with a
scanning speed of 100 mm/s is low and is equal to only 1 mm?/s, as it depends
on the scanning speed and the distance between the scanned lines, so a second
experiment was carried out to find the highest scanning speed to achieve the
highest colouring rate.

2.1.3 Rapid laser colouring using GHz burst mode

It is important to not only achieve a wide range of colours, but to do it as
rapidly as possible. To define the speed of colouring a certain area we use the
colouring rate, denoted as dS/dt, which is defined as the total coloured area
divided by the processing time. For a square area with side length I, the
coloured area is equal to I°. The processing time t can be calculated by
considering the number of lines N needed to cover the whole area, each of
length I, and the scanning speed v. The number of lines is determined by
dividing the side length by the hatch h, so N = I/h. Therefore, the processing
time becomes t = NI/v = I>/vh. Substituting this back into the colouring rate
equation yields dS/dt = I%/t = vh. This demonstrates that the colouring rate
simplifies to the product of the scanning speed and the hatch distance. Thus,
despite the complexity of various processing parameters, the colouring rate
provides a straightforward metric for comparison by focusing on these two
key variables. With a scanning speed of 100 mm/s and a hatch of 10 um the
colouring rate in the biburst mode was only 1 mm?/s. Our second experiment
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was conducted to achieve the highest possible colouring rate while also
increasing the number of colours.

Different laser processing parameters result in different colours. Our
experiment was carried out with P =2, 4, 7, 10, 15 and 25 pulses within the
GHz burst and beam scanning speeds from 1000 mm/s to 4250 mm/s. As can
be seen from (Fig. 17) we get similar results with P = 2, 4, 7, 10 pulses within
the GHz burst. Increasing the number of bursts further to P =15 (Fig. 18)
results in colours that are far less vibrant but still quite similar to the ones in
(Fig. 17). However, increasing the number of pulses within the burst further
to P = 25 drastically reduces the number of different colours achieved (Fig.
18) as only brown and dark green or dark purple colours can be seen.

v, mm/s P2 P4 P10
1000 N EE EE ] |
1150 B N FeE
1300 HE -~
1500 Il TEE
1650 N e |
1800 AN EREE
2000 HEEN® EEEES
2150 HEEER FEERFE ] | .
2300 HEEEEN HEEEEE LEEE:
2500 HHEEEN HEEEEEN WUENE
2650 HEHEEEE" HEEEEEEN N | | B
200 HHEEEESE EEEEEEE ] |
3000 HHEEEEE EESEEEE N [ | B
3150 HHHEEEEE EEEEEEE ey | | |
3300 HHEEEEE ENEEEEE e | | ]
3500 HNEEEEE N "EEEN - AEER
3650 HNEAEEENE N TEEEE ]
3so0 NN EEEEE N "EEEN | - EEER
4000 "N EEEEE " TEEEER . AEEE
4250 HNEEEENE N AEEEE  AaEEE

FJllenf S0RaelY ZE2003% ol v h

NS OoOo -

Fig. 17. Different colours achieved with laser colouring. The laser beam
scanning speed was increased from 1000 mm/s to 4250 mm/s and average
pulse fluence was increased from 12.1 J/cm? to 54.1 J/cm?. The experiment
was repeated at P2, P4, P7 and P10 pulses within the GHz burst with
individual intra-burst pulse fluence listed [PP1].

When the accumulated pulse fluence is at F — 12.11 J/cm?, for P — 2, 4, 7,
10, 15 pulses within the GHz burst a pattern of the colours going from light
green, to blue, to purple, to orange and lastly yellow was seen when the laser
beam scanning speed was increased from 1000 mm/s to 4250 mm/s.
Increasing the accumulated pulse fluence resulted in the existing pattern being
kept, however, the colour transitions were more gradient with more
transitional colours appearing. When F — 24.31 J/cm? and higher accumulated
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pulse fluences were achieved, the colour pattern changed slightly. The starting
colours were light brown, going to light green and turning into light blue that
changed to purple, orange and lastly yellow. This allowed to achieve certain
colours at a much higher scanning speed. Increasing the laser beam scanning
speed further than 4250 mm/s resulted in unstable and not uniform colours
that were somewhere between yellow, purple, blue.
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Fig. 18. Different colours achieved with laser colouring. The laser beam
scanning speed was increased from 1000 mm/s to 4250 mm/s and average
pulse fluence was increased from 12.1 J/cm? to 54.1 J/cm?. The experiment
was repeated at P15 and P25 pulses within the GHz burst with individual
intra-burst pulse fluence listed [PP1].

As it can be seen in (Fig. 19) we have also increased the number of colours
filling almost the entire triangle area. Many different blue, purple, orange and
yellow colours have been achieved, as well as, a few green and red colours.
The later are the fewest and most difficult to obtain in our experiments.
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Fig. 19. 1931 chromaticity diagram. Black dots — achieved colours in the
experiments. Black triangle — colours that are possible achieve in the model
[PP1].

Besides the commonly used RBG colour model there are other popular
models such as HSL (Hue, Saturation, Lightness). The CIE diagram (Fig. 19)
reveals that only a limited number of vibrant green and red colours are
achieved. Vibrant colours correspond to high saturation levels, typically
values of 80 or greater. However, the observed saturation of some of our
colours is quite low, ranging from 20 to 30, while the lightness is relatively
high, between 60 and 85, at different fluences when using 7 or 10 pulses within
the GHz burst (Fig. 20, a and b) for the green colours. Increasing the number
of pulses within the GHz burst to 15 and 25 (Fig. 20, ¢ and d) causes the green
colour saturation to drop further into the 5 to 20 range, and the lightness
decreases to between 40 and 70. Similar trends are observed for the red
colours, with saturation and lightness values never exceeding 60.

53



7 pulses in GHz burst [ JE% J/cmi 10 pulses in GHz burst (m 127em
® 26Jcm ® 18Jcm?
A 359/0cm? 61
. A 24cm?
[ ] 44J/cmz ® 3.1ucm?
> zijﬁcmz & 37cm?
< cm o« 44)em?
* 5.4Jcm?

IS
!

* 7.7 J/cm?|

N
h

Fluence, J/cm?
N o
)

Fluence, J/cm?
N oo
i

IN
n

15 pulses in GHz burst B 08 Jen? 25 pulses in GHz burst W 05Jcm?
® 12 J/cm? ® 0.7Jem?
A 16 Jcm? A 10Jcm?
® 21Jcm? ® 12Jem?
¢ 25Jcm? ¥ 15cm?
4 293cm’ « 1.7 Jem?
* 3.6 Jem? * 22Jem’

2,44
1,84

1,24

0,64

0,04

Fluence, Jicm?

0,61
1,2

184

2,44

Fig. 20. Hue dependence on fluence polar diagrams with P = 7, 10, 15 and
25 pulses within the GHz burst [PP1].

Additional burst modes were tested to determine whether more colours and
higher colouring rates could be achieved (Fig. 21a). In the MHz burst mode,
regardless of the scanning speed, only brown colours were produced. Notably,
similar brown hues could be obtained at scanning speeds exceeding
4250 mm/s. In contrast, in our previous work [56] we primarily achieved
various colours using the biburst mode at a much lower scanning speed of
100 mm/s. By increasing the scanning speed to the 1000 — 4250 mm/s range
and utilizing N2P7 and N2P10 biburst modes, it was possible to produce
different colours, although these were less vibrant than those in the GHz burst
modes. Moreover, increasing the number of pulses in the MHz burst mode to
four or more still resulted only in brown colours. This shows, that the GHz
burst mode is far superior in achieving vibrant colours and only when
increasing the number of N by a minimal amount can any colours be visible
at all in the biburst mode. Multiple scans were also tested (Fig. 21b), however
no significant changes in colours can be seen. The small visible change can be
explained by the fluence change due to the fact that some of the material is
ablated with every scan. The last test was performed to see whether more
colours or higher scanning rates could be achieved when different burst modes
were used on top of one another (Fig. 21c). Since MHz burst yielded no
colours at all, it was not tested. In (Fig. 21c) we can see that vibrant colours
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can be achieved with P10 ten pulses in the GHz burst and if we use N5P10
biburst mode with 5 pulses in the MHz burst mode and 10 pulses in the GHz
burst mode, we will achieve only brown colours. Mixing these two parameter
sets yielded some interesting results. If the GHz burst mode is used first, with
biburst mode going after, no new colours are seen. Contrary, if the biburst
mode is used first with the GHz mode going afterwards, some colours are
achieved. The new colours are not as vibrant as in the GHz burst mode but are
more vibrant than the ones in the biburst mode even with optimal parameters.
While it might be possible to achieve some new duller colours compared to
the GHz burst mode, the scanning rate would be significantly lower using this
method since multiple scans are needed and using speeds higher than
3000 mm/s yielded different shades of brown only. Therefore, due to these
findings, mixing of the burst modes was not studied further.
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Fig. 21. MHz and Biburst mode colouring tests. The laser beam scanning
speed was increased from 1000 mm/s to 4250 mm/s and average pulse fluence
was constant at 30.8 J/cm?. N =2, 4, 7, 10, 15, 20 and 25 pulses within the
MHz burst were tested for the MHz burst mode. For the biburst mode N2P7,
N4P7, N7P7, N10P7, N15P7, N20P7, N2P4, N2P7, N2P10 and N2P15 sets
were tested [PP1].

Based on the equation dS/dt =vh, there are two primary methods to
improve the colouring rate: increasing the laser beam scanning speed or the
distance between the lines. If identical colours can be achieved with a larger
hatch spacing, fewer scanned lines are necessary to colour a given area,
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potentially improving the colouring rate. As can be seen in (Fig. 22), multiple
colours can still be produced even as the hatch spacing increases. However,
the colouring rate does not necessarily improve because, to achieve the same
colours with a doubled hatch spacing, the scanning speed must be reduced
proportionally. Another possibility to increase the colouring rate could be
increasing the laser's repetition rate. This could allow for higher scanning
speeds to be used if pulse overlap is one of the critical parameters for laser
colouring. Pulse overlap would remain the same if both the repetition rate and
scanning speed would be increased proportionally. Nevertheless, the results
shown in (Fig. 22) indicate that increasing the repetition rate produces the
same colours at the same speed and those colours are significantly less stable
as well. This could be explained by the intra-burst repetition rate having the
most significant impact on heat accumulation on the target surface.

Hatch and Repetion Rate
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Fig. 22. Colour change from laser colouring when changing hatch, pulse
repetition rate and beam scanning speed. P = 7 pulses within the GHz burst
mode were used with a constant pulse fluence of 30.8 J/cm? [PP1].
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Due to the fact that our laser colouring method utilizes hatching, it is
possible to fill any custom form or figure with lines with a pre-set spacing. In
(Fig. 23) we can see various shapes and colours that can be achieved using
laser irradiation. Specifically, (Fig. 23a) displays two half circles with two
wavy lines in the middle, all in different colours such as blue, light blue,
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purple, and orange. In contrast, (Fig. 23 b, c, d) present the same floral circle
pattern with a circle in the middle but in different colour schemes: (Fig. 23 b)
is entirely blue, while in (Fig. 23 c and d) each leaf and the central circle have
different colours ranging from shades of blue to purple and orange. Lastly,
(Fig. 23e) shows the logo of the Center for Physical Sciences and Technology
(FTMC). These examples demonstrate that even complex shapes are not
problematic for this method. However, a significant drawback is the process's
extreme sensitivity to minor changes in fluence. Although the laser’s
irradiation is highly stable, particularly because we can use high powers and
divide those pulses into ones with lower individual fluence, we still face
challenges in maintaining the sample precisely at the focal position. The
primary issue arises from heat accumulation, which increases the sample’s
temperature and causes slight deformations of the sample surface, thereby
altering the focal point. Even though, the deformations can be very small and
hard to see with the naked eye, the colour difference is easily noticeable.

Fig. 23. Laser coloured figures on a stainless-steel sample. a) two half
circles with two wavy lines: blue colour’s scanning speed 2500 mm/s, grey
blue — 1150 mm/s, purple — 3000 mm/s, orange — 4250 mm/s; b) floral
pattern: dark blue — 2650 mm/s; c) floral pattern: blue — 2500 mm/s, light
blue — 2300 mm/s, purple — 3000 mm/s, orange — 4250 mm/s, grey blue
(middle circle) — 1150 mm/s; d) floral pattern: light blue — 1500 mm/s,
turquoise — 1000 mm/s, blue — 2300 mm/s, purple — 3000 mm/s. Laser
processing parameters: 7 pulses in the GHz burst, pulse fluence 30.8 J/cm?,
intra-burst pulse fluence 4.4Jcm? e) logo of FTMC; dark
blue — 3500 mm/s, purple — 4000 mm/s. 7 pulses in the GHz burst, pulse
fluence 43.8 J/cm?, intra-burst pulse fluence 6.3 J/cm? [PP1].

From the three ways that a metal surface could be coloured using laser
micromachining, two of them can be easily dismissed. Plasmonic metals are
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materials that support localised surface plasmon resonances which result in
colours that arise from nanostructures and nanoparticles on the metals surface.
This effect is the result of the confinement of a surface plasmon in a
nanoparticle of size comparable to or smaller than the wavelength of light used
to excite the plasmon. However, this happens in noble metals such as gold and
silver, with other metals such as copper and aluminium also showing some of
these properties. While stainless steel nanoparticles can exhibit localized
surface plasmon resonance (LSPR), the resonances are typically broad and
weak due to significant damping from high optical losses. The heterogeneous
composition of stainless steel introduces multiple scattering centers and
impurities, further hindering the efficiency of plasmonic oscillations. Given
the weak plasmonic properties of stainless steel, LSPR contributes negligibly
to surface coloration. Structural colours arising from LIPSS is also not the
reason our stainless-steel samples are coloured. Checking our sample under
scanning electron microscope, we did not find any LIPSS on the target’s
surface, only various different nanoparticles and nanostructures that are
ununiformly scattered (Fig. 24d-g). Furthermore, structural colours change
from green, to red and blue depending on the viewing angle, whereas our
colours do get significantly darker depending on the viewing angle, but do not
change colour. Lastly there is the surface oxidation. Because the laser is a
significant heat source and various burst modes also assist in heat
accumulation [65] it could fasten the oxidation process which results in
different colours on the stainless-steel surface. The thin film effect would also
explain two observable phenomena. The first one is our small amount of green
and red colours achieved (Fig. 19). It could be explained by the fact that the
oxide layer was too thick for the light to reflect from the sample and
interference could not be seen. Also, because the colour is dependent on the
optical path difference which in itself depends on the incident angle of the
light, it explains why the colour becomes significantly darker when the angle
is changed (Fig. 24a-c).
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Fig. 24. Laser colouring tilt experiment: a) 0° tilt; b) 20° tilt; c) 30° tilt. d-g)
scanning electron microscope images of different colours. Laser processing
parameters: 7 pulses within the GHz burst, 18 J/cm? pulse fluence [PP1].

In this experiment, a variety of colours were achieved on stainless steel
using scanning speeds between 1000 mm/s and 4250 mm/s, with colouring
rates ranging from 10 mm?/s to 42.5 mm?s. If optimal fluence and pulse
numbers within GHz bursts are selected, colours such as yellow, orange, blue,
purple, and dark green can be achieved at the maximum colouring rate of
42,5 mm?/s. To the best of our knowledge, no other study has reported
colouring rates of stainless-steel exceeding 15 mm2/s (Table 2). This is also,
to the best of our knowledge, the highest colouring rate achieved through
oxidation mechanisms and is only comparable to plasmonic colours obtained
from nanoparticles and nanostructures on plasmonic metals.
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Table 2. Comparison of laser colouring rates and other parameters in scientific
literature. *marks the first experiment and ** marks the second one.

i i Parameters
Mechanism Material
A, nm v, mm/s h, um dS/dt, mm?/s
Oxidation[54] Stainless—steel 532 100-600 5-15 05-9
Oxidation[55] Stainless—steel 1062 50-225 10-20 0.5-45
Oxidation* Stainless—steel 1030 100 10 1
Oxidation[57] Stainless—steel 355 400 - 500 30 12-15
Oxidation[58] Stainless—steel 532 70-600 4-10 28-6
Oxidation[59] Stainless—steel 1064 2500 10 25
Oxidation[60] Stainless—steel 1064 50 - 750 10 05-75
Oxidation[118]  Stainless-steel 1061  2.5-190 20 0.05-3.8
Oxidation[64] Titanium 1064 25-150 200 5-30
Oxidation[61] Titanium 1064 90 - 600 10 09-6
Oxidation[62] Titanium alloy 1030 20-100 5 0.1-05
Oxidation[68] Copper 1030 100 1-20 01-2
Oxidation** Stainless—steel 1030 1000-4250 10 10-425
LIPSS[75] Stainless—steel 800 1-4 50 0.05-0.2
LIPSS[91] Stainless—steel 515 300-2000 1-3 03-6
LIPSS[119] Copper 800 01-3 100 0.01-0.3
LIPSS[18] Aluminium 800 0.1-16 50 0.005-0.8
LIPSS[120] Silicon 800 1 30 0.03
Nanoparticles[73] Gold and Silver 1064 11 -3000 1-13.5 0.011-40.5
Nanoparticles[20] Copper 1064 50-5000 10-20 0.5-100

Comparing colouring rates across the literature is challenging, mainly
because distance between scanned lines (hatch) is often not listed if the
parameter remains constant. However, based on the beam scanning speed
alone, our method is at minimum three times faster than reported in

comparable studies (Table 3).
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Table 3 Comparison of laser beam scanning speeds and other parameters
in scientific literature. *marks second experiment.

. . Parameters
Mechanism Material
A, hm v, mm/s

Oxidation[81] Stainless—steel 1064 10-90
Oxidation[13] Stainless—steel 1064 100 - 1300
Oxidation[76] Stainless—steel 1064 10-500
Oxidation[83] Stainless—steel 1060 1-250
Oxidation[14]  Stainless—steel/Ti 1060 1-250

Oxidation* Stainless—steel 1030 1000 — 4250

LIPSS[90] Stainless—steel 1030 20-33.3

LIPSS[121] Stainless—steel 240 — 2600 13

LIPSS[122] Stainless—steel 800 10-130

2.1.4 Coloured surface hydrophobicity

Changing the colour of a metal is a wanted task, but it could be improved
with additional surface functionalities. Changing a metals colour and also
making it hydrophobic would be very beneficial because it would make the
colours even more long lasting since it would help the metal withstand the
environment significantly better. For a surface to be consider hydrophobic it
needs to have SWCA of at least 90° and to be considered superhydrophobic,
a SWCA of higher than 150°. The SWCA was measured for uncoloured
stainless steel and also for the first 18 colours for the 7 pulses within the GHz
burst with 3.5 J/cm? intra-burst pulse fluence regime. Each measurement was
done 5 times and the standard deviation was calculated. Uncoloured stainless
steel was not hydrophobic and had a contact angle of 50.4 + 4.4°. In (Fig. 25)
it can be seen that all achieved coloured surfaces are hydrophobic because
their SWCA is higher than 90° independent of the hue of the colour. Due to
our usage of femtosecond pulses, the sample had nanostructures and
nanoparticles (Fig. 24d-g) on the surface after laser irradiation, which lead to
their increase to hydrophobicity [123,124]. The time frame between the laser
colouring and wettability tests was greater than 6 months making not only the
colours but also the hydrophobicity long lasting. The samples were kept in
ambient air conditions indoors without any noticeable change.
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Fig. 25. Wettability experiments on laser coloured stainless steel with 7 pulses

within the GHz burst with 3.5 J/cm? intra-burst pulse fluence. (a) water
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on uncoloured stainless-steel — 50.4 + 4.4° [PP1].
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2.2 Laser colouring of copper

A novel, single-step, chemical-free fabrication method for producing
super-wetting and highly hydrophobic copper surfaces using ns and ps
lasers was demonstrated. For the first time, simultaneous control of the
wettability and color of copper is achieved by systematically varying the
area fraction of the laser-ablated surface, offering a versatile approach for
surface modification. The study adopted the Cassie, Cassie-Baxter, and
Wenzel models to explain that as the ablated area fraction increases, the
contact angle decreases, enhancing hydrophilicity. Furthermore,
significant visual and optical changes such as variations in color distance,
gray value, and gray luminance correlate linearly with the ablated area
fraction, showcasing the transformative impact of laser parameters. [PP2]
results will be discussed here.

2.2.1 Wettablity theory

The characterization of the wetting properties of a surface is defined on the
static contact angle measured by a sessile droplet technique [125]. For water
droplets, a surface having a contact angle smaller than 90° is hydrophilic,
while one larger than 90° is hydrophobic. The Wenzel, Cassie, and Cassie-
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Baxter models are widely used in the research of wetting behaviour and
surface interactions, particularly in the context of hydrophobicity and super-
hydrophobicity.

This Wenzel model assumes that the liquid completely penetrates the
rough surface. The apparent contact angle is a function of the intrinsic contact
angle and the surface roughness [126]:

cos 68" =1y cos 0, (10)

where 6" — is the measured contact angle on the rough surface, r; is the
ratio of actual surface area to projected surface area, and 6 is the intrinsic
contact angle on a smooth surface. Wenzel state has a larger surface
wettability because the liquid on the surface enters the grooves, increasing the
contact area.

The Cassie model addresses surfaces with regions of different wettability
coexist caused by surface chemical heterogeneity [127,128]:

cos0* = fi cos 0; + f, cos 6, (11)

where f; and f; are the fractions of the surface with different wettability
angles 61 and 6,, respectively. The fractional areas of two different surface
components fulfill the requirement for the sum of the fractions must be equal
as f1 + f, = 1, this constraint ensures that no overlapping or missing regions
exist.

For the Cassie-Baxter model when the composite contact surface is
composed of air and solid since the contact angle of liquid and air is 180°, Eq.
(11) can be simplified to [129,130]:

cos* = fi(1+cos6;) —1 (12)

where 6+ is the measured contact angle on a composite surface, f; is the
fraction of the solid-liquid interface area, while the rest fraction (1 - fi) is air,
61 is the intrinsic contact angle. This model assumes that the liquid rests on
top of surface roughness features, with air pockets trapped underneath. This
creates a composite surface of solid and air, which can drastically increase
hydrophobicity. In scientific literature, the terms Cassie-Baxter and Cassie are
commonly used. Cassie-Baxter is used to refer to uneven surfaces
incompletely wetted by a liquid when vapor remains under the drop. Cassie is
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used only for even or rough surfaces of a solid state that is completely wetted
by the liquid.

Lastly, the Wenzel and Cassie-Baxter model describes the wetting angle
on rough and heterogeneous surfaces [130,131]:

cos 0* =r,f; cos 0, + f, cos b, (13)

which considers surface roughness, where the Wenzel part of Eg. (10) with
roughness factor r; amplifies the wetting properties (hydrophilic or
hydrophobic) and Cassie-Baxter's part of Eq. (11) accounts for surface
heterogeneity, using a fractional areas f; and f, of different surface components
to adjust the contact angle.

2.2.2 Experimental setup

The principal experimental scheme of laser processing using an irradiation
source with optional pulse durations and a galvanometer scanner is depicted
in (Fig. 26).
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Fig. 26. Principal scheme of laser structuring experimental setup [PP2].

Laser structuring experiments were conducted using two laser irradiation
sources (Baltic HP, Ekspla, and Atlantic HE, Ekspla) with laser parameters
listed in (Table 1). Both lasers provided light pulses with pulse energy from
Ep =1 wJ up to Ep = 60 pJ. Translation of the laser spot on the target material
at a controllable speed up to vscan = 1.0 m/s provided the controllable distances
between the transverse irradiation spots and distances between bidirectional
scanned lines. The array of rectangular areas with transverse spatial
dimensions of 11.5 x 12 mm? was laser textured in 29.9 s processing time
including all scanner delays. The texturing rate of ~ 5 mm?/s excluding delays
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of the scanner was achieved for the area of the whole scanner field of
60 x 60 mm?. The path of the scanned beam on the copper sample followed a
snake-like trajectory consisting of parallel lines of overlapped laser pulses.
The beam was scanned along the horizontal axis at a speed of Vscan = 1.0 m/s.
The distance between consecutive laser pulses was AX = Vscan / frep = 10 pm.
A slower translation of the beam, at a speed of 10 mm/s, was applied along
the vertical axis. The distance between scanned lines in the vertical direction
(hatch) was Ay =5 um. The polarization of the beams was oriented along the
vertical axis. The laser power was changed during the test from 0.1 W to
0.9 W (step 0.1 W, 9 tests) and from 1.0 W to 6.0 W (step 1.0 W, 6 tests)
which provided controllable laser fluence on the sample. The 15 rectangular
squares were marked using each laser at different laser powers which provided
different laser fluence on the samples. The 15 different values of laser fluences
were used, from 0.16 J/cm? to 1.44 J/cm? (step 0.16 J/cm?, 9 tests) and from
1.6 J/cm? to 9.6 J/cm? (step 1.6 J/cm?, 6 tests). Laser untreated copper is
declared in graphs at the laser output power of 0.0 W and corresponding laser
fluence of 0.0 J/cm2.

2.2.3 Contant angle and other measurements

The contact angle measurements methology is listed in Experimental
setups and characterisations section. While, for the optical microscope
imaging, digital images of both laser-processed and untreated copper surfaces
were captured using an optical microscope (Nikon Eclipse LV100).

2.2.4 Area fraction evaluation

The digital image processing procedure used for area fraction calculations
of laser-damaged Cu is presented in (Fig. 27).
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Fig. 27. Digital image processing procedure designed for area fraction
calculations: (a) step 1 - microscope imaging of laser-treated copper
surface; (b) step 2 — colour image split to red (R), green (G), and blue (B)
channels; (c) step 3 — colour-to-grayscale conversion by Eq. (14); (d) step
4 — grayscale image conversion to a black-and-white binary image using
Eqg. 15; (e) step 5 — calculation of the area fraction of AF = 27.3 + 2.3 % by

Eq. 17 [PP2].
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In step 1 (Fig. 27 (a)) microscope color image of laser treated copper
surface was taken. In step 2 (Fig. 27 (b)), the color image was split into red
(R), green (G), and blue (B) channels. In step 3 (Fig. 27 (c)) the image was
transformed to the grayscale mode by calculating the grayscale value GV
using the formula [132]:

GV = max (R,G,B) (14)

where R, G, and B are the red, green, and blue components, respectively.
The five color-to-grayscale conversion methods have been tested in our work:
intensity, luminance, luma, luster, and value 7. The value method has been
chosen because of the highest achieved contrast between grayscale images of
the laser-treated and untreated Cu. In step 4 (Fig. 27 (d)), the grayscale
pictures were converted to black-and-white binary mode by using a certain
threshold value GV, using formula [133]:

(1, ifGV = GVy (15)
BW = {0, if GV < GV,

Where he threshold was selected as a mean of average values of untreated
Cu (0.0W) and laser-treated copper at maximum available laser power
(6.0 W) [133]:

GVuntreated T GVmax fluence (16)
2
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The threshold value calculated by Eq. 16 was GV = 0.48 + 0.02.

In step 5 (Fig. 27 (e)), the area fraction f; of the laser-treated copper Cu in
percent was calculated by averaging the equation of binary image intensity
100:

n
1
fi= Ez BW; x 100% (17)
i=1

where n is the total number of picture pixels, i is the pixel index, BWi is the
binary black-and-white intensity of each pixel in the picture. The
computational error in the area fraction f; evaluation was taken as the standard
deviation of measurements from five sections of the microscope images.

2.2.5 Luminance and color distance evaluations

The luminance GL of grayscale was computed from RGB optical
microscope images by using a formula based on the NTSC standard [133,134]:

GL = 0.3R + 0.59G + 0.11B (18)

where R, G, and B are red, green, and blue components of the sample
images after laser treatment

The color distance CD was calculated between digital optical microscope
images of the copper surface before and after laser treatment was calculated
by using equation [135]:

CD? = (Ry — R)? + (Gy — Gp)? + (B, — By)? (19)

where Ry, Gy, By, Ry, G, and Bt are red, green, and blue components of the
sample images before (untreated) and after laser treatment (at a certain value
of laser fluence). The averaging procedure is performed by using equation 20:

(GV) = %Z GV, (20)
i=1
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where the average is denoted by angle brackets, n is the total number of
picture pixels, i is the pixel index, GV; is the grayscale value of each pixel in
the picture. The standard deviation as a computational error in the grayscale
value (GV') evaluation was taken from five sections of the microscope images.
The average color difference (CD) and the standard deviation of it were
calculated from the data achieved from five sections of images as well.

2.2.6 Copper colouring and wettability

The experimental results of the wettability and color change of copper
depending on the laser fluence are depicted in (Fig. 28):
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Fig. 28. (a) Water droplet images on copper surface treated by laser at different
laser fluences. (b) RGB colour digital optical microscope images of the Cu
surface. (c) Colour optical microscope images converted to grayscale mode.
(d) Grayscale images were converted to black-and-white binary images with
the threshold value of GV =0.48 + 0.02. (e) The reconstructed average colour
of colour images of copper. The scale bar provided in (b)(i) is valid for all
images in (b-d) rows [PP2].

Water droplet images on copper surfaces treated by laser at different laser
fluences are provided in (Fig. 28 (a)). The measured contact angle &+ values
are given below each image. The contact angle decreased with increasing laser
fluence for both nanosecond and picosecond laser irradiation regimes. The
contact angle also decreases to zero degrees, the Wenzel model can not be
directly applied for the interpretation of the experimental results.The
microscope RGB colour images are provided in (Fig. 28 (b)). The average
grayscale luminance (GL) calculated by Eq. (18) is given below each image.
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The size of each RGB microscope image is 0.87 x 0.65 mm?. The RGB colour
image conversion to the grayscale mode is provided in (Fig. 28 (c)). The
average grayscale value (GV) calculated by Eq. (20) is given below each
image. The grayscale image conversion and black-and-white images are
provided in (Fig. 28(d)). The area fraction is calculated from black-and-white
images by using Eq. (17) given below each image. The area fraction of the
laser-ablated surface increases with increasing peak laser fluence for both
nanosecond and picosecond laser irradiation regimes. The reconstructed
colour of microscope RGB images of the surface of copper is provided in (Fig.
28(e)). The average colour distance (CD) calculated by Eq. (14) is provided
below each image. The grayscale luminance (GL), grayscale value (GV) and
colour distance (GV) of each image increased linearly with increasing peak
laser fluence for both nanosecond and picosecond laser irradiation regimes.

The plots depicting how different surface characteristics (contact angle,
color distance, gray value, and gray luminance) vary with the ablated area
fraction for two different laser pulse durations: z, = 10 ns and 7, = 10 ps is
depicted in (Fig. 29)
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Fig. 29. Water static contact angle 8+ (a), colour distance CD (b), depend on
the area fraction f1 of laser-ablated copper. The open squares and open circles
correspond to laser processing using irradiation at different pulse durations of
7p = 10 ns and 7, = 10 ps, respectively. The dot, dash, and dot-dash lines in (a)
are fits of the experimental data point by Eq. (11), Eq. (12), and Eq. (13),
respectively. The horizontal error bars indicate the standard deviation in the
area fraction measurements taken from five sections of the microscope
images. Vertical error bars in (a) correspond to the difference in contact angle
measured on the left and right sides of the droplet. Vertical error bars in (b)
indicate the standard deviation in the colour distance evaluation from five
sections of the microscope images [PP2].

Ablated area fraction f, (%)

The contact angle decreases as the ablated area fraction increases, meaning
the surface becomes more hydrophilic (Fig. 29 (a)). For Cassie model Eq. (11)
the contact angles of 81, = 0° which correspond well to the experimental value
minimal contacted angle of <4° of laser structured copper at high fluence
(8 JIcm2) (Fig. 28 (a)(vi)), and &, = 129° correspond well to the experimental
value maximal measures angle of laser structured copper at low fluence
(0.48 J/lcm?) (Fig. 28 (a)(ii)).

For Cassie-Baxter model Eq. (12) the contact angles of 6; = 0.0° which
correspond well to the experimental value minimal contacted angle of <4° of
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laser structured copper at high fluence (8 J/cm?) For the combined Cassie-
Baxter and Wenzel model Eq. (13) the contact angles of 61 =4° which
correspond well to the experimental value minimal contacted angle of <4° of
laser structured copper at high fluence (8 J/cm?) (Fig. 28 (a)(vi)), and 6, = 98°
correspond well to the experimental value maximal measures angle of laser
unstructured copper (0.0 J/cm?) (Fig. 28 (a)(i)).

There is good agreement between experimental data and theoretical fits,
especially for the 7, = 10 ps pulses (Fig. 29 (a)). The colour change increases
linearly with the ablated area fraction. A linear fit is provided:
CD = (0.1+1.5) + (0.79+0.02)f, (Fig. 29 (a)). The 7, = 10 ps pulses appear to
cause a more rapid color change compared to z, = 10 ns pulses at low ablation
fractions. (Fig. 29 (b)). The gray value decreases as the ablated area fraction
increases, suggesting that the surface becomes darker as more material is
ablated. The linear fit equation is: GV =(91.3£1.5) — (0.79+0.02)f; Similar
trends are observed for both z, = 10 ns and 7, = 10 ps, though there may be
subtle differences in behaviour at low ablation fractions (Fig. 29 (c)). Gray
luminance decreases as the ablation fraction increases, consistent with the
gray value trends. The linear fit is GL = (72.8+1.1) — (0.66+0.02)f;. Both
7, = 10 ns and 7, = 10 ps pulses show similar trends, with a gradual reduction
in luminance as ablation increases (Fig. 29 (d)).

2.3 Summary

Laser colouring on stainless steel was investigated by optimising different
burst modes and scanning speeds. Other laser processing parameters were also
tested including: pulse repetition rates, number of scans, hatch and
combinations of the burst modes.

It was shown that laser colouring on stainless steel can achieve numerous
colours including blue, purple, dark green, brown, yellow and others if the
parameters are chosen correctly. Out of the three used burst regimes, MHz
yielded only brown colours, while majority of colours have been achieved
using the GHz and biburst mode. The GHz burst mode colours had greater
variety and were more vibrant. Increasing other parameters such as pulse
repetition rates, number of scans or hatch does not increase the highest
possible colouring rate.

While using biburst or combination of burst modes, it be might be possible
to achieve some new duller colours compared to the GHz burst mode,
However, since neither the colouring rate nor vividness of the colours did not
exceed the GHz burst mode results, mixing of the burst modes was not studied
further.

71



Optimizing the number of pulses withing the GHz burst with the scanning
speed allows for the highest colouring rate and the greatest interval of colours
to be achieved simultaneously. To the best of our knowledge, fastest stainless-
steel colouring rate of 42.5 mm?/s has been achieved with optimal parameters.
The colouring method is due to the oxide formation on the targets surface,
because stainless-steel is not a plasmonic metal and no LIPSS were seen under
the scanning electron microscope. Because the laser colouring method is
based on hatching, various intricate designs including the logo for the Center
of Physical Sciences and Technology (FTMC) was coloured. The coloured
surfaces were also hydrophobic for all achieved colours which increases the
applicability greatly. The colours remained unchanged for a period of time
greater than 9 months and the wettability was tested 6 months after the
colouring, making both effects long lasting.

A novel single-step and chemical-free fabrication method for the
creation of super-wetting and highly hydrophobic copper surfaces using
nanosecond and picosecond lasers was shown. The wettability and colour
of copper were controlled by controlling the area fraction of the laser-
ablated surface. Our adopted Cassie, Cassie-Baxter, and Wenzel models
indicate that as the ablated area fraction increases, the contact angle
decreases, indicating that the surface becomes more hydrophilic. Both
colour distance, gray value, and gray luminance change linearly with the
ablated area fraction of the copper surface, indicating significant visual and
optical changes due to surface modification. The pulse duration (ps or ns)
plays a role in the degree of these changes, with shorter pulse durations (10
ps) typically having a stronger effect.
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3 Laser polishing of metals

Laser polishing using pulsed laser irradiation is a widely used technique to
reduce the roughness of the target’s surface. While performing laser polishing
on metals, laser processing parameters were optimised to achieve efficient
laser ablation, as well as, laser lift-off threshold of an oxide/metal structure
was included into the ablation model. Furthermore, bi-stability effect on laser
ablation was also measured for laser polishing. Results from [P2], [P3], [P4],
[P6] and [P7] will be presented here.

3.1 Influence of nonlinear and saturable absorption

While performing laser polishing experiments we have noticed that the
copper had an oxide layer on top of the metal that affects laser
micromachining and decided to further investigate the mechanism to see
whether it has a significant impact on the laser polishing.

Metals are covered with oxide layers with thicknesses ranging from tens
of nanometers to tens of micrometers [7], which usually are semi-opaque
semiconductors and transparent insulators depending on the bandgap.
Though, incoming laser irradiation first interacts with the metal oxides and
only afterward with the metals themselves. However, the metal oxides are
hard to ablate because they possess high laser ablation thresholds [8], which
are by the order of magnitude higher than the metal ablation thresholds [9],
and the laser ablation is initiated on an oxide/metal interface during the lift-
off process [10]. The lift-off process is where laser irradiation reaches the
metal surface going through the thin oxide film, it then heats and vaporises the
metal sample and causes rapid thermal expansion and stress accumulation at
the interface between the thin oxide film and the metal sample. This leads to
buckle delamination and the thin film oxide detaches. This thin films lift-off
threshold is lower than the ablation threshold of the oxide itself. Nonlinear and
saturable absorption [11] are commonly observed when metal oxide films are
exposed to intense light with intensities ranging from MW/cm? to TW/cm?,
Therefore, those oxide layers covering the metal affect the fraction of the
incoming laser irradiation dose that reaches the target substrate depending on
the intensity applied. The laser lift-off threshold of the metal covered by an
oxide is influenced by the nonlinear processes in the oxide layer and has to be
taken into account. Thus, the laser lift-off threshold of an oxide/metal depends
on the laser intensity applied and can be called the effective lift-off threshold
fluence.
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Therefore, novel experimental and theoretical research on the effective
laser lift-off threshold change with varying peak intensities in z-scan
experiments has been created. Results from publications [P2] and [P7] will be
discussed here. The nonlinear and saturable absorption in the oxide layer on
the metal substrate are the two most influencing factors for the effective laser
lift-off threshold dependence on the different peak intensities in z-scan
experiments. The existing analytical normalized transmission equation of the
semi-transparent thin layer in open aperture z-scan was incorporated into the
effective laser lift-off threshold dependence on the sample position in the
newly presented model. The z-scan-type laser ablation experiment was
conducted, and lift-off thresholds were measured at different sample positions,
which caused different beam peak intensities on the processed oxidized copper
target material. The numerical calculations using the new proposed model
equation coincided well with the experimental results of effective laser lift-off
threshold dependence on the z-scan position.

3.1.1 Influence of nonlinear and saturable absorption on
laser lift-off threshold

The laser-irradiated area consisted of two distinct areas, laser ablation of
pristine copper and lift-off of the oxide layer (Fig. 30a). The thickness of the
OXIde layer measured from the height profile was L = 1.0 £ 0.1 um (Fig. 30b).
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Fig. 30 (a) SEM micrograph, (b) profile, and (c) diameter squared D? versus
peak laser fluence Fo of ablated copper and removed oxide layer from copper
substrate by lift-off technique. The oxide layer thickness L = 1.0 £ 0.1 pm was
evaluated from the height profile. The oxide lift-off threshold
fluence 0.57 + 0.03 J/cm? and copper ablation threshold 2.6 + 0.3 J/cm? were
retrieved from line fits of experimental data points by Eq. (8) in (c) [P4].

'Ablanon D/2

The fluence threshold was measured by D? method described in
Experimental setups and characterizations section. The line extrapolation of
D?(E,) to the D?= 0 pm? in Eq. (8) gives the threshold pulse energy Epn, the
function slope is related to the beam radius w, and the ablation threshold then
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can be evaluated by Fi = 2Epw/(mw?). The optical microscope (Eclipse LV100,
Nikon) was used for the measurements of the ablated diameters of pristine
copper and diameters of the removed oxide layer of Cu,O/Cu samples (Fig.
30c). Threshold values of Fy = 0.57 +0.03 J/cm? and 2.6 + 0.3 J/cm? were
retrieved from line fits by Eq. (8) for oxide lift-off and copper ablation,
respectively (Fig. 30c). The literature value of the lift-off threshold for copper
oxide removal from the copper sample is Fu=0.62 Jcm? (r=12 ps,
2 =1064 nm, f, =100 kHz, w =17 pum, N = 1) [136]. The literature value of
ablation threshold of copper by (z=0ps, 4=1064nm, f,=50kHz,
w =418 um, N =1) laser is Fs = 2.0 Jcm? [23]. The literature threshold
fluence values coincided well with our current work.

The light attenuation propagating through a linearly and nonlinearly
absorbing material can be described as [137]:

d/
— = —ql — BI? 21
dz al =p @1

where | = 1(2) is the peak intensity within the sample material, depending
on the propagation distance z in the sample; « is the linear absorption
coefficient; and g is the nonlinear absorption coefficient. The normalized
transmission through the sample can be extracted from the solution of Eq. (21)
and expressed as [138]:

e—aL
T=—° 22)
BlLegr+ 1

where | is the incident intensity, L is the physical sample thickness, and Les
is the effective thickness of the sample [138]:

_ ,-al
Legr = % (23)

Because of the linear absorption saturation behaviour, the linear absorption
coefficient a = a(l) depends on the peak intensity I, and for homogenous
saturation can be expressed as [139]:

(44)

a(l)=———<
<1 n (éf) (24)
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where ag is the low-intensity absorption coefficient and Is is the saturation
intensity. The Gaussian beam intensity in the z-scan- type experiment can be
expressed as:

lo
1+ (3)2 ()

ZR

I =

where lo = 2Ep/(nwé1t) is the peak pulse intensity in the center of the
Gaussian beam at a focus position, wo is the focused beam radius at 1/e? level,
t is the pulse duration, zr=nwZ/(AM?) is the Rayleigh length, A is the
wavelength of irradiation, and M? is the quality parameter of the Gaussian
beam.

The direct bandgap for Cu.O is 2.1 eV [140], which is larger than the
photon energy 1.17 eV at the wavelength of 1064 nm. The linear absorption
coefficient of Cu,0 is & = 5.2 x 103 cm™ [141]. Therefore, the transmission
of a linearly absorbing oxide layer at low peak intensities in the GW/cm? range
evaluated by Eq. (22) is To= exp(—aoL) = 60%, and the layer can be assumed
as semi-opaque. The saturation intensity of the linear absorption coefficient
for Cu0 is Is~ 0.1 TW/cm? [142]; thus, the semi-opaque oxide layer
suddenly becomes fully transparent, when peak intensities exceed the
saturation intensity. However, by further increasing intensity, the nonlinear
absorption becomes dominant, and the oxide layer changes to opaque again.
The nonlinear absorption coefficients of Cu,0 are § = 4.3 x 10~° cm/W [141].
Thus, a focused picosecond laser beam with high peak intensities up to
3 TW/cm? obtained in our experimental conditions induces nonlinear
absorption in the transparent oxide layer on top of the copper target. The
nonlinearly absorbing oxide layer transmits only a part of the incoming laser
beam to the metal substrate and has to be taken into account when predicting
effective ablation characteristics of an oxide/metal structure. Equations
(22) — (25) have been numerically solved and normalized T/T, transmission of
the Cu.O layer was calculated (Fig. 31a).
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Fig. 31. a) Calculated normalized transmission T/Ty (colour scale) versus
sample position z (bottom axis) and peak pulse intensities o (left axis) for
Cu20 layer. The three different absorption regions are indicated: yellow,
linear absorption; green, linear absorption saturation; brown, nonlinear
absorption. Profiles of normalized transmission T/To (right axis)
dependence on the sample position z (bottom axis) at different peak
intensities lo: (b) 0.05 TW/cm? (c) 0.2 TW/cm?, (d) 0.5 TW/ecm?; (e)
0.9 TW/cm? [P4].
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At low peak pulse intensities of 1o~ 0.05 TW/cm? that are smaller than the
saturation intensity Is ~ 0.1 TW/cm?, just linear absorption is observed with
no saturation and very small nonlinear absorption in the focal position
Z K %zg; thus, almost constant normalized transmission T/To =~ 1 in all sample
Z positions is observed (Fig. 31b). With the peak intensity values of
~ 0.2 TW/cm? exceeding the saturation intensity, the oxide layer becomes
nearly fully transparent T/To~ 1.7 with a sample position close to the focal
point z < +zr (Fig. 31 c¢). When peak intensity reaches the value of ~
0.5 TW/cm?, the nonlinear absorption equals the linear intensity saturation;
thus, the normalized transmission in the oxide layer reaches a value close to
T/To= 1 in the focal region z~0 mm (Fig. 31 d). However, the nonlinear
absorption is very sensitive to the peak intensity and occurs only in fine focus
Z K £zg. Out of the focus in z = 1 mm, the Cu,O layer is still transparent with
a transmission value of T/To~ 1.7 (Fig. 31d). When peak pulse intensity
reaches a high value of ~ 0.9 TW/cm?, the nonlinear absorption exceeds the
absorption saturation, and normalized transmission drops to the value of
T/To = 0.4 in the focal point. Therefore, the Cu,O layer becomes opaque in the
focal range of the beam. However, the defocused beam in the Rayleigh range

77



Z =~ +7g is still transparent because of the saturation of linear absorption with
normalized transparency of T/To ~ 1.7 (Fig. 31e).

The z-scan-type laser lift-off threshold evaluation experiments with
controlled laser peak pulse intensities have been conducted in this work. The
peak pulse intensities Io were ranging from 20 GW/cm? to 3.0 TW/cm?. The
Rayleigh length of the focused beam was of zr~ 0.83 mm. The squared lift-
off diameters of an oxide layer from copper at different positions z are
depicted in (Fig. 32a and b).
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Fig. 32. Lift-off diameter squared D? of oxide layer removed from copper
dependence on the laser pulse energy E, at various sample position z values
ranging from (a) 0.5 mm to 3.0 mm, step 0.5 mm and from (b) 0.0 mm
to — 2.0 mm, step — 0.5 mm. Solid dots represent the experimental data points,
error bars are the statistical deviation from average crater diameter from 10
dimples ablated using the same pulse energy, and solid lines are fits by Eq.

(8)[P4].

Pulse energies of 20 different values have been used at each of the 11 fixed
z-scan positions with a fixed laser spot radius on the sample. Every test has
been repeated 10 times to get the statistical deviation errors bars. Experimental
data points of ablated crater diameters were fitted using Eq. (8), and laser spot
radiuses at different sample positions z were retrieved as fitting parameters
and its errors. The laser spot radius values on the sample ranged from
Wo = 17.2 £ 0.3 pm in the focal region to w = 48.6 + 1.2 pm out of focus. The
fit of experimental data points by Eq. (8) (Fig. 32a and b) also provided
information about the effective lift-off threshold fluence of the oxide/copper
structure at various positions z of the sample (Fig. 33a).
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Fig. 33. (a) Effective lift-off threshold Fu s Of oxide/copper dependence on
sample z position. Solid dots and error bars represent the effective lift-off
threshold values retrieved from the fitting parameters by Eq. (8) (Fig. 27a and
b), and the solid gray line is the fit of experimental data points by Eq. (26). (b)
Principal visual scheme of the proposed model with semi-transparent Cu,O
layer on top of the Cu sample. The different Cu.O layer transmission cases are
indicated depending on peak pulse intensities: (c) out of focus with sample
positions z/zg > 1, low intensities of the defocused beam, and linear
absorption with transmission value To = 60%; (d) sample position z/zr= 1 in
the saturable absorption intensity region with transmission value T = 99%; (e)
sample position z/zr ~ 0 in the focus of the beam and high peak intensities,
and nonlinear absorption exceeds absorption saturation in the oxide layer and
transmission drop to T = 44% [P4].

It was found that the effective lift-off threshold is highest near the beam
waist z =0 mm, then we saw a sharp drop of effective lift-off threshold to a
minimum value at z = £1 mm, and afterward it increased again (Fig. 33a). A
similar drop of the laser-ablated volume per pulse in z-scan ablation at the
sample position of z/zg= 0 has been observed by Chen et al. [143]; however,
the drop of ablation rate was not attributed to the increase of threshold fluence
in their research. Thus, in this work, we have proposed a new model for the
effective lift-off threshold fluence, which considers the attenuation of the
incoming laser irradiation by the oxide layer on the metal substrate.

In our proposed ablation model, the laser irradiation is attenuated by the
semi-transparent oxide layer, and only a fraction of the incoming laser beam
reaches the copper target. The principal visual scheme of our threshold model
of a semi- transparent CuO layer with the thickness of L = 1.0 um on the Cu
substrate is depicted in (Fig. 33b). The Gaussian picosecond laser beam is
focused by the objective lens, and the peak pulse intensity is varied on the
target material by controlling the z-scan position of the sample. The three
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different absorbing scenarios depending on the peak pulse intensities applied
are linear absorption, a saturation of linear absorption, and non linear
absorption depicted in (Fig. 33 ¢, d and e), respectively. By having the sample
out of the focal position, moderate values of effective lift-off threshold of
Funin ~ 0.60 J/cm? are observed (Fig. 33a). This is explained by our proposed
model that when a highly defocused beam z/zr >> £1 with low peak intensities
is applied on the sample, only linear absorption is observed in the attenuating
Cu20 layer (Fig. 33c) thus, just a fraction To~ 60% of the incoming laser beam
interacts with the copper in the oxide/metal interface, and moderate energy
densities are needed to ablate the copper target material. However, when laser
intensities reach the saturable absorption, the oxide layer suddenly becomes
transparent, and almost all incoming laser irradiation reaches the pristine
copper. Thus, the drop of effective lift-off threshold to ~ 0.36 J/cm? is
observed (Fig. 33a). It is graphically depicted in our proposed model with
moderate intensities above the saturation intensity at sample position z/zr~ +1
and moderate peak intensities with the normalized transmission of the oxide
layer of T/To~ 1.67 (Fig. 33d). Thus, the major part of the incoming laser
irradiation T = 99% is transmitted through the oxide layer. When peak pulse
intensities in the focal range reach the TW/cm? values, the nonlinear
absorption becomes dominant and exceeds the absorption saturation;
consequently, only a fraction of the incoming laser beam reaches the copper,
and the effective lift-off threshold increases to the value of 0.81 J/cm? (Fig.
33a). It is explained with our model that at the focal position z/zr = 0, the beam
is focused, and the highest peak intensities are achieved; therefore, the non-
linear absorption is reached, and the oxide layer becomes opaque T/To~ 0.74
(Fig. 33e). Only a small fraction T = 44% of the incoming laser beam goes
through the Cu,O layer and reaches the Cu substrate.

Therefore, taking into account linear absorption, absorption saturation, and
nonlinear absorption in the model, it can be assumed that the effective lift-off
threshold of oxide/metal is the product of the ablation threshold in linear
absorption regime Fuw.in at low peak intensities and the inverse normalized
transitivity To/T of cuprous oxide layer defined by Eq. (22). The effective lift-
off threshold can be expressed as follows:

To

Finetf = Fin.lin (7) (26)

The effective lift-off threshold Fuetr= Finer(z) defined by Eq. (26) depends
on the sample position z in the z-scan-type laser ablation experiments. The
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model fit is in good coincidence with the experiment (Fig. 33a). The new
model predicts the fall of the effective ablation threshold to minimum values
of Finerr ~ 0.36 J/cm? near the sample position of z = +1 mm. Also, the model
predicts a steep rise of ablation threshold value up to Fu et ~ 0.81 J/cm? in the
focus of the beam. The moderate values of effective ablation threshold Fieff
close to Fiin~ 0.60 J/cm? out of the focus are also predicted.

3.2 Laser polishing on copper and stainless-steel
3.2.1 Experimental setup

A state-of-the-art solid-state laser (Pharos, Light Conversion) with laser
parameters listed in (Table 1) was used in the experiment. The beam radii
values were needed in various sample z positions during the experiment and
were measured using a well-known D-squared method. The beam radius in
the focal plane was equal to 21 um. The rectangular-shaped cavities with a top
dimension of 2 mm x 1 mm were ablated in the copper and stainless-steel
samples (Fig. 34). The distance between scanning lines was kept constant at
10 um, and the scanning speed was set to 333 mm/s. The sample position was
changed in the z-direction in order to get different fluence values. Each
rectangle was scanned numerous times in order to achieve a depth that could
be easily measured using a stylus profiler (Dektak 150+, Veeco). Using the
stylus profiler, 2 mm length rectangular shaped cavities surface roughness’s
Ra were measured using Eq. (27), without any I1SO standards being kept:

_1r 27
Ra—ZL |Z(x)|dx (27)

where L — profile length, Z(x) — deviations from the mean line along the
entire sampling length.

During the MHz and GHz burst experiments, the number of pulses in
bursts was changed from N=2 to N=9 and from P=2 to P =25,
respectively. During the biburst experiment, every N and P combination was
tested.
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Fig. 34. Design of laser milling and polishing experiment. Rectangle cavities
were ablated in a copper and a stainless-steel sample. Beam size was changed
in columns by changing the sample’s z position. N or P were changed in matrix
lines. v is the scanning speed and was kept constant at 333 mm/s, h is the hatch
and was 10 pm, wo is the beam radius and was changed from 21 pm to 95 pm.
The dashed line represents galvanometric scanners’ mirrors’ jump [P3].

3.2.2 Beam characteristics

D-squared method described in  Experimental setups and
characterisations section was repeated for all z values, which were 0.2, 0.4,
1.0,1.4,1.9,2.4,2.7,3.1, 3.8, 4.9 mm in both directions. Measured beam radii
values are shown in (Fig. 35).
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Fit of eq. 9
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Fig. 35 Laser beam radii at different samples z positions. Black squares —

experimental data, blue line —equation (9) fit. The received parameters were

beam waist wo — 20.8 + 0.4 pm, beam quality parameter M? — 1.08 + 0.03

[P3].
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3.2.3 Laser polishing on copper and stainless steel

While using MHz burst mode with fluences lower than 0.5 J/cm? the
surface roughness was quite high, reaching around 1 um in copper (Fig. 36a).
We can see also scanning electron microscope pictures (SEM) in (Fig. 36).
The rectangle cavity marked with a blue dot, two pulses in the MHz burst were
used and the depth is equal to 36 um with a roughness of 1.07 um. From 0.5 to
1 Jlcm? fluence, the surface roughness improved greatly to an interval from
0.2 um to 0.5 pum. The lowest roughness is seen with 4 or more pulses in the
MHz burst. There are a few effects at play here. First of all, there is the
incubation effect, which is the ablation threshold decrease with increasing
number of pulses in the same spot [144]. Secondly and most importantly, is
the heat accumulation. Subsequent pulses reach the target material before the
heat affected zone has cooled off so less energy is needed to remove the
material [145]. We can see in (Fig. 36) a SEM image with a much more even
surface with a low roughness of 0.23 pm and an ablated depth of 18.1 pm. For
fluences higher than 1 J/cm? the roughness increased again to an interval of
0.5-0.7 um. With higher fluences particle shielding also has a stronger
negative effect scattering and absorbing the incoming laser irradiation. We
can see in (Fig. 36) a SEM image marked with a black dot of a milled rectangle
with a surface roughness of 0.53 um. It has been shown [25] that the highest
ablation efficiency was reached when a MHz burst had 3 pulses. The
aforementioned regime resulted in relatively good quality of surface
roughness compared to other results. However, it could be improved by
adding a polishing step using N = 6 regime to decrease the surface roughness
even further.

We see similar tendencies with stainless steel (Fig. 36b), but because
stainless steel has a higher specific heat capacity 0.500 J/(g'K) to copper’s
0.385 J/(g'’K) it takes more pulses and higher fluences to reach the optimal
heat accumulation. For fluences lower than 0.8 J/cm? the surface quality is
quite poor. Visible graining can be seen in (Fig. 36) SEM image with a red
dot. The ablated depth is equal to 41.7 um and the surface roughness is
5.4 um. For higher fluences than 0.8 J/cm? and with 5 and more pulses in the
MHz burst we have seen the optimal window for highest surface quality on
stainless steel. In (Fig. 36) a SEM image with a green dot showed a surface
roughness of only 0.67 um while using 7 pulses in the MHz burst. However,
a similar finish quality can be achieved with less pulses in the burst but higher
fluence as we can see in (Fig. 36) SEM image with a black dot, where using a
fluence of 4.4 J/cm?and 2 pulses in the MHz burst, 0.63 pum surface roughness
was achieved. Stainless steel had an overall higher surface roughness but that
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was due to the fact that the starting roughness was higher as well and equal to
0.5 um compared to 0.1 um of copper.
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Fig. 36. Surface roughness dependence on fluence and number of pulses in the
a) GHz burst and b) biburst modes. a) Black dot and solid line 2 pulses in the
GHz burst, 1.1 J/cm? fluence, 0.10 um surface roughness; green dot and solid
line 3 pulses in the GHz burst, 0.5 J/cm? fluence, 0.10 pm surface roughness;
blue dot and solid line 5 pulses in the GHz burst, 0.16 J/cm? fluence, 0.72 um
surface roughness. b) N — number of pulses in MHz burst, P — number of
pulses in the GHz burst. Black dot and solid line N =3, P = 2 pulses in the
biburst, 0.6 J/cm? fluence, 0.20 um surface roughness; blue dot and solid line
N = 3, P = 5 pulses in the biburst, 0.07 J/cm? fluence, 0.74 um surface
roughness; green dot and solid line N = 3, P = 3 pulses in the biburst, 0.4 J/cm?
fluence, 0.08 um surface roughness. For all color dots, scanning electron
microscope pictures are shown.

Using the GHz laser polishing regime, for copper the surface roughness
was in the 0.1 — 0.35 um interval for the vast majority of fluence and number
of pulses within the burst combinations. SEM images of 0.1 um roughness is
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shown for two and three pulses in the GHz burst in (Fig. 37) marked with
black and blue dots, respectively, with different fluences the first one being
0.5 J/cm? and the other 1.1 J/cm?. Even taking the worst results for the GHz
burst polishing regime, the roughness was only 0.53 um as is shown in the
(Fig. 37) SEM image marked with a blue dot. This was the worst combination
of parameters being 5 pulses at 0.22 J/cm? fluence when the sample is 3.8 mm
out of focal plane. GHz burst mode uses heat accumulation to its fullest effect
because of the incredibly small time window between subsequent pulses.
However, we should keep in mind that it has been shown that the ablation
efficiency drops by about 90% [42] in the GHz burst mode so it should only
be used as a polishing step. As we can see from (Fig. 37a) the polishing
process is very parameter independent.

In the biburst mode polishing, the surface roughness again becomes more
parameter dependent. The vast majority of parameter combinations will lead
to a surface roughness of lower than 0.5 um. However, using 10 and less
pulses in the GHz burst and fluences for each individual sub-pulse lower than
0.6 J/cm?will result in roughness lower than 0.2 um. SEM images are shown
in (Fig. 37b). High quality polishing was shown in SEM images with black
and green dots, corresponding to N =3, P =2, 0.10 pum roughness and N = 3,
P =3, 0.08 um roughness, respectively. Again, the low surface quality is only
seen in the very out of focus 3.1 mm and more, milled cavities, and low
fluences such as in (Fig. 37b) SEM image with blue dot. Overall, bibursts
result similar surface roughness at optimal parameters but slightly higher
roughness for sub-optimal ones. These tendencies do not change depending
on the number of pulses in the MHz burst.
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Fig. 37. Surface roughness dependence on fluence and number of pulses in the
a) GHz burst and b) biburst modes. a) Black dot and solid line 2 pulses in the
GHz burst, 1.1 J/cm? fluence, 0.10 um surface roughness; green dot and solid
line 3 pulses in the GHz burst, 0.5 J/cm? fluence, 0.10 pm surface roughness;
blue dot and solid line 5 pulses in the GHz burst, 0.16 J/cm? fluence, 0.72 pum
surface roughness. b) N — number of pulses in MHz burst, P — number of
pulses in the GHz burst. Black dot and solid line N =3, P = 2 pulses in the
biburst, 0.6 J/cm? fluence, 0.20 pm surface roughness; blue dot and solid line
N = 3, P = 5 pulses in the biburst, 0.07 J/cm? fluence, 0.74 um surface
roughness; green dot and solid line N = 3, P = 3 pulses in the biburst, 0.4 J/cm?
fluence, 0.08 pm surface roughness. For all colour dots, scanning electron
microscope pictures are shown [P3].
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As with copper, the GHz burst results in the highest quality on stainless
steel with vastly different parameters We can see in (Fig. 38a) SEM images
with red and black dots with surface roughness of 0.66 um and 0.55 pm was
reached with 2 pulses in the GHz burst, 1.1 J/cm? fluence, and 3 pulses in the
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GHz burst, 0.5 J/em? fluence, respectively. As with copper, the only poor-
quality results are received when the sample is 3.8 mm or more out of focus
when the fluence is 0.1 J/cm?. An example is shown with a SEM image with
green dot, with a corresponding surface roughness of 1.4 um.

For the biburst mode surface roughness (Fig. 38b) was similar to the GHz
burst mode at optimal parameters with the roughness of 0.57 um at N =3,
P =2 in SEM image with black dot and 0.45 um at N =3, P =2 SEM image
with a red dot, respectively. A high surface roughness is shown as well with
the SEM image with a green dot, corresponding to a surface roughness of
1.89 umatN =3, P =15.
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Fig. 38. Surface roughness dependence on fluence and number of pulses in the
a) GHz burst and b) biburst modes. a) Black dot and solid line 2 pulses in the
GHz burst, 1.1 J/cm? fluence, 0.66 um surface roughness; red dot and solid
line 3 pulses in the GHz burst, 0.5 J/cm? fluence, 0.55 pm surface roughness;
green dot and solid line 8 pulses in the GHz burst, 0.1 J/cm? fluence, 1.4 pm
surface roughness. b) N —number of pulses in MHz burst, P — number of
pulses in the GHz burst. Green dot and solid line N =3, P = 2 pulses in the
biburst, 0.6 J/cm? fluence, 0.57 um surface roughness; black dot and solid line
N=3, P=3 pulses in the biburst, 0.4 J/cm? fluence, 0.45um surface
roughness; red dot and solid line N = 3, P = 15 pulses in the biburst, 0.05 J/cm?
fluence, 1.89 um surface roughness. For all colour dots, scanning electron
microscope pictures are shown [P3].
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3.3 Bi-stability in femtosecond laser polishing by MHz bursts

It has been shown that ablation efficiency in the burst modes has
bi-stability, which means that the ablation efficiency depends whether there
are equal or even number of pulses within the burst. The same thing to an
extent, can be seen with laser polishing as well. Also, in majority of the
reports, the shielding or/and re-deposition are indicated as the main reasons
resulting in bistable dependence of ablation efficiency on the pulse number in
the burst. The redeposition hypothesis by second sub-pulse for copper has
investigated and verified by atomistic simulations [146]. The re-deposition
has been experimentally studied by shadowgraph technique; however, no
clear experimental evidence of re-deposited material was found [41]. The
shielding effect has been identified as the dominating effect resulting drop in
ablation efficiency for the second sub-pulse in time-resolved experiments for
copper [147]. It has been shown experimentally that incoming irradiation is
attenuated by ejected particles, vapor, and plasma of the previous pulse, thus
reduced ablation efficiency is observed for even pulses [148-150]. For odd
pulses, higher efficiency is observed, because the previous even pulse
produces fewer ablation products and more incoming laser radiation reaches
the sample [151]. This leads to bi-stable ablation and polishing efficiency.

3.3.1 Experimental setup

A solid-state femtosecond burst laser (Pharos, Light Conversion) with laser
parameters listed in (Table 1) was used for the experiment. The number of
pulses per bust number was controlled from N =1 (single pulse regime) to
N = 9. Rectangular-shaped cavities have been ablated by laser into copper
plate samples with transverse dimensions of 2 mm x 1 mm. The laser
processing experiments were conducted at room temperature in air. Several
layers ranging from 3 to 21 were ablated to increase the cavity depth up to
100 um for the higher accuracy of depth profile measurement. The Rayleigh
length of the Gaussian beam was 1.2 mm and was more than 10 times larger
than the cavity depth. The saturation behavior of ablation depth per layer was
never reached and the laser-milled cavity depth had a linear dependence on
the number of ablated layers. The lateral distance between bi-directional beam
scanning lines of Ay = 10 um and scanning speed of vy = 0.33 m/s, were kept
constant during experiments.
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3.3.2 Bi-stability

The surface roughness R, of laser ablated cavity bottom dependence on
laser fluence was investigated experimentally with the burst fluences ranging
from 0.52 to 9.9 J/cm? and 9 different numbers N of pulses in the burst (1, 2,
3,4,5,6,7,8,and 9). The experiment showed bi-stability in surface roughness
Ra depending on the laser processing parameters (Fig. 39). The surface
roughness R, dependence on the burst fluence and the number of pulses in the
burst are depicted in (Fig. 39a). The burst fluence was increased from 0.52 to
9.9 J/cm? and the number of pulses in the burst was increased from 1 to 9. The
surface roughness Ra in most of the cases was slightly smaller for even
numbers (N = 2, 4, 6, and 8) than for odd numbers (N=1, 3, 5, 7, and 9) of
pulses in a burst if compared to the same burst fluence at large values
(2.3 Jlcm? — 9.9 J/em?) (Fig. 39a). However, for small values of burst fluence
(0.52 Jlem? — 1.7 J/ cm?) opposite behaviour could be observed with a surface
roughness Ra. smaller for odd than for even numbers of pulses in the burst
(except for N = 1) (Fig. 39a). This bi-stability effect of surface roughness R,
depending on the burst fluence can be seen when the profiles of the colour plot
depicted in (Fig. 39a) are extracted at constant odd and even numbers of pulses
in the burst (Fig. 39b-¢). For example, for N = 8 the surface roughness R, was
slightly higher than N = 9 for several fluence values, and slightly lower for the
rest of the fluence values with a relative difference in roughness only of 2%
(Fig. 39b). For N = 6 surface roughness R, was slightly lower than N = 7 up
for all fluence values ranging from 1.7 up to 4.6 J/cm?. The average relative
surface roughness R, difference increased to 39% (Fig. 39c). This ablation
regime can be called the bi-stable regime (Fig. 39c). Moreover, for N = 4 and
N =5 bistable surface roughness R, from 1.7 J/cm? to 9.9 J/cm? is observed
(Fig. 39d). The average relative surface roughness R, difference was 18% (Fig.
39d). A slightly different bi-stability was observed for N =2 and N = 3 pulses
(Fig. 39¢). For low fluence values ranging from 0.52 to 2.3 J/cm? surface
roughness, R, was higher for an even number of pulses in burst with the
average relative surface roughness R, difference of 26% (Fig. 39e). For high
fluence values ranging from 3.3 to 9.9 J/cm? surface roughness, R, was higher
for an odd number of pulses in burst with the average relative surface
roughness R, difference of 31% (Fig. 39e). The bi-stability effect of surface
roughness R, depending on the number of pulses in the burst can be seen when
the profiles of the colour plot depicted in (Fig. 39a) are extracted at constant
burst fluence (Fig. 39f-i). For example, for Fpus = 1.7 J/cm? the surface
roughness R, sudden jumps are seen for every next number of pulses in a burst
from N = 1to N =6 (Fig. 39f). The gradual decrease of the surface roughness
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Ra with an increasing number of pulses in a burst from N = 1 to N = 9 for larger
values of burst fluence of Fuus = 2.3 J/cm? with small sudden jumps are
observed (Fig. 39g). The decrease of the surface roughness R, with an
increasing number of pulses and larger values of burst fluence of
Fourst = 4.6 J/cm? with large sudden jumps are observed (Fig. 39h). For the
largest burst fluence of Foust= 9.9 J/cm? the bi-stable regime with sudden
jumps of drastic decrease of surface roughness R, at even numbers (N = 2, 4,
6, and 8) of pulses is observed (Fig. 39i). This bi-stability regime of surface
roughness Ra depending on the burst fluence can be seen when the surface
roughness of N pulse burst depending on (N + 1) pulse burst is extracted from
colour plot (Fig. 39a) and depicted in (Fig. 39j—m). The bi-stable regimes
occur because for surface roughness R, every even number (N =2, 4, 6, and
8) several possible values of surface roughness R, exist corresponding N + 1
odd numbers (3, 5, 7, and 9) every even number. The experimental results
provided in (Fig. 39) showed stable and bi-stable surface roughness Ra regions
depending on the burst fluence and the burst length. The laser polishing
regime with the lowest overall value of surface roughness R, of 0.23 pum was
found at the burst fluence of Fyust= 4.6 J/cm? and the number of pulses in a
burst of N = 6.
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Fig. 39 Experimental results of bi-stable behaviour of surface roughness R,
of laser ablated cavity bottom. (a) Surface roughness R, of laser ablated
cavity bottom of copper (colour scale) dependence on the burst fluence (top
axis) and the number of pulses in femtosecond burst (left axis), the squares
indicated by black colour are not measured points because of pulse laser
fluence below the ablation threshold. The surface roughness Ra (right axis)
dependence on burst fluence (top axis) at different numbers of pulses in
burst: (0)) N=8,9;(c)N =6, 7; (d) N =4,5; (e) N =2, 3. Profiles of surface
roughness Ra (bottom axis) dependence on the number of pulses in the burst
(left axis) at different burst fluences: (f) 1.7 JJem? (g) 2.3 Jcm? (h)
4.6 Jlcm?; (i) 9.9 J/em?. The surface roughness R, created by (N + 1) pulse
burst (right axis) dependence on surface roughness R created by N pulse
burst (bottom axis) at different burst fluences (colour scale): (j) N = 8; (k)
N =6; (I) N =4; (m) N = 2. Pulse duration zrwrm = 210 fs, laser wavelength
A =1030 nm, burst repetition rate foust = 100 kHz, and the temporal distance
between pulses in burst touse = 15.5ns (intra-burst pulse repetition rate
fouse = 64.7 MHz) [P2].
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3.3.3 Shielding and redeposition

The bi-stable behaviour of ablation efficiency initiated by bursts of
ultrafast pulses has been reported in numerous of scientific papers for copper
[25,26,41,148,151], brass [152] and aluminium [152]. The shielding or/and
re-deposition has been identified main reasons of bi-stable behaviour of
ablation efficiency depending in the pulse number in burst in most of the
research works. Shielding together with the redeposition effect are wildly
attributed to bistable ablation efficiency in the field, however, the mostly it is
only hypothesis with no direct observation of the phenomenon. The shielding
and re-deposition of copper target has been experimentally studied by
shadowgraph technique with similar experimental conditions (wavelength
1030 nm, pulse duration 400 fs, repetition rate 400 kHz, delay between pulses
12.2 ns, fluence 0.69 J/cm?, spot diameter 44 um) [41]. The shielding effect
by ablation cloud has been directly visualized via the shadowgraph technique,
however, no clear experimental evidence of re-deposited material was seen
[41]. Generally, for the re-deposition, the negative ablation depth for the
second sub-pulse in burst is supposed to be measured, resulting the efficiency
decrease for two sub-pulse burst below 50%, if compared with a single pulse
ablation efficiency of 100%. Since some material ejected by the first pulse is
reposited by the second, and the total volume ablated by both pulses is less
than that ablated by a single first pulse is divided by double pulse energy of
two sub-pulses.

3.4 Summary

The attenuation of the incoming laser beam by a copper oxide layer on a
copper target was included in the ablation model and the new model had a
good agreement with the experimental data.

Using 210 fs laser pulses in the burst and biburst regimes, copper and
stainless-steel samples were ablated to receive the highest surface quality. It
was shown that both MHz and GHz bursts are useful in reducing surface
roughness, with MHz burst having the advantage of higher ablation efficiency,
while GHz bursts were very parameter independent for the surface quality.
The GHz bursts make use of the heat accumulation better because of the
shorter time between pulses. R, surface roughness of 0.23 um, 0.1 um and
0.08 um were achieved for copper in the MHz, GHz and biburst modes,
respectively. As well as, a large number of parameters yielded < 0.15 um R,
for the GHz burst mode. The same tendencies were seen for stainless-steel.
The lowest surface roughness for the MHz burst was 0.63 pum, 0.55 pm for
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the GHz burst, and 0.45 pm for the biburst mode. Using the MHz burst mode
the ablation efficiency is the highest while using 3 pulses in the bursts at the
optimal fluence, but the surface roughness is lowest with 6 pulses within the
burst. GHz and biburst modes have a much lower ablation efficiency, but a
significantly higher polishing quality that could be used a finishing step to
achieve the wanted surface roughness.

As with efficient laser ablation bi-stability in surface roughness Ra
depending on the laser processing parameters can be seen due to the shielding
and re-deposition effects.
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10.

CONCLUSIONS

It was shown that all burst modes: MHz, GHz and biburst mode can
produce colours on stainless steel, with MHz burst having only brown
colour and GHz having the largest spectrum of vivid colours due to
oxidation process.

Highest colouring rate in scientific literature due to oxidation was
achieved using the GHz burst mode equalling 42.5 mm?s.

Due to the laser colouring process depending on hatching, it was
shown that any kind of shape can be coloured even with multiple
colours at once.

Different laser processing parameters, including: hatch, pulse
repetition rate, number of scans and burst mode mixing were tested but
did not yield significant amount of new colours and did not increased
the colouring rate.

Due to usage of femtosecond pulses, the coloured stainless steel
sample had nanoformations on the surface, which made the coloured
surface have a SWCA of greater than 90 degrees making them
hydrophobic, which increases their applicability.

Grayscale colouring and wettability control was shown for copper
samples.

Lift-off threshold changes due to copper oxide transparency that
depends on the laser irradiation intensity because of the nonlinear and
saturable absorptionn.

Surface roughness of 0.23 um, 0.1 um and 0.08 pum were achieved for
copper in the MHz, GHz and biburst modes and lowest surface
roughness of 0.63 pm, 0.55 um, and 0.45 pm for the stainless steel.
With stainless steel having a higher surface roughness due to the
highest starting roughness.

GHz burst mode yielded the lowest average surface roughness R,,
especially for copper which was < 0.15 um due to a better usage of
heat accumulation.

It was shown that with efficient laser ablation bi-stability in surface
roughness R, depending on the laser processing parameters can be seen
due to the shielding and re-deposition effects.
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SANTRAUKA

Ivadas

Daugeliui jvairiose pramonés Sakose naudojamy gaminiy didelg jtaka daro
pavirsiaus kokyb¢ ir Siurk§tumas. Lazerinis mikroapdirbimas yra patrauklus
metodas dél gausybés taikymo sri¢iy: nuo jvairiy medziagy pjovimo ir
grezimo iki dviejy su puse dimensijy (2,5D) struktiiry formavimo ant jvairiy
pavirSiy. Nuolat tobulinant lazerinio mikroapdirbimo technologija,
populiar¢ja ir kiti metodai, pavyzdziui, lazerinis spalvinimas ar lazerinis
poliravimas.

Lazerinis pavirSiaus spalvinimas greitai pranoko jprastinius zenklinimo
btdus, nes tai yra lengvai pritaikoma, universali ir aplinkai nekenksminga
technologija, turinti daugybe jvairiy pritaikymo sri¢iy. Nors lazerinio
spalvinimo panaudojimas sparciai auga, pats spalvinimo procesas néra
pakankamai iStirtas. Egzistuoja trys pagrindiniai metalo spalvinimo lazeriu
lazeriu medziaga zymiai grei¢iau reaguoja su deguonimi. Ant metalo susidaro
oksido sluoksnis, kurio spalva skiriasi nuo pradinio metalo spalvos. Kitas
spalvos pasikeitimo susidarius oksido sluoksniui paaiSkinimas yra plonos
plévelés efektas. Kai Sviesa atsispindi nuo oksido ir metalo pavirsSiaus, jvyksta
interferencija, ir jei optinio kelio skirtumas yra lygus tam tikram bangos ilgiui
arba jo sandaugai su sveikuoju skai¢iumi, matoma atitinkama spalva. Antrasis
metodas nuo kampo priklausancios strukttirinés spalvos, atsirandancios dél
lazerio sukelty periodiniy pavirSiaus struktiry (LIPSS). LIPSS, veikia
panaiai kaip ir vienmaté gardelé ir dél difrakcijos matomos spalvos. Sios
spalvos vadinamos struktirinémis spalvomis ir priklauso nuo zidiréjimo
kampo. Paskutinis lazerinio spalvinimo metodas yra plazmoninés spalvos.
Sios spalvos taip pat struktiirinés. Skirtingai nuo antrojo mechanizmo, spalva
nesikeicia priklausomai nuo zitréjimo kampo, nes pavirSiaus spalvas
suzadinan¢ios pavirSiaus struktiros pasiskirséiusios atsitiktinai, be
désningumy. Spalvos matomos dél pavirSiaus plazmony rezonanso (SPR)
efekto, kurj sukelia nanostruktiiros ir nanodalelés ant metaly pavirSiaus.
Lazerinis spalvinimas priklauso nuo daugelio apdirbimo parametry: lazerio
galios, pluosto skenavimo greicio, atstumo tarp skenuojamy linijy, impulsy
pasikartojimo daznio ir kity. Optimizuojant lazerio parametrus, taip pat galima
gauti ir norimg struktiirinj pavirSiaus pokytj, kuris gali lemti naudingas
savybes, pavyzdziui, hidrofobiSkuma.

Lazerinis poliravimas taip pat yra pageidaujamas ir populiarus lazerinio
mikroapdirbimo metodas. Kadangi submikrometrinio pavirSiaus Siurk§tumas
pageidaujamas trinties, atsparumo dilimui ir aerodinamikos srityse, lazerinis
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poliravimas yra labai perspektyvus poliravimo metodas. Lazerinis
poliravimas leidzia pasiekti didelj tiksluma, gera apdailos kokybe, platy
galimy medziagy pasirinkimg bei lengva sudétingy formy poliravima. Taip
pat ta pacCia lazerine sistema galima apdirbti ir poliruoti bandinius. Taciau
norint pasiekti geriausius rezultatus, reikia tinkamai parinkti optimalius
lazerinio apdirbimo parametrus, tokius kaip impulsy pasikartojimo daznis,
impulsy energija, impulsy persiklojimas ir kitus, o tai yra varginantis ir daug
laiko reikalaujantis darbas. Lazeriai ir sistemos, skirtos lazerinei mikro ir nano
gamybai, kasdien tobulinamos. Dabar galimos sistemas, kuriose naudojami
MHz ir GHz impulsy pasikartojimo dazniai su femtosekundiniais lazerio
impulsais ir didele vidutine optine galia, naudojant impulsy vory ir bivory
(vory-vorose) rezimus. Sie rezimai leidZia gerokai padidinti abliacijos
efektyvuma, taip pat gerokai pagerinti abliuojamo pavirsiaus SiurkStuma, jei
tinkamai optimizuojami lazerinio apdorojimo parametrai. Lazerio impulsy
voros taip pat uztikrina greitesnj apdirbimg dél impulso energijos padalijimo
] maZesnes energijas, artimesnes optimaliam energijos jtekiui, todél
iSnaudojama didesné¢ vidutiné lazerio galia. Be to, dél trumpo laiko tarp voros
impulsy pakartotinai panaudojama bet kokia i$likusi ankstesnio impulso
Siluma.

Si disertacija buvo skirta rasti optimalius lazerinio apdirbimo parametry
rinkinius, kad buty pasiektas maziausias pavirSiaus SiurkStumas naudojant
lazerinj poliravimg ir didZiausias spalvy skaiius bei didZiausia spalvinimo
sparta naudojant vario ir neriidijan¢iojo plieno lazerinj spalvinimg. Disertacija
suskirstyta | dvi pagrindines dalis: viena skirta lazeriniam spalvinimui, kita —
lazeriniam poliravimui. Nertidijantis plienas buvo spalvinamas lazeriu
naudojant mazo energijos jteko ir mazo pluosto skenavimo greicio spalvinima
ir sparty spalvinimg naudojant didesnius energijos jtekius, 0 varis buvo
spalvinimas naudojant pilkaja skale. Poliruojant lazeriu buvo optimizuojamas
impulsy skai¢ius vorose, vory bistabilumas, taip pat netiesinés ir sotumo
absorbcijos jtaka atsiskyrimo slenkséiui.

Darbo tikslas
Disertacijos darbo tikslas — pasiekti optimaly impulsy skai¢iy MHz, GHz
ir bivoros rezimuose, taip pat rasti optimaly energijos jtekj, kad bty
minimalus jmanomas pavirSiaus SiurkStumas ir maksimaliai padidintas spalvy
skaiCius bei metaly spalvinimo sparta, taip padidinant lazerinio poliravimo ir
spalvinimo pritaikomumg pramonéje.
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Darbo uzvadiniai

1. Istirti impulsy skaiciaus MHz, GHz ir bivoros rezimuose poveikj
lazeriniam poliravimui ir spalvinimui.

2. Pasiekti kuo mazesnj metaly pavirSiaus SiurkStuma po abliacijos
imituojant realy taikyma.

3. Optimizuojant apdirbimo parametrus, pasiekti didziausig spalvy

skai¢iy ant nertidijanciojo plieno spalvinant lazeriu grei¢iau nei
kitos mokslinés grupés.

4, Gauti lazeriu apdirbtus pavirsius, turin€ius naudingas savybes,
kurios padidinty spalvoty pavirSiy pritaikomuma.

Mokslinis naujumas

Siame darbe buvo atliekamas vario ir nertidijanéiojo plieno poliravimas bei
spalvinimas. Buvo isbandyti skirtingi impulsy voros rezimai: MHz, GHz ir
bivoros, taip pat skirtingi lazerio apdirbimo parametrai. Maziausias
neriidijanciojo plieno ir vario pavirSiaus Siurk$tumas biity labai naudingas
pramoniniam naudojimui. Sioje disertacijoje naudojant optimalius parametrus
buvo pasiektas 0,1 um pavirSiaus Siurk§tumas ant vario pavirSiaus. Lazeriniu
spalvinimu ant neriidijanciajam plieno buvo gauta daug ryskiy spalvy. Miisy
turimomis Ziniomis, miisy eksperimenty metu buvo pasiektas didziausias
lazerinio spalvinimo greitis. Pasiektos spalvos yra hidrofobinés, o tai labai
padidina jy pritaikomuma.

Praktinis pritaikomumas

Lazerinis poliravimas ir spalvinimas naudojamas medicinos ir automobiliy
pramong¢je kaip aplinkai nekenksmingas, lengvai pritaikomas ir ilgaamzis
laisvos formos daliy ar instrumenty poliravimo ir spalvinimo budas, kuris taip
pat gali biiti naudojamas laikrodziy gamyboje ir spalvinime. Miisy iSsamiis
eksperimentai, kuriuos atlikus pavyko iSgauti platy spalvy spektra, didele
spalvinimo spartg, hidrofobinius spalvotus pavir§ius ir submikrometrinius
poliruotus pavir$ius, dar labiau padidina procesy pritaikomuma pramonéje.

Ginamieji teiginiai
1. Ant neriidijancio plieno, naudojant femtosekundinius impulsus
GHz impulsy voroje, dél pavir§iaus oksidacijos buvo pasiekta
42,5 mm?s spalvinimo sparta esant 4250 mm/s pluosto
skenavimo greiciui, kuri leido iSgauti skirtingas spalvas: mélyna,
geltong, oranzing, violeting ir tamsiai Zalig.
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2. Visi trys impulsy voros rezimai — MHz, GHz ir bivoros, naudojant
femtosekundinius impulsus gali buti naudojami lazeriniam
spalvinimui, siekiant iSgauti placia spalvy gamg ant nertidijancio
plieno, o susiformave spalvoti pavirSiai yra hidrofobiski, dél ko
didéja jy pritaikomumas.

3. Dél netiesinés ir jsisotinimo sugerties vario oksido plévelés
pralaidumo  priklausomybé nuo lazerinés spinduliuotés
intensyvumo keicia plévelés atsiskyrimo slenkstj, t. y. slenksting
lazerio energija, reikalinga plonai oksido plévelei pasalinti
iSgarinant pagrindinj metala, o tai prisideda prie efektyvesnio
metalo pavir§iaus lazerinio poliravimo.

4, Naudojant GHz impulsy voros rezima su iki 15 impulsy ir bivoros
rezima, kuriame MHz impulsy voroje yra 3 impulsai, o GHz
impulsy voroje — iki 10 impulsy, galima pasiekti mazesnj nei
0,1 pm R, pavirSiaus SiurkStuma ant vario ir mazesnj nei 0,5 pum
Ra pavirsiaus Siurk$tumg ant neriidijancio plieno, kas pabrézia
optimalaus impulsy skaiciaus voroje svarbg.

Autorius indelis

Publikacijoje [P1] autorius para$é rankrastj, atliko visus lazerinio
spalvinimo ir drékinimo matavimo eksperimentus, duomeny analiz¢ ir buvo
atsakingas uz rezultaty pateikima grafiky, paveiksly, lenteliy ir nuotrauky
pavidalu.

Publikacijoje [P2] autorius kartu su bendraautoriais padéjo sugalvoti
pirming tyrimo idé¢ja, atliko kai kuriuos abliacijos eksperimentus, analizavo
duomenis, aptaré rezultatus ir pateiké pastabas dél rankrascio.

Publikacijoje [P3] autorius para$¢ rankrastj, atliko duomeny analize, taip
pat padaré SEM, optinio ir adatinio profiliavimo prietaisy nuotraukas.
Autorius taip pat buvo atsakingas uz rezultaty atvaizdavima grafiky, paveiksly
ir lenteliy pavidalu.

Publikacijoje [P4] autorius atliko z-skenavimo eksperimentus, analizavo
duomenis ir taisé rankrastj.

Publikacijoje [PP1] autorius para$é rankra$tj, atliko visus lazerinio
spalvinimo ir drékinimo matavimo eksperimentus, duomeny analiz¢ ir buvo
atsakingas uz rezultaty pateikima grafiky, paveiksly, lenteliy ir nuotrauky
pavidalu.

Publikacijoje [PP2] autorius padéjo sugalvoti prading projekto idéja, atliko
pavirsiaus topografijos ir pavirSiaus Siurk§tumo matavimus naudodamas 3D
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optinj profilometrg. Taip pat analizavo gautus rezultatus, juos aptaré ir pateiké
pastabas dél rankrascio.

Publikacijy ir konferencijy saraSas.

Disertacijos rezultatai pateikti 4 mokslinése publikacijose [P1-P4], dvejose
mokslinéje publikacijoje, kuri §iuo metu vis dar spausdinamos [PP1-PP2], ir
3 konferencijy tezése [P5-P7]. Dar penkios mokslinés publikacijos [P8-P12]
ir 2 konferencijy tezés [P13-P14] buvo paraSytos, taciau néra susijusios su
disertacija.

Disertacijos rezultatai taip pat buvo pristatyti 10 konferencijy [C1-10].
Disertacijos autorius pristaté [C1-C9] zodinius pranesimus, o [C1-C3] buvo
iSrinkti tarp geriausiy konferencijos praneSimy. Dar 15-oje konferencijy
praneSimus skaité bendraautoriai [C10-C25], taciau Sie praneSimai nebuvo
susije su disertacija. [C17-C20] disertacijos autorius pristaté kaip stendinius
pranesimus, o [C20] buvo pristatyta ir kaip zodinis pranesimas.

Eksperimenty rezultatai ir diskusija

Sis skyrelis yra paremtas keturiais moksliniais straipsniais ir trimis
konferencijy tezémis leidziamuose periodiniuose mokslo leidiniuose
turinc¢ivose cituojamumo rodiklj bei vienu moksliniu straipsniu, kuris §iuo
metu yra priduotas j leidykla. Eksperimentiniy rezultaty ir diskusijos skyrius
skirstomas i dvi pagrindines dalis: lazerinio spalvinimo ir lazerinio
poliravimo.

Lazeriniam spalvinimui i$tirti buvo atlikti du eksperimentai. Pirmojo
eksperimento metu buvo norima issiaiskinti, kuris voros rezimas ir su kiek
impulsy voroje leisty gauti didziausia spalvy kiekj. Norint sumazinti
kintamyjy skaiciy, pluosto skenavimo greitis bei atstumas tarp skenuojamy
linijy buvo pastovus ir atitinkamai lygus 100 mm/s ir 10 um. Ant neradijancio
plieno buvo skenuojamos linijos, kol buvo gautas 6 x 6 mm? nuspalvintas
kvadratas. Buvo spalvinimas kvadraty masyvas, kur vertikaliai buvo
kei¢iamas energijos jtekis nuo 0,34 J/cm? iki 7,6 Jlcm? o horizontaliai
impulsy skai¢ius vorose. Gauti rezultatai parodé, kad MHz impulsy voroje yra
gaunamos vien tik rudos spalvos, GHz voroje labai mazas spalvy intervalas, o
impulsy bivoroje gaunamos rudos, pilkos, geltonos, oranzinés, mélynos,
zalsvos ir violetinés spalvos. Naudojant tuos pacius parametrus bivoros
rezime, tadiau padidinus greitj iki 333 mm/s spalvy intervalas vél sumazéjo.
Nors pirmo eksperimento metu buvo gautas nemazas spalvy skaicius, taciau
skenavimo greitis nebuvo didelis, d¢l to buvo atliktas antras eksperimentas.
Antro eksperimento metu norint iSlaikyti didesnes impulsy energijos vertes
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buvo pasirinkta GHz impulsy vora ir energijos jtekis buvo kei¢iamas nuo
12,1 J/cm? iki 54,1 J/cm?. Vertikaliai $iuo atveju buvo kei¢iamas skenavimo
greitis nuo 1000 mm/s iki 4250 mm/s. Gauti rezultatai parodé, kad
optimizavus impulsy skai¢iy GHz voroje, skenavimo greiti bei impulsy
energijos jtek jmanoma gauti labai rySkias ir Sviesas spalvas: geltona,
oranzing, zydra, mélyna, violeting, rausva ir zalsva. Taip pat, dél didelio
bandymy skaiciaus, spalvos gradientiskai pereina i vienos | kita. Padidinus
impulsy skai¢iy GHz voroje iki 25, gaunamos tamsesnés spalvos. Efektyvus
lazerinis spalvinimas buvo vertinamas pagal spalvinimo sparta, kurios
didziausia verté sické 42,5 mm?s, o tai miisy Ziniomis yra sparéiausias
lazerinis spalvinimas mokslinéje literatiiroje ant nertidijan¢io plieno. Buvo
atlikti ir kiti tyrimai norint padidinti lazerinio spalvinimo sparta, bet islaikant
didelj spalvy kiekj. I pradziy buvo tikrinami MHz ir bivoros rezimai Su
didesniais pluosto skenavimo greiciais. Kaip ir pirmojo eksperimento metu,
MHz impulsy vora leido gauti tik rudus atspalvius, taciau bivoros atveju, buvo
gautos tokios paCios bet Zymiai tamsesnés spalvos, kaip ir GHz impulsy
voroje. Didinant MHz impulsy skai¢iy bivoroje rezultatai tik prastéjo, o tai
parodo, kad GHz impulsy vora yra geriausia lazeriniam spalvinimui. Taip pat
buvo isbandyta keli skenavimai vienas ant kito, taciau reikSmingy spalvy
pokyciy nepastebéta. Nedidelj matoma pokytj galima paaiskinti energijos
itekio pokyc¢iu dél to, kad maza dalis medziagos abliuojama kiekvieno
skenavimo metu. Paskutinis tyrimas buvo atliktas siekiant iSsiaiskinti, ar
galima pasiekti daugiau spalvy arba didesng¢ spalvinimo sparta, kai vienas ant
kito naudojami skirtingi impulsy voros rezimai. Kadangi naudojant MHz vory
rezimg buvo gautos tik rudos spalvos, jis nebuvo iSbandytas. Jei pirmiausia
naudojamas GHz impulsy voros rezimas, o po to bivoros rezimas, gaunamos
pilkos spalvos. Priesingai, jei pirmiausia naudojamas bivoros rezimas, o po to
— GHz vory rezimas, yra gaunamos tam tikros spalvos. Naujos spalvos néra
tokios ryskios kaip GHz impulsy voros rezime, taciau yra ryskesnés uz tas,
kurios gaunamos tiesiog bivoros rezimu, net ir esant optimaliems
parametrams. Nors, lyginant su GHz voros rezimu, buty galima pasiekti kai
kurias naujas blankesnes spalvas, taikant §j metoda spalvinimo sparta bty
gerokai mazesné, nes reikia daugkartinio skenavimo. Tod¢l dél Siy iSvady
impulsy vory reZimy maiSymas toliau nebuvo tiriamas. Buvo parodyta, kad
lazerinio spalvinimo sparta priklauso nuo skenavimo greicio ir atstumo tarp
skenuojamy linijy dS/dt = vh. Taigi, yra du pagrindiniai spalvinimo spartos
didinimo biidai: padidinti lazerio spindulio skenavimo greitj arba atstuma tarp
skenavimo linijy. Atlikti tyrimai parodé, kad net ir didé¢jant atstumui tarp
skenavimo linijy, vis tiek galima gauti tam tikras spalvas. Tac¢iau spalvinimo
sparta nebiitinai padid¢ja, nes norint gauti tas pacias spalvas, kai atstumas tarp
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skenavimo linijy padvigubéja, reikia proporcingai sumazinti pluosto
skenavimo greitj. Kita galimybé padidinti spalvinimo greitj galéty biti lazerio
pasikartojimo daznio didinimas. Tai leisty naudoti didesnj skenavimo greitj,
jei impulsy persidengimas yra vienas i§ svarbiausiy lazerinio spalvinimo
parametry. Impulsy persidengimas islikty toks pat, jei proporcingai padidéty
ir impulsy pasikartojimo daznis, ir impulsus skenavimo greitis. Vis délto gauti
rezultatai rodo, kad, didinant pasikartojimo daZznj, esant tam paciam
skenavimo grei¢iui gaunamos tos pacios spalvos, be to, Sios spalvos yra
gerokai maziau stabilios. Tai buty galima paaiskinti tuo, kad vidinis impulsy
voros pasikartojimo daznis turi didZiausig jtakg Silumos kaupimuisi ant
bandinio pavirSiaus. Kadangi lazerinio spalvinimui naudojamas linijy
skenavimas (angl. hatching), linijomis galima uZpildyti bet kokig pasirinktine
forma ar figiirg. Pritaikant gautus parametrus buvo nuspalvintos jvairios
figiiros: du pusapskritimiai su dviem banguojanciomis linijjomis viduryje,
stilizuota géelé bei Fiziniy ir technologijos moksly centro (FTMC) logotipas.
Sie pavyzdziai rodo, kad lazerinio spalvinimo metodui net ir sudétingos
formos nekelia problemy. Taciau didelis trukumas yra itin didelis proceso
jautrumas nedideliems energijos jtekio poky¢iams. Nors lazeriné spinduliuoté
yra itin stabili, ypa¢ dél to, kad galime naudoti dideles galias ir tuos impulsus
padalinti | mazesnio atskiro energijos jtekio impulsus, vis tiek susiduriame su
i8sukiais, kaip iSlaikyti bandinj tiksliai zidinio padétyje. Pagrindiné problema
kyla deél Silumos kaupimosi, dél kurio padidéja bandinio temperatira ir
atsiranda nedidelés bandinio pavirSiaus deformacijos. Nors deformacijos gali
biti labai mazos ir plika akimi sunkiai pastebimos, spalvy skirtumas yra
lengvai pastebimas. I§ trijy budy, kaip galima nuspalvinti metalo pavirsiy
naudojant lazerinj spalvinimg, du i$ jy galima lengvai atmesti. Kadangi
nertdijantis plienas néra plazmoninis metalas, jame néra matomos spalvos
gaunamos dél pavirSiaus plazmony rezonanso. Struktiirinés spalvos,
atsirandancios dél LIPSS, taip pat néra musy nertdijancio plieno bandiniy
spalvos priezastis. Patikring savo bandinj po skenuojanciu elektroniniu
mikroskopu, bandinio pavirSiuje nebuvo matomi LIPSS. Buvo matomos tik
jvairios skirtingos nanodaleles ir nanostruktiiros, kurios yra nevienodai
iSsidésciusios. Be to, struktiirinés spalvos, priklausomai nuo zitir¢jimo kampo,
kei¢iasi nuo Zalios, raudonos ir mélynos, o miisy gautos spalvos, priklausomai
nuo zitréjimo kampo, tampa tik tamsesnés, taciau spalvos nekeicia. Galiausiai
yra pavirSiaus oksidacija. Kadangi lazeris yra Silumos Saltinis, o jvairls
impulso vory rezimai taip pat padeda akumuliuoti Silumg apdirbimo vietoje,
tai gali pagreitinti oksidacijos procesa, dél kurio neridijanciojo plieno
pavirSiuje atsiranda skirtingos spalvos. Plonos plévelés efektas taip pat
paaiskinty, kodél spalvos tampa gerokai tamsesnés. Kadangi spalva priklauso
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nuo optinio kelio skirtumo, kuris pats savaime priklauso nuo §viesos kritimo
kampo, tai paaiskina, kodél keic¢iant kampa spalva tampa gerokai tamsesné.
Metalo spalvos keitimas yra norima uzduotis, taciau jg buty galima pagerinti
gaunant papildomas pavirSiaus funkcijas. Metaly spalvos pakeitimas ir
hidrofobizavimas biity labai naudingas, nes spalvos tapty dar ilgaamziskesnés,
nes padéty metalui zZymiai geriau atlaikyti aplinkos poveikj. Buvo matuojamas
statinis vandens drékinimo kampas (SWCA), kiekvienas matavimas buvo
atlieckamas 5 kartus ir apskai¢iuojamas standartinis nuokrypis. Kad pavirsius
biity laikomas hidrofobiniu, jo SWCA turi biiti ne mazesnis kaip 90°, o kad
buty laikomas superhidrofobiniu, SWCA turi biiti didesnis kaip 150°.
Nespalvotas neriidijantis plienas nebuvo hidrofobiskas, jo drékinimo kampas
buvo 50,4 + 4,4° Buvo parodyta, kad visos pasiektos spalvos yra
hidrofobiskos, nes jy SWCA nepriklausomai nuo spalvos atspalvio yra
didesnis nei 90°. Laikotarpis tarp lazerinio spalvinimo ir drékinimo bandymy
buvo ilgesnis nei 6 ménesiai, todél ne tik spalvos, bet ir hidrofobiskumas yra
ilgalaikis. Méginiai buvo laikomi jprastomis oro sglygomis patalpose ir jy
biiklé pastebimai nepakito.

Lazeriniam poliravimui istirti buvo atlikti trys skirtingi eksperimentai.
Atliekant lazerinio poliravimo eksperimentus buvo pastebéta, kad ant vario
metalo virSaus yra oksido sluoksnis, kuris turi jtakos lazeriniam
mikroapdirbimui, ir §i sgveika buvo istirta, kad biity jvertina jtaka lazeriniam
poliravimui. Metalai yra padengti oksidy sluoksniais, kuriy storis svyruoja
nuo deSim¢iy nanometry iki deSimc¢iy mikrometry ir kurie, priklausomai nuo
draustinés juostos plocio, paprastai yra pusiau skaidriis puslaidininkiai arba
skaidriis izoliatoriai. Bandinj pasiekusi lazeriné spinduliuoté pirmiausia
sgveikauja su metaly oksidais, o tik po to su paciais metalais. Vario (Cu)
bandinys su vario oksido (Cu.O) sluoksniu buvo abliuotas naudojant
pikosekundine lazerio spinduliuote skirtingose padétyse lyginant su pluosto
sagsmaukos padétimi. Energijos jtekio slenkstis buvo matuojamas pagal
abliuoto kraterio skersmens priklausomybe¢ nuo impulso energijos. TiesisSkai
absorbuojancio oksido sluoksnio pralaidumas esant mazam smailiniam
intensyvumui yra GW/cm? eilés ir buvo apskai¢iuotas pagal To= exp(—aol)
formulg. To= 60%, o tai reiskia, kad sluoksnis yra pusiau neskaidrus. Cu,O
tiesinés sugerties koeficiento soties intensyvumas yra ls ~ 0,1 TW/cm? ; todél
pusiau neskaidrus oksido sluoksnis staiga tampa visiSkai skaidrus, kai
smailinis intensyvumas virSija soties intensyvuma. Taciau toliau didinant
intensyvuma, dominuojancia tampa netiesiné sugertis, ir oksido sluoksnis vél
tampa neskaidrus. NetiesiSkai sugeriantis oksido sluoksnis praleidzia tik dalj
jeinancios lazerinés spinduliuotés ] metalo pavirsiy, todél j jj reikia atsizvelgti
prognozuojant efektyvias oksido ir metalo struktiros abliacijos
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charakteristikas. Esant maZam maksimaliam impulsy intensyvumui
lo~ 0,05 TW/cm?, kuris yra maZesnis uZ soties intensyvuma ls ~ 0,1 TW/cm?,
stebima tik tiesiné sugertis be soties ir labai maza netiesiné sugertis Zidinio
padétyje; todél visose bandinio z padétyse stebimas beveik pastovus
normalizuotas pralaidumas T/To =~ 1. Kai didziausios intensyvumo vertés ~
0,2 TW/cm? virija soties intensyvuma, oksido sluoksnis tampa beveik
visiskai skaidrus T/To~ 1,7, kai bandinys yra arti zidinio padéties. Kai
didZiausias intensyvumas pasiekia ~ 0,5 TW/cm? verte, netiesiné sugertis
prilygsta tiesiniam intensyvumo jsotinimui, todél normalizuotas oksido
sluoksnio pralaidumas zidinio srityje pasiekia vertg, artimg T/To~ 1. Tiek
sugerties jsisotinimas, tiek netiesiné sugertis turi jtakg efektyviam abliacijos
oksido pasalinimo nuo metalo slenkstiniam energijos jtekiui, kuris naujame
abliacijos modelyje gali buti iSreikstas kaip Fip, eff = Finlin (%) Sis modelis
gerai sutampa su gautais eksperimentiniais rezultatais.

Antrojo eksperimento metu vario ir nertidijan¢iojo plieno bandiniai buvo
apdirbami naudojant 210 fs trukmés lazerinés spinduliuotés impulsus su
7,3 W vidutine optine galia. Ant vario ir neridijanc¢iojo plieno bandiniy buvo
abliuojamos staciakampio formos ertmés, kuriy virSutinis matmuo buvo 2 mm
x 1 mm. Atstumas tarp skenavimo linijy buvo pastovus — 10 um, o skenavimo
greitis — 333 mm/s. Bandinio padétis buvo kei¢iama z kryptimi, kad bity
gautos skirtingos energijos jtekio vertés. Kiekvienas staiakampis buvo
nuskenuotas daug karty, kad biity pasiektas gylis, kurj biity galima lengvai
iSmatuoti naudojant adatinj profilometra. Atliekant eksperimentus su MHz ir
GHz impulsy voromis, impulsy skai¢ius vorose buvo kei¢iamas atitinkamai
nuo N=2iki N=9 ir nuo P =2 iki P = 25. Atliekant bivoros eksperimenta
buvo iSbandyti visi N ir P deriniai. Naudojant MHz impulsy voros rezimg su
mazais energijos jtekiais ir nedideliu impulsy skai¢iumi MHz voros metu,
abiejose medziagose buvo pastebétas didelis pavirSiaus SiurkStumas.
Padidinus impulsy skai¢iy iki 4 ir daugiau, dél maZesnio energijos jtekio
sumazéjo pavirSiaus SiurkStumas dél inkubacijos efekto, t. y. abliacijos
slenks¢io mazéjimo didéjant impulsy skaiciui toje pacioje vietoje, taip pat dél
Silumos akumuliacijos. Vélesni impulsai pasiekia apdirbimo vietag medziagoje
anksciau, nei atvésta termiskai paveikta zona, todel medziagai paSalinti reikia
maziau energijos. Esant didesniems energijos jtekiais daleliy ekranavimas taip
pat turéjo didesnj neigiama poveikj iSsklaidant ir sugeriant jeinancig lazerio
spindulivote, todél padidéjo pavirSiaus Siurk§tumas. Maziausias vario
pavirSiaus Siurk§tumas buvo 0,23 um, o nertdijancio plieno — 0,63 pm.
Geriausi rezultatai buvo pasiekti naudojant GHz impulsy vora, nes, esant
placiam energijos jtekiy ir impulsy skaiCiaus intervalo, vario pavirSiaus
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Siurk§tumas buvo labai mazas < 0,15 um. Sis voros rezimas dél trumpo
pasikartojimo daznio efektyviau iSnaudoja Silumos akumuliacija. Maziausias
vario pavirsiaus SiurkS§tumas buvo 0,1 um, o nertidijan¢iojo plieno — 0,55 um.
Panasiis rezultatai buvo gauti ir naudojant bivoros rezima, kai maziausias
pavirSiaus SiurkStumas buvo 0,08 um variui ir 0,45 um nertdijanciajam
plienui.

Treciasis eksperimentas buvo atliktas todel, kad i§ ankstesniy
eksperimenty matéme, jog efektyvi abliacija turi bistabiluma, o nelyginio
skaiCiaus impulsai yra daug efektyvesni, ypa¢ 3 impulsai MHz voroje. Noréta
patikrinti, ar taip pat yra ir poliravimo lazeriu atveju. Eksperimentiskai buvo
iStirta lazeriu abliuoto ertmés dugno pavirSiaus SiurkStumo R, priklausomybé
nuo energijos itekio, kai impulsy vory energijos jtekis buvo keistas nuo 0,52
iki 9,9 J/cm?, o impulsy skai¢ius MHz voroje nuo 1 iki 9. Eksperimentas
parodé, kad pavirSiaus Siurkstumas R, priklausomai nuo lazerinio apdirbimo
parametry yra bistabilus. Daugeliu atvejy pavirSiaus SiurkStumas R, buvo Siek
tiek mazesnis esant lyginiam nei nelyginiam impulsy skai¢iui voroje, jei
lyginsime su tuo paciu voros energijos jtekiu esant dideléms vertéms
(2,3J/cm?-9,9 Jlcm?). Tadiau esant maZoms energijos jtekio vertéms
(0,52 JJem?—1,7 Jlcm?) galima pastebéti priesinga efekta, kai pavirSiaus
SiurkStumas R, yra mazesnis esant nelyginiam nei lyginiam impulsy skaiciui
voroje. Pavyzdziui, N = 8 atveju pavirSiaus SiurkStumas R, buvo Siek tiek
didesnis nei N=9 ties keliomis energijos jtekio vertémis, o likusioms
energijos jtekio vertéms yra Siek tiek maZesnés, santykinis SiurkStumo
skirtumas buvo tik 2 %. N = 6 atveju pavirSiaus Siurk§tumas R, buvo Siek tiek
maZesnis nei N = 7, kai energijos jtekio vertés svyravo nuo 1,7 iki 4,6 J/cm?,
Vidutinis santykinis pavirsiaus §iurk§tumo Ra skirtumas padidéjo iki 39%. Si
abliacijos rezima galima vadinti bistabiliu rezimu. Be to, esant N =4 ir N =5
stebimas bistabilus paviriaus $iurk§tumas R, nuo 1,7 J/cm? iki 9,9 J/cm?,
Vidutinis santykinio pavir$iaus Siurk§tumo skirtumas buvo 18%. Daugumoje
moksliniy darby pagrindinémis abliacijos efektyvumo bistabilumo
priezastimis, priklausomai nuo impulsy skaiCiaus voroje, buvo jvardytos
daleliy ekranavimas arba pakartotinis nusodinimas. Sie procesai ypa¢ matomi
esant antram impulsui impulsy voroje, nes pirmo impulso iSabliuoty medziagy
debesis nespéja pasitraukti i§ apdirbimo vietos ir ekranuoja antrg impulsa.
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Pagrindiniai rezultatai ir iSvados

1. Buvo jrodyta, kad visi impulsy voros rezimai: MHz, GHz ir bivoros
rezimas gali biiti naudojami gauti spalvas ant neriidijancio plieno. MHz
impulsy voros reZimas pasizymi tik ruda spalva, o GHz - dideliu rySkiy spalvy
intervalu.

2. Buvo pasiekta didziausia mokslingje literattiroje nurodoma lazerinio
spalvinimo sparta 42,5 mm?/s ant nertidijanéio plieno, kai spalvos gaunamas
dél oksidacijos efekto.

3. Kadangi lazerinis spalvinimas paremtas linijy skenavimu (angl.
hatching), buvo parodyta, kad galima skirtingomis spalvomis nuspalvinti bet
kokios sudétingos formos figiira.

4. Buvo iSbandyti jvairGs lazerinio apdirbimo parametrai, jskaitant:
atstuma tarp linijy, impulsy pasikartojimo daznj, skenavimy skai¢iy ir impulsy
vory maiSyma, taciau nebuvo gautas reikSmingas naujy spalvy kiekis ar
padidinta spalvinimo sparta.

5. Kadangi buvo naudojami femtosekundiniai impulsai, ant spalvotas
neriidijancio plieno pavir§ius buvo matomi nanodariniai, dél kuriy lazerio
apdirbty spalvoty metaly pavirsiy drékinimo kampas buvo vir§ 90 laipsniy,
kas parodo jy hidrofobiskumo savybes ir padidina jy pritaikomuma.

6 Buv parodyta vario bandiniy pilkosios skalés ( angl. grayscale)
spalvinimas ir drékinimo kampo kontrolé.

7. Buvo pademonstruota, kad ant vario esantis vario oksido sluoksnis
slopina varj pasiekiancig lazerine spinduliuote, o tai turi jtakos oksido/metalo
struktliros lazerinio atsiskyrimo slenksc¢iui, priklausomai nuo fokusavimo
padéties ir su ja susijusiu lazerio smailiniu intensyvumu impulse.

8. Naudojant MHz, GHz ir bivoros rezimus buvo atitinkamai pasiektas
0,23 pm, 0,1 pm ir 0,08 um vario pavirSiaus Siurk$tumas, o neriidijan¢iojo
plieno maziausias pavir$iaus Siurkstumas atitinkamai buvo 0,63 pm, 0,55 pm
ir 0,45 um. Nertudijanciojo plieno pavirSiaus SiurkStumas buvo didesnis dél
didziausio pradinio bandinio Siurkstumo.

9. GHz impulsy voros rezimu gautas maziausias vidutinis pavirSiaus
Siurks$tumas R,, ypac vario, kuris buvo < 0,15 pm daugelio impulsy veréiy, dél
geresnio Silumos akumuliacijos panaudojimo.

10. Buvo parodyta, kad esant efektyviai lazerinei abliacijai, dél daleliy
ekranavimo ir pakartotinio nusodinimo efekty galima pastebéti pavirSiaus
SiurkStumo R, bistabiluma priklausomai nuo impulsy skai¢iaus voroje.
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ARTICLE INFO ABSTRACT

Keywords: Laser surface colouring is an adaptable, versatile and environmentally friendly technology with many different
Laser colouring applications. Using a femtosecond pulse laser in different burst regimes laser colouring on stainless steel was
Femtosecond achieved. The mi; hined colours’ d d: on fluence and different number of pulses within burst re-
:;:::“ gimes were tested. The achieved colours were shown and their origin was explained. Because laser coloring is a
Stainless steal very flexible method we have shown different colored images with intricate details. The achieved surface
Wettability structures that resulted in colors mimicked those found in nature and were also hydrophobic which greatly
Hydrophobic increases their applicability.

1. Introduction

Humans attach a great deal of importance to colours. It aids with
object and pattern recognition, as well as navigating the environment. In
addition, particular colours may invoke emotions and create associa-
tions, which is widely used in marketing and branding. Chemical surface
colouring of metals has been really popular in the past, including
anodization [1], electroplating [2,3], patination [4] and physical vapor
deposition [5], but recently has been gradually abandoned due to issues
with environmental damage [6]. Laser surface colouring has quickly
surpassed conventional marking techniques [7] since it is an adaptable,
versatile and lly friendly technology with many
applications. For instance, it is used in the medical sector to colour
medical equipment and devices with decorative patterns, identification
labels, or colour-coded markers [8]. During surgical procedures, laser
colouring can also aid in making medical instruments more visible and
distinct. Laser colouring poses no additional danger of infection to pa-
tients because it does not employ any chemical paints or coatings.
Branding and packaging are another topic. Logos, serial numbers,
barcodes, and decorative features can all be added to package materials
using laser colouring [9]. Moreover, it can be used to insert concealed or
implanted colour-changing features into papers or banknotes as an anti-
counterfeiting measure [10]. Lastly, the jewellery industry also uses
laser colouring to impart vivid colours and elaborate designs to metals
and other materials. It makes it possible to customize items precisely and

* Corresponding author.
E-mail address: mantas.gaidys@ftme.lt (M. Gaidys).

https://doi.org/10.1016/j.optlastec.2024.110561

in great detail, which improves the visual appeal of jewellery and
fashion accessories [11]. In the automotive industry, laser colouring is
also utilized to produce aesthetically pleasing finishes on various parts.
Recently, fs laser pulses were used to color SbyS3 laminate with sub-
diffraction resolution [12].

While the utilization of laser colouring is growing rapidly, the col-
ourization process itself has not been sufficiently studied. There are
three main methods of metal colouring using laser irradiation. First one
is laser induced oxidation where a substrate material reacts with oxygen
significantly more quickly when heated by laser irradiation. An oxide
layer forms on the metal, which is of different colour to the original
metal [6,13,14]. This has been demonstrated on various metals, such as
titanium [14], stainless-steel [15], copper [16] and others [17,18].
Another explanation for the colour change with an oxide layer is the thin
film effect, when light reflects from the surface of the oxide and the
surface of the metal, interference happens and if the optical path dif-
ference is equal to a certain wavelength or its product with an integer a
corresponding colour is seen [7]. The second method is structural col-
ours that are angle dependent and arise from laser induced periodic
surface structures (LIPSS). LIPSS is the development of wavy structures
on a range of materials and requires surface characteristics with a
periodicity equal to or less than the wavelength of the laser irradiation
[19]. LIPSS similar to one dimensional grating can produce colours due
to diffraction. These colours are called structural colours and are heavily
angle dependent [20,21]. The final method of laser colouring uses

Received 21 September 2023; Received in revised form 18 December 2023; Accepted 8 January 2024

Available online 13 January 2024
0030-3992/@ 2024 Eisevier Ltd. All rights reserved.

124



M. Gaidys et al.

(2) Pulsed mode (b) MHz burst mode N =
‘% ﬁ ﬂ’~=6‘.7hﬂﬂlﬂ‘
5 c—3|A7, = 155 ns.
= N= g
A=1030 nm (¢) GHz burst mode
T = 2105
7= 100 kHz 12227 GHz
Ar=10ps 01,= 440 ps
(d) Biourst mode 3
AL AR AR AR AA
Tir

ime

Fig. 1. Schematic illustration of the different laser regimes. a) standard pulsed
mode with a repetition rate f - 100 kHz, time between pulses Az - 10 ps; b) MHz
burst mode, where a pulse is divided into N - 3, MHz subpulses (blue dotted
line), with a repetition rate fy —64.68 MHz, time between pulses Ary - 15.46
ns; ¢) GHz burst mode, where a pulse is divided into P — 2 GHz subpulses (green
dotted line), with a repetition rate fp-2.27 GHz, time between pulses
Atp — 440 ps; d) biburst mode where a pulsed mode pulse is divided into N - 3,
MHz subpulses (blue dotted line in part b) and those subpulses are further
divided into P - 2, GHz pulses each (green dotted line).
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regimes, which were all used to perform the experiments. When the laser
works in the standard pulsed mode, the repetition rate was 100 kHz with
a time difference of 10 ps between pulses (Fig. 1a). If we divide each of
those pulses into smaller subpulses with an intra-burst repetition rate of
64.68 MHz we have the MHz burst mode, where N is the number of MHz
subpulses within the burst (Fig. 1b). Likewise, if we divide the pulses
into sub-pulses with an intra-burst repetition rate of 2.27 GHz we have
the GHz burst mode, where P is the number of GHz subpulses within the
burst (Fig. 1¢). On the other hand, the biburst mode works a bit differ-
ently. If we take the MHz burst and we further divide the MHz subpulses
into GHz subpulses, we will have the aforementioned biburst mode
(Fig. 1d). It is crucial to note, that even though the pulse is divided into
many subpulses the overall pulse energy remains the same whether
there is one pulse in the pulsed mode, three pulses in the MHz burst
mode, two pulses in the GHz burst mode or six pulses in the biburst
mode.

2.2. Experiment

The beam was positioned using a galvanometric scanner (Intelliscan
14, Scanlab) and focused using a 100 mm F-theta lens. Using the

nanoparticles and nanostructures on metals to activate ic col-
ours. These colours are also structural. In contrast to the second mech-
anism, the colour does not change depending on the viewing angle since
the surface structures that excite the surface colours are randomly
distributed without regularity. The primary causes of this form of col-
ours are surface plasmon resonance (SPR) effects brought on by nano-
structures and nanoparticles on metals [22-24]. Laser colouring
depends on many processing parameters, including: laser power, scan-
ning speed, hatch, pulse repetition rate and others. By optimizing the
laser parameters, it is also possible to gain a wanted structural surface
change as well, which may result in useful properties such as
hydrophobicity.

In this work, laser surface processing using different burst modes
were used to achieve various colours on stainless steel. Influence on the
colour of the number of pulses within bursts and laser power were
investigated. Micromachined surface structure was analyzed and the
static water contact angles were measured to see if the surface became
hydrophobic.

2. Materials and methods

2.1. Experimental setup

A state-of-the-art solid-state laser (Carbide, Light Conversion) with a
1030 nm central wavelength laser irradiation and a pulse duration of
210 fs was used. Beam radius at the focal point was equal to 21.7 ym and
the beam quality factor M* was 1.08. The repetition rate was constant
and equal to 100 kHz. The laser allowed for MHz, GHz burst and biburst

galv. ic scanner horizontal lines were scanned by the laser beam
on the stainless-steel plate with the controllable scanning speed of 100
mm/s and 333 mm/s. The distance between the lines or hatch h was
constant and equal to 10 pm. The area of one scanned rectangle was
equal to 6 x 6 mm? (Fig. 2). Horizontally in the x direction number of
pulses in the MHz or GHz burst were changed from 2 to 9 with a step of
1. For the GHz burst mode 10, 15, 20 and 40 pulses within the burst were
also tested. For the biburst mode, the GHz experiment was repeated
while using different number of pulses within the MHz burst, changing
from 2 to 8 with a step of 1. Vertically in the y direction laser output
power was gradually decreased and equal to 5.6 W, 4.4 W, 3.5 W, 2.8 W,
2.5W, 1.7 W, 1.4 W, 0.98 W, 0.73 W, and 0.26 W. This corresponded to
pulse fluences of 7.6 J/em?, 6.0 J/em?, 4.8 J/em?, 3.8 J/em?, 3.4 J/em?,
23 J/cm2. 1.9 J/crnz, 1.3 J/cm2, 1.0 J/cm2 and 0.34 J/cm,2 respectively.
Afterwards, the micromachined stainless-steel plate with different laser
induced colours was put in a box with all white walls (LightBox). Inside
the box, the samples were illuminated by LED lights, which were on the
top part of the box and the samples themselves were photographed using
a digital camera (Sony, IMX563).

2.3. Sample characteristics

For the experiment, 120 mm x 120 mm x 0.4 mm stainless steel
(304, Ekstremalé) plates were used. Stainless steel 304 has 18 % chro-
mium and 8 % nickel and is the most commonly used grade of stainless
steel with properties such as: excellent resistance to the corrosion and
temperature, high tensile strength and durability, but is still easily
formable. A scanning electron microscope (Helios NanoLab 650, FEI)

Galvanometric scanner

Number of pulses in MHz or GHz burst

the inside
ety

LD ights

Beam waist we— 21,7 pm

Fig. 2. Design of the laser colouring experiment. First using a galvanometric scanner coloured rectangle squares are micromachined using laser irradiation on the
stainless-steel plates. Afterwards, the stainl teel plates are pk hed inside a white walled box with LED lights.
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All achieved colours
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Fig. 3. CIE 1931 colour diagram containing all achieved colours. Black triangle
shows all achievable colours due to the usage of XYZ colour model. Green
squares — biburst mode with N = 2 pulses in the MHz burst and a scanning
speed of 100 mm/s; blue stars — biburst mode with N = 2 pulses in the MHz
burst and a scanning speed of 333 mm/s, red circles - biburst mode with N = 8
pulses in the MHz burst and a scanning speed of 100 mm/s.

was used to visualize the samples.
3. Results and discussion

CIE 1931 XYZ colour space is used for the laser induced surface
colour characterization in numerous scientific works [11,25,26]. The
XYZ colour model was utilized in our experiments. Fig. 3 shows a CIE
1931 chromaticity diagram. An average XYZ value of the produced
colour was measured when the samples’ pictures were taken. In order to
represent all of the produced colours in the CIE 1931 diagram, x and y
coordinates were calculated using XYZ variables.

As we can see in the colour space in Fig. 3 we achieved a wide range
of colours, from multiple shades of brown and yellow, to blue and green.
Notably the hardest colour to achieve was red, with only purple colour
being close to it.

Three different burst regimes: MHz, GHz and biburst were used to
achieve different colours on stainless steel.

MHz burst mode was not very effective in producing a broad spec-
trum of varied colours, as shown in Fig. 4. Only different tones of brown
were achieved. When using the GHz burst mode, the situation margin-
ally improved and more colours, including many hues of green and one
very dark purple, were produced. The bulk, however, continued to be
brown, just like in the MHz burst mode.

The majority of colours are achieved when using the biburst mode. In
picture (Fig. 5a) we see the GHz mode with brown and green colours.
However, starting with the biburst mode in (Fig. 5b) the first blue colour
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is visible. Increasing the number of pulses in the MHz burst yields
greater number of shades of blue with (Fig. 5f~h) showing that half of
the grid is either blue or purple. Achieving these colours is a difficult and
time-consuming task because of the parameters involved. We can see
that the optimal window for achieving colours is between 1.1 J/cm? and
2.1 J/cm? which is quite narrow. Furthermore, while the fluence for the
entire burst ranges from 1.1 J/cm? to 2.1 J/cm?, the intra-burst fluence
for a single pulse is only about 0.01 J/cm? to 0.02 J/cm? for purple
colours and 0.02 J/cm? to 0.04 J/cm? for blue colours, making the use of
various burst modes a very practical and precise way to attain such low
fluences.

Scanning speed is also a very important processing parameter for
laser colouring. Comparing two arrays in the biburst mode with 2 pulses
in the MHz burst (Fig. 6) we can see that increasing the scanning speed
threefold yielded only shades of brown. While using a scanning speed of
100 mm/s resulted in a few blue and purple colours. Further optimising
the set of parameters by increasing the number of pulses in the MHz
burst to 8 yielded a high range of colours, with more than half of the
array being blue or purple. We can see these results in (Fig. 3) as well,
where the second set of parameters resulted in a small range of colours,
while the third set 8] the whole p triangle.

Using the achieved parameters for different colours, Center for
Physical Sciences and Technology logo (Fig. 7 a-c) and Lithuanian ini-
tials (Fig. 7 d) have been coloured. Because the colours are achieved by
scanning straight lines, using beam controlling software, it is easy to
draw any wanted shape.

Several experiments were done to deduce the cause of the surface
colours induced by laser irradiation. Laser-induced periodic surface
structures, often known as LIPSS, are one method by which a surface
changes colour after laser colouring. Due of the diffraction effect, the
LIPSSs can produce structural colours just like a one-dimensional
grating, which are angle dependent. After conducting a tilt experiment
(Fig. 8), it was shown that the manufactured colours are not angle
dependent.

The remaining reasons are surface oxide causing a thin film effect
and surface plasmon resonance arising from metallic nanostructures and
nanoparticles. There will always be heat while working on a metal
sample with laser irradiation to fasten the oxidation process, however
nanosecond laser pulses are far more useful in this area than femto-
second ones. We got the fewest bright red colours, and this notion of thin
film effect would explain it quite well, because the oxide would have to
be the thickest, and light might not get through it so interference does
not happen. On the other hand, if the colour was just related to the
thickness of the oxide, the scanning electron microscope images should
show a very similar structure. But they are quite different. In picture
(Fig. 9a) and (Fig. 9b) an even surface with a few nanoparticles of
varying sizes can be seen, but in pictures (Fig. 9¢) and (Fig. 9d) we see
small nanograining. And in pictures (Fig. 9g) and (Fig. 9h) spiky nano
formations can be seen. Therefore, a combination of the thin film effect
and surface pl effect are for the colours
seen on stainless-steel during laser colouring.

Laser coloring has been shown on many different metals including
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Fig. 4. Stainless steel colour achi

on fluence F in the (a) MHz and (b) GHz burst modes.
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Fig. 6. Stainless steel colour achieved by laser colouring dependence on fluence F and number of pulses per GHz burst P, at different number of pulser per MHz burst
and scanning speed: (a) N = 2, v = 100 mm/s; (b) N = 2, v = 333 mm/s; (c) N = 8 v = 100 mm/s.

stainless steel [10,13,14,26-33], silver [11,35], aluminium [21,36], ti- shown in (Fig. 8) that our colors are not angle dependent, which is the
tanium [37,38] and others. For stainless steel specifically, laser coloring main characteristic for structural LIPSS colors, as well as, scanning
has been shown using ns pulses with oxidation being the cause for the electron microscope images in (Fig. 9) show that there are no visible
colors, or using fs pulses with the cause being LIPSS (Table 1). It was LIPSS. Therefore, fs laser coloring due to oxidation and nanostructures
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d)FTMC /0mm,

Fig. 7. Laser coloured Center for Physical Sciences and Technology logo and name in English in different colours a) blue 40 x 17 mm? N7P10, fluence 1.5 J/cm?, b)
purple 40 x 17 mm* N7P15fluence 1.5 J/cm?, c) orange 30 x 13 mm? N7P7, fluence 1.1 J/ecm* d) FTMC letters in blue colour 3 x 15 mm? N7P10, fluence 1.5 J/cm®.

O i

Fig. 8. Array of colours by laser colouring on stainless steel. (a) Stainless steel sample at rest position at 0°; (b) stainless steel sample tilted by 10°; (c) stainless steel

sample tilted by 25°; (d) stainless steel sample tilted by 60°.

8 pulses per MHz burst

N=

P=T7 P=20)
F=04Jlem* F=15Jlem

Fig. 9. Scanning electron microscope images of laser colouring on stainless steel using biburst regime with 8 pulses in the MHz burst with different number of pulses
in the GHz burst: (a) P - 6, dark brown colour; (b) P - 7, sand colour; (c) P - 8, blue colour (d) P - 20, purple colour (g) P - 8, light brown colour (h) P — 40, brown
colour. (e) Male Eastern Bluebird (Sialia sialis, Turdidae); (f) nanostructure from feather; (i) Male Plum-throated Cotinga (Cotinga maynana, Cotingidae); (j)
nanostructure from feather. Pictures (e), (f), (i) and (j) reproduced with permission from ref. [40], ® 2009 Royal Society of Chemistry.

Table 1
Stainless steel laser coloring in literature compared to our work which is marked
with *.

Type  Mechanism Laser parameters
A, nm T f. kHz v, mm/s
304 Oxidation [27] 1064 10-170 225 350
ns
Oxidation [28] 1062 100 ns 20-100  50-225
1060 100 ns 20-99 1-250
532 20 ns 20 100-600
Oxidation [30] 355 25ns 40 400-500
316 Oxidation [15] 1064 100 ns 20-100  10-500
303 Oxidation [31] 248 20 ns 255 -
304 LIPSS [32] 800 100 fs 10 0.017-0.4
301L  LIPSS [10] 800 90 fs 1 1-4
316L  LIPSS [33] 800 150 fs 5 10-130
316L  LIPSS [34] 240-2600 104 fs 1 13
304 Oxidation/ 1030 210fs 100 100

Nanostructures*

on stainless steel has been shown for the first time. Burst regimes have
the inherent advantage due to the short time between burst pulses, it is
possible to reuse the residual heat of the previous pulses [39]. This al-
lows us to achieve scanning speed of 100 mm/s that is difficult to ach-
ieve while using fs pulses.

Since our previous works with efficient laser ablation, we are always
trying to mimic functional surfaces found in nature. We can see here our
achieved colours structurally are similar to the birds’ feathers of the
similar colour (Fig. 9 ¢-f and g-j). Another and much more advantageous
functionality is hydrophobicity. Having laser induced colours on metals
that are hydrophobic would be very beneficial. Because real world
applicability would increase dramatically if the colours could withstand
the different elements outside. The contact angle of a water droplet on
pristine stainless steel without processing by laser irradiation was 50.7
+ 0.9 degrees and a surface can be considered hydrophilic if the contact
angle is significantly lower than 90 degrees. For a surface to be
considered hydrophobic, it needs to have a contact angle of higher than
90 degrees and to be considered super hydrophobic a contact angle
larger than 150 degrees is needed. The static water contact angle
(SWCA) was measured by depositing a 6 pL volume water drop on a
specific laser coloured area using a micropipette (Transferpette, Brand
GmbH). The sample was illuminated from one side by a high-parallelism
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132.2°+1.4°

‘ 93.7°£1.1° \

135.5°+ 1.6°

Fig. 10. Water droplets on the coloured stainless steel surface. (a) dark brown colour with SWCA of 107.9 + 1.2 degrees; (b) sand colour with SWCA of 93.9 +
1.6 degrees; (a) blue colour with SWCA of 94.2 = 1.7 degrees; (d) purple colour with SWCA of 93.7 + 1.1 degrees; (e) light brown colour with SWCA of 132.2 £ 1.4

degrees; (f) brown colour with SWCA of 135.5 £ 1.6 degrees.

diode backlight and an image of the drop was taken from the other side
using a digital camera. The SWCA angle was deduced by using ImageJ
software’s [41] plugin LBADSA [42]. The SWCA for each colour was
measured five times and a standard deviation of SWCA was calculated.
As we can see (Fig. 10) for the structure of the few nanoparticles of
varying sizes the contact angles were 107.9 + 1.2 degrees and 93.9 +
1.6 degrees, respectively, which does fulfil the criteria for a hydrophobic
surface. For the nanograining structure, the criteria were also met with
blue colour having a SWCA of 94.2 + 1.7 degrees and purple having
SWCA of 93.7 + 1.1 degrees, respectively. For the spiky nano forma-
tions, the contact angle is close to the superhydrophobic criteria being
equal to 132.2 + 1.4 degrees and 135.5 + 1.6 degrees. The time frame
between colours being made and wettability testing is one year. The
samples were kept in a standard air environment without any additional
protection which proves that the hydrophobicity effect is long lasting.

4. Conclusions

In this work colouring of stainless-steel was investigated using
different burst regimes. It was shown that laser colouring on stainless
steel can achieve numerous colours including blue, purple, dark green,
brown and others if the parameters are chosen correctly. Out of the three
used burst regimes, MHz and GHz regimes did not yield a large variety of
colours, while majority of colours have been achieved using the biburst
mode. Increasing the beam scanning speed reduces the variance of
colours achieved. It was shown that the colours are caused by the thin
film effect and surface plasmon resonance effect arising from nano-
particles and nanostructures. The achieved surface structures that
resulted in colours not only mimicked those found in nature, but also
were hydrophobic increasing their applicability in industrial use. All
colours had a static water contact angle greater than 90 degrees and
some were higher than 130 degrees almost reaching super
hydrophobicity.
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In this work, a bi-stable behavior of laser ablation efficiency and quality was controlled by fluence and
burst length. The plasma shielding of incoming laser radiation caused sudden jumps with a significant
decrease in ablation efficiency for every even number of pulses in the burst. The attenuation of
incoming laser radiation by plasma created by the previcus pulse was incorporated into the toy
meodel of burst ablation efficiency. The mathematical recurrence relation has been derived for the
first time, binding ablation efficiency for the next pulse with the efficiency of the previous pulse,
which predicts bi-stability, as well as sudden jumps occurring in ablaticn efficiency depending on the
number of pulses in burst with the response to changes of the control parameter of peak laser fluence
in the pulse. The modeling results using new recurrence relation showed stable and bi-stable ablation
efficiency depending on burst fluence and the number of pulses, which agreed well with experimental
data. The extremely efficient laser ablation has been achieved by optimizing the shielding effect using
three pulses in the burst.

Ultra-short laser pulses have been applied for precision micro/nano- fabrication for metals, semiconductors, insu
lators, and biclogical materials for science!, technology”, industry’, and medicine®. The foundation of the ablation
cooling effect by GHz bursts of femtosecond pulses has made a huge impact on the real industrial application
of laser machining because of the enhancement of the ablation rate and minimization of thermal damage by an
order of magnitude’. The burst mode irradiation is used in a wide range of pulse repetition rates from MHz*,
to GHz'1%, and even THz' ", However, a big difference in ablation efficiency has been reported depending on
the parity of integer pulse number (odd or even) in the burst®"!'4*1%'"_ In majority of the reports, the shielding
or/and re-deposition are indicated as the main reasons resulting in bistable dependence of ablation efficiency
on the pulse number in the burst. The redeposition hypothesis by second sub-pulse for copper has investigated
and verified by atomistic simulations in'’. The re-deposition has been experimentally studied by shadowgraph
technique; however, no clear experimental evidence of re-deposited material was found'7. The shielding effect
has been identified as the dominating effect resulting drop in ablation efficiency for the second sub-pulse in
time- resolved experiments for copper™. It has been shown experimentally that incoming irradiation is attenu-
ated by ejected particles, vapor, and plasma of the previous pulse, thus reduced ablation efficiency is observed
for even pulses'' %!, For odd pulses, higher efficiency is abserved, because the previous even pulse produces
fewer ablation products and more incoming laser radiation reaches the sample*. This leads ta bi-stable ablation
efficiency, however, there is no paper in scientific literature dedicated to the analytical/numerical modeling of
the shielding effect influence on the ablation efficiency and stability/bi-stability analysis. Moreover, in the vast
majority of experimental research works the bi-stable behavior of ablation efficiency depending on burst length
was investigated for the single burst fluence®”**1*15%", and there is no scientific paper dedicated to efficient bi-
stability effect investigation dependence on bust fluence and length, simultaneously.

In this study, we present new experimental and theoretical results on the bi-stability control of ablation effi
ciency for MHz bursts of femtosecond laser pulses. The experiments were conducted to measure laser ablation
efficiency using a femtosecond laser working in MHz burst mode. The experimental results showed stable and
bi-stable ablation efficiency regions depending on the burst fluence and the number of pulses in a burst. The
shielding effect by the cloud of ablation products (particles, vapor, and plasma) was included in the tay model
oflaser ablation efficiency of parabolic dimple for the first time. The analytical expression mathematically called
recurrence relation has been found, which combines ablation efficiency for the next pulse with the efficiency of
the previous pulse. Nonlinear recurrence relation predicts stable and bi-stabile ablation, as well as sudden jumps
in ablation efficiency depending on burst fluence and the parity of an integer number of pulses in the burst. The
equations of the toy model were numerically solved, and computational results showed bifurcation in ablation
efficiency, which coincided well with experimental data. To the best of our knowledge, we have exceeded the
highest laser milling efficiency for copper recorded in the scientific literature'’.

Department of Laser Technologies (LTS), Center for Physical Sciences and Technology (FTMC), Savanoriy Ave. 231,
02300 Vilnius, Lithuania, “email: mgedvilas@ftme. It
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Experiment
Laser milling setup
A solid-stale [emlosecond burst laser {Pharos, Light Conversion} with a pulse duration of #ry0,—210 3, a cen-
tral wavelength of X 1030 nm, the burst repetition rate of £, — 100 kl [z, and an average laser power output
o[ P—7.3 W was used in experiments, The number of pulses per bust number was controlled [rom N— 1 {single
pulse regime} Lo N=9. The intra-burst pulse repelilion rate was f,,;.. = 64.7 MHz, which delermined the temporal
distance between pulses of £, =15.5 ns.

A galvanometer scanner (Intelliscan 14, Scanlab) equipped with an [-theta lens with a [ocal distance of
100 mm was used for beam focusing and positioning on the sample surface (Fig. 1a).

Rectangular-shaped cavities have been ablated by luser into copper with transverse dimensions of
2 mmx ] mm. The lager processing experiments were conducted at room temperature in air. Several layers
ranging fram 3 to 21 werc ablated to increase the cavity depth up to 100 pm for the higher accuracy of depth
prolile measurement. The Rayleigh length of the Gaussian beam was 1.2 mm and was more than 10 limes larger
than the cavity depth. ‘The saturation behavier of ablation depth per layer was never reached and the laser-milled
cavity depth had a lincar dependence on the number of ablated layers. The lateral distance between bi-ditectional
beam scanning lines of Ay = 10 pm and scanning speed of v, = 0.33 m/s, were kepl conslant during experiments.

Fluence optimization

‘There are two ceinpeting techniques deveted to maximom laser ablation efficiency via laser fluence optimiza-
Lion: laser fluence variation by adjusling the average laser power al conslant spol size and [luence control by
varying the laser spot size keeping the highest available laser power?*. Both techniques have advantages and
disadvantages. For instance, the variation of laser fluence by changing the focus position on the target is not the

(a) Scanning
galvo
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Figure 1. Laser ablation efficiency experitnent using femtosecond single pulses. {a) Principal experimental
setup: Lhe posilion of the incoming laser beam on Lhe copper Largel surlace is controlled by two galvanomeler-
based scanning motors with mounted optical mirrars, the beam is focused using the telecentric f-thetalens,
and a rectangular cavity is ablated in copper by bi-directional laser beamn scanning which praduces overlapped
laser spots an the ablated cavity bottom. {b) S1!M image of the rectangular-shaped cavity in copper ablated by
using femtosceond pulses, cavity dimensions of 2.0 1.0% 0.1 mm?, the image was taken at a tilt angle of 60°.
(<) Profile o laser ablated cavily, average depth 100+ 5 pm of the reclangular cavily. {d) Surlace roughness R, of
laser ablated cavity battom and (e} ablation cfficiency of copper dependence an laser fluence by conventional
single pulse irradiation mode, The number of pulses in the burst N=1 {single pulsc regime), pulse duration
Ty - 210 fs, laser wavelength A - 1030 nm, pulse repelition rate fyu,, - fou — 100 kI dols—experimental
duta paints, line—fit by Eq. (1), fit parameters F*; -0.59 0,02 Jiein?, §- 113+ 5 nm,
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best option to compare the results of burst ablation efficiency at different fluences. At small beam waist diameters
obtained on target by strong focusing, the plasma expansion is more 3D than 1D, especially at long time scale
as in multiple pulse regime. Thereby, the bi-stable behavior and the roughness of the ablated structure could be
different in case the fluence would be varied by changing the pulse energy rather than the laser spot diameter
on target. Therefore, in this work it would make sense to change pulse energy at the fixed spot radius, keeping
similar beam focusing conditions during tests. However, the pulse variation procedure is usually performed with
ahigh-power ultrafast laser with output powers up to 50 W™, o reach all required fluence values with certain
fixed pulse diameters. In this work, we have used a state-of the-art burst laser with limited output power capabili-
ties of 7.3 W] thus we had limited freedom in selecting the optimization test. Therefore, we used spot diameter
optimization instead of pulse energy optimization to achieve optimal fluence for maximal ablation efficiency,
which is common optimization at those power levels. In our current ablation efficiency and surface roughness
optimization experiments, we always used the maximal available laser power of 7.3 W. Even though, reaching
optimal fluence for maximum ablation efficiency was challenging for a larger number of sub-pulses since burst
energy is divided by several sub-pulses which drastically decreases peak pulse fluence.

e laser fluence on the sample surface was changed by controlling the = position of the sample in respect of
the focused laser beam. The = position was varied from 0.0 mm (focus position) to 5.3 mm. The spot radius on
the sample was characterized by a technique described in*** and it ranged from 21 to 95 um. The relative error
on average for measured beam radiuses was less than 2.7%. The details of spot radius measurement are given
in the Methods section.

Roughness characterization

Solid copper (CWO04A, Ekstremalé) target with dimensions of 50 mm:< 50 mm 5 mm, purity of 99.9%, and
roughness of the polished surface of R, < 0.1 um was used in laser milling experiments. For the characterization
of surface morphology, the scanning electron microscope (SEM) (JSM-6490LV, JEOL) was employed (Fig. 1b).
The depth of laser-milled cavities was measured by using a surface profilometer (Dektak 150, Veeco) (Fig. Lc). In
the first part of the research, the surface roughness R, of the laser-milled cavity and ablation efficiency depend-
ence on laser fluence was investigated for the conventional single-pulse irradiation regime, with N=1 pulse in
the burst. From the measured profiles of the laser-ablated cavity bottom, the surface roughness was determined.
The surface roughness can be characterized by different roughness parameters such as R, Ry, R, Ry, Ro, Ry By,
Ry, and R, however, the arithmetic average of the roughness profile B, is by far the most common and mostly
used in the scientific literature defining the surface of laser-milled areas'****’*". Even though R, is mostly used
often for historical reasons rather than any particular advantage, as early roughness gauges could only measure
surface roughness R,. The experimentally measured surface roughness R, dependence on laser fluence for N=1
pulse in the burst is depicted in (Fig. 1d). The surface roughness R, rapidly decreased from 1.43 to 0.42 pm with
the increase of laser fluence from 0.52 to 1.66 J/cm’, and then the surface roughness R, value slowly increased
from 0.42 to 0.82 pm with the increase of laser fluence from 1.66 to 9.9 J/em?® (Fig. 1d). The relative error on
average for measured surface roughness R, and fluence evaluation was less than 2.5% and 3.9%, respectively. The
details of surface roughness and fluence evaluation are given in the Methods section.

Efficiency characterization

From the depth of the laser-ablated cavity measured from the profiles, the ablation efficiency was extracted. The
ablation efficiency dependence on laser fluence for N=1 pulse in the burst is depicted in (Fig. le). The experi-
mentally measured ablation efficiency increased rapidly from 0.74 to 5.3 pm*/y] with the increase of laser flu-
ence from 0.52 to 4.6 J/cm?, and then the ablation efficiency value slowly decreased from 5.3 to 4.6 pm’/ul with
the increase of laser fluence from 4.6 to 9.9 J/em” (Fig. le). The relative error on average for measured ablation
efficiencies was less than 3.0%. The details of ablation efficiency evaluation are given in the Methods section.
The ablation efficiency 5", which is equal to ablated volume per pulse V, divided by the pulse energy E, in
the burst can be expressed by~

puse 8 In? /F_-,‘

LA KF‘J’)’ 1
where & is an effective penetration depth, Fp;., is the peak laser fluence in the center of the incoming pulse of
Gaussian beam Fy .= p“hgl(rrvﬁ). wis Gaussian beam radius at 1/¢” level,  is the integer number indexing the
pulse position in the burst. The F, is the peak laser fluence that reaches the material. For the first pulse (#=1)
fluence at the material surface is equal to the fluence of the incoming beam as F,_, = F,,, because there is no
cloud above the material and all incoming fluence reaches the sample, however, for the next pulses (> 1), the
peak laser fluence which reaches the material is smaller then incoming fluence as F., <Py, because the incom-
ing pulse is shielded by ablation cloud created by the previous (11— 1] pulse. The theoretical optimal fluence for
maximal ablation efficiency can be evaluated from the first derivative of Eq. (1) as PP = &/F" = 7.30F% -4,
Also, knowing the optimal fluence the theoretical maximal laser ablation efficiency can be evaluated from Eq. (1)
as ™%, = 28/(@2F%,) = 0.271 8/, The experimental data were fitted by using Eq. (1) and the fit parameters
F=0.59+0.02 )/cm®, =113+ 5 nm were retrieved. The experiment had a good agreement with the ablation
efficiency model equation (Fig. Le) for a single pulse ablation regime (= 1 pulse in the burst). Knowing single
pulse ablation threshold, theoretical optimal laser fluence F'™', = /F"; = 4.4+ 0.2 J/cm” for the most efficient
ablation 7=, — 5.2 + 0.2 pm*/u) can be found from Eq. (1), which coincides well with experimentally observed
optimal laser fluence F*¥, — 4.6 Jfcm for the most efficient ablation ;4% — 5.3 um’/yl.

Scientific Reports |

{2024) 1545624 | https:/{doi.org/10.1038/s41598-024-54 9287 nature portfolio

134



www_nature.comjscientificreports/

Scientific Reports |

t2024) 245614 |

Results and discussion

Surface roughness

Ihe surface roughness R, of laser ablated cavity bottom dependence on laser fluence was investigated experi-
mentally with the burst fluences ranging from 0.52 to 4.9 Jfem? and ¢ different numbers N of pulses in the burst
(1, 2,3, 4.5, 6,7, 8 and 9). The experiment showed bi-stabilily in surlace roughness B, depending on Lhe laser
processing parameters [Fig. 2).

‘The surface roughness R, dependence en the burst fluence and the number of pulses in the burst are depicted
in Fig. 2a. The burst lluence was increased [rom (.52 Lo 9.9 Jfem® and the number of pulses in the burst was
increased trom 1 to 9. The surface roughness R, in most of the cases was slightly smaller for even numbers (N =2,
4,6, und 8} than for vdd nunbers (N - 1,3, 5, 7, and 9} of pulses in a burst if compared to the sume burst fluence
at large values (2.3 )fem? - 9.9 J/em?) (Jig. 2a). [lowever, for small values of burst fluence (0,52 Jicm?— 1.7 |/
cn®) opposite behavior could be observed with a surface roughness R, smaller for odd than for even numbers
of pulses in the bursl (excepl for N - 1) {Fig. 2a}

“Ihis bi-stability effect of surface roughness R, depending on the burst fluence can be seen when the pro
files of the color plol depicted in Fig. 2a are extracled at constant odd and even numbers of pulses in the bursl
{Fig. 2b-e). For example, for N = 8 the surface ronghness R, was slighlly higher than N = 9 for several {luence
values, and slightly lower for the rest of the fluence values with a relative difference in roughness only of 2%
{Fig. 2b}. For N =6 surface roughness R, was slightly lower than N = 7 up for all [luence valaes ranging from 1.7
up to 1.6 Jfem? (Lig. 3c). 'The average relative surface roughness R, difference increased to 39%
ablution regime can be called the bi-stable regime (Fig, 2¢). Moreover, for N =4 and N - 5 bistable surlace rough-
ness R, from 1.7 Jiem? to 9.9 [fem? is observed (lig. 2d). T he average relative surface roughness R, difference was
184 (g, 2d). A slightly different bi-stability was observed for N2 and N =3 pulses (Fig. 2e). Tor low fluence
values ranging from (.52 lo 2.3 J/em? surlace roughness, R, was higher for an even number of pulses in bursl
with the average relative surface roughness R, ditference of 26% (Fig. 2¢). Tor high fluence values ranging from
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Figure2. lixperimental results of bi-stable behavior of surface roughness B, of laser ablated cavity bottom. {a)
Surface roughness B, of laser ablated cavity bottem of copper {color scale} dependence on the burst fluence
{top axis} and the number of pulses in femtosecond burst (left axis), the squares indicated by black colar is nat
measured points because of pulse laser fluence below the ablation threshold. “Lhe surface roughness R, (right

axis) dependence vn burst fluence {lop axis} at dillerenl numbers ol pulses in burst: (b) N= 8, 9; {c) N=6, 7;
(d) N4, 5; () N-2, 3. Profiles of surface roughness R, (bottam axis) dependence on the number of pulses
inthe burst (left axis) at different burst fluences: () 1.7 Jiem? (g) 2.3 Jicn® (h) 4.6 Jfem? (i) 9.9 Jicm?, The
surlace ronghness R, created by (N | 1) pulse bursl (right axis} dependence on surface roughness R, created by
N pulse burst {berttom axis) at different burst fluences (color scale): (j) N=8; (k} N=6; (I) N=4; (m) N=2. Pulse
AUEALIN Trpy — 210 8, laser wavelength A — 1030 nm, burst repetition rate fig.,— 100 kHz, and the temperal
distance between pulses in burst £,,,, — 15.5 ns {intra-burst pulse repetition rate ., —61.7 M11z}.
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Figure 3. lixperimental results of stable and bistable behavior of laser ablation efliciency. {a) Laser ablation
efficiency of copper {color CCj]L) dependence on the burst fluence (top axis) and the number of pulses in
femlosecond burst {left axis), the squares indicated by black color is not measured poinis because of pulse laser
fluence below the ablation threshold. Ablation efficiency {right axis) dependence on burst fluence (tap axis)

at different numbers of pll\\&\ in burst: (b) N=8, 9 {c) N~ 6, 7; {d) N - 4, 5; (e} N—2, 3. Profiles of ablation
elliciency (bollom axis) dependence on the number of pulses in the bursl (lefl axis) al diflerent bursl fluences:
i) 1.7 Trem (g) 2.3 Tem?; (hy 4.6 fom? (i) 9.9 Jem?, Ablation efficiency of (N + 1) pulse in a burst (right wxisy
dependence on ablalion efliciency of N pulse in a burst (ballom axis} at different burst fluences {color scale):
) N=8; (K} N—6; (1) N —1; (m) N - 2. $table- and bi-stable laser efficiency regions are indicated by w
and grey colors in (b-m). Pulse duration iy, — 210 1, lnser wavelength A — 1030 nim, burst repetition rate
Fo =100 k1 [z, and the temporal distance between pulses in burst £y, — 15.5 ns (intra-burst pulse repetition rate
Tato—61.7 M1 7).

3.3 10 9.9 [/um’ surlace roughness, R, was higher [or an edd number of pulses in burst wilh Lhe average relalive
surface roughness R, difference of 31% (Fig. 2e).

The bi-stabilily eflect of surface roughness R, depending on the number of pulses in the bursl can be seen
when lh::prul:les ol the color plot depicted in Fig. 2a are extracted al conslant burst {luence {Fig. 2(-i). For
exanple, for Fyp, = 1.7 Jfem? the surface roughmess R, sudden jumps are scen for every next number of pulses in
aburst from N - 1 Lo N6 (Fig. 2[). The gradual decrease of the surface roughness R, with an increasing number
of pulses in a burst from N - 1 to N =9 for larger values of burst fluence of I, — 2.3 J/cm? with small sudden
jumps are observed (Fig. 2g). The decrease of the surlace roughness R, with an increasing number of pulses and
larger values of burst fluence of Fyy., — 1.6 Jfem? with large sudden jumps are observed (Iig. 2h). lor the Targest
burst fluence of Iy, —9.9 Jfem? the bi-stable regime with sudden jumps of drastic decrease of surface roughness
R, al even numbers (N =2, 4,6, and 8} of pulses is observed (Fig. 2i}. This bi-stabilily regime of surface roughness
R, depending on the burst flucnce can be seen when the surface roughness of N pulse burst depending on (N+1)
pulse burst is extracted froin color plot Fig, 2aand depicted in (Fig. 2j-m). The bi-stable regimes occur because
for surface roughness R, every even number (N =2, 1, 6, and &} several passible values of surface roughness R,
exist corresponding N+ 1 odd numbers {3, 5, 7, and 4) every even number, The experimnental results provided
in Fig. 2 showed stable and bi-stable surface roughness R, regions depending on the burst fluence and the burst
length. ‘The laser polishing regime with the lowest overall value of surface roughness R, of 0.23 pm was found at
the burst [luence of Fyyy — 4.6 [fem® and (he number of pulses in @ burst ol N—6.

Ablation efficiency

‘Ihe ablation efficiencies dependence on laser fluence was investigated experimentally with the burst fluences
ranging from 0.52 (o ¢.9 Jjem” and 9 different numbers ¥ of pulses in the burst (1,2, 3,4,5, 6,7, 8, mnd 9). The
experiment showed stable and bi-slable ablation efliciency depending on Lhe laser processing paramelers (Fig. 3).
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The laser ablation efficiency dependence on the burst fluence and the number of pulses in the burst are
depicted in Fig. 3a. The burst fluence was increased from 0.52 to 9.9 J/em? and the number of pulses in the burst
was increased from 1 to 9. The laser ablation efficiency was always smaller for even numbers (N=2,4, 6, and 8)
than for odd numbers (N=1, 3,5, 7, and 9) of pulses in a burst if compared to the same burst fluence at large
values (7-9.9 J/em?) (Fig. 3a). However, for small values of burst fluence (0.52-2.3 J/cm?} opposite behavior
could be observed with ablation efficiencies smaller for odd than for even numbers of pulses in the burst (except
for N 1) (Fig. 3a).

This stability and bi-stability effect of ablation efficiency depending on the burst fluence can be seen when
the profiles of the color plot depicted in Fig. 3a are extracted at constant odd and even numbers of pulses in the
burst (Fig. 3b-¢). For example, for N=8 the ablation efficiency was slightly higher than N=9 up to fluencies of
7J/emt, and then a switch to the opposite with a relative difference in efficiency only of 13% (Fig. 3b). The abla
tion regime can be characterized as stable up to a bust fluence of 7 J/cm? and small bifurcation starting when
fluence exceeds 7 J/cm?® (Fig. 3b). For N=6 and N=7 similar behavior was observed, however, more pronounced
bifurcation was observed when burst fluence increased up to 4.6 J/cm?” (Fig. 3c). When increasing fluence to
9.9 J/cm? the relative ablation efficiency difference increased up to 37% (Fig, c). This ablation regime can be
called the bi-stable regime (Fig. 3c). Moreover, for N 4 and N - 5 similar stable ablation efficiency up to 4.0 1/
cm’ is observed (Fig. 3d). However, an even more pronounced bifurcation burst fluence of 4.6 J/cm® was seen
with the relative ablation efficiency difference increasing up to 64% (Fig. 3d). Further increase of bi-stability was
observed for N=2 and N=3 pulses after exceeding 2.3 J/cm’ the burst fluence with the relative ablation efficiency
difference growing up to 101% (Fig. 3c).

The stability and bi-stability effect of ablation efficiency depending on the number of pulses in the burst can
be seen when the profiles of the color plot depicted in Fig. 3a are extracted at constant burst fluence (Fig, 3f-i).
For example, for F,,,,= 1.7 |/cm” the ablation efficiency gradually decreases for an increasing number of pulses
in a burst from N=1 to N=9 without any sudden jumps (Fig. 3f). A similar gradual decrease of the ablation
efficiency with an increasing number of pulses in a burst from N=1 to N=9 for a larger value of burst fluence
f Py 2.3 J/em® also without any sudden jumps are observed (Fig. 3g). The only exceptions and sudden
jumps with a single decrease in ablation efficiency are observed for even numbers N=2 (Fig. 3fg). However,
when moving to a larger burst fluence of F,,,,,=4.6 ] /cm? the bi-stable regime with two sudden jumps of drastic
decrease of ablation efficiency at even numbers (N=2 and 4) of pulses is observed (Fig. 3h). For the largest burst
fluence of F,.,=9.9 J/cm’ the bi-stable regime with four sudden jumps of drastic decrease of ablation efficiency
at even numbers (N=2, 4, 6, and 8) of pulses is observed (Fig. 3i). The largest overall value of ablation efficiency
of 5.66 um*/ ] is observed at the burst fluence of £ ,,,,=9.9 J/cm? and the number of pulses in a burst of N=3.
It exceeded by 1% the highest laser milling efficiency for copper reached in our previous work'!. This stability
and bi-stability regimes of ablation efficiency depending on the burst fluence can be seen when the ablation
efficiencies of N pulse burst depending on (N + 1) pulse burst is extracted from color plot Fig. 3a and depicted in
(Fig. 3j-m). The completely stable regime is observed for a large pulse value N =8, with a line-type curve for all
burst fluences ranging from 0.52 to 9.9 J/cm” (Fig. 3j). The straight-line curve means that for one value of abla-
tion efficiency at a burst-pulse number of N =8 there is only one possible value of ablation efficiency for burst
pulse number of (N + 1)=9. Therefore, the regime is completely stable, and there are no sudden jumps in abla-
tion efficiency observed. A similar stable regime is observed for the smaller pulse value of N= 6 with a line-type
curve for burst fluences ranging from (.52 to 4.6 J/em? (Fig. 3k). For fluences from burst fluences ranging from
4.6 10 9.9 J/em’ the line goes upwards, therefore, the beginning of bi-stability is observed (Fig. 3k). The bi-stable
regime occurs when the number pulse value decreases to N'= 4, with a parabola-type curve for burst fluences
ranging from 4.6 to 9.9 J/em? (Fig. 31). The parabola-like curve is always bi-stable because for one single value
of ablation efficiency at a burst-pulse number of N= 4 there are two possible values of ablation efficiency for a
burst-pulse number of (N+ 1) = 5. The complete bi-stability in ablation efficiency is seen in the number of pulse
values decreasing to N=2, with a parabola-type curve for burst fluences ranging from 2.3 to 9.9 J/em? (Fig. 3m).
The experimental results provided in Fig. 3 showed stable and bi-stable ablation efficiency regions depending
onthe burst flaence and the burst length. Further in this work, we will provide graphical assumptions and basic
principles of the shielding effect by the cloud of ablation products (particles, vapor, and plasma) in the laser
ablation efficiency of parabolic dimple, which later will be included in our analytical and numerical modeling.

Shielding versus re-deposition

‘The bi-stable behavior of ablation efficiency initiated by bursts of ultrafast pulses has been reported in numerous
of scientific papers for copper®'“!*1%'7, brass™ and aluminum™. The shielding or/and re-deposition has been
identified main reasons of bi-stable behavior of ablation efficiency depending in the pulse number in burst in
most of the research works (Table 1).

Shielding together with the redeposition effect are wildly attributed to bistable ablation efficiency in the field,
however, the mostly it is only hypothesis with no direct observation of the phenomenon. The shielding and re-
deposition of copper target has been experimentally studied by shadowgraph technique with similar experimental
conditions (wavelength 1030 nm, pulse duration 400 fs, repetition rate 400 kHz, delay between pulses 12.2 ns,
fluence 0.69 Jfcm?, spot diameter 44 um)"". The shielding effect by ablation cloud has been directly visualized
via the shadowgraph technique, however, no clear experimental evidence of re-deposited material was seen'”.
Generally, for the re-deposition, the negative ablation depth for the second sub-pulse in burst is supposed to
be measured, resulting the efficiency decrease for two sub-pulse burst below 50%, if compared with a single
pulse ablation efficiency of 100%. Since some material ejected by the first pulse is reposited by the second, and
the total volume ablated by both pulses is less than that ablated by a single first pulse is divided by double pulse
energy of two sub-pulses. Even though, we see such efficiency drop down to 38% in our experiment: at single
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Cu Burst 2ps 1030 25ns i\pﬁ;ﬂ:&om- .
cu Burstbibust | 2106 1030 15.5 15, 205 ps 3:;‘:113«“ e a
Cu,Kevar | Burst 15ps 1061 23ps E 5
cu Burst W0ps2106 | 1630 15508 lslhfd-'"s‘"d redepost- | 16
cu Burst 1006 1030 22ns ilfd-"ls and redeposi- | 17
Shielding or re- -
Al Burst 3506 1035 17ns it
Brass Burst 350 fs 1035 25ns Shielding or re- -
deposition

Table 1. Scientific literature review of bistability in ablation efficiency depending on pulse number in burst
with indicated reason of bistable behavior.

pulse ablation with peak pulse fluence of 4.6 J/cm” for most efficient ablation of 5.3 pm’/y] to efficiency drop of
2.0 pm’/p] for double pulse ablation with peak pulse fluence 0f 4.4 |/em?. We believe that this can be assumed as
experimental evidence of re-depasition in our experimental conditions. However, for the simplicity of our toy
model we neglected re-deposition and concentrated to the shielding by ablation cloud.

Toy model

‘The two-dimensional (2D) and three-dimensional (3D) graphical representation of the new toy madel for laser
ablation of parabolic dimples including the shielding effect of every next pulse by the cloud of ablation products
created by every previous pulse is presented in Fig. 4.

Principal 3D scheme of the target material irradiated by a laser burst with the specified target material, the
parabolical shape dimple ablated by the 1t pulse of the burst, the ablation debris cylindrical cloud resulting
from the Ist pulse above the ablated crater, indicated by pink transparent color, the burst with the remaining
five (2nd, 3rd, 4th, 5th, and 6th) pulses indicated by purple ellipsoids, the direction of propagation of the laser
burst indicated by a pink arrow, and indicated xyz Cartesian coordinate system is depicted Fig. 4a. 2D cross-
sections on a 3D image of the target material with a parabolic dimple ablated by the first pulse in the burst, the
ablation debris cloud resulting from the first pulse, and the second pulse in the burst, are represented in Fig. 4b.
A principal behavior of the ablated volume per pulse on pulse sequence number in burst for stable and bi-stable
ablation scenarios is provided in Fig. 4c,d, respectively. The 2nd pulse is partially shielded by the debris cloud
created by 1st pulse, so its intensity decreases exponentially according to the Beer-Lambert-Bouguer absorp-
tion law, depending on cloud thickness and the concentration of particles, vapor, and plasma in the cloud. The
ablated volume of the 2nd pulse is always smaller than the ablated volume of the first pulse because of shielding.
At low burst fluence, the ablation is stable and the ablation volume per pulse is similar in size for all pulse num-
bers except (1= 1) (Fig. 4c), but at high burst fluence the ablation is bi-stable and at even mumber of pulses the
ablation volume per pulse is larger than for the odd pulse number (Fig. 4d). The graphical representation of a
cross-section of the 2D geometry with the parabolic cavity ablated by the second pulse, and the cloud of ablation
products (particles, vapors, and plasma) above the cavity is indicated by the cyan rectangle for a stable ablation
process at low burst fluence provided in Fig. 4e, and for bi-stable ablation process at high burst fluence in Fig. 4f.
Atlow fluence the medium size ablated volume is removed from the material by the first pulse which creates a
thin cloud at low concentration, therefore, a weak shielding effect is observed. It results in a minor change in
laser fluence at the target material for the second pulse, and it causes almost the same ablated volume per pulse.
The process continues for every next pulse in burst and stable ablation with constant ablated volume per pulse
Fig. 4e. At high fluence the large size ablated volume is removed from the material by the first pulse which creates
athick clond at high concentration, therefore, a strong shielding effect is abserved. It results in a major change in
laser fluence at the target material for the second pulse, and it causes a big decrease in ablated volume per pulse
for the second pulse. The process continues for every next pulse in burst and bi-stable ablation with jumping
ablated volume per pulse observed Fig. 4f The graphical representation of the sequence of the ablation process
for the burst with the length of N=6 pulses for the stable ablation with volume per pulse constant for every pulse
is given in Fig. 1g and for the bi-stable ablation with jumping volume per pulse is given in Fig. 4h. The dashed
lines indicate the volume ablated with each of the pulses during the burst irradiation. The amount of ablation
products is directly related to the volume ablated by the first pulse, thus, the volume ablated by the second pulse
depends on the volume ablated by the first pulse. A similar relationship can be extended for every next pulse
(third, fourth, fifth, sixth, etc.). Furthermore, the generalized rule for the (# + 1)th pulse ablation efficiency and
its dependence on the ablation efficiency of the previous nth pulse, because partial shielding by the cloud created
by nth pulse, can be created. Further in the work, we will provide detailed analytical and numerical modeling of
the shielding effect by ablation products (particles, vapor, and plasma) which was included in toy model of the
laser ablation efficiency of parabolic dimple for the first time.
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Figure 4. Graphical representation of tay model of the laser ablation with shiclding effect and stable or
bi-stable ablation. {a) 3D representation of target material irradiated with laser burst with the indicated target
malerial, parabolic dimple ablated by Ist pulse in the bursl, the cloud of ablation debris created by the first
pulse in position abaove the dimple with cylindrical shape indicated by pink transparent color, the burst with
five remaining (2nd, 3rd, 4th, 5th, and 6th) pulses indicated by magenta ellipsoids, and the burst propagation
direction indicated by the pink arrow: (b} 21D cross-section on the 312 representation of target material with
parabolic dimple ablated by the first pulse in the burst, cloud of ablation debris created by the first pulse, and
the second pulse in a bursl. Schemalic representation of ablated volume per pulse dependence on the pulse in
burst: (¢} stabile ablation (blue color—low burst fluence), (d) bi-stable ablation (red color—high burst fluence).
The second pulse in the burst is partially shielded by the debris cloud, therelore, with exponential intensity drop
defined by the Beer-Lambert-Bouguer absarption law. The vilume ablated by the second pulse is always smaller
than the volume ablated by the first pulse in the burst. For the low burst fluence ablation is stable with a similar
ablated volume per pulse (<), however, for high burst fluence ablation is bistable with a large ablated volume per
pulse for an even number, and small for the odd number of pulses per burst (d). 2D cross-section of geomnetry
with indicaled parabolic dimple ablaled by the second pulse and the cloud ol ablation products (particles, vapor,
and plasma) above the dimple is indicated by cyan rectangle: {e) stabile ablation (low burst fluence}, () bistable
ablation (high bursl lluence). The sequence of ablation using burst with the burst length of N'—6 pulses: (g)
stabile ablation, (h) bi-stable ablation. Dashed lines where blue (stable ablation) and red (bi-stable ablauun) lines
indicate the volume ablated by cach of the pulses in a burst in (e-h).

In our ablation model, the partial shiclding of the incoming pulse by the cloud of ablation products created
by the previous pulse in the burst is taken into acceunt. The dimple with the shape of a paraboloid of revelution
is created by ablation with the first pulse in the burst. ‘The cloud of ablation debris is created above the dimple
ablated by the first pulse. The second pulse in the burst is partially shielded by the debris cloud, as a conse-
quence, the pulse with the smaller intensity reaches the targel material, therefore, the volume ablaled by the
second pulsc is affected by the volume ablated by the fivst pulsc. [f the large volume is ablated by the first pulse,
then a big cloud of ablation debris is crealed, and shielding of the next pulse greatly influences the amount of
radiation thal reaches the sample. Therelore, the ablaled volume of the second pulse is very low. [l also creates a
very stnall amount of ablation debris. Thus, the third pulse is not shiclded by the cloud and the volume ablated
by the third pulse is large again. And the bislable ablalion rale with a large ablated volume [or the odd numbers
of pulses {first, third, fifth, ctc.) and a small ablated volume of even numbers of pulses (second, fourth, sixth,
ete.) continues, In general, the ablation efficiency of (7 + 1)th pulse is influenced by the ablation efficiency of the
#nth pulse, because the intensity of (n + 1)th is partially shiclded by the cloud created by nth pulse, and the part
of abserption is propartional o the ablation efficiency of the nth pulse. The ablated volume V, per pulse in the
burst can be expressed by*
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where # is the integer number indicating the position of the pulse in the burst, w is the Gaussian beam radius on
the surface of the sample, & is effective penetration depth, F, is peak laser fluence in the center of the beam of »
pulse, F%, is the ablation threshold, which depends on the number (11— 1) of previous pulses which has already
affected the material. The surface of the target material is modified after each successive pulse. For example,
after the first pulse, it is expected that for the second pulse, the target surface is no longer flat, and is expected
to have a parabolically shaped surface, with certain roughness. However, mathematically there is no equation
describing ablated volume by Gaussian beam depending on fluence on the parabolically shaped surface with a
certain roughness, thus we use approximation with the same formula (2) for the multi-pulse regime, neglecting
surface modifications by previous pulses. A similar approach has been used in pioneering research works related
to fluence optimization for max efficiency, where the volume of all succeeding pulses in a multi-pulse regime has
been calculated by the same equations, nevertheless, the model had good coincidence experiment

In our proposed ablation model, we assume, that, the incoming laser fluence of the nth pulse is attennated
by a cloud of particles, vapor, and plasma created from ablation products of (n - 1) pulse in a burst. We further
show the derivations of the mathematical expression of the ablation efficiency recurrence relation. The mass my;
of ablation products created by nth pulse can be expressed:

(3)

bl
iy = pVy = Caln 4".

where p is the abated material density, V, is the volume ablated by nth pulse described by Eq. (2), C, is the total
concentration of shielding cloud (particles, vapor, and plasma), I, is the averaged cloud thickness, and I, cloud
diameter (see Fig, 4f). It is assumed in our model, that that cloud diameter is approximately equal to the ablated
dimple diameter by #th pulse:

2 (E
Dl =2w'ln| 1 .
e n(\F,'f‘/' w

It is also considered, that the dloud of ablation products expands fast in longitudinal beam propagation
zdirection. The lateral expansion of plume at 15 ns time scale might be significant, however, the recent research
work shows the plasma expansion induced by femtosecond laser with a wavelength of 800 nm pulse duration of
50 fs is in the longitudinal direction rather than in the transverse one up to 100 ns**. The semi-spherical shock
wave is usually recorded with expansion in both longitudinal and transverse directions, however, plasma plume
expansion is mostly exposed in the longitudinal direction. The mechanisms of wltrafast GHz burst fs laser ablation
of copper have been recently investigated by time- resolved scattering imaging, emission imaging, and emission
spectroscopy in”’. Similar conditions to our experimental setup have been used utilizing pulses with 500 fs dura-
tion at 1030 nm and GHz s bursts (50 and 200 pulses at 1.28 GHz repetition rate) with focused beam diameter of
16 ym. After single-pulse irradiation, Cu plasmas were abserved for approximately 30 ns. Also, Cu nanoparticle
ejections with speeds ranging from 100 m/s to 350 m/s have been recorded, depending on particle type. At such
speeds, the copper particles travel from 1.6 to 5.4 ym distances during sub-pulse delay of 15.5 ns, and from 12.4
to 43.4 pm, during 9 sub-pulse burst duration of 124 ns, which are comparable to spot radiuses ranging from 21
t095 um used in our experiments. Thus, it can be considered that the transverse expansion of the plasma plume
can be neglected with some tolerance, as cloud expansion is much slower in transverse x- and y-directions since
ejected particles have the velocity vectors mostly in the z-direction” ", Thezefore, for the short time interval,
the shielding cloud concentration multiplied by the average cloud thickness will be constant and equal to ablated
mass divided by dimple area as C,L,, =4 m,/(nD*) = const., because the diameter squared of ablated area, and
ablated mass remains constant. It is assumed in our ablation model that, the incoming laser radiation is attenuated
by the shielding effect which results in a decrease of incident fluence which reaches the material and results ina
decrease in laser ablation efficiency: Thus, the attenuated fluence that reaches the surface of target materials after
passing through a cloud of ablation products can be expressed by Beer-Lambert-Bouguer absorption law 1

Fus1 = Fpuke exp (—KeCulp)s (5)

where K,q—effoctive shislding coefFicient which takes iutto accourt sttenation by particles, vapor, and plasma
generated by the previous pulse. By analytically solving Eqs. (1), (2), (3), (4) and (5) we get the final equation
of the ablation efficiency of (s + 1)th pulse, which is influenced by ablation efficiency by the previous th pulse:

2
pulse s f Fpulse A Eulsaﬂ]!:"l*
T4t = In| —5— | — Kawe . @)
2Fpule \ i

‘The detailed derivation of Eq. (6) is provided in the Methods section. This type of equation is known as
recurrence relation because the efficiency 77", of (1r+ 1)th pulse is a function of efficiency g, of nth pulse
as P = figP=e,), mathematically defined by Eq. (6). Bi-stability, as well as sudden jumps, occur in ablation
efficiency depending on the number of pulses in bursts with the response to changes of the control parameter
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Burst fluence (Jiem?)

peak Jascr fuence in the pulse Fy, Turther rescarch has been conducted in this work, to compare thearetical
mdeling using Ex. (8) results with experimental Jata provided in Fig. 3.

“Ihe ablation threshold of (71 13th pulse dependence an the number of pulses # applicd before can he
expressed ast

R =R (R RD)e @
where 1| is the single-shot threshold, the %  multi-shot threshold, & is the empirical parameter in the expo-
nent which characterizes the strength of incubation leading to an early reduction of the threshold. The ablation
elliciency dependence on the peak laser luence F . in the pulse or the first pulse in the burst (single pulse
irradiation regime) can be evaluated by using classical I2q. (1). ‘Lhe experiment results have goad agreement with
the numerical caleulation results ol ablation efliciency [or single pulse irradiation {see Fig. le}. By having caleu-
lated the ablation efliciency for the single pulse 77, L is easy o calculale the ablation efficiency for the second
i, using Eq. (6), Then, knowing the ablation efficiencies #1™, for the second pulse, the efficiency g™, for
Lhe third pulse in the burst using can be easily calculaled in same Lg. {6}, Similarly, having 775 one can easily
calculate 7P, and having 47U, casy to calculate 475, etc. Later, the ablation efficiency of the burst 4™, can
be evaluated as the average value of ablation efficiencies of all pulses in the burst g

1 B2
puilse
phem 3Rt (8)
1

where N is the number of the pulses in the burst (burst length}, 1 is the number indicaling the posilion of the
pulse in the burst. ‘The burst flucnce ., can be computed by maltiplying a single pulse fluence by the burst
length as Py = NPy The single pulse fluence Fyyg,, was recaleulated to the burst fluence in the numerical
computation and the experiment.

Simulation versus experiment

The laser ablation efficicney tor copper has been tested experimentally and theoretically at burst different flu-
ences and burst lengths. 'The ultrafast laser with duration 7,,,,,, = 210 fs, laser wavelength & = 1030 nm, burst
repetition rate fi, — 100 kKHz, the tempaoral distance between pulses in burst £,,,—15.5 ns {fntra-burst pulse
repetition rate [, — 64.7 MHz) was used 1o ablate an array of rectangularly shaped cavities in the capper plate,
and ablation efficiency was measured (Iig. 5a,6)

Equations {6). (7), and (8) have been numerically solved by using svmbolic and numeric compuling sellware
{Maple, Maplesoll}, The parameters values used in numerical simulation of Loy model equalions logether, with
parameter values abtained in this work as fit of experimental data points together with closest literature values
reporled lor copper using similar laser is provided in Table 2.
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Figure 5. Comparison of the experimental data Lo the results of theoretical toy modeling, Laser ablation

efficiency of copper {color scale} dependence on the burst fluence and the number of pulses in femtosecond
burst: {a, b} 3D views and (¢, d) 2D maps ol experimental and modeling resulls. (e} 1D profiles of ablation
efliciency dependence an burst fluence at different numbers of pulses in burst ranging from & = 1 {top) to

N =9 (bettam}. (1} 1D profiles of ablation efficiency dependence on the number of pulses in a burst at different
burst fluences ranging from £, — 1.7 J/em? (bottom) to 9.9 J/em? (top). Iixperimental data paints (dots}

are quantitatively compared with the predictions of our theoretical model (lines) in (e, ). Laser parameters:
pulse duralion Zgyeng— 210 15, laser wavelength A — 1030 nm, burst repetition rate f., — 100 KHz, the temporal
distance between pulses in burst £, — 15.5 ns {intra-burst pulse repetition rate £, 617 M117}

t2024) 245614 | hitps:fidoi.org/10.1038/541558-024-54928-7 natureportfolio

141



www.nature.cnmlscientificreports.’

(0 fem?)

0.59

0.59+ 0.02 0.51+0.08 1030 nm, 280 f5, 60 kHz -

Sinm)

113

1345 115 1030 nm, 10 ps, 1 kHz -

Fh_(iam®)

021

- 0.211 800 nm, 250 fs, 1 kHz -

i

09

FE= 04 Jem?
FE=0.25 Jem? 1030 nm, 500 f5, 100kHz, 25 s |
FE=02 Jem?

084014

¢ (gan’y

85

N 596 N «.

Fe(mig)

25

- flpn=88 PG 1050 nm i

Table 2. Physical parameter values used in toy model simulations together with values retrieved in this work
as fit parameters of experimental data points and its comparison to closest literature values obtained for copper
using similar laser.

The fit parameters %, =0.59 + 0.02 J/em?, 8= 113 £ 5 nm were achieved as a fit of experimental data by Eq. (1)
in Fig. le. This is a standard procedure for obtaining two physical parameter values to define a single pulse abla-
tion threshold and effective penetration depth. The obtained threshold value coincides well with the single pulse
threshold literature value F**, =0.51 £0.08 J/cm® obtained with a similar laser (1030 nm, 280 fs, 60 kHz)*, It
also corresponds well to literature values of copper oxide removal threshold of F* = 0.57 £0.03 J/em? (1064 nm,
10 ps, 100 kHz)* and F* =0.62 J/em?® (1064 nm, 12 ps, 100 kHz)*. However, slightly higher copper ablation
threshold values were obtained with femtosecond lasers at shorter wavelength F* = 0.87 J/em® (800 nm, 130 fs,
1 kHz)" and F*, =0.86 ]/em® (800 nm, 250 fs, 1 kHz)"". A similar single pulse penetration depts of 8= 115 nm has
been declared in literature for a similar for laser (1030 nm, 10 ps, | kHz)*. Those parameters (F*, = 0.59 J/cm?,
&§=113 nm) were used in further numerical simulations of toy model equations. The value of multi-shot abla-
tion threshold of F¥_=0.21 J/em? was used in toy modeling and was taken from literature as closest multi-pulse
threshold value of F*,,,=0.211 J/em’ experimentally retrieved using similar femtosecond laser (800 nm, 250 fs,
1 kHz2)¥". It coincides well with other literature multi-pulse threshold values of F'' ;= 0.19 J/cm? (1064 nm,
10 ps, 100 kHz)"® and F*_ = 0.18 /em? (800 nm, 130 fs, 1 kHz)*'. The incubation strength of k= 0.9 was used in
numetical calculations of toy model. The similar value of & = 0.84 + 0.14 was retrieved as fit parameter by Eq. (7)
utilizing copper ablation threshold values with highest decay (F", = 0.4 Jfem®, F", = 0.25 l/em?, and F*, = 0.2 1/
cm’) experimentally obtained by femtosecond 40 MHz burst laser (1030 nm, 500 fs, 100 kHz, 25 ns) in’". Simi-
lar values of k=0.9+0.7 (10 kHz) and k= 0.6 + 0.3 (1 MHz) were retrieved as fit parameter by Eq. (7) utilizing
experimental multi-pulse copper threshold values obtained using green picosecond 82 MHz burst laser (532 nm,
10 ps, 10 kHz-1 MHz, 12.2 ns) in™. In all our fits of copper threshold literature values by Eq. (7) the constant
single pulse and multi-shot threshold values F = 0.59 Jfem” and F"_=0.21 J/cm” were used. The density of
salid copper of p—8.96 gfem® was used in numerical calculations®.

The only one physical constant used a free parameter in our toy model simulations was the attenuation coef-
ficient of ablation cloud K¢, because its value could not be found in the scientific literature. Nevertheless, we
used a value which is comparable to mass attenuation coefficient (also known as the mass absorption coefficient)
of solid or liquid copper. The absorption coefficient of solid copper can be evaluated by Eq. (18) utilizing, the
extinction coefficient of x=6.59 for copper at A= 1050 nm wavelength reported in®, which gives the absorption
coefficient of g =7.9:< 10° 1/cm. The mass attenuation coefficient can be evaluated by Eq. (19), having solid cop-
per mass density of p,,=p = 8.96 g/cm’, one can evaluate the mass absorption coefficient of y/p,,= 8.8 m’/g. The
ablation cloud mostly consists of copper vapor, copper nanoparticles and liquid copper, therefore, evaluation the
mass attenuation coefficient for liquid copper would make sense. The density of molten copper of py, ~ 7.90 glem’
and extinctions efficient x=2.94 at 1= 532 nm wavelength can be taken from”’. It gives the absorption coefficient
of = 7.0 10° 1jem and mass attenuation coefficient of ufp,, = 8.9 m/g for liquid copper. However, for example
the extinction coefficient and absorptivity of nanoparticles might be several times lower than the bulk which also
depends on the wavelength™. Taking it to account that ablation cloud consists of plasma, vapor, nanoparticles
and liquid copper, causing internal reflections and light scattering within the cloud, the reduction of attenua-
tion should be considered. We have chosen approximately three the half times lower attenuation coefficient of
K.¢=2.5 m*/g than evaluated for liquid or bulk copper for our toy model simulations of the ablation cloud which
gave the best coincidence of numerical to the experimental results. In real experimental conditions, the absorp-
tion coefficient of plasma is not constant, because it depends on density and temperature of ablation cloud, and it
should drastically differ for odd and even pulses. The similar behavior should also apply to effective penetration
depth. However, we wanted to keep our toy model as simple as possible, with all coefficients as constant values.

The calculated ablation efficiency versus burst fluence and burst length is given in Fig. 5b,d, which is in good
agreement with experimental data provided in Pig. 5a,c. Furthermore, the data of experimentally measured abla-
tion efficiencies were quantitatively compared to the numerical computation results of the model equations in
Fig. Se,f. The series of cross-sections from the experiment data and modeling results with burst lengths ranging
from N=1to N=9is shown as a function of burst fluence (Fig. 5e). Our simulation results at each value of the
number of pulses in bursts were in good agreement with the ablation efficiency measurements. Also, the series
of cross-sections from the experiment data and modeling results with burst fluences ranging from F, ., = 1.7 1/
em’ t0 9.9 J/em? are shown as a fanction of burst length (Fig. 5f). The results of numerical computation of our
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new toy model equations at cach value of the burst fluence were also in good coincidence with experimental
values of the ablation efficiency.

3D cavity milling

‘Ihe burst mode laser micro-machining quality was evaluated by milling a complicated periedical 3D cavity,
ulilizing a layer-by-layer removal method™, starting al the sample’s lop, and ending al the cavily bollom, where
the micro-machining was accomplished (Jiig. 6).

‘The 313 computer-aided design model of the cavity with a rectangular array of overlapping hemispheres,
similar Lo compound eyes™“ was crealed (Fig. Gq) The rendered CAD visualization reflected light by an array of
overlapping b sphe res with perfect is depicted in Fig. 6b. The CAD model was sliced into p.lrdlk,l
layers with constant thickness by using special software (DMC I‘RO Direct Machining Contrel). After each of
the layers was removed, the distance between the focusing lens and the sample surface was modified to keep
the beamn diameter and its related optimal laser fluence om the ablated surface. The burst fluence was set at 9.9 Jf
<m?, and the 3 pulses per burs regime was chosen as processing paramelers for the most eflicient ablation using
burst made. Complex periedical 313 cavities of overlapping hemispheres swere laser machined with a material
removal rale of 2.48 mm*/min (Fig. 6¢). The high-qualily cavily beltom was smooth with a surlace roughness R,
0[0.4 ym. The specimen was [urther polished wilh burst of {luence ol F,,, = 4.6 [/cm? and the number of pulses
in a burst of N =6 and surface roughness R, of 0.23 pm was reached at plain arcas of the copper specimen. The
rainbow coloring is seen because of Lhe laser-induced periodical surface structures {LIPSS)***7% or oxidation
and nanostructures™ created by the laser polishing procedure® (Iig. 6¢). The sunlight reflected light by laser
milled array of overlapping hemispheres is depicted in Fig, 6d.

Conclusions

To conclude, the shielding effect was included in the toy model of laser ablation efficiency using MHz burst
irradiation for the first time in this work. The incoming laser radiation attenuation by plasma, vapor, and particle
cloud which was created from ablation products of the previous pulse was incorporated by medeling equations
of ablation efficiency. The numerical results of model equations showed stable and bi-stable ablation efficiency
depending on the burst {luence and bursl length which coincided well wilh the experimental data. The ablation

(a) (©)

s & K 2P ED
‘NN N NN

'R NN
"I L EAA
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Figure 6. Examples of cfficient laser layer-by-layer milling of 313 cavity in copper plate: (a) CAD model
rectangular array of overlapping hemispheres (compound eye: (b} rendered CAD visualization perfectly
smooth array of overlapping hemispheres; (c) digital camera image of laser milled part with an array of
overlapping hemispheres; {d) image of the light refraction by laser milled array of everlapping hemispheres.
Laser paramelers: N - 3 pulses per burst, pulse duralion T —210 Is, laser wavelength A — 1030 nm, burst
repetition rate . — 100 k117, the temporal distance between pulses in burst £~ 15.5 ns {intra-burst
pulse repelition rale fy,,~ 647 MHz), the lateral distance between bi-directional beam scanning lines of
h=10 um, beam scanning speed ol v, =0.33 m/s, laser power oulpul P=7.3 W, bust fluence F,,, = 9.9 Jfcm?,
ablation efficiency i7=5.66 pm?/y], material removal rate dV/ide=2.48 mm*/min, copper plate dimensions
50x50x 5 mm*, laser milled cavity Lransverse dimensions 30 x 30 mm? max milled depth 2.0 mm.
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was stable for small values of burst fluence and/or large values of busst length because the small amount of ejected
material by the previous pulse caused a weak shielding effect for the next pulse and resulted in small or almost
no variation in ablation volume per pulse. However, at the high burst fluence values and/or low burst lengths,
the high amount of ejected material by the previous pulse cansed a strong shielding effect and a drastic decrease
in ablated volume per pulse for the next pulse for every even number of femtosecond pulse in the Mz burst.
The stability and bi-stability in ablation efficiency were controlled by varying the laser fluence and the number
of pulses in'the burst. The maximal possible laser milling efficiency with the value of 5.66 um?/u] which exceeds
the highest value recorded in scientific literature has been achieved in our work by choosing optimal burst flu-
ence together with burst length. Complex 3D cavities of high quality were laser machined and further polished
by using burst processing regimes with the highest ablation rate and lowest roughness.

Methods

Detailed description of the toy model

Here we derive the recurrence relation of ablation efficiency leading to bi-stability. The ablation crater created
by Gaussian beam pulse has parabelic shape, with characteristic volume, depending on beam radius, effective
penetration depth, peak fluence to threshold ratio, which was mathematically derived and justified in research
works™ . Depth of laser ablated parabolic dimple ablated by nth pulse in the burst:

£ Fy
anélnkﬁ.};)v (9)

where & is effective penetration depth, F, is peak laser fluence in the center of the beam of n pulse, F is the
ablation threshold, depending on the number of pulses applied. Diameter of laser ablated parabolic dimple
ablated by nth pulse in the burst:

FEL
2 _ 2 Ld

D = 2w'In (‘F:}')’ (10

where w is the Gaussian beam spot radius on the sample surface. The volume of the dimple with the shape ofa

paraboloid of revolution:

” 2

Vi = JHD; (i

The volume of laser ablated dimple by #th pulse in the burst expressed using Eqs. (9), (10), and (11):

. om CFy ¢
‘;,:;u}eﬂn(‘gﬁ) . (12)

‘The peak laser fluence in the Gaussian beam in the pulse:
2Epulse
Tt

Foulse = . (13)

where Ep,, isthe pulse energy of nth pulse in the burst. Ablation efficiency of nth pulse:

v,
Pl b‘p.:,.' (14

By combining Eqgs. (12), (13), and (14) we get the final expression ablation efficiency of ath pulse:

& F,
Iigum = In’ —")

(15)

Wi PP
From (15) we can also obtain ablation efficiency for (# + 1)th pulse:
8 F,
Fl = ﬂln2 (FL: ;l 16)
Shielding of (# + 1)th pulse by attenuation of ablation cloud created by nth pulse expressed by Beer Lambert-
Bouguer absorption law:
Frs1 = Fpuke exp (= KeqCaL ), 7y

where K, —effective shielding coefficient which takes into account attenuation by particles, vapor, and plasma
generated by the previous pulse, C,, is the total concentration of shielding cloud (particles, vapor, and plasma),
1, is the averaged cloud thickness. The absarption coefficient of cloud can be expressed*'*':

K (18)
w=
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where x is the extinction coefficient (imaginary part of refractive index) and A is the wavelength of irradiation.

‘The mass attenuation coefficient {also known as the mass absorption coefficient) can be evaluated as™/
[
— 19
Fm 9

where p, is the mass density of the dloud. The mass attenuation coefficient pfp,, of liquid or sclid copper can
be used as effective shielding coefficient K,y with some tolerance in our toy model since attenuation coefficient
values of ablation cloud are not available in scientific literature.

From (16) and (17) we get an expression of ablation efficiency for (1 + 1)th pulse:

L (Fmexp(—mcna..o‘)

2Fpulse Fily

o =

; 7 2
8 [ Foutse |
- = (m[ﬂ\—&mtn}.
g |\ By ) J

In the (20) expression the product of concentration and the thickness of the doud C,L, is unknown. It
depends on the known material and processing parameters like material density p, effective penetration depth
&, peak laser fluence F,;... and the ablation efficiency of the previous pulse #,. The unknown parameters will be
replaced by the known ones in the final equation.

The mass of ablation debris created by nth pulse, C, is the total concentration of shielding cloud (particles,
vapor, and plasma), L, is the averaged cloud thickness. The mass m, of ablation products created by nth pulse
can be expressed:

2
o = Vo = Gl "2, @

whete p is the abated material density, V, is the volume ablated by nth pulse described by Eq. (11), C, is the
total concentration of shielding cloud (particles, vapor, and plasma), L, is the averaged cloud thickness and
D, cylindrical cloud diameter. Our initial assumption, suggesting that the cloud of ablation products adopls a
cylindrical shape, may not be entirely accurate. Instead, it seems that the evolution of the doud tends to favora
semi-spherical shape within the time scale of 15,5 ns, indicating that this approach might be more appropriate.
In real conditions, the ablation cloud is the densest in the center and density decreases to the edges. However,
the simplest way of defining plasma in the cylindrical shape with the diameter of the ablated area, certain depth
and constant density not depending on the distance from the center. Here, because of simplified cylindrical shape
we gain the mathemalical advantage in the Beer- Bouguer- Labert exponential absorption equation, and we do
not have complex variation within distance from the center, thus the fluence of the next pulse has still Gaussian
transverse distribution, only with attenuated peak fluence value, and its lead to parabolic shape cavity ablation
with smaller volume. With more realistic, semi-spherical cloud shape we would have mathematically much more
complicated equations, and we would not be able ta derive simplified recurrence relation equations. Therefore,
we have made assumption in our toy model that ablation cloud has a cylindrical shape. The product of ablation
cloud concentration and cloud depth can be expressed from Eq. (21):

- 40 Vn
Cply = - EE . (22)
The ratic between the volume of the dimple and the diameter squared can be expressed from Eqs. (10) and
(12):
Ve, =« 4
— = —8l
b = =
From (22) and (23) we can get.
P Fy
Gty =21 (ﬁ) @9

‘The Eq. (15) can be transformed as follows:

{ Fy" pm..eﬁ‘a"lx =
In = V e (25)
\m ;
From (24) and (25) we finally achieve an equation describing how the product of concentration and depth
of the shielding cloud depends on the ablation efficiency of the previous pulse:

pulse
Foeed
G, = "\j%‘ (26)

From Eqs. (20) and (26) finally, the new equation can be derived:
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this type of equation in mathematics is commonly called recurrence relation because the ablation efficiency
Hpay 0f (1 + 1)th pulse is a function of efficiency 1, of nth pulse as 57, = ™, ), mathematically defined by
Eq. (27). If the function fis not linear, the bistability may be observed.

'The ablation efficiency of the burst #,,.., can be evaluated as the average value of all ablation efficiencies for
all pulses in the burst:

N
1
™= ST (28)
n=1
where Nis the number of the pulses in the burst (burst length), 1 is the number indicating pulse in the burst. The
burst fluence R, can be computed by multiplying a single pulse fluence by the burst length s By~ NFyy,. The
ablation threshold of (1 + 1}th pulse dependence on the number of pulses nth applied before can be expressed as*:

Py = Fl 4 (P e, 29

F" is the single-shot threshold, the F**,_ multi-shot threshold, k is the empirical parameter in the exponent
which characterizes the strength of incubation leading to an early reduction of the threshold.

Spot diameter evaluation

Here we describe the measurement technique and its errors of spot diameter on the sample. The relationship
between the crater diameter D and the peak laser fluence F, at the center of the Gaussian beam may be expressed
by Eq. (10), assuming that the laser beam has the Gaussian spatial beam profile”*, The ablated craters on copper
sample were characterized using optical microscopy. The diameters of the craters were measured using an optical
microscope (Eclipse LV 100, Nikon) utilizing a high-definition 5-megapixel CCD digital camera (DS-Fil, Nikon)
with a resolution 0f 2560 1920. The camera came with (NIS-Elements D, Nikon) image processing program, and
(Digital Sight DS-U2, Nikon) controller. In the bright field mode, the objective (LU Plan Fluor 20x, Nikon) was
utilized with a magnification factor of 20X and a numerical aperture (NA) = 0.5. A halogen light (LV-HL50PC,
Nikon) was used to illuminate the specimen. The digital microscope image’s pixel size variance was =0.2 pm,
far less than the difference in crater size across craters ablated under identical experimental circumstances. As
a result, five ablated craters” standard deviation was used to calculate measurement error. The Gaussian beam
radiuses wwere obtained from the line’s slope using a semi-logarithmic plot of the diameter squared of the ablated
area D,? vs pulse energy Ey,y,, Equations (10) and (13) were utilized to compute the Gaussian beam radiuses
based on the linear fit slopes. The average relative error of the beam radius measurements was < 2.7%. To adjust
the laser spot radius on the copper sample, the sample’s vertical location (z) was moved from 0.0 mm (focal
pesition) to 5.3 mm.

Fluence evaluation

The Eq. (13) was used to evaluate the peak laser fluence in pulse, which is inversely proportional to the square
of the spot radius and directly proportional to the laser output power. The average laser power with a relative
error of 0.7%, was measured using a power meter (Nova II, Ophir) equipped with a thermal power sensor
(30A-BB-18, Ophir). As mentioned before, the beam radius had a relative average error was less than 2.7%. A
peak fluence in the pulse was evaluated with an average relative error of < 3.9%. The same error applies to burst
fluence evaluations.

Ablation rate and surface roughness evaluvation

A stylus profiler (Dekiak 150, Veeco) was utilized to measure the depth profiles of laser-ablated cavities. The
measurement resolution was set at 0.1 um in x direction, | um in y direction, and 1 am in z direction. In Fig, Ic,
the example of the profile is displayed. Using information from the profiles, experimental values of the ablation
efficiency s, which were calculated as the ablated volume per pulse V..., divided by the pulse energy E,...
were retrieved in the following manner utilizing the volume of the ablated cavities:

. :Vw[*:AxAyAz: veAyhy :Vxﬁ)’hz)
@7 Bpde  Boaw fousBoaal  PL

where, Ax=v/f., is the distance between bursts in x direction, v, is the beam scanning speed in the x direction,
Jourse 15 the burst repetition rate, Ay is the distance between scanned lines (hatch) in the y direction, Az=Ji/L is
ablated depth per scan, h is the ablated depth of the cavity in the z direction, L is the number of layers of beam
scanning, F,, ., is the burst energy defined by E, ., =NE, .., N is the bust length, and P is the laser output power.
The surface roughness R, values were obtained directly from the laser-milled cavity bottom line profiles. The
surface roughness of the cavity bottom was correlated with the ablation depth measurement errors. A cavity's
depth measurement had an average relative inaccuracy of 2.5%. With an accuracy of 1.0%, a galvanometer
scanner (Intelliscan 14, Scanlab) was used to control the beam scanning speed on sample and the and hatching

(30)
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distance® . As mentioned before the average laser power measurements had relative error of 0.7%. As a result,
the experimental values of ablation efficiency had an average relative error less than 3.0%.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained
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Efficient surface polishing using burst and biburst
mode ultrafast laser irradiationt
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The use of laser irradiation for micromachining is widely applicable and has many benefits. One of the main
uses is that it is possible to mill and polish the sample using the same laser system. State-of-the-art laser
systems with high average optical power and burst regimes are widely used in technology. The main
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advantages of burst regimes are the closer fluence values to optimal fluences and residual heat reusage for

subsequent pulses. In this study, the influence of MHz burst, GHz burst, and bibursts was investigated for
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Introduction

Many products used in various industries are significantly
influenced by texture and surface quality.' Laser micro-
machining is an appealing method because of the abundance of
applications: from cutting®® and drilling®*® of various materials
to forming two and a half dimensional (2.5D) structures on
various surfaces.”'” Because sub-micrometer surface roughness
is now desired, laser polishing is a prospective polishing
method. Laser polishing allows for high precision, good finish
quality, a vast range of possible materials, reaching delicate
places, polishing complex forms,""'* and the ability to miero-
machine and polish samples using the same laser system.

However, optimal laser processing parameters, such as pulse
repetition rate, pulse energy, and pulse overlap, have to be
chosen correctly to achieve the best results, which are tedious
and time-consuming. Lasers and systems designed for laser
micro/nano-fabrication are improved daily. It is now possible to
have systems that use MHz and GHz repetition rates with
femtosecond laser pulses and high average optical power using
burst and biburst modes." These modes allow a significant
increase in ablation efficiency'*"® and significantly improve the
ablated surface roughness [15] if the laser processing parame-
ters are optimized correctly. Laser bursts also provide faster
processing owing to burst energy division into pulse energies
closer to optimal fluences, resulting in the exploitation of more
average laser power.' Moreover, because of the short time
between burst pulses, any residual heat from the previous pulse
is reused.””

Department of Laser Technologies [LTS), Center for Physical Sciences and Technology
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significant surface polishing of copper and stainless-steel samples. Z-scan experiments were performed to
determine the optimal number of sub-pulses inside the burst for the lowest surface roughness.

In this study, a state-of-the-art laser working in burst and
biburst modes was used for copper and stainless-steel milling
and polishing. The number of sub-pulses in MHz and GHz
bursts and biburst were controlled. The surface roughness
measured by the stylus profiler was investigated as a parameter
for defining polishing quality. Different numbers of pulses in
burst and biburst regimes resulted in different surface rough-
ness of laser-milled areas in copper and stainless steel. The
optimal laser processing parameters were found to achieve the
best laser polishing quality with a mirror-like finish.

Materials and methods
Experimental setup

A state-of-the-art solid-state laser (Pharos, Light Conversion)
with an average optical power of 7.3 W at a wavelength of
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Fig. 1 Schematic representation of different regimes of the laser
irradiation. (a) Standard pulsed regime with a pulse repetition rate of f =
100 kHz, (b) MHz burst regime with a pulse repetition rate of fy, = 64.68
MHz, and the single pulse split into N = 2 pulses. The time between
burst pulses Aty = 15.46 ns, (c) GHz burst regime with burst pulse
repetition rate of f> = 4.88 GHz, and the single pulse splitinto P = 5
pulses. The time between burst pulses Atp = 205 ps (d) biburst regime,
where the single pulse is split into N = 2 pulse MHz burst that are
subsequently split into P = 5 pulse GHz burst, and (e) different visu-
alization of pulsed regimes division into MHz and biburst modes.

Biburs mode
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1030 nm was used for the experiments. The pulse duration was ¢
= 210 fs, and the repetition rate was f = 100 kHz (Fig. 1a). The
laser system can operate {n a pulsed regime and several burst
regimes. Three different burst regimes exist: MHz burst, GHz
burst, and biburst. While using the MHz regime, a single laser
pulse could be divided into multiple pulses with a repetition
rate of fy = 64.68 MHz, corresponding to Aty = 15.46 ns
between pulses (Fig. 1b). During the experiment, the burst was
divided from N = 1 to N = 9. While using the GHz burst regime,
a single pulse could be divided into numerous pulses with
a repetition rate of 5, = 1.88 GHz, corresponding to At, = 205 ps
between pulses (Fig. 1c). During the experiment, the pulse was
divided from P — 2 to P — 25, Finally, using the biburst regime,
a single pulse could be divided into several MHz pulses, and
each of the MHz pulses could be further divided into several
GHz pulses (Fig. 1d). Another visualization of pulse division
into subpulses is presented (Fig. 1e).

The laser beam was focused on using a 100 mm focal
distance F-theta lens, and the beam was controlled in the x and
ydirections by applying a galvanometric scanner (Intelliscan 14,
Scanlab). The beam radii values were needed in various sample
z positions during the experiment and were measured using
a well-known D-scquared method. The beam radius in the focal
plane was equal to 21 pm. The rectangular-shaped cavities with
a top dimension of 2 mm x 1 mm were ablated in the copper
and stainless-steel samples (Fig. 2). The distance between the
scanning lines was kept constant at 10 pm, and the scanning
speed was set to 333 mm s '. The sample position was changed
in the z-direction to obtain various fluence values. Each rect-
angle was scanned numerous times to achieve a depth that
could be easily measured using a stylus profiler (Dektak 150+,
Veeco). During the MHz and GHz burst experiments, the
number of pulses in bursts was changed from N = 2 to N = 9
and from P — 2 to £ — 25, respectively. During the biburst
experiment, every N and P combination was tested.

Beam characteristics

To change the laser fluence, the sample z position was changed.
The beam radius increased when the sample was moved in
cither the positive or negative z-direction. A well-known D-
squared method was used to calculate the different beam radii
values."™ During this method, a sample is damaged using laser

Gahanometric scanner
F-theta lens
Laser beam

il

Fig. 2 Design of laser milling and polishing experiment. Rectangle
cavitias were ablated in a copper and a stainless-steel sample, Beam
size was changed in columns by changing the position of the sample
N ar Pwere changed in matrix lines. Here, v is the scanning speed and
was kept constant at 333 mm s~ his the hatch and was 10 A, wo s
the beam radius and was changed from 21 pm to 95 pm. The dashed
line represents the mirror jump of galvanometric scanners,

© 2023 Tre Author(s). Published by the Royal Society of Chemistry

RSC Advances

irradiation at various average laser powers, and the radius of the
damage is measured using an optical microscope (BX51,
Olympus). A graph of the squared radius of the irradiated
damage dependence on fluence is drawn. Using eqn (1) of linear
fit on the graph, we obtain the beam radius from the slope at the
current sample z position. This experiment was repeated for all
z values, which were 0.2, 0.4, 1.0, 1.4, 1.9, 2.4, 2.7, 3.1, 3.8, and
4.9 mm in both directions. We have

2
D? = 2w¥n( = 1
W n(F ) (1)

th
where 13 denotes the diameter of the laser irradiation damage of
the sample, w denotes the beam radius at a given z position, #

denotes the fluence, and Fy, denotes the ablation threshold.
Measured beam radii values are shown in (Fig. 3). We obtain

where w, denotes the beam waist, z; denotes the sample posi-
tion at the beam’s waist, z denotes the sample current position,
and 7 denotes the laser wavelength, which was 1030 nm, and M*
denotes the beam quality parameter.

Sample characteristics

For the experiments, 5 mm x 50 mm x 50 mm copper
(CWO004A, Ekstremalé) and stainless-steel {1.4301, Ekstremalé)
samples were used with a surface roughness R, of 0.1 um and
0.5 pm, respectively. The copper purity was 99%. The ablated
surface roughness R, was measured using a stylus profiler
(Dektak 150, Veeco). A scanning electron microscope (JSM-
64901V, JEOL) was used to visualize the samples.

Results and discussion

Laser polishing is a technique in laser micromachining that
entails melting a thin layer of a metal surface that is free of

=  Measured data
10or Fitofeq. 1
a0l w,-20.8 0.4 um
= A - 1.08 £ 0.03
S 6ot
o
o
e 4ot
@
m 20

54 32904 23 45
Samples distance from focal point, mm

Fig. 3 Laser beam radii at different sample z positions. Black squares
represent experimental data, and the blue line represents the fit of
equation. The received parameters were beam waist w;, 20.8 + 0.4
um} and beam quality parameter M” (108 + 0.03),
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fractures and other defects. Using a pulsed laser system, this is
done by micro polishing, where the beam is moved along the
targer's surface to melt the peaks into the valleys and, conse-
quently, gain a more even surface. The molten material is
already re-solidified when the subsequent laser pulse hits the
surface and creates a new molten pool.” Shallow surface
melting is the primary cause of this phenomenon. The shallow
surface melting zone is ereated by capillary pressure and liquid
curvature caused by the shallow melting of micro asperities,
which finally fill the valleys of the metal surface with molten
metal.* Laser ablation is also very useful for laser polishing. In
real-world applications, during the free form ablation process,
some ablated debris did not leave the area and instead was
deposited back onto the irradiated surface. How big and
common those debris are is a probabilistic process that
depends on the laser parameters and the geometry of the
ablated region. Some larger debris may not be removed with
laser surface melting compared to laser ablation. The intensity
of the laser beam must be chosen based on the pulse duration
and the type of polished material. Consequently, one of the
most important parameters for effective laser polishing is laser
fluence, which is easily controllable using laser bursts. Even
slight changes in fluence can result in a wide range of surface
quality finishes. Another major factor is the temperature of the
surface of the sample. In the case of stainless-steel, studies have
revealed that a surface temperature reaching 600 °C before the
next pulse significantly affects surface roughness.* However,
the accumulated heat can also be used as an advantage when
using various burst modes. According to many studies, the use
of burst modes with fluences lower than the ablation threshold
fluence results in a thin melt layer that enhances surface
quality.”**

While using MHz burst mode with fluences lower than
0.5 J em 7, the surface roughness was quite high, reaching
around 1 um in copper (Fig. 4a). We can also see scanning
electron microscope pictures (SEM) in (Fig. 4). A rectangular
cavity marked with a blue dot and two pulses in the MHz burst
was used, and the depth is equal to 36 pm with a roughness of
1.07 um. From 0.5 to 1 ] cm ™ fluence, the surface roughness
improved significantly in an interval from 0.2 um to 0.5 pm. The
lowest roughness has 4 or more pulses in the MHz burst. There
are a few effects at play here. First, there is the ineubation effect,
which is that the ablation threshold decreases with an
inereasing number of pulses in the same spot.* The second and
most important factor is heat accumulation. Subsequent pulses
reach the target material before the heat-affected zone has
cooled off, so less energy is needed to remove the material.*
This is also evident when we compare the beam radii at the
same tluences. With N =2 and N = 3 pulses in the MHz burst, to
achieve a fluence of approximately 0.7 J em *, the sample was
moved 2.7 mm and 2.4 mm out of focus to increase the beam
radii to 57.8 um and 52.9 pm respectively. The beam radius was
increased to only 37.1 pm for N =41 and N =5, to 31.8 um for N
= 6to N =8, and finally, to 24.8 pm for N=9. The smaller beam
radius allowed for greater heat accumulation in the area. As
illustrated in Fig. 1, we can observe an SEM image with
a significantly more even surface with a low roughness of 0.23

3588 RS0 Adv, 202313, 3536-3591
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Fig. 4 Surface roughness dependence on fluence and number of
pulses in the MHz burst for (a) copper and (0) stainless steel. (a) For
copper, black dot and solid line 2 pulses in the MHz burst, 3.3 J com™
fluence, 0.53 nm surface roughness; blue dot and solid line 2 pulses in
the MHz burst, 0.4 J cm 2 fluence, 1.07 pm surface roughness; and
green dot and solid line & pulses in the MHz burst, 0.8 J cm™ fluence,
0.23 pm surface roughness. (b) For stainless steel, black dot and solid
line 2 pulses in the MHz burst, 44 J cm Z fluence, 0.63 pm surface
roughness; red dot and solid line 2 pulses in the MHz burst, 0.6J cm 2
fluence, 54 um surface roughness; and green dot and solid line 7
pulses in the MHz burst, 1.1 ] cm™? fluence, 0.67 pm surface rough-
ness. For all color dots, scanning electron microscope pictures are
shown,

pm and an ablated depth of 18.1 um. For fluences higher than 1
Jem~?, the roughness increased again to an interval of 0.5-0.7
um. At higher fluences, particle shielding also has a stronger
negative effeet on scattering and absorbing incoming laser
irradiation. We can see in Fig. 4 an SEM {mage marked with
a black dot of a milled rectangle with a surface roughness of
0.53 um. Zemaitis et al.'* showed that the highest ablation
efficiency was reached when a MHz burst had 3 pulses. The
aforementioned regime resulted in a relatively good quality of
surface roughness compared to the other results. However, it
could be improved by adding a polishing step using an ¥ = 6
regime to decrease the surface roughness even further. Metals
exposed to air are covered in an oxide layer with a thickness of
up to a few micrometres. Incoming laser irradiation first
interacts with the oxide, with a significantly higher ablation
threshold™ and only afterwards with the metal itself. Zemaitis et
al.® demonstrated that a copper sample covered in a Cu,O
oxide has three oxide transmission cases described by different
2/z, values, where Z, = 7w, /(M) 2., is the Rayleigh length, z is
the sample position, 2 is the wavelength of the laser irradiation,
and M* is the quality parameter of the Gaussian beam. The
three transmission cases are as follows: when the sample s very
out of focus and z/zy >>> _1 linear absorption is dominant with
a transmission value of T, = 60%, when the sample is not far
from focus and z/zy = L1 and is in the saturable absorption
region with a wansmission value of T, = 99%, and when the

© 2023 The Acthor(s). Published by the Royal Society of Cremnistry
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sample {s in focal position with z/zx = 0, where nonlinear
absorption exceeds absorption saturation in the oxide layer and
transmission drops down to 7, = 44%. However, although the
difference in the transmission is quite high, its impact
decreases significantly when multiple scans are performed on
the target's surface.

We observe similar tendencies with stainless steel (Fig. 1b),
but because stainless steel has a higher specific heat capacity
0.500 ] (g7 K™')** compared to copper 0.385 J (g™ K1), it takes
more pulses and higher fluences to reach the optimal heat
accumulation. For fluences lower than 0.8 J cm ™%, the surface
quality is quite poor. As depicted in (Fig. 4), visible graining can
be observed in the SEM image with a red dot. The ablated depth
is equal to 41.7 pm, and the surface roughness is 5.4 pm. For
fluences higher than 0.8 ] em ™2 and with 5 or more pulses in the
MHz burst, we observed the optimal window for the highest
surface quality on stainless steel. Similar to copper, the higher
beam radii at the same 1.1 J cm * fluences in stainless-steel
result in poorer surface quality. The surface roughness only
reached a value lower than 1 pm value when the beam radius
was decreased below 24.8 pm at N = 6 and a higher number of
pulses. As demonstrated in (Fig. 4), an SEM image with a green
dot showed a surface roughness of only 0.67 pm while using 7
pulses in the MHz burst. However, a similar finish quality can
be achieved with fewer pulses in the burst but higher fluence, as
can be observed in the SEM image with a black dot (Fig. 4),
where 0.63 m surface roughness was achieved with a fluence of
4.4 Jem *and two burst pulses at MHz. Stainless steel had an
overall higher surface roughness because the starting rough-
ness was higher and equal to 0.5 pm compared to 0.1 pm of
coppert.

Using the GHz laser polishing regime, the surface roughness
of copper was in the range of 0.1-0.35 um for the vast majority
of fluence and number of pulses within the burst combinations.
SEM images of 0.1 ym roughness are shown for two and three
pulses in the GHz burst, as illustrated in Fig. 5, and marked
with black and blue dots, respectively, with different fluences in
which the first is 0.5 T em ™2 and the other 1.1] em™2 Even with
the worst outcomes for the GHz burst polishing regime, the
roughness was only 0.53 pm, as can be observed in the SEM
image in Fig. 5, and has a blue dot. This was the worst combi-
nation of parameters with 5 pulses at 0.22 ] em™? tluence when
the sample was 3.8 mm out of the focal plane. GHz burst mode
uses heat accumulation to its fullest effect because of the
incredibly small time window between subsequent pulses.
However, note that it has been shown that the ablation effi-
ciency drops by about 90%* in the GHz burst mode, so it should
anly be used as a polishing step. As shown in Fig. 5a, the pol-
ishing process is very parameter independent.

1n the biburst mode polishing, the surface roughness again
becomes more parameter dependent. All the results for the
biburst combinations are presented in the ESLT The vast
majority of parameter combinations lead to a surface roughness
lower than 0.5 um. However, using 10 or fewer pulses in the GHz
burst and fluences for each sub-pulse lower than 0.6 J cm™?
result in roughness lower than 0.2 pm. SEM images are shown
in (Fig. 5b). High-quality polishing was shown in SEM images
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Fig. 5 Surface roughness dependence on fluence and number of
pulses inthe (a) GHz burst and (b) biburst modes. (a) Black dot and solid
line 2 pulses in the GHz burst, 11 J cm 2 fluence, 0.10 um surface
roughness; green dot and solid line 3 pulses in the GHz burst, 0.5 ]
em™ fluence, 0.10 pm surface roughness; and blue dot and solid line 5

pulses in the GHz burst, 016 J cm < fluence, 072 pm surface
roughness. (b} N is the number of pulses in the MHz burst, and P is the
number of pulses in the GHz burst. Black dot and solid line N =3, P =2
pulses in the biburst, 0.6 J cm™ fluence, 0.20 um surface roughness;
blue dot and solid line N = 3, P = 5 pulses in the biburst, 0.07 J cm 2
fluence, 0.74 pm surface roughness; and green dot and solid line N =
3, P = 3 pulses in the biburst, 0.4 J cm= fluence, 0.08 pm surface
roughness. For all color dots, scanning electron microscope pictures
are shown,

with black and green dots, corresponding to N = 3, P = 2, 0.10
pm roughness and N = 3, £ = 3, 0.08 um roughness, respec-
tively. Again, the low surface quality is observed only in the very
out of focus 3.1 mm and more, milled cavities, and low fluences,
such as in SEM image with a blue dot (Fig. 5b). Overall, bibursts
result in similar surface roughness at optimal parameters but
slightly higher roughness for sub-optimal ones. These tenden-
cies remain unchanged depending on the number of pulses in
the MHz burst, as demonstrated in the ESL+

As with copper, the GHz burst results in the highest quality
on stainless steel with vastly different parameters. As illustrated
in Fig. 6a, SEM images with red and black dots with a surface
roughness of 0.66 pm and 0.55 pm were reached with 2 pulses
in the GHx burst, 1.1 ] em * fluence, and 3 pulses in the GHz
burst, 0.5 J cm™ fluence, With copper, poor-quality results are
received only when the sample is 3.8 mm or more out of focus
when the fluence is 0.1 J em * An example is shown with an
SEM image with a green dot, with a corresponding surface
roughness of 1.4 pm.

All the biburst results on stainless steel are shown in the
ESL¥ Surface roughness (Fig. 6b) was similar to the GHz burst
mode at optimal parameters with a roughness of 0.57 pmat N —
3,P=2in the SEM image with a black dot and 0.45 um at N =3,
P = 2 SEM image with a red dot. High surface roughness is also
shown in the SEM image with a green dot, corresponding to
a surface roughness of 1.89 pm at N — 3, P — 15.
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Fig. 6 Surface roughness dependence on fluence and number of
pulses in the (a) GHz burst and (b} biburst modes. (a) Black dot and solid
line 2 pulses in the GHz burst, 110 cm 2 fluence, 0.66 um surface
roughness; red dot and solid line 3 pulses in the GHz burst, 0.5 J em 2
fluence, 0.55 um surface roughness; and green dot and solid line 8
pulses in the GHz burst, 0.1.J cm™ fluence, 1.4 pm surface roughness.
(b) N is the number of pulses in the MHz burst, and P is the number of
pulses in the GHz burst. Green dot and solid line N = 3, P =2 pulses in
the biburst, 0.6 J cm™ fluence, 0.57 pm surface roughness; black dot
and solid line N = 3, P = 3 pulses in the biburst, 0.4 1 em™? fluence,
0.45 pm surface roughness; and red dot and solid line N = 3, P = 15
pulses in the biburst, 0.05 J cm™? fluence, 189 um surface roughness.
For all color dots, scanning electron microscope pictures are shown

Conclusions

Using 210 fs laser pulses in the burst and biburst regimes,
copper and stainless-steel samples were ablated to receive the
highest surface quality. It is shown that both MHz and GHz
bursts are useful in reducing surface roughness, with MHz
burst having the advantage of higher ablation efficiency, while
GHz bursts were very parameter independent for the surface
quality. The GHz bursts use heat accumulation better because
of the shorter time between pulses. R, surface roughness of
0.23 pm, 0.1 pm and 0.08 um were achieved for copper in the
MHz, GHz and biburst modes, respectively. Additionally,
many parameters yielded <0.15 pm R, for the GHz burst mode.
The same tendencies were seen for stainless-steel. The lowest
surface roughness for the MHz burst was 0.63 pm, 0.55 pm for
the GHz burst, and 0.45 pm for the hiburst mode. Using the
MHz burst mode, the ablation efficiency is the highest while
using 3 pulses in the bursts at the optimal fluence, but the
surface roughness is lowest with 6 pulses within the burst,
GHz and biburst modes have a significantly lower ablation
efficiency but a significantly higher polishing quality that
could be used as a finishing step to achieve the desired surface
roughness.
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In this worl, a new, to the best of our knowledge, model
of effective lift-off threshold of an oxide/metal target is
presented. The influence of nonlinear processes in the
oxide layer on its removal from the metallic samples using a
picosecond laser was investigated. Nonlinear and saturable
absorption in the layer was incorporated into modeling for
prediction of effective laser lift-off threshold fluence change
with varying peak intensities in a z-scan-type experiment
for the first time. The new meodel coincides well with the
experimental results.  @2020 Optical Society of America

https://doi.arg/10.1364/0L.404 760

The pulsed laser ablation threshold, laser-induced damage
threshold (LIDT), and lif-off threshold fluences are used
describe the minimum laser energy per unit area, which is
required to remove {ablate) material from the surface. It is well
known that the mawerial removal threshold is dependent on
many laser processing parameters, such as the number of pulses
per spor, irradiation wavelength [1], pulse duration [2], and
polarization type [3]. The laser spot size on the sample and its
related peak intensity’s influence on the ablation threshold are
rarely investigated in scientific literarure, especially for merals
[4]. Contrary, for dielectric coatings, LIDT dependence on
the beam spot size 1s widely known and accepted [5]. A couple
of independent scientific groups have developed theoretical
models w predict and explain the ablation thresholds of metal
dependence on laser beam size [4,6]. Kautek e7 al. proposed the
theory called the extended defect model, which explains thar
the ablation threshold increases when spot size decreases [4];
however, Zhang er a/. predicts completely different behavior
[6]. Thus, there is no complete theoretical model found in the
scientific litcrature that would fully explain the variation of the
ablation threshold with varying beam sizes and its related peak
intensities.

Metals are covered with oxide layers with thicknesses ranging
frem tens of nanometers to tens of micrometers 7], which usu-
ally are semi-opaque semiconductors and transparent insulators
depending on the bandgap. Though, incoming laser irradiation
first interacts with the meral oxides and only afterward with
the metals themselves. However, the meral oxides are hard to

0146-9592/20/226166-04 Journal ©@2020 Optical Society of America
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ablate because they possess high laser ablation thresholds [8],
which are by the order of magnitude higher than the metal
ablation thresholds [9], and the laser ablation is initiated on an
oxide/metal interface during the lift-off process [10]. Nonlinear
and saturable absorption [11] are commonly observed when
metal oxide films are exposed to intense light with Intensities
ranging from MW /cm” to TW /em”. Therefore, those oxide
layers covering the metal affect the fraction of the Incoming laser
iradiation dose that reaches the target substrate depending on
the intensity applied. The ablation threshold dependencics on
pulsc duration and its related peak intensitics are well known for
metal and diclectrics [12], but have never been investigated for
an oxide/metal system. The laser lift-off threshold of the metal
covered by an oxide is influenced by the nonlincar processes
i the oxide layer and has to be taken into account. Thus, the
laser lift-off threshold of an oxide/metal depends on the laser
intensity applied and can be called the effective lift-off threshold
fluence. Moreover, interference-related field enhancement
effects influence the oxide layer ablation [13], though it will
not be included in our work, since the transfer-matrix method
is required for absorbed energy calculations, and nonlinear
processes cannot be applied for this method. To the best of cur
knowledge, the influence of nonlinear and saturable absorption
m the metal exide laver on the effective laser lift-off threshold
of an oxide/metal structure has never been investigated in the
scientific literature, Therefore, novel experimental and theoreri-
cal research on the effectve laser life-off threshold change with
varying peak intensities in z-scan experiments has been created
in this work for the first ime.

Here we propose the nonlinear and saturable absorption in
the oxide layer on the metal substrate as the two most influenc-
ing factors for the effective laser life-off chreshold dependence
on the different peak intensities in z-scan experiments. The
existing analytical normalized transmission equation of the
semi-transparent thin layer in epen aperture z-scan was incor-
porated into the effective laser lift-off threshold dependence on
the sample paosition in the newly presented model. The z-scan-
type picosecond laser ablation experiment was conducted, and
litt-off thresholds were measured at different sample pasitions,
which caused different beam peak intensities on the processed
oxidized copper targer material. The numerical caleulations
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Fig. 1. {a) SEM micrograph. {b) profile, and (¢} diameter squared
£ versus peak laser Huence Fy of ablated copper and removed oxide
layer from copper subscrace by lif-off technique. (a) The SEM image
was taken at tilt angle of 457, pulse duration T = 10 ps, wavelength
4 = 1064 nm, repetition rate f, = 100 kHz, number of pulses ¥ =1,
pulse energy £, = 51 w), beam radius w = 33.2 £ 0.7 um, peak laser
flucnce (] Jfem?, peak intensity f, = 0.30 TW/em®, ablared
diameter ol'prl\um copper £2=16.9 £ 1.8 pum, and lifi-off diamerer
of oxide layer D=060.4+1.6um. (b} The oxide layer thickness
L =1.0%0.1 un was evaluated from the height profile. The oxide
life-off threshold Auence 0.57 £0.03 J/cm® and copper ablation
threshold 2.6 £ 0.3 ]/ em? were tetricved from lin fits of experimental
dara points by Eq. (1) in {c).

using the new proposed model equation coincide well with
the experimental results of effective laser lift-ofl dhreshold
dependence on the z-scan position.

The copper {Cu) sample with a cuprous oxide (CuyO)
layer was used in the laser abladon experiments. The copper
(CW004A, Ekstremale) targec had mirror-like finish with the
surface roughness R, = 0.1 pm measured by a stylus profiler
(Dcktak 150, Veeco). The picosecond laser irradiation source
(Adantic, Ekspla) with a pulse duration T = 10 ps, wavelength
&= 1064 nm, pulse energies up ro £, = 142 pJ, repetition
rate f, =100 kHz, (_nlllSSl&[l beam mth a quality paramcter of
M? = 1.06 measured in our previous work [14], and a number
of lascr pulses per spot V' = 1 was used Ln ablation experiments.
The laser-treared oxide/metal surface topography was studicd
by scanning clectron microscope (SEM) (JSM-6490LV, JEOL}
[Fig. 1{a)] and optical profiler (S ncox, Sensofar) [Fig. 1(b)].

The laser-irradiated arca censisted of owo distiner arcas,
laser ablation of pristine copper and lift-off of the oxide layer
[Fig. 1(a)]. The thickness of the oxide layer measured from
the heighe profile was L = 1.0+ 0.1 um [Fig. 1(b}]. The flu-
ence threshold was measured by the ablated crater diameter D
dependence on the pulse energy £, [15). Taking into account
that a laser beam has the Gaussian transverse intensity distribu-
ton, the expression for the crater diameter squared D and the
laser pulse energy Ej, can bewriten as[15]

28,/ (7w’ Fa)) . U]

\V}lefﬂ w i'i &]f Gelu\si:ﬂl l]t‘ﬂl]l [E{dills on Lllf SHIIIPICA Ep i'i
the pulse energy, and F, is the threshold fluence. The line
extrapolation of 27 (E,)tothe D* =0 pm? gives the threshold
PLllS: CilCIgy E!, ths &IC fl.lllc(iUIl SI(JP? iS Iﬁlﬂtt‘d to tllc l)t'}].[]l
radius w, and the ablation threshold then can be evaluated by
Iy = ZE[, ,],/(Jru'z). The optical microscope (Eclipse IV100,
Nikon) was used for the measurements of the ablated diam-
eters of pristine copper and diameters of the removed oxide
layer of CuzO/Cu samples [Fig. 1{c)]. Threshold values of
Fp=0.57+003]/em” and 2.6 4 0.3 femn® were retrieved
[tom line [is by Eq. (1) for oxide lili-oll and copper ablation,
respectively [Fig. 1(c)]. The literature value of the lift-ofl
threshold for copper oxide removal from the copper sample is

D=2l
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Fy = 0.62]/:{111 (r=12ps, h=1064nm, [, =100kHx,
w=17 pm, N=1} [10]. The licerawure value of ablaton
threshold ofcoppcl' b}'(t =10ps,x =1 064 nm, f;, =50 kHz,
w=41.8 um, N =1)laser is Fp = 2.0 | /em’ [147. The liter-
ature threshold Auence values coincided well with our current
wotk.

The light attenuation propagating through a lincarly and
nonlinearly absorbing material can be described as [16]

dlfds=—al—BI°, (2}

where 7 = /(z) is the peak intensity within the sample material,
depending on the propagation distance zin the sample; o is the
linear absorption coefficient; and 8 is the nonlinear absorption
cacfhicient. The normalized transmission through the sample
can be extracted from the solution of Eq. (2) and cxpressed as

M7
T=eLf(BIEar+ 1), (3}

where [ 1s the incident intensity, L is the physical sample thick-
ness, and £ s the effeetive thickness of thesample [177,

—e e (4}

Becausce of the lincar absorption saturation behavior, the lin-
car absorprion cocfficient o = @ (/) depends on the peak inten-
sity /, and for homogenous saturation can be expressed as [18]

alN=c/(1+ U/ LP) (5}

Leir= (1

where g is the low-intensity absorprion coefficient and /, isrhe

saturation intensity. The Gaussian beam intensity in the z-scan-
type experiment can be expressed as

7= h/{1+(z/22Y), (6}

where Jy :ZE;,f(;Tu‘ﬁT) is the peak pulse intensity in the
center of the Gaussian beam at a focus position, wy is the
focused beam radius av 1/e? level, T is the pulse duration,
zg = 7wy /(AM?) is the Rayleigh length, 4 is the wavelength
ol irradiation, and A4* is the quality parameter of the Gaussian
beam.

The direct bandgap lor Cu;O is 2.1 €V [19], which
is larger than the photon energy 1.17 €V at the wave-
length of 1064 nm. The lincar absorption coefficient of
Cu;O is @ =52x10cm™ [20]. Thercfore, the trans-
mission of a lincarly absorbing oxide layer ar low peak
intensities in the GW/cm? range evaluared by Eq. (3) is
fo = exp(—tn L) 22 60%, and the layer can be assumed as
semi-opaque. The saturarion intensity of the linear absorp-
tion coefficient for Cu, O is 1 ~ 0.1 Twr/cml [21]; thus,
the semi-opaque oxide layer suddenly becomes fully trans-
parent, when peak intensities exceed the saturation intensity.
However, by [urther increasing intensity, the nonlinear absorp-
tion becomes dominant, and the oxide layer changes to apaque
again. The nonlincar absorption cocfficients of CuyQ) are
p=43x 1077 cm /W [20]. Thus, a focused picosccend laser
beam with high peak intensities up ro 3TW/em? obrained
in our experimental conditions induces nonlinear absorption
in the transparent oxide layer on top of the copper target. The
nonlinearly absorbing exide layer tansmits only a part of the
ineoming laser beam to the metal substrate and has o be taken
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Fig. 2. {2} Calculared normalized transmission 7/ 7 {color scale)

versus sample position z {(bottom axis) and peak pulse intensities 7,
(left axis} for Cup O layer. The three dilferent absorption regions are
indicated: yellow, linear absorption; green, linear absorption satura-
tion; brown, nonlinear absorption. Profiles of normalized transmission
T/ T {right axis) dependence on the sample pasition z {botrom axis)
at different peal inrensiies Zy: (b) 0.05°TW/ em’s (¢) 0.2°TW e’
(d) 0.5 TW fem?®; (e} 0.9 TW /cm®.

into account when predicting effective ablation characteris-
tics of an oxide/metal structure. Equations (3)-(6) have been
numetically solved and normalized T/ 7 transmission ol the
Cu, O layer was caleulated |Fig. 2(a)].

At low peak pulse intensides of Jy ~0.05 TW/cem® that
arc smaller than the saturation intensity /, ~ 0.1 T\\’//cml,
just lincar absorption is observed with no saruration and very
small nonlincar absorption in the focal position z < £z 4; thus,
almost constant normalized transmission 7/ 3 2 1 in all sam-
ple z positions is observed [Fig. 2(b)]. With the peak intensity
values of ~ 0.2 TW fem? exceeding the saturation intensity. the
oxide layer becomes nearly [ully transparent T/ T5 = 1.7 with
a sample position close 1o the local point z & £z, [Tig. 2(c)].
When peak intensity reaches the value of ~ 0.5 TW fem?, the
nounlinearabsorption equals the linear intensity saturation; thus,
the normalized transmission in the oxide layer reaches a value
close to T/ 722 1 in the focal region 27 0 mm [Fig, 2(d)].
However, the nonlincar absorption is very sensitive to the peak
intensity and occars only in fine focus 2 < £z, Out of the
focus in 252 £1 mm, the CuyO layer is still cransparent with a
ssion value of 77/ 7 22 1.7 [Fig. 2(d)]. When peak pulse

v reaches a high value of ~ 0.9 ‘I‘\X"/’cmz; the nonlinear

absorption exceeds the absorption saturation, and normalized
transmission dropsto the value of 7/ Ty 7 (1.4 in the focal point.
Therefore, the Cuz O layer becomes opaque in the focal range
of the beam. However, the defocused beam in the Ra)'lcigh
range z & tzg is still transparent because of the saturation of
linear absorption with normalized wansparency of 7/ Ty = 1.7
|Tig. 2(e)].

The z-scan-type laser life-off threshold evaluadon experi-
ments with controlled laser peak pulse intensitics have been
conducted in this work. The peak pulse intensities fy were rang-
ing from 20 GW/cm? to 3.0 TW/cm?. The Rayleigh length
of the focused beam was of 2, 22 0,83 mm. The squared lift-oft
[lia'l]ﬂrﬂrq U‘ an ()Xi[iC Iayﬂl' f‘fil[]l L(l')})fl’ at (lif}‘ﬂrﬁ"‘ ])U.‘Glti(llls z
are depicted in [Figs. 3(a) and 3(b)].

Dulse energies of 20 different values have been used at each
of the 11 fixed z-scan positions with a fixed laser spot radius
on the sample. Every test has been repeated 10 times 1o get the
statistical deviadon errors bars. Experimental data poins of
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Fig. 3.  Lift-off diameter squared 2% of oxide layer removed from
copper dependence on the laser pulse energy £, ar various sample
position zvalues ranging from {a) 0.5 mm to 3.0 mm, step 0.5 mm and
from (b) 0.0 mm o —2.0 mm, siep —0.5 mm. Selid dots represent the
experimental data points, error bars are the statistical deviation from
average crater diameter from 10 dimples ablated wsing the same pulse
energy, and solid lines are fits by Kq. (1) Pulse duration 7 = 10 ps, laser
wavelength & = 1064 nm, repetition rate £, = 100 kTTz, and number
ol pulses per spot & = 1.

ablared crater diameters were ficted using Lq. (1), and laser spor
radinses ar different sample positions z were retrieved as fitting
parameters and irs errors. The laser spor radins values on the
sample ranged from wy =17.2 £ 0.3 um in the focal region o
w=48.6+ 1.2 pm our of focus. The fic of experimenral dara
points by Eq. (1) [Figs. 3{a) and 3(b)] also provided informacion
about the effective lift-oft threshold Aluence of the oxide/copper
structure ar various positions 2 of the sample [Fig. 4(a}].

It was found that the cffective lift-off threshold is highest
near the beam waist z=0mm, then we saw a sharp drop of
ellective lifi-oll threshold o 2 minimum value at z = £1 mun,

08 Dots - experiment| [{(b) -kens. (€} 212 > +1
. - r
% Line - Eq. (7) T; pdpim | To =60%
£ 50 ﬁ
5807 Fyp= 060 Jjom? g | [ Fseal T WeE . LS
£ 305 ol Linear
g L bsorption
£ 245
5o
4 £
£3
53

fos

o
w

Sample position z (mm)

Fig.4. (a) Effcctive lifi-oll dhreshold £ of oxide/copper depend-
ence on sample z position, Solid dots and error bars represent the
effective lift-off threshold values rerricved from the firdng paramerers
by Eq. (1) |Figs. 3(a) and 3(b)|, and the solid gray line is the fic of exper-
imental data points by Eq. (7). Pulse duration 7 = 10 ps. wavelength
A= 1064 nm, repetition rate f, = 100kHz, and a number of pulses
perspot N = 1. (b} Principal visual scheme of the proposed model with
semi-transparent Cu, Q) layer on rop of the Cu sample, which pardially
arrenuates the focused picosecond laser heam in g-scan laser ablarion
experiment with indicated incoming Gaussian beam, focusing lens,
and variable sample positions ranging from top +z2 to bottom —z in
tespect with the beam focus and its related controlled peak intensiries.

The copper substrare is indicared with orange color, and the semi-
opaque cuprous oxide layer in gray color. The diflerent CuyQ layer
transmission cases are indicated depending on peak pulse intensities:
() out of focus with sample positions z/zg 3> £1, low intensities of
the defocused beam, and linear absorprion with transmission value
1y 72 60%; (d) sample position z/zz = %1 in the saturable absorption
intensity region with mransmission value 775 99%; (¢) sample position
glzg A0 in the focus of the beam and high peak intensites, and
nonlinear absorption exceeds absorption saturation in the oxide layer
and transmission drop 1o 1772 44%.
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and afterward it increased again [Fig. 4(a)]. A similar drop of
the laser-ablated volume per pulse in z-scan ablation at the
sample position of z/zz 72 0 has been observed by Chen er al.
[22]: however, the drop of ablation rate was nor atcribured
to the increase of threshold fluence in their research. Thus,
in this work, we have proposed a new model for the effective
lifi-off threshold fluence, which considers the attenuation of
the incoming laser irradiation by the oxide layer on the metal
Subs[lﬁ[e.

In our proposed ablation model, the laser irradiation is
:-][I’enl];][ﬂd by d1F SErI'Ii-tmrliparEnl‘ Dxidﬁ lﬂyﬂr‘ aﬂ(‘l ﬂnly a
ffac[‘]on Of [he incoming lﬂse[ beam feaches [he COPPET tal’get.
The principal visual scheme of our threshold model of a semi-
transparent CuyO layer with the thickness of Z =1.0 pm on
the Cu substrate is depicted in Fig. 4(b). The Gaussian picosec-
Oﬂd Jaser beam ].s fOCLlSed by d-le Obiec[lve lens, al‘ld the Pea.l{
pulse intensity is varied on the target material by controlling
the z-scan position of the sample. The three different absorbing
Sceﬂarios dependmg on [he Peak pulse inteﬂsities aPPllEd are
linear absorption, a saturation oflinear absorption, and nonlin-
earabsorption depicred in Figs. 4(c), 4(d), and 4(e), respectively.
By having the sample out of the focal position, moderate values
of effective lift-off threshold of Fy, 1, ~ 0.60]/:]‘111 are observed
[Fig. 4(a)]. This is explained by our proposed model that when
a highly defocused beam z/zz 3> +1 with low peak intensities
is applied on the sample, only lincar absorption is observed
in the attenua[ing Cuzo layer [Fig. 4(6)], thus, jus[ a fraction
Tj 72 60% of the incoming laser beam interacts with the copper
in the oxide/metal interface, and moderate energy densities are
needed to ablate the copper target material. However, when
].ase[ i[]lellﬁilies Iﬂacll dle satulﬁble ﬂbsur])liolh dle Uxide layﬁl
suddmly becomes transparent, and almost all incoming laser
irradiation reaches the pristine copper. Thus, the drop of effec-
tive lift-off threshold to ~ 0.36/cm” is observed [Fig. 4(a)].
I[ is gmphlca.“y dep icted in our proposed m0d21 Wl[h modelﬁte
intensities above the saturation intensity at sample position
z/zp 7 £1 and moderate peak intensities with the normalized
transmission of the oxide layer of 77/75#~ 1.67 [Fig. 4(d)].
Thus, the major part ofthe incuming laser irradiation 7" 72 99%
is transmitted through the oxide layer. When peak pulse inten-
sities in the focal range reach the TW/cm? values, the nonlinear
ﬂbsolp[ioﬂ become& dominan[ and exceeds [he absolpt‘loﬂ satu-
ration; consequently, only a fraction of the incoming laser beam
reaches the copper, and the effective lift-off threshold increases
to the value of 0.81J/cm? [Fig. 4(a)]. It is explained with our
model that at the focal pesition z/zg 22 0, the beam is focused,
ﬂnd thehightstpeak inteﬂsitifs are achievﬂd; d‘lE[E&lrE| [hE non-
linear absorption is reached, and the oxide layer becomes opaque
T/ T #0.74 [Fig. 4(e)]. Only a small fraction T~ 44% of the
iﬂcﬂmiﬂg lasef bEﬂm gOES t}l[ﬂugh t}]f CL]EO ]ﬂyﬁr an rEﬂC.l’lES
the Cu substrate.

Therefore, taking into account linear absorption, absorption
saturation, and nonlinear absorption in the model, it can be
assumed that the effective lift-off threshold of oxide/metal
is the product of the ablation thresheld in linear absorption
regime Fyy, ;, at low peak intensities and the inverse normalized
transitivity 75/ 7" of cuprous oxide layer defined by Eq. (3). The
effective lift-off threshold can be expressed as follows:

P = Fanin (1o/T) . 4]

Vol. 45, No. 22/ 15 November 2020 / Optics Letlers 6169

The effective life-off threshold Fi, . = F% .(2) defined by
Eq. (7) depends on the sample position z in the z-scan-type
lﬁser abla[ion Experimen(s. The model ﬂ[ is in good Coincidence
with the experiment [Fig. 4(a)]. The new model predicts the
Fﬂ“ OF ﬂIE CFFECtiVE ﬂhlario“ thffihﬂld to miniml]m Vﬂl"es OF
Fi e~ 0.36 ]/cm2 near the sample position of z# +1 mm.
Also, the model predicts a steep rise of ablation threshold
value up to Fy, ¢~ 0.81 J/em” in the focus of the beam. The
moderate values of effective ablation threshold F, . close to
Fipin 72 0.60 J,/cm2 out of the focus are also predicted.

To conclude, the nonlinear absorption and saturable linear
absorption have been incorporated in a theory of effective laser
lift-off threshold of oxide/metal structure dependence on z-scan
position related peak intensities for the first time. The atten-
uation of the incoming laser beam by a copper oxide layer on
a copper target was included in the ablation model. The new
model has a good agreement with the experimental data of the 2-
scan-type effective lift-off threshold of the cuprous oxide/copper
target. Our proposed model opens new insights on the influence
of the surface oxide layer on the effective laser lift-off threshold

of oxidized metallicsamples.
Disclosures. Theauthorsdeclare no conflicts ofinterest.
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Abstract

Laser colouring has unique and sought-after advantages but the process has not yet been optimized. Using
femtosecond pulses and GHz burst mode we have achieved high colouring rates and various colours. The
colours dependence on the number of pulses within the GHz burst and beam scanning speed were tested.
Other influencing parameters such as MHz burst, Biburst, hatch, repetition of scans and laser frequency
were also tested. The achieved colours were alse hydrophobic, which increases their applicability.

Keywords
Laser colouring, femtosecond, burst, stainless steel, wettability, hydrophobic.

Introduction:

The importance of colours in everyday life cannot be understated as it spans across various areas, including
safety, communication, acsthetics, culture, marketing and even health as it affects our mood greatly. Various
industries have utilized different colouring methods including anodizing [1.2], electroplating [3-5], powder
or physical vapor deposition coating [6,7], patination [8], as well as heat, chemical and electrochemical
colouring [9-11]. All these methods have various benefits and drawbacks; however, laser colouring has
unique and sought-after advantages that resulted in its rise in popularity. Laser colouring offers high
precision, permanence, non-contact nature, versatility with materials, environmental friendliness, and
suitability for automation and rapid production. A wide range of metals have been coloured using laser
irradiation such as, stainless-steel [ 12-18)], titanium [19-23], copper [24-26], aluminium [27,28] and others
[20-32).

Laser colouring is used in the medical field to mark surgical instruments, equipment or implants with serial
numbers, barcodes and logos, for greater differentiation [33]. Because no coatings or chemicals are used,
there is no added risk of harm to the patients. It is also used in the aerospace and automotive industries for
marking various parts and components because of laser colourings higher permanence and precision which
ensures traceability and compliance with stringent regulations. Moreover, laser colouring can be used as an
anti-counterfeiting measure by incorporating hidden or embedded colour-changing elements into
documents, banknotes [34] and in the jewellery and branding industries to colour different decorative
designs, detailed patterns or logos [23,32].

There are three main ways that laser colouring induces colours on metals. The first one is colour change
due to oxidation of the metal when it is irradiated by the laser beam [13,15,21,35-40]. The colour change
is two-fold here, the oxide layer itself can have a specific colour or the colour can arise due to the thin film
effect. Thin film effect is seen when interference happens between reflected light from the oxide layer and
the light reflected from the metal surface itself. If the optical path difference is equal to a certain wavelength
or its product with an integer, the specific colour will be seen. The second way to produce colours using
laser irradiation is structural colours [41-44]. Like the name suggests, they are achieved by creating laser
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induced periodic surface structures (LIPSS). Similar to a one-dimensional grating, LIPSS cause colours due
to the diffraction effect [45]. These colours are very angle dependent. The third laser colouring method on
metals is structural colours that are not angle dependent and arise from nanostructures and nanoparticles on
the metals surface [32,46,47]. These nanoparticles and nanostructures are sporadically distributed after laser
irradiation and cause the surface plasmon resonance (SPR) effect. This effect is only seen on plasmonic
metals.

While many metals and different colours have been achieved using laser colouring, the process has not yet
been fully optimized. Copious amount of laser processing and material parameters have an effect on laser
colouring, therefore increasing the time required to perfect the method. In this work, MHz, GHz and biburst
burst modes were tested to achieve the highest number of colours and highest possible colouring rate. Laser
processing parameters including hatch, repetition of scans and laser frequency were also tested to see
whether they increase the colouring rate.

Experimental setup

The experiment was carried out using a solid-state laser (Carbide, Light Conversion) with a wavelength of
1030 nm. Pulse duration was sct at 245 fs and pulse repetition rate was set to 100 kHz for the majority of
the experiment, but changed to 200 kHz and 300 kHz for the pulse repetition test. The beam waist radius
was 20.6 um and the beam quality factor A#* was 1.08. The beam was positioned using a galvanometric
scanner (Intelliscan 14, Scanlab) and focused using a 100 mm F-theta lens. The laser was capable of
different burst regimes: MHz, GHz and biburst. When the laser is working in the normal pulsed mode (Fig.
1a) at 100 kHz the time difference between pulses is equal to 10 us. These pulses can be divided into smaller
subpulses with either MHz or GHz intra-burst repetition rates and the MHz and GHz burst modes work
quite similarly. In the MHz burst mode (Fig. 1b), the intra-burst repetition rate is equal to 64.68 MHz with
a time difference between subpulses of 15.5 ns, while in the GHz burst mode (Fig. 1c), the intra-burst
repetition rate is equal to 2.27 GHz with a time difference between subpulses of 440 ps. The number of
pulses within the MHz and GHz bursts are notated by letters AV and P, respectively. For the biburst mode
(Fig. 1d), when we divide the MHz burst pulses further into the GHz burst pulses, we get the aforementioned
biburst mode. It is important to remember, that it does not matter into how many subpulses the pulse is
divided into, the overall pulse energy stays the same.
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Time
Fig. 1. Schematic illustration of the different laser burst modes. a) pulsed mode b) MHz burst mode; ¢)
GHz burst mode; d) Biburst mode.

Sample characteristics

Stainless steel samples (304, Tikstremalé) 130 mm x 150 mm x 0.4 mm were used for the experiments,
Stainless steel 304 is an alloy mainly composed of iron, chromium and nickel. It is used lor its advantages
such as, high temperature, corrosion resistance, durability. high tensile strength, relatively low price and
formability.

Experiment

On the stainless-steel plates, using a galvanometric scanner 5 mm horizontal lines were scanned in a square
shape with a 10 um distance between the lines (hatch) (Fig. 2). The area of the square was set to
3 mm x 5 mm. An array of squares was achieved where laser scanning speed was increased vertically and
average laser power was increased horizontally. The scanning speed was increased from 1000 mm/s to
4250 mm/s, while the average laser power was increased from 9.6 W to 40 W.
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Fig. 2 Schematic representation of the experiment. With the help of a galvanometric scanner, coloured
squares are micromachined using laser irradiation on the stainless-steel plates. Scanning speed and laser
power are changed during the experiment, which is then repeated with different number of pulses within
GHz burst modes or changing other laser processing parameters.

The experiment was repeated at different burst modes with varying number of pulses within the burst. Other
laser parameters were also tested. The same experiment was performed but instead of horizontally changing
the laser power, other parameters, including hatch, laser frequency and repetition of scans were chosen.
Afterwards, the micromachined array of coloured squares on the stainless-steel plates was put inside a white
box (LightRoom) with LED lights on top. A picture of the array was taken using a digital camera (Leopard
Imaging, LI-IMX563-MIPI-AF) equipped with 7.05 mm lens and 12 MP CMOS image sensor (Sony,
IMX563) that was on the roof of the white box to maintain constant conditions for the whole experiment.
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Fig. 3. 1931 chromaticity diagram. Black dots — achieved colours in the experiments. Black triangle —
colours that arc possible achieve in the model.

The CIE 1931 (Fig. 3) chromaticity diagram represents colour based on human visual perception and is
used in many industries, such as printing. photography, lelevision and also scientilic literature [19.32,48—
53]. The diagram represents all visible colours as seen by the human eve, mapped within a two-dimensional
space defined by the x and y chromaticity coordinates. The horseshoe-shaped curve, known as the spectral
locus, outlines the limits of human vision in the diagram. Cvery colour visible to the human cye falls within
this curve, however not all colours can be replicated by technology. Therefore, various approximation
models are used, and because no model can replicate all colours within the diagram, only the colours in the
black triangle can be shown. The diagram includes a point representing white light, located al coordinates
x—0.333, y—0.333. Colours closer to this point appear more desaturated, meaning they look closer to white
or grey. As it can be seen in (Fig. 3) we have achieved numerous colours filling almost the entire triangle
area. Many different blue, purple, orange and yellow colours have been achieved, as well as, a few green
and red colours. The later are the fewest and most difficult to obtain in our experiments.

It is important to not only achicve a wide range of colours, but to do it as rapidly as possible. To define the
speed of colouring a certain arena we use the colouring rate, denoted as dS/df, which is defined as the total
coloured area divided by the processing time. For a square area with side length /. the coloured area is cqual
to 2. The processing time ¢ can be calculated by considering the number of lines & needed to cover the
whole area, each of length /, and the scanning speed v. The number of lines is determined by dividing the
side length by the hatch ki, so N = I/h. Therefore, the processing time becomes ¢ = Nlfv = [*/vh. Substituting
this back into the colouring rate equation yields dS/di = £/t = vA. This demonstrates that the colouring rate
simplifies to the product of the scanning speed and the hatch distance. Thus, despite the complexity of
various processing paramelers, the colouring rate provides a straightlorward meltric [or comparison by
focusing on these two key variables.

Different laser processing parameters result in different colours. Qur experiment was carried out with 2 =2,
4, 7, 10, 15 and 25 pulses within the Gz burst. As can be scen from (Fig. 4) we get similar results with
P=2.4,7. 10 pulses within the GHz bursl. Increasing the number ol bursts [urther to # = 135 (Fig. 5) resulis
in colours that are far less vibrant but still quite similar to the ones in (Fig. 4). However, increasing the
number of pulses within the burst further to P =25 drastically reduces the number of different colours
achieved (Fig. 5) as only brown and dark green or dark purple colours can be seen.
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Fig. 4. Diffcrent colours achicved with laser colouring. The lascr beam scanning speed was increascd
from 1000 mm/s to 4250 mm/s and average pulse fluence was increased from 12.1 J/em? to 54.1 J/em?.
The experiment was repeated at P2, P4, P7 and P10 pulses within the GHz burst with individual
intra-burst pulse fluence listed.
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When the accumulated pulse fluence is at 77— 12.11 J/em?, for P — 2, 4, 7, 10, 15 pulses within the GHz
burst a pattern of the colours going from light green, to blue, to purple, to orange and lastly yellow was seen
when the laser beam scanning speed was increased from 1000 mm/s to 4250 mm/s. Increasing the
accumulated pulse fluence resulted in the cxisting pattern being kept, however, the colour transitions were
more gradient with more transitional colours appearing. When F - 24.31 J/cm? and higher accumulated
pulse fluences were achieved, the colour pattern changed slightly. The starting colours were light brown,
going to light green and turning into light bluc that changed to purple, orange and lastly ycllow. This allowed
to achieve certain colours at a much higher scanning speed. Increasing the laser beam scanning speed further
than 4250 mm/s resulted in unstable and not uniform colours that were somewhere between vellow, purple,
blue.
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Fig. 5. Different colours achieved with laser colouring. The laser beam scanning speed was increased

from 1000 mm/s to 4250 mm/s and average pulse fluence was increased from 12.1 J/em?® to 54.1 J/em?.

The experiment was repeated at P15 and P25 pulses within the GHz burst with individual intra-burst

pulse fluence listed.

Besides the commonly used RBG colour model there are other popular models such as HSL (Hue,
Saturation, Lightness). Hue refers to the attribute of a colour that enables us to classify it as red, blue, green,
ete. Hue is determined by the dominant wavelength of light that a colour reflects or emits. In colour models
like HSL hue is usually represented as a degree on the colour wheel, ranging from 0° to 360°, where each
degree corresponds to a specific colour: 0° being red, 60° yellow, 120° green, 180° cyan, 240° blue and 300°
magenta. From the CIE diagram (Fig. 3) reveals that only a limited number of vibrant green and red colours
are achieved. Vibrant colours correspond to high saturation levels, typically values of 80 or greater.
However, the observed saturation is quite low, ranging from 20 to 30, while the lightness is relatively high,
between 60 and 85, at different fluences when using 7 or 10 pulses within the GHz burst (Fig. 6, a and b)
for the green colours. Increasing the number of pulses within the GHz burst to 15 and 25 (Fig. 6, ¢ and d)
causes the green colour saturation fo drop further into the 5 to 20 range, and the lightness decreases to
between 40 and 70. Similar trends are observed for the red colours, with saturation and lightness values
never exceeding 60.
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Fig. 6. Hue dependence on fluence polar diagrams with P = 7, 10, 15 and 25 pulses within the GHz burst.

Additional burst modes were tested to determine whether more colours and higher colouring rates could be
achieved (Fig. 7a). In the MHz burst mode, regardless of the scanning speed, only brown colours were
produced. Notably, similar brown hues could be obtained at scanning speeds exceeding 4250 mm/s. In
contrast, in our previous work [14] we primarily achieved various colours using the biburst mode at a much
lower scanning speed of 100 mm/s. By increasing the scanning speed to the 1000 — 4250 mm/s range and
utilizing N2P7 and N2P10 biburst modes, it was possible to produce different colours, although these were
less vibrant than those in the GHz burst modes. Moreover, increasing the number of pulses in the MHz
burst mode to four or more still resulted only in brown colours. This shows, that the GHz burst mode is far
superior in achieving vibrant colours and only when increasing the number of N by a minimal amount can
any colours be visible at all in the biburst mode. Multiple scans were also tested (Fig. 7b), however no
significant changes in colours can be seen. The small visible change can be explained by the fluence change
due to the fact that some of the material is ablated with every scan. The last test was performed to see
whether more colours or higher scanning rates could be achieved when different burst modes were used on
top of one another (Fig. 7c). Since MHz burst vielded no colours at all, it was not tested. In (Fig. 7¢) we
can see that vibrant colours can be achieved with P10 ten pulses in the GHz burst and if we use N5P10
biburst mode with 5 pulses in the MHz burst mode and 10 pulses in the GHz burst mode, we will achieve
only brown colours. Mixing these two parameter sets vielded some interesting results. If the GHz burst
mode is used first, with biburst mode going after, no colours are seen. Contrary, if the biburst mode is used
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first with the GHz mode going afterwards, some colours are achieved. The new colours are not as vibrant
as in the GHz burst mode but are more vibrant than the ones in the biburst mode even with optimal
parameters. While it might be possible to achieve some new duller colours compared to the GHz burst
mode, the scanning rate would be significantly lower using this method since multiple scans are needed and
using speeds higher than 3000 mm/s yielded different shades of brown only. Therefore, due to these
findings, mixing of the burst modes was not studied further.

(a) MHz mode Biburst mode (b)
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Fig. 7. MHz and Biburst mode colouring test. The laser beam scanning speed was increased from
1000 mm/s to 4250 mm/s and average pulse fluence was constant at 30.8 JJem® N = 2, 4, 7, 10, 15, 20 and
25 pulses within the MHz burst were tested for the MHz burst mode. For the biburst mode N2P7, N4P7,
N7P7, N10P7, N15P7, N20P7, N2P4, N2P7, N2P10 and N2P15 sets were tested.

Based on the equation dS/dz = vh, there are two primary methods to improve the colouring rate: increasing
the laser beam scanning speed or the distance between the lines. If identical colours can be achieved with
a larger hatch spacing, fewer scanned lines are necessary to colour a given area, potentially improving the
colouring rate. As can be seen in (Fig. 8), multiple colours can still be produced even as the hatch spacing
increases. However, the colouring rate does not necessarily improve because, to achieve the same colours
with a doubled hatch spacing, the scanning speed must be reduced proportionally. Another possibility to
increase the colouring rate could be increasing the laser's repetition rate. This could allow for higher
scanning speeds to be used if pulse overlap is one of the critical parameters for laser colouring. Pulse overlap
would remain the same if both the repetition rate and scanning speed would be increased proportionally.
Nevertheless, the results shown in (Fig. 8) indicate that increasing the repetition rate produces the same
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colours at the same speed and those colours are significantly less stable as well. This could be explained by
the intra-burst repetition rate having the most significant impact on heat accumulation on the target surface.

Hatch and Repetion Rate
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Fig. 8. Colour change from laser colouring when changing hatch, pulse repetition rate and beam scanning
speed. P = 7 pulses within the GHz burst mode were used with a constant pulse fluence of 30.8 J/cm?.

Due to the fact that our laser colouring method utilizes hatching, it is possible to fill any custom form or
figure with lines with a pre-set spacing. In (Fig. 9) we can see various shapes and colours that can be
achieved using laser irradiation. Specifically, (Fig. 9a) displays two half circles with two wavy lines in the
middle, all in different colours such as blue, light blue, purple, and orange. In contrast, (Fig. 9 b, ¢, d)
present the same floral circle pattern with a circle in the middle but in different colour schemes: (Fig. 9 b)
is entirely blue, while in (Fig. 9 ¢ and d) each leaf and the central circle have different colours ranging from
shades of blue to purple and orange. Lastly, (Fig. 9¢) shows the logo of the Center for Physical Sciences
and Technology (FTMC). These examples demonstrate that even complex shapes are not problematic for
this method. However, a significant drawback is the process's extreme sensitivity to minor changes in
fluence. Although the laser’s irradiation is highly stable, particularly because we can use high powers and
divide those pulses into ones with lower individual fluence, we still face challenges in maintaining the
sample precisely at the focal position. The primary issue arises from heat accumulation, which increases
the sample's temperature and causes slight deformations of the sample surface, thereby altering the focal
point. Even though, the deformations can be very small and hard to see with the naked eye, the colour
difference is easily noticeable.
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Fig. 9. Laser coloured figures on a stainless-steel sample. a) two half circles with two wavy lines: blue
colour’s scanning speed 2500 mm/s, grey blue — 1150 mm/s, purple — 3000 mm/s, orange — 4250 mm/s;
b) floral pattern: dark blue — 2650 mmy/s; ¢) floral pattern: blue — 2500 mm/s, light blue — 2300 mm/s,
purple — 3000 mnv/s, orange — 4250 mm/s, grey blue (middle circle) — 1150 mmy/s; d) floral pattern: light
blue — 1500 mm/s, turquoise — 1000 mm/s, blue — 2300 mm/s, purple —3000 mm/s. Laser processing
parameters: 7 pulses in the GHz burst, pulse fluence 30.8 J/em?, intra-burst pulse fluence 4.4 J/em?. ¢)
logo of FTMC; dark blue — 3500 mm/s, purple —4000 mm/s. 7 pulses in the GHz burst, pulse fluence
43.8 J/em?, intra-burst pulse fluence 6.3 J/cm?.

From the three ways that a metal surface could be coloured using laser micromachining, two of them can
be casily dismissed. Plasmonic metals are materials that support localised surface plasmon resonances
which result in colours that arise from nanostructures and nanoparticles on the metals surface. This effect
is the result of the confinement of a surface plasmon in a nanoparticle of size comparable to or smaller than
the wavelength of light used to excite the plasmon. However, this happens in noble metals such as gold and
silver, with other metals such as copper and aluminium also showing some of these properties. While
stainless steel nanoparticles can exhibit localized surface plasmon resonance (LSPR), the resonances are
typically broad and weak due to significant damping from high optical losses. The heterogeneous
composition of stainless steel introduces multiple scattering centers and impurities, further hindering the
efficiency of plasmonic oscillations. Given the weak plasmonic properties of stainless steel, LSPR
contributes negligibly to surface coloration. Structural colours arising from LIPSS is also not the reason
our stainless-steel samples are coloured. Checking our sample under scanning electron microscope, we did
not find any LIPSS on the target’s surface, only various different nanoparticles and nanostructures that are
ununiformly scattered (Fig. 10d-g). Furthermore, structural colours change from green. to red and blue
depending on the viewing angle, whereas our colours do get significantly darker depending on the viewing
angle, but do not change colour. Lastly there is the surface oxidation. Because the laser is a significant heat
source and various burst modes also assist in heat accumulation [23] it could fasten the oxidation process
which results in different colours on the stainless-steel surface. The thin film effect would also explain two
observable phenomena. The first one is our small amount of green and red colours achieved (Fig. 3). It
could be explained by the fact that no vibrant green or red colours were achieved due to the fact that the
oxide layer was too thick for the light to reflect from the sample and interference could not be seen. Also,
because the colour is dependent on the optical path difference which in itself depends on the incident angle
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of the light, it explains why the colour becomes significantly darker when the angle is changed (Fig. 10a-
o)

Fig. 10. Laser clouring tilt experiment: a) 0° tilt; b) 20°tilt; ¢) 307 tilt. d-g) scanning electron microscope
images of different colours, Laser processing parameters; 7 pulses within the GHz burst, 18 J/em? pulse
fluence.

Table 1. Comparison of laser colouring rates and other parameters in scientific literature. *marks our current
work.

Parameters
Mechanism Material
i T F kHz v, mm/s h. um dS/dt. mm¥s

Oxidation|12] Stainless—sleel 532 nm 20 ns 10—-200 100 — 600 5-15 05-9
Oxidation[13] Stainless—steel 1062 nm 100 ns 80— 100 50-225 10-20 0.5-435
Oxidation[14] Stainless—sleel 1030 nm 210 fs 100 100 10 1
Oxidation[15] Stainless—steel 355 nm 25ns 40 400 — 500 30 12-15
Oxidation] 16] Stainless—steel 332 nm 20 ns 10200 70 - 600 4-10 28-6
Oxidation[17] Stainless steel 1064 nm 10 - 330 ns 67— 1100 2500 10 23
Oxidation] 18] Stainless—steel 1064 nm 4 —-200ns 1.6 - 1200 50-750 10 0.5-75
Oxidation[53] Stainless—sleel 1061 nm 3 -2000ns 1 — 4000 2.5-190 20 0.05-38
Oxidation[22] Titanium 1064 nm 300 ns 30 25-150 200 5-30
Oxidation] 19] Titanium 1064 nm 119 ns 225 90 — 600 10 0.9-6
Oxidation[20] Titanium alloy 1030 nm 240 fs 200 20-100 5 0®1-05
Oxidation|26] Copper 1030 nm 320 fs 10 100 1-20 0.1-2

Oxidation* Stainless—steel 1030 nm 245 fs 100 1000 — 4250 10 10-425

LTPSS[34] Stainlesssteel 800 nm 90 f5 I [ 50 0.05-0.2
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LIPSS[54] Stainless—steel 515 nm 1.5ns 1000 300 - 2000 1-3 03-6
LIPSS[55] Copper 800 nm 53fs 1 01-3 100 0.01-03
LIPSS[27] Aluminium 800 nm 120 fs 1 0.1-16 50 0.005-0.8
LIPSS[56] Silicon 800 nm 100 fs 1 1 30 0.03
Nanoparticles[32]  Gold and Silver 1064 nm 10 ps 50 11 -3000 1-135 0.011-405
Nanoparticles[46] Copper 1064 nm 10 ps 100 -1000 50 —5000 10-20 0.5 -100

In this study, a variety of colours were achieved on stainless steel using scanning speeds between 1000 mm/s
and 4250 mm/s, with colouring rates ranging from 10 mm?s to 42.5 mm?/s. If optimal fluence and pulse
numbers within GHz bursts are selected, colours such as yellow, orange, blue, purple, and dark green can
be achieved at the maximum colouring rate of 42.5 mm?s. To the best of our knowledge, no other study
has reported colouring rates of stainless-steel exceeding 15 mm?*/s (Table 1). This is also, to the best of our
knowledge, the highest colouring rate achieved through oxidation mechanisms and is only comparable to
plasmonic colours obtained from nanoparticles and nanostructures on plasmonic metals. Comparing
colouring rates across the literature is challenging, mainly because distance between scanned lines (hatch)
is often not listed if the parameter remains constant. However, based on the beam scanning speed alone,
our method is at minimum three times faster than reported in comparable studies (Table 2).

Table 2 Comparison of laser beam scanning speeds and other parameters in scientific literature. *marks our
current work.

Parameters
Mechanism Material

A T [ kHz v, mm/s
Oxidation[39]  Stainless—steel 1064 nm 10ns 35 10-90
Oxidation[36]  Stainless—steel 1064 nm 4-260ns  45-500 100 - 1300
Oxidation[57]  Stainless—steel 1064 nm 100 ns 20-380 10 - 500
Oxidation[58]  Stainless—steel 1060 nm 100 ns 20-99 1-250
Oxidation[59]  Stainless—steel/Ti 1060 nm 100 ns 20-99 1-250
Oxidation* Stainless—steel 1030 nm 245 fs 100 1000 — 4250
LIPSS[52]  Stainless-steel 1030 nm 50 ps 25 20333
LIPSS[44] Stainless—steel 240 - 2600 nm 104 fs 1 13
LIPSS[60] Stainless—steel 800 nm 150 fs 5 10-130

Changing the colour of a metal is a wanted task, but it could be improved with additional surface
functionalities. Changing a metals colour and also making it hydrophobic would be very beneficial because
it would make the colours even more long lasting since it would help the metal withstand the environment
significantly better. The static water contact angle (SWCA) was measured by depositing a 4 pLL volume
water drop on a specific laser coloured area using a micropipette (Transferpette, Brand GmbH). The sample
was illuminated from one side by a high-parallelism diode backlight and an image of the drop was taken
from the other side using a digital camera. The SWCA angle was deduced by using ImagelJ software’s [61]
plugin LBADSA [62]. For a surface to be consider hydrophobic it needs to have SWCA of at least 90° and
to be considered superhydrophobic, a SWCA of higher than 150°. The SWCA was measured for uncoloured
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stainless steel and also for the first 18 colours for the 7 pulses within the GHz burst with 3.5 J/em? intra-
burst pulse fluence regime. Each measurement was done 5 times and the standard deviation was calculated.
Uncoloured stainless steel was not hydrophobic and had a contact angle of 50.4 + 4.4° In (Fig. 1) it can
be scen that all achieved colours are hydrophobic because their SWCA is higher than 90° independent of
the hue of the ¢olour, The time frame between the laser colouring and wettability tests was greater than
6 months making not only the colours but also the hydrophobicity long lasting, The samples were kept in
ambient air conditions indoors without any noticeable change.
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Fig. 11. Wettability experiments on laser coloured stainless steel with 7 pulses within the GHz burst with
3.5 Jiem? intra-burst pulse fluence. (a) water droplets on the surface of laser coloured stainless-steel, first
number under the picture is the contact angle with standard deviation, sccond number is the huc of the
colour; (b) contact angle dependence hue. Blue line is the contact angle on uncoloured stainless-
steel — 50.4 +0.7°.
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Conclusions

In this work high-rate laser colouring on stainless steel was investigated by optimising diflerent burst modes
and scanning speeds. Other laser processing parameters were also tested including: pulse repetition rates,
number of scans, hatch and combinations of the burst modes. To the best of our knowledge, fastest stainless-
steel colouring rate of 42.5 mm?/s has been achieved with optimal parameters. The colouring method is due
to the oxide formation on the targets surface, because stainless-steel is not a plasmonic metal and no LIPSS
were seen from the SEM analysis. Because the laser colouring method is based on hatching, various intricate
designs including the logo for the FTMC were coloured. The coloured surfaces were also hydrophobic for
all achieved colours which increases the applicability greatly. The colours remained unchanged for a period
of time greater than 9 months and the wetlability was tested 6 months alter the colouring, making both
effects long lasting.
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Abstract

In this research, wettability control by area fraction of laser ablated surface of copper is presented. The
functional surfaces with full wettability control from highly hydrophilic to super-hydrophobic were
created on copper by nanosecond (ns) and picosecond (ps) laser irradiation. The area fraction and color
change were evaluated by digital image processing of microscopic images of the laser-ablated copper
surface. The control of the wetting angle from almost 0 degrees to 132 degrees was achieved for both
ps and ns pulses by controlling the area fraction of the laser-ablated surface. Cassie, Cassie-Baxter, and
Wenzel models were adopted to explain the experimental results. For the first time, the wettability and
color of copper were controlled by controlling the area fraction of the laser-ablated surface. It is
expected that the current results make an impact on the heat exchanger technology of water heat sinks,
cooling units, atmospheric water generators, and fog harvesting and impact numerous applications
from power plants to solar thermal water systems devices where highly-hydrophilic to super-

hydrophobic copper can be applied.

Keywords
Super-hydrophobic, highly-hydrophilic, area fraction, copper, laser ablation, surface roughness, color

change.

1. Introduction

A wide variety of biological breeds found in living nature that have superb functional surface properties
include birds 1, plants 2%, insects 619, fish 11, sea mammals 1213, and reptiles 1% These unique
functionalities like hydrophilicity 15, fog-harvesting 16, structural coloration 17, antibacterial 18, super-
hydrophobicity 19, self-cleaning 2°, anti-fogging 21, anti-reflective 22, drag-reducing 23, etc. have evolved

over millions of years to extremes and provide those species with the ability to live and survive, and
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further develop new multi-functions to adapt to the fast-changing environment. The genetic
modification of breeds due to natural selection has helped to evolve the specific surface functionalities.
In most cases, the unique surface functions come from their morphology in the mesoscale, with the tri-

modal dimensions from nano to micro and macro 122425,

The scientific branches such as bionics, nature/bio-inspiration, bio-replication, bio-engineering, and
bio-mimetics have evolved during the last two decades to copy excellent surfaces from nature 2635,
Direct laser writing is a precision micro-fabrication technology with large flexibility options 36-38, The
fabrication of tri-modal structures with the nano-, micro-, and macro-length scales in one surface can
be achieved by this technique 3940, Moreover, fabrication using ultra-short laser pulses has
demonstrated unique features such as efficient ablation 141, cold-ablation 4243, ablation-cooled efficient
material removal 44, and bi-stable ablation 45 which enables high precision repeatable texturing for a
large versatility of materials. Laser beam interference ablation is a flexible tool for the periodical
structuring 4647. However, minimal feature size in the sub-micro-scale is restricted by the diffraction
limit, which is in the order of irradiation wavelength. On the other hand, the bio-replication of functional
surfaces usually requires laser processing beyond the diffraction limit at the nanoscale 2729, The
diffraction limit can be beaten by reaching a nanoscale resolution with laser-induced periodic surface

structures (LIPSS)48, which can be textured on a large scale with a high rate 49-51,

The super-hydrophobic copper structuring by laser has been reported in numerous scientific works
using nanosecond 52-55, picosecond 5657, and femtosecond 5859 lasers. However, making the opposite,
super-hydrophilic copper, using laser texturing is still an open question. There is no scientific work
found in literature, where perfect wetting of copper surface would be achieved by laser irradiation.
However, there are other competing techniques capable of producing super-hydrophilic copper, like,

electrochemical deposition 6961, layer-by-layer self-assembly 62, one-step liquidus modification 63, etc.

Highly wetting textured surfaces have shown promise in boiling applications since capillary increases
the maximum heat flux that can be dissipated 6466, which has a huge potential in the heat exchanger
technology of water heat sinks ¢7, fans, and cooling units 6768, Also, super-wetting surfaces can be
applied as fog-harvesting systems 6972 that can dramatically improve atmospheric water generator
performances 7374 The current cutting-edge preparation techniques of super-hydrophilic and super-
hydrophobic surfaces require time-consuming processes 6! and complex multiple-steps 6062, or
processes that produce chemically hazardous wastes 7576, At the same time, the mechanical durability
77, gradual degradation due to long exposure to outdoor conditions 78, and degradation in time 79 of
chemically replicated bio-inspired surfaces in many cases are unsolved problems 8081, The laser
functionalization of the surface by texturing using ultrashort laser pulses is simple, low-cost, and

chemical-free. It can be easily scaled up using commercially available industrial laser-processing
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systems 8283, The achieved functional properties and surface morphologies of the laser-fabricated
textures were found close to the leaf of the cactus 598%* and the underwater side of the lily leaf 858, The
biomimetic fabrication using laser irradiation considering the simplicity of the process and high
processing rate together with the robustness of achieved super-wetting surfaces can be applied in
power plants 7* and solar thermal water systems 87,

In this work, we demonstrate a novel, single-step, chemical-free fabrication method for producing
super-wetting and highly hydrophobic copper surfaces using ns and ps lasers. For the first time,
simultaneous control of the wettability and color of copper is achieved by systematically varying the
area fraction of the laser-ablated surface, offering a versatile approach for surface modification. Gur
study adopted the Cassie, Cassie-Baxter, and Wenzel models to explain that as the ablated area fraction
increases, the contact angle decreases, enhancing hydrophilicity. Furthermore, significant visual and
optical changes such as variations in color distance, gray value, and gray luminance correlate linearly
with the ablated area fraction, showcasing the transformative impact of laser parameters. Shorter pulse
durations (10 ps) demonstrate a particularly stronger effect than longer (10 ns), underscoring the

potential of this technique for advanced material applications.

2, Theoretical background

The characterization of the wetting properties of a surface is defined on the static contact angle
measured by a sessile droplet technique 8. For water droplets, a surface having a contact angle smaller
than 90° is hydrophilic, while one larger than 90°is hydrophobic. The Wenzel, Cassie, and Cassie-Baxter
models are widely used in the research of wetting behavior and surface interactions, particularly in the
context of hydrophobicity and super-hydrophobicity.

On textured rough surfaces with super-hydrophilic properties, the liquid spreads completely and a
near-zero contact angle is achieved. Such super-hydrophilic transition of roughened surface is
explained by the Wenzel model 8%, where the static contact angle in this Wenzel state is smaller than
one on a flat hydrophilic surface of the same material.

Contrarily, textured hydrophobic surfaces can provide very different scenarios, depending on which of
two distinct wetting states is attained. Super-hydrophobic case, defined by a static contact angle
exceeding 150° having a roll-off angle less than 10°, is explained by the Cassie-Baxter model 0 in which
air remains trapped inside the texture, causing a liquid to sit on both airand solid. An alternative, super-
hydrophobic case is explained in the Wenzel model 8%, where the liquid fills the surface structures
without air trapped under the water. The static contact angle in this Wenzel state is larger than one on
a flat hydrophobic surface of the same material, but typically does not exceed 150°, as it lacks the air
trapping characteristic of the Cassie-Baxter state required for superhydrophobicity.

These models are fundamental to understanding how surface textures can influence wetting behavior,

therefore the next sub-sections are dedicated to a brief introduction to those classical models.
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2.1. Wenzel Model:

This Wenzel model assumes that the liquid completely penetrates the rough surface. The apparent
contact angle is a function of the intrinsic contact angle and the surface roughness: 8°

cosd” =r, cosb), €8]
where 6" is the measured contact angle on the rough surface, r1 is the ratio of actual surface area to
projected surface area, and 01 is the intrinsic contact angle on a smooth surface. Wenzel state has a
larger surface wettability because the liquid on the surface enters the grooves, increasing the contact

area.

2.2. Cassie Model:

This model addresses surfaces with regions of different wettability coexist caused by surface chemical
heterogeneity: 91,92

cosf" = f,cosf, + f,cos b, 2
where f1 and f2 are the fractions of the surface with different wettability angles 61 and 8z, respectively.
The fractional areas of two different surface components fulfill the requirement for the sum of the
fractions must be equal as f1 + f> =1, this constraint ensures that no overlapping or missing regions

exist.

2.3. Cassie-Baxter Model:

When the composite contact surface is composed of air and solid since the contact angle of liquid and
air is 180°, Eq. (2) can be simplified to 9394:

cosd” = f, (1+cosf; )-1. (3

where 0% is the measured contact angle on a composite surface, fi is the fraction of the solid-liquid
interface area, while the rest fraction (1 - f1) is air, 61 is the intrinsic contact angle. This model assumes
that the liquid rests on top of surface roughness features, with air pockets trapped underneath. This
creates a composite surface of solid and air, which can drastically increase hydrophobicity.

In scientific literature, the terms Cassie-Baxter and Cassie are commonly used. Cassie-Baxter is used to
refer to uneven surfaces incompletely wetted by a liquid when vapor remains under the drop. Cassie is

used only for even or rough surfaces of a solid state that is completely wetted by the liquid.

2.4. Wenzel and Cassie-Baxter model:
The wetting angle on rough and heterogeneous surfaces is described using the combined Wenzel and

Cassie-Baxter models: 9495

cosd" = 1, f, cosé, + f, cost;, C))
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which considers surface roughness, where the Wenzel part of Eq. (1) with roughness factor r1 amplifies
the wetting properties (hydrophilic or hydrophobic) and Cassie-Baxter's part of Eq. (2) accounts for
surface heterogeneity, using a fractional areas f1 and f of different surface components to adjust the

contact angle.

3. Experimental

3.1. Sample preparation

The samples used for laser texturing and contact angle measurements were square copper substrates
(CWO004A, Ekstremalé) with dimensions of 50 x 50 mm and a thickness of 5 mm, featuring a purity of
99.9%. These samples had a mirror finish with a surface roughness of approximately Ra ~ 6 nm,

measured using a 3D optical profiler (S neox, Sensofar).

3.2. Laser structuring
The principal experimental scheme of laser processing using an irradiation source with optional pulse

durations and a galvanometer scanner is depicted in Figure 1.

HALF-WAVE
PLATE

POLARIZER

LASER
GALVO

SCANNER A=1064 nm
100 kHz

1,=10ns-10ps

FOCUSED

GAUSSIAN

F-THETA ” A .

LENS . INTENSITY
/ DISTRIBUTION

SAMPLE

ABLATED DIMPLE ARRAY i ABLATED
PARABOLIC
DIMPLE

Figure 1. Principal scheme of laser structuring experimental setup: laser irradiation source with
optional pulse durations of 7, = 10 ns and 7p = 10 ps, the repetition rate of frep = 100 kHz, irradiation
wavelength of A = 1064 nm, and pulse energy up to E, = 60 p]. Beam attenuation for energy control
consists of a half-waveplate and the polarizer, a galvanometric scanner equipped with a telecentric f-
theta lens for Gaussian beam focus on the surface of the copper sample. The enlarged area in the middle
shows a two-dimensional array of dimples ablated by scanning a Gaussian beam on the sample. The
enlarged area on the bottom right corner shows a parabolic dimple ablated by a single laser pulse of a

Gaussian beam intensity distribution.
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Laser structuring experiments were conducted using two laser irradiation sources (Baltic HP, Ekspla,
and Atlantic HE, Ekspla) with different pulse durations of 7p = 10 ns and 7p = 10 ps, respectively. Both
lasers provided light pulses with pulse energy from E, = 1 pJ up to Ep = 60 pJ at the repetition rate of
frep =100 kHz, an average power of 6.0 W, and irradiation wavelengths of A =1064 nm. The beam
position on the metal sample surface was controlled by using a galvanometer scanner (Scangine 14,
Scanlab) and scanner application software (SAMLight, SCAPS). Translation of the laser spot on the
target material ata controllable speed up to vscan = 1.0 m/s provided the controllable distances between
the transverse irradiation spots and distances between bidirectional scanned lines. The telecentric f-
theta objective lens with a focal length of 80 mm was used to focus the beam on the surface of the target
material. The array of rectangular areas with transverse spatial dimensions of 11.5 x 12 mm? was laser
textured in 29.9s processing time including all scanner delays. The texturing rate of ~5mm?/s
excluding delays of the scanner was achieved for the area of the whole scanner field of 60 x 60 mm?2.
The path of the scanned beam on the copper sample followed a snake-like trajectory consisting of
parallel lines of overlapped laser pulses. The beam was scanned along the horizontal axis at a speed of
vscan = 1.0 m/s. The distance between consecutive laser pulses was Ax = vscan / frep = 10 um. A slower
translation of the beam, at a speed of 10 mm/s, was applied along the vertical axis. The distance
between scanned lines in the vertical direction (hatch) was Ay =5 pm. The polarization of the beams
was oriented along the vertical axis. The laser power was changed during the test from 0.1 Wto 0.9 W
(step 0.1 W, 9 tests) and from 1.0 W to 6.0 W (step 1.0 W, 6 tests) which provided controllable laser
fluence on the sample. The 15 rectangular squares were marked using each laser at different laser
powers which provided different laser fluence on the samples. The 15 different values of laser fluences
were used, from 0.16 ]/cm? to 1.44 ] /cm? (step 0.16 J/cm?, 9 tests) and from 1.6 ]/cm? to 9.6 ] /cm? (step
1.6 ]/cm?, 6 tests). Laser untreated copper is declared in graphs at the laser output power of 0.0 W and
corresponding laser fluence of 0.0 ] /cm?.

Figure 2(a) illustrates the fluence-dependant morphological change of copper surface by ablation of a

two-dimensional array of parabolic dimples by bidirectional scanning of a Gaussian beam.
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Laser fluence

2D arrays of laser ablated dimples

sesssnase

(c) Water contact angle

Water
droplet

Figure 2. Schematic Illustration of ablated area fraction dependence con laser fluence and its influence
on water contact angle: (a) five laser scanned areas consisting of a two-dimensional array of laser
ablated dimples and its characteristic surface morphology depending on the laser fluence; (b) schematic
representation of laser ablated areas increase with increasing laser fluence; (c) characteristic water

contact angle decrease with increasing ablated area fraction and laser fluence.

The schematic representation transverse geometric laser ablated area of the copper is depicted in
Figure 2(b). The ablated area fraction increases with the growth of laser fluence. Figure 2(c) illustrates
ablated area fraction and fluence-dependant water contact angle. The water contact angle tends to

decrease with increasing ablated area fraction and laser fluence.

3.3. Fluence characterization

The radii of the transverse-focused beam spots on the surface of copper were measured by the Liu (D?)
method described in #. The dimples were ablated using different pulse energies. Then, the crater size
dependence on pulse energy was analyzed and beam spot radii on the sample were retrieved for both
irradiation sources. For size characterization of ablated craters (dimples) on copper at different pulse

energies an optical microscope (Eclipse LV100, Nikon) was used. The microscope was equipped with
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5-megapixel charge-coupled device camera (DS-Fil, Nikon), camera controller (Digital Sight DS-U2,
Nikon), microscope objective (LU Plan Fluor 20x, Nikon), halogen lamp (LV-HL50PC, Nikon), and image
processing software (NIS-Elements D, Nikon). The measured laser spot radii on copper were
(wo =202 1 pm) equal for both nanosecond and picosecond lasers. The laser spot sizes on the sample
were not changed during the tests. The power meter (Nova II, Ophir) equipped with a thermal power

sensor (30A-BB-18, Ophir) was employed to measure the average laser power.

3.4. Contact angle measurements

The contact angle characterization was performed using an optical system designed for contact angle
and contour analysis (O0CA 15EC, Data-Physics Instruments GmbH) equipped with a charge-coupled
device camera to capture lateral images of water droplets applied on laser textured and untreated
copper. A droplet of deionized water with a volume of 3 uL was deposited by using a pipette (1 - 10 pJ
Transferpette, Brand). The camera, the water droplet, and the illumination source equipped with a
light-emitting diode are perfectly aligned, therefore, the droplet shadow is projected and captured by
the digital camera. Average values of contact angle and measurement errors were obtained by software
(SCA20, Data-Physics Instruments GmbH). Since it is known that the contact angle of distilled water and
laser-irradiated metal surfaces changes approximately 10 days after the irradiation and then reaches a
stable value 9798, all the measurements presented in this work were conducted 15 days after the laser

texturing.

3.5. Roughness evaluation
3D optical profiler (S neox, Sensofar) was employed for 3D surface topography imaging of laser ablated

copper surface.

3.6. Profile arc length evaluation.
The normalized profile arc length r1, which is the ratio of actual profile length to projected length was

evaluated from height h = h(x) profiles of laser textured copper by the equation:
[ 1+ (dh/cx) dx ©)
=t
X=X
The top part of the equation refers to the arc length of the curve, which was calculated using the arc

length formula, the bottom part of the equation refers to the straight-line distance between the start x1

and end points x2 of the curve, projected onto horizontal axis.
3.7. Optical microscope photographing

Digital images of both laser-processed and untreated copper surfaces were captured using an optical

microscope (Nikon Eclipse LV100) equipped with a 5-megapixel high-definition CCD camera (Nikon
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DS-Fil) with a resolution of 2560 x 1920 pixels. The camera was controlled via a Digital Sight DS-U2
controller and NIS-Elements D imaging software, both from Nikon. For imaging, a 10x magnification
objective lens (Nikon LU Plan Fluor 10x, NA 0.30) was used in bright field mode, illuminated by a 50
W halogen lamp (Nikon LV-HL50PC). All microscope apertures were fully opened to maximize sample
illumination. White balance calibration was performed using a white paper, with RGB component
coefficients set to Rw = 1.43, Gw = 1.00, and Bw = 2.13 for color measurement experiments. Exposure
time was set to 4 ms with a gain factor of 1.00, initially determined in auto-exposure mode and later
applied manually. RGB images were captured atan 8-bit color depth, with a 640 x 480-pixel resolution
in BMP format, achieved by averaging a 4 x 4 pixel area from the CCD into one pixel. The actual size

of each imaged area was 0.87 x 0.65 mm?

4. Digital image processing
The digital image processing and area fraction and threshold characterization were performed by using

a symbolic and numeric computing environment and software (Maple 18, Maplesoft).

4.1. Area fraction evaluation
The digital image processing procedure used for area fraction calculations of laser-damaged Cu is

presented in Figure 3.

AREA FRACTION EVALUATION

Step 1
Microscope
imaging
(e)
©
f= E
2734 2.3%‘ 8
Ablated Binary : 0 Grayscale
area facpon conversion i, conversion
evaluation

Figure 3. Digital image processing procedure designed for area fraction calculations: (a) step 1 -
microscope imaging of laser-treated copper surface; (b) step 2 - color image split to red (R), green (G),
and blue (B) channels; (c) step 3 - color-to-grayscale conversion by Eq. (6); (d) step 4 - grayscale image
conversion to a black-and-white binary image using Eq. (7); (e) step 5 - calculation of the area fraction

of AF = 27.3 £ 2.3 % by Eq. (8).

In step 1 (Figure 3(a)) microscope color image of laser treated copper surface was taken. In step 2

(Figure 3(b)), the color image was split into red (R), green (G), and blue (B) channels. In step 3 (Figure
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3(c)) the image was transformed to the grayscale mode by calculating the grayscale value GV using the

formula *°:
GV =max(R,G,B), (6)

where R, G, and B are the red, green, and blue components, respectively. The five color-to-grayscale
conversion methods have been tested in our work: intensity, luminance, luma, luster, and value 7. The
value method has been chosen because of the highest achieved contrast between grayscale images of
the laser-treated and untreated Cu. In step 4 (Figure 3(d)), the grayscale pictures were converted to
black-and-white binary mode by using a certain threshold value GV using formula 100;
BW:{I' if szevm;' (7)
0, if GV<GY,.

In step 5 (Figure 3(e)), the area fraction fi of the laser-treated copper Cu in percent was calculated by
averaging the equation of binary image intensity 190:

:liBWf x100%, ®)

Ly

where n is the total number of picture pixels, i is the pixel index, BWi is the binary black-and-white
intensity of each pixel in the picture. The computational error in the area fraction fi evaluation was

taken as the standard deviation of measurements from five sections of the microscope images.

4.2, Threshold evaluation
The digital image processing procedure used for the area threshold determination procedure is

depicted in Figure 4.
THRESHOLD EVALUATION

(a) Copper untreated Laser treated copper
Step 1 7
Microscope . 200:um Mlcmsmpe
imaging
CDlDl image Color image imaging
(b) 7
Step 2
1
IGV GV
0
Grayscale Grayscale
conversion Gray image Gray image conversion

(€) Step3 Step

Gray Gray
value * (GV e = {GV s} = value
0.89 £0.02 0. 082 +0.002

evaluation evaluation

(9) Step 7
Threshold
calculation

GV,

=0.4810.02

Figure 4. Threshold evaluation procedure: (a) step 1 - microscope imaging of laser-treated copper
surface; (b) step 2 - color-to-grayscale conversion by Eq. (6); (c) step 3 - Average grayscale value

calculation of untreated copper image of {(¢Vuntreated) = 0.89 = 0.02 by Eq. (9); (d) step 4 - microscope
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imaging of laser treated copper surface at a max output power of 6.0 W with a corresponding max
fluence of 9.6 J/cmZ; (e) step 5 color-to-grayscale conversion by Eq. (6); (f) step 6 average grayscale
value of (G Vmax fluence) = 0.062 % 0.002 evaluation by Eq. (9); (g) step 7 - threshold of GVin = 0.48 £ 0.02
calculation by Eq. (10).

In step 1 (Figure 4(a)) microscope image of untreated copper is taken. In step 2 (Figure 4(b)) the image
is converted to the greyscale mode by using Eq. (6). In step 3 (Figure 4(c)) the averaged gray value of
the image is evaluated by formula 100:

n
(6v) =%§GV1 ‘ (9)
where the average is denoted by angle brackets, n is the total number of picture pixels, i is the pixel
index, GV is the grayscale value of each pixel in the picture. The standard deviation as a computational
error in the grayscale value (GV) evaluation was taken from five sections of the microscope images. The
pictures were divided into 5 sections with a size of 128 x 480 pixels. The area fraction color was
calculated for each section. The (G Vuntreatea) = 0.89 = 0.02 of untreated copper (laser output power 0.0 W
corresponding fluence 0.0 J/cm?) is calculated. In step 4 (Figure 4(d)) the microscope image of laser-
treated copper at the maximum available laser output power of 6.0 W is taken. In step 5 (Figure 4(e))
the image is converted to the greyscale mode. In step 6 (Figure 4(f)) the averaged gray value of the
image is evaluated by using Eq. (9). The (GVmax fuence) = 0.062 + 0.02 of laser-treated copper (maximum
laser output power 6.0 W and corresponding max fluence 9.6 ]/cm?) is calculated. The threshold was
selected as a mean of average values of untreated Cu (0.0 W) and laser-treated coper at maximum
available laser power (6.0 W) 100;

GY d + vaaxfluence . (10)

untreate
2

GVthreshoId =

In step 7 (Figure 4(g)) the threshold value calculated by Eq. (10) was GVinreshold = 0.48 £ 0.02.

4.3. Luminance evaluation

The luminance GL of grayscale was computed from RGB optical microscope images by using a formula
based on the NTSC standard 99:101:

GL=0.3R+0.59R+0.11B. (11)

where R, G, and B are red, green, and blue components of the sample images after laser treatment.

4.4. Color distance evaluation.
The color distance €D was calculated between digital optical microscope images of the copper surface

before and after laser treatment was calculated by using equation 192

)2 + (Gumreated -

Gﬂueﬂce )2 + ( B ntreated Bﬁuence )2 . (12)

D* = (Rumrealed - u

R,

fluence
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where Runtreated, Guntreated, Buntreated, Rfluence, Gfluence, and Bfivence are l‘ed, green, and blue components of the
sample images before (untreated) and after laser treatment (at a certain value of laser fluence). The
averaging procedure is performed by using equation (9). The average color difference (CD) and the

standard deviation of it were calculated from the data achieved from five sections of images.

5. Results and discussion
5.1. Contact angle, color, and area fraction evaluation
The experimental results of the wettability and color change of copper depending on the laser fluence

are depicted in Figure 5 (all experimental data is provided in supplementary material Figure S1).
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Figure 5. (a) Water droplet images on copper surface treated by laser at different laser fluences. (b)
RGB color digital optical microscope images of the Cu surface. (c) Color optical microscope images
converted to grayscale mode. (d) Grayscale images were converted to black-and-white binary images
with the threshold value of GV = 0.48 £ 0.02. (e) The reconstructed average color of color images of
copper. (f) 3D optical profiler images of the copper surface. (g) Line profiles of laser-treated copper
surface. The laser fluence used for treatment: (i) Fo=0.0)/cm? (untreated); (ii) 0.48]/cm?; (iii)

0.80 J/cm?; (iv) 0.128]/cm?; (v) 1.44]/cm?; (vi) 8.0]/cm?; (vii) 0.32]/cm? (viii) 0.48]/cm? (ix)
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0.64]/cm? (x) 0.80]/cm?, and (xi) 8.0]/cm2. Pulse durations used (ii-vi) 7p=10ns and (vii-xi)
7p = 10 ps. The scale bar provided in (b)(i) is valid for all images in (b-d) rows.

Water droplet images on copper surfaces treated by laser at different laser fluences are provided in
Figure 5(a). The measured contact angle 6+ values are given below each image. The contact angle
decreased with increasing laser fluence for both nanosecond and picosecond laser irradiation regimes.
The microscope RGB color images are provided in Figure 5(b). The average grayscale luminance (GL)
calculated by Eq. (11) is given below each image. The size of each RGB microscope image is
0.87 x 0.65 mm2. The RGB color image conversion to the grayscale mode is provided in Figure 5(c). The
average grayscale value (GV) calculated by Eq. (9) is given below each image. The grayscale image
conversion and black-and-white images are provided in Figure 5(d). The area fraction is calculated from
black-and-white images by using Eq. (8) given below each image. The area fraction of the laser-ablated
surface increases with increasing peak laser fluence for both nanosecond and picosecond laser
irradiation regimes. The reconstructed color of microscope RGB images of the surface of copper is
provided in Figure 5(e). The average color distance (CD) calculated by Eq. (12) is provided below each
image. The grayscale luminance (GL), grayscale value (GV) and color distance (GV) of each image
increased linearly with increasing peak laser fluence for both nanosecond and picosecond laser
irradiation regimes. The 3D optical profiler images are provided in Figure 5(f). The surface roughness
values Rais provided below each image. The surface roughness Ra for both nanosecond and picosecond
pulse duration increases with increasing laser fluence. However, the Ra values for picosecond pulses are
more than 10 times smaller than for nanosecond pulses. The line profiles of the laser-treated copper
sutface are provided in Figure 5(g) (all experimental data of line profiles is provided in the
supplementary material Figure S2). The normalized profile arclength r1 values calculated by Eq. (5) are
provided below the profiles. The normalized profile arc length values increase for both nanosecond and
picosecond pulse durations. However, the r1 values for picosecond pulses are more than 100 times
smaller than for the nanosecond pulses. It can be considered that laser-induced surface roughness and
increased profile length for nanosecond pulses reduced the contact angles to values close to zero
degrees 103, However, for picosecond pulses the roughness is more than 10 times and the profile arc
length is more than 100 times lower than for the nanosecond pulses. The contact angle also decreases
to zero degrees, the Wenzel model can not be directly applied for the interpretation of the experimental

results.
5.2. Contact angle and color vs area fraction

The plots depicting how different surface characteristics (contact angle, color distance, gray value, and

gray luminance) vary with the ablated area fraction for two different laser pulse durations: 7, = 10 ns
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and 7, = 10 ps is depicted in Figure 6 (all experimental data is provided in the supplementary material

Figure S3, Figure $4, and Figure S5).
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Figure 6. Water static contact angle 0 (a), color distance CD (b), gray value GV (c), and gray luminance
GL (d) depend on the area fraction fi of laser-ablated copper. The open squares and open circles
correspond to laser processing using irradiation at different pulse durations of 7, = 10 ns and 7p = 10 ps,
respectively. The dot, dash, and dot-dash lines in (a) are fits of the experimental data point by Eq. (2),
Eq. (3), and Eq. (4), respectively. The horizontal error bars in (a-d) indicate the standard deviation in
the area fraction measurements taken from five sections of the microscope images. Vertical error bars
in (a) correspond to the difference in contact angle measured on the left and right sides of the droplet.
Vertical error bars in (b-d) indicate the standard deviation in the color distance, gray value, and gray
luminance evaluation from five sections of the microscope images. Common processing conditions:
irradiation wavelength A =1064 nm, spot size on the sample wo=20 um; pulse repetition rate
frep= 100 kHz, beam scanning speed on the sample vscan = 1.0 m/s, the lateral distance between laser

pulses Ax =10 um, the lateral distance between bidirectional scanned lines in snake-like beam
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trajectory Ay = 5 pm. The water contact angle on laser-textured surfaces was measured 15 days after

laser processing.

The contact angle decreases as the ablated area fraction increases, meaning the surface becomes more
hydrophilic (Figure 6(a)). The theoretical models provide predictions for how the contact angle should
change based on different surface states (e.g.,, Cassie or Cassie-Baxter, representing different wettability
regimes). Fitting parameters for Eq. (2), Eq. (3), and Eq. (4) for curves given in Figure 6(a) are depicted
Table 1.

Table 1 Fitting parameters used Figure 6(a).

Contact Contact Profile arc | Equation Model Reference

angle 61 angle 82 length r1

0® 129° - (2) Cassie 91,92
0° ) - (3 Cassie-Baxter 93,94
+ 98° 101 (4) Cassie-Baxter, Wenzel 94,95

For Cassie model Eq. (2) the contact angles of 81 = 0° which correspond well to the experimental value
minimal contacted angle of <4° of laser structured copper at high fluence (8 ]/cm?) (Figure 5(a)(vi)),
and 62=129° correspond well to the experimental value maximal measures angle of laser structured
copper at low fluence (0.48 J/cm?) (Figure 5(a)(ii)).

For Cassie-Baxter model Eq. (3) the contact angles of 61=0.0° which correspond well to the
experimental value minimal contacted angle of <4° of laser structured copper at high fluence (8 ]/cm?)
For the combined Cassie-Baxter and Wenzel model Eq. (4) the contact angles of 61=4° which
correspond well to the experimental value minimal contacted angle of <4° of laser structured copper at
high fluence (8]/cm?) (Figure 5(a)(vi)), and 62= 98° correspond well to the experimental value
maximal measures angle of laser unstructured copper (0.0 J/cm?) (Figure 5(a)(i)).

There is good agreement between experimental data and theoretical fits, especially for the 7, = 10 ps
pulses (Figure 6(a)). The color change increases linearly with the ablated area fraction. A linear fit is
provided: €D = (0.1£1.5) + (0.79£0.02)f1 (Figure 6(a)). The 7, = 10 ps pulses appear to cause a more
rapid color change compared to 7, = 10 ns pulses atlow ablation fractions. (Figure 6(b)). The gray value
decreases as the ablated area fraction increases, suggesting that the surface becomes darker as more
material is ablated. The linear fit equation is: GV=(91.3%+1.5) - (0.79£0.02)f1 Similar trends are
observed for both 7, = 10 ns and 7, = 10 ps, though there may be subtle differences in behavior at low
ablation fractions (Figure 6(c)). Gray luminance decreases as the ablation fraction increases, consistent

with the gray value trends. The linear fit is GL =(72.8£1.1) - (0.66x0.02)f1. Both 7,=10ns and
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Tp = 10 ps pulses show similar trends, with a gradual reduction in luminance as ablation increases

(Figure 6 (e)).

6. Conclusions

To conclude, here we reported on a novel single-step and chemical-free fabrication method for the
creation of super-wetting and highly hydrophobic copper surfaces using nanosecond and picosecond
lasers. The wettability and color of copper were controlled by controlling the area fraction of the laser-
ablated surface. Our adopted Cassie, Cassie-Baxter, and Wenzel models indicate that as the ablated area
fraction increases, the contact angle decreases, indicating that the surface becomes more hydrophilic.
Both color distance, gray value, and gray luminance increase or decrease linearly with the ablated area
fraction of the copper surface, indicating significant visual and optical changes due to surface
modification. The pulse duration (ps or ns) plays a role in the degree of these changes, with shorter
pulse durations (10 ps) typically having a stronger effect. Thanks to the laser-texturing process, super-
wetting surfaces can be efficiently scaled up to cover large areas, even on complex shapes. This
scalability makes them ideal for enhancing fog harvesting in atmospheric water generators and
improving the performance of heat exchanger technologies used in water heat sinks, fans, and cooling

units.
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Wettability and Color Change of Copper by Controlling Area Fraction of Laser Ablated Surface
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The full set of experimental data of the wettability and color change of copper surface depending on the

laser power is depicted in Figure S1.
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Figure S1. (a) Water droplet images on copper surface treated by laser at different laser powers from

6.0 W (top) to 0.1 W (left), untreated copper 0.0 W (middle). (b) RGB color digital optical microscope

images of the Cu surface. The size of each microscope image is 0.65 x 0.87 mm?. (¢) The color optical

microscope images are converted to grayscale mode. (d) The grayscale images were converted to black-
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and-white binary images. (¢) The reconstructed average color of color images of laser-treated copper.
(f) 3D optical profiler images of the copper surface. Pulse durations 10 ns (left) and 10 ps (right).
Untreated copper (0.0 W) (middle).

The height line profiles of the copper surface structured by laser at different laser powers are given in

Figure 52.

(a) CuiOns (b) Cu10ps

1 1 1 0.4 1 I i

I 1 1 0.4 1 L

Height (um)
bobobobobobobobobobobobobobobosn
Height (um)

0 100 200 300 0 100 200 300
Distance (um) Distance (um)

Figure S2, Height of line profiles dependence on transverse distance for copper structured by
nanosecond (pulse duration 7p =10 ns) (a) and picosecond (pulse duration 7p = 10 ps) (b) pulses at
different laser irradiation powers from 0.1W (top) to 6.0 W (bottom). Processing conditions:
irradiation wavelength A =1064 nm, spot size on the sample wo =20 pum; pulse repetition rate
frep = 100 kHz, beam scanning speed on the sample vscan = 1.0 m/s, the lateral distance between laser
pulses Ax =10 pm, the lateral distance between bidirectional scanned lines in snake-like beam

trajectory Ay =5 pm.
Figure $2 (a) shows the surface profiles of copper after being exposed to 10 ns pulse duration laser at

increasing power (from 0.1 W to 6.0 W). At low power (0.1-0.6 W) there are minimal height variations,

with very small surface undulations close to the baseline of 0 pm. At moderate power (0.7-1.0 W) there

209



are more pronounced height variations, with noticeable surface features such as shallow peaks and
valleys. Ablation effects begin to appear at higher powers. At high power (2.0-6.0 W) the surface
roughness increases dramatically. The profiles show deep valleys and sharp peaks, suggesting
significant material removal and possible melting or vaporization. The surface appears to be much
rougher, with height fluctuations approaching + 4 um.

Figure S2(a) shows the surface profiles of copper after exposure to 10 ps pulse duration laser at
increasing power (from 0.1 W to 6.0 W). At low powers (0.1-0.6 W) surface height remains close to
0 um, with only very minor undulations, similar to the 10 ns pulse case. At moderate powers (0.7-
1.0 W) the height variations are still relatively small, but they are smoother compared to the 10 ns case.
The surface remains largely intact, with some minor ablation features appearing at higher powers. At
high powers (2.0-6.0 W) the surface starts showing more pronounced features as the power increases,
but the ablation appears smoother and more controlled compared to the 10 ns pulses. The height
variations remain within the range of - 0.4 um to + 0.4 pm, indicating much less material removal or
surface disruption compared to the nanosecond pulses.

The 10 ns pulse duration (Figure S2(a)) leads to much more aggressive surface modifications, with
deeper and more chaotic ablation features, especially at higher powers. The surface roughness
increases significantly as power rises. The 10 ps pulse duration (Figure S2(b)) results in more
controlled and subtle changes to the surface, with smaller ablation depths and smoother profiles even
athigher powers. This indicates that shorter pulses (picosecond) tend to produce more precise ablation,
while longer pulses (nanosecond) result in more widespread surface damage.

Water contact angle and ablated area fraction dependence on the laser irradiation power for copper

structured by nanosecond and picosecond pulses is depicted in Figure S3.
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Figure 53. (a) Contact angle 8" dependence on peak laser fluence Fo. (b) Ablated area fraction fi
dependence on peak laser fluence Fo. Common processing conditions: irradiation wavelength

A=1064 nm, spot size on the sample wo = 20 um; pulse repetition rate frep = 100 kHz, beam scanning
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speed on the sample vsean = 1.0 m/s, the lateral distance between laser pulses Ax = 10 pm, the lateral
distance between bidirectional scanned lines in snake-like beam trajectory Ay =5 um. Laser pulse
duration: 7p = 10 ns - open squares; 7, = 10 ps - open circles. The water contact angle on laser-textured

surfaces was measured 15 days after laser processing.

Atlow fluences (~0.1-0.5 ] /cm?), the contact angle remains high, indicating minimal changes in surface
hydrophobicity. At fluences between 0.5 ]/cm® and 1 ]/cm? there is a sharp drop in contact angle,
particularly for the 7, = 10 ns. For both pulse durations, the contact angle stabilizes at lower values
(~10°-20°) as fluence increases beyond 1 ]/cm?, indicating a transition to a more hydrophilic surface
(Figure S3(a)). Contact angle (hydrophobicity) decreases as laser fluence increases, likely due to surface
modification, which makes the surface more hydrophilic.

At fluences below 1 ]/cm?, the ablated area fraction is minimal for both pulse durations. There is a steep
increase in ablated area fraction near 1 )/cm? For 1, = 10 ps, the ablation onset occurs slightly earlier
and results in a higher ablated fraction compared to 1, = 10 ns (Figure S3(b)). Ablation begins around
1]/em?, and the ps pulses (10 ps) lead to a higher ablation fraction than ns pulses (10 ns), suggesting
that the shorter pulse duration is more effective at removing material,

Normalized profile arc length and surface roughness Ra of copper structured by laser depending on

peak laser fluence are depicted in Figure S4.
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Figure S4. Normalized arc length of height profile line (a) and surface roughness Ra (b) dependence on
the peak laser fluence of copper surface structured by nanosecond (zp =10 ns - open squares) and

picosecond (tp = 10 ps - open circles) pulses.

Figure S4 illustrates the relationship between peak laser fluence profile arc length and surface
roughness. The profile arc length increases as the peak laser fluence increases for both pulse durations,
but the behavior is more pronounced at higher fluences (Figure S4(a)). The curve for p = 10 ps shows

a more gradual increase compared to the 7p = 10 ns case, especially as the fluence exceeds 1 ]/cm2, At
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low fluence <1]/cm? both curves are relatively flat, showing minimal change in arc length (Figure
S4(a)).

Surface roughness increases as the laser fluence increases for both pulse durations, but the behavior is
more significant for p = 10 ns (Figure S4(b)). The roughness is relatively low (less than 0.5 pm) at low
fluences (<1 ]/cm2), but it spikes significantly for tp = 10 ns around 10 J/cm?, reaching values as high as
2 um. The 7p = 10 ps, curve also shows an increase but at a much slower rate compared to the 7, = 10 ns
curve,

Normalized profile arc length and surface roughness Ra of copper structured by laser depending on

static water contact angle are depicted in Figure S5.
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Figure S5, Normalized arc length of height profile line (a) and surface roughness Ra (b) dependence on
the static water contact angle of copper surface structured by nanosecond (7, = 10 ns - open squares)

and picosecond (7p = 10 ps - open circles) pulses.

Figure S5 shows how profile arc length and surface roughness relate to the contact angle ¢, for two
laser pulse durations. The graphs present how these surface characteristics change with varying contact
angles, which reflects material wettability and texture, in response to laser processing.

The profile arc length decreases sharply as the contact angle increases from 0° to around 40° for both
pulse durations Figure S5(a). For ns pulses, the profile arc length starts around 1.2 and decreases more
drastically than for ps pulses. After the initial drop, both curves flatten, and the profile arc length
stabilizes in the value range of 1.0 - 1.1 for contact angles greater than 60°. The curve for ps pulses is
smoother compared to the ns pulses, showing a more gradual transition between contact angles.

For ns pulses, roughness starts near 2 pm atlow contactangles (0°-10°) and decreases sharply to below
1 pm as the contact angle approaches 40° Figure 55(b). For ps pulses, the decrease is less dramatic but
follows a similar trend, starting at around 1.5 um and flattening after 40°. At higher contact angles (60°
to 140°), surface roughness stabilizes at low values (below 0.5 um), with slight fluctuations but no

significant changes for either pulse duration.
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