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ABSTRACT

Femtosecond lasers have transformed the field of material processing by allowing the pre-
cise ablation of any type of material with low damage to the surrounding area. Additionally,
the generation of structures smaller than the diffraction limit is possible due to the gen-
eration of laser-induced periodic surface structures (LIPSS). LIPSS appear in almost any
kind of material as a result of the interference between the incident laser light and surface
electromagnetic waves (SEWs) induced by the same irradiation, with periods from tens
to hundreds of nanometres. As a result, new applications have appeared around surface
functionalisation in the micro- and nano-scale. The main limiting factors for the implan-
tation of this cost-efficient and simple technology over others at the industrial level is its
low throughput when used for large area processing as well as the low spatial regularity
of LIPSS. In this thesis, a processing setup based on cylindrical focusing has been pro-
posed and used for high throughput micro- and nano-structuring, achieving production
rates comparable to other commonly used technologies. At the same time, techniques
that help improving LIPSS regularity have been demonstrated, such as processing with a
plane wavefront, smooth material polishing, or using a large area to avoid lateral overlaps.
This technology has been validated through applications related to the field of photonics.
The study through numerical simulations of LIPSS processed in the surface of a dielectric
showed the potential of their use as anti-reflective properties. The use of LIPSS as reflec-
tive waveplates showed that LIPSS may induce a change in the polarisation of an incident
beam, while numerical simulations proved that different combinations of the morphology of
LIPSS can provide generate greater changes, such as those in half- or quarter-wave plates.
This information was used in the fabrication of scales for encoders, combining micro- and
nano-structures. The signal detected by the readhead in the encoder was comparable,
and even higher in some cases, than that for scales fabricated with lithographic processes.
Lastly, gold-coated LIPSS were used in refractometry sensing due to their strong sur-
face plasmon resonances, revealing sensitivity values comparable to sensors fabricated with
other cost-efficient techniques. The results extracted in this thesis show that femtosecond
laser processing is a environmentally friendly and low cost alternative that can compete
with other technologies in the fabrication of micro- and nano-structures in industrial and
scientific applications.
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CHAPTER 1

Introduction

Structured surfaces in the micro- and nano-scale are of interest in multiple fields of scientific

and industrial applications. Various techniques exist for the fabrication of these structures.

Lithographic methods are extensively used due to the high precision achieved in some

of their multiple variations, with focused-ion-beam and photolithography being the most

commonly used. However, these methods are multi-step, and the process is costly and

time-consuming. In addition, some of these techniques are not usable in all kinds of

materials, which limits their applicability.

A simpler and flexible alternative is found in laser technology. Intense laser beams can gen-

erate modifications in any type of material with sizes of a few micrometers when focused.

Additionally, with the development of ultrafast lasers with pulses in the sub-picosecond

regime, a precise ablation of material can be achieved with little damage to the surround-

ing area. However, due to the small beam size used in the processing, this technique is

associated with a low throughput.

The discovery of laser-induced periodic surface structures (LIPSS), which exhibit periods

in the range of tens to hundreds of nanometers, opened an alternative for nanostructuring

of all types of materials. LIPSS have been proposed for applications in a large number of

fields, as a clean, cost-effective and single-step alternative to lithography.

Despite the mentioned advantages of LIPSS, some challenges hinder their transfer to

industry. Besides the low throughput of laser processing, the non-uniformity in the spatial

regularity of LIPSS sets a disadvantage with respect to the nanostructures generated with

lithographic methods. Non-uniformity is observed as a meandering and bifurcation in the

nanoripples, which globally manifests as a large dispersion in the period and orientation of

LIPSS. This generates a inhomogeneous response which limits the performance of LIPSS

in applications.
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2 1. Introduction

1.1 Objectives

The general objective of this thesis is to overcome the limitations of laser technology to
enable the generation of micro- and nano-structures that can provide the necessary
functionality at low cost in a simpler process compared to current fabrication meth-
ods. In order to test the viability of the fabricated structures, their validation in different

applications in the field of photonics is carried out. The main objective can be broken down

into the following partial objectives:

1. High-throughput production of micro- and nano-structures. To this goal, a laser

processing setup based on cylindrical focusing shall be designed and implemented.

2. Improvement of the spatial regularity of LIPSS. This can be approached by study-
ing the fabrication of micro- and nano-structures, including the geometry dependence

with the irradiation parameters, and comparing the results with those obtained with

a setup based on spherical focusing.

3. Validation of the technology through the fabrication of photonic devices. This
objective can be divided in:

3.1. Tailoring of the optical response in metals and dielectrics: reflective waveplates
and anti-reflective surfaces.

3.2. Fabrication of gratings for optical encoders.

3.3. Production of devices for refractometric sensing.

1.2 Thesis structure

The content developed in this thesis is presented along eight chapters, structured as follows:

• Chapter 1, introduction, presents the challenges, objectives and structure of this

work.

• Chapter 2, fundamentals of femtosecond laser micro- and nano-processing, provides

a background of the laser technology and laser-matter processes involved in the pro-

cessing of materials, specifically through ablation. Because LIPSS are a complex and

ample phenomenon that is thoroughly studied in this thesis, a detailed bibliograph-

ical review, focusing on their characteristics, types, origin and main applications is

included. Laser nanostructuring is also compared with the characteristics of other

techniques used in the fabrication of nanostructures.

• Chapter 3, processing setup and experimental methods, presents the experimental

used for the laser structuring of materials, and the calculation of the irradiation

parameters used in the processing. Then, the methods employed in the morphological

and optical characterisation of the fabricated samples, and the modelled setup used

in numerical simulations, are presented.
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• Chapter 4, LIPSS generation and spatial regularity, contains the results of the gener-

ation of LIPSS on metallic surfaces. The nanostructures obtained with both setups

(based on spherical focusing and cylindrical focusing) are studied in regards to the

processing parameters, with a special focus on their spatial regularity.

• Chapter 5, reflective waveplates and anti-reflective surfaces, presents the study of the

optical properties of LIPSS. In particular, the reflection and transmission in dielectrics

with nanostructured surfaces is studied through simulations for their application as

anti-reflective surfaces. In the case of metals, the relation between the morphology

of the nanostructures and the change in polarisation they induce upon reflection

is studied experimentally and computationally for its application as reflective wave-

plates.

• Chapter 6, optical encoders, discusses engraving strategies for the fabrication of

phase and amplitude gratings, which are then experimentally fabricated through a

combination of microstructures and LIPSS. The morphology and reflectance of the

gratings are characterised, and their performance as scales in encoders is validated.

• Chapter 7, refractometric sensors, presents the results extracted for gold-coated

LIPSS. Their optical behaviour, in particular their plasmonic activity, is studied in

relation to the morphology. The surface plasmon resonance is studied experimentally

and through simulations for different illumination angles and refractive index of the

liquid in contact with the nanostructures. The potential for refractive index sensing

applications is validated.

• Chapter 8, conclusions, summarises the key findings of this thesis and the main

conclusions. Future research directions are suggested.

1.3 Framework

This thesis has been carried out at the Advanced Powder Metallurgy and Laser Manufac-

turing group of Ceit-BRTA, in the context of the ECOGRAB (MINECO retos programme,

RTC-2016-5277-5) and LASER4SURF (EU Horizon 2020 programme, grant No. 768636)

projects.

The main objective of the ECOGRAB project consists in "the development of a laser-based

system for the fabrication of optical encoders, providing an alternative for the replacement

of the current lithographic methods that employ contaminant chemical products exten-

sively". As a direct result of the work carried in the context of this project, a laser

processing setup based on cylindrical focusing was developed and then validated in the

fabrication of scales for optical encoders.

In LASER4SURF, the objective is "to remove the technical and economic barriers that

prevent the use of laser technologies for obtaining functionalised metallic surfaces with

textures ∼ 1µm or less on mass production". In this context, LIPSS were studied in the

functionalisation of metallic surfaces for applications in the field of photonics.





CHAPTER 2

Fundamentals of femtosecond laser micro- and nano-processing

This chapter is dedicated to the introduction of the processes and technologies involved in

the generation of micro- and nano-structures. To better understand the physics involved

in this thesis, a background of the relevant laser technology and laser-matter interaction is

summarised. Then, a bibliographical review of Laser Induced Periodic Surface Structures

(LIPSS) is presented, focusing on their characteristics, types, origin and main applications.

Finally, a comparison with other techniques used in the fabrication of nanostructures is

given.

2.1 Laser technology

The laser is often considered as one of the most important inventions of the 20th century

[1]. Its first experimental demonstration was performed in 1960 by Theodore Maiman,

who built a laser based on a ruby crystal rod [2]. Since then, lasers have experienced huge

scientific and technological advances. In parallel, applications involving the use lasers have

expanded in an ample range of fields, such as medicine, communications, manufacturing

or metrology.

The term laser is an acronym for light amplification by stimulated emission of radiation. As

the name suggests, the physical phenomenon on which lasers are grounded is stimulated

emission. This idea was proposed by Einstein in 1916 [1]. The concept of stimulated emis-

sion describes the process by which a photon interacts with an excited atom or molecule,

causing it to drop to a lower energy level, emitting another photon in the process.

Fig. 2.1 shows the process of atomic excitation by the absorption of a photon by an

electron (left), which promotes it to a higher energy level. In order for the transition to

be possible, the energy of the photon needs to match the energy difference between the

ground and excited levels. However, the excited state is less stable than the ground state,

so the electron may decay to a lower available level spontaneously, emitting a photon with

energy equal to the difference in energy between the two states, and random phase and

5
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Figure 2.1 Schematics of the processes of absorption (left), spontaneous emission (middle) and
stimulated emission (right).

direction (middle). If this process is induced by the interaction with another photon of the

appropriate energy, the result is stimulated emission (right).

The key difference between spontaneous and stimulated emission is that in the latter, the

emitted photon has identical properties (frequency, phase and direction) as the incident

photon. This results in light with high directionality, monochromacity and coherence, which

are the main characteristics of lasers.

In addition to the stimulated emission of radiation, lasers need light amplification. This is,

as the light travels through the lasing medium, more photons are emitted than they are

absorbed. For this to be achieved, more atoms need to be in the higher energy state than

in the lower energy state. This condition is called population inversion. As the electrons

tend to be in their lower energetic state, a pump is employed to excite the atom. Pumping

may be optical or electrical, although any source is valid (such as chemical reactions) as

long as it is able to provide the required energy to the system.

Figure 2.2 Schematics of two (left), three (middle) and four (right) level laser configurations.
Non-radiative transitions are represented by dashed arrows.

The conditions for population inversion in multiple configurations of energy levels can be

derived from the rates of absorption and emission between levels [3]. In short, no population

inversion is possible in a two-level laser (Fig. 2.2 left). A three-level laser such as the one

shown in the middle of Fig. 2.2 uses an additional energy level which quickly transitions

into the upper energy level of the laser through a non-radiative process (phonons). Such

configuration of the energy levels is able to obtain population inversion under restrictive

conditions for the transition rates. A four-level laser, using upper and lower auxiliary levels

while the radiative transition takes place at levels in-between (Fig. 2.2 right), is also

able to produce population inversion, although the condition is not as restrictive as in the

three-level laser.

The energy levels explained here, in a real medium do not consist of a single energy, but
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rather of a range of energies determined by the material. This, in turn, determines the

range of wavelengths generated in the medium (spectral width). Narrow-linewidth lasers,

such as He-Ne laser with a spectral width of 0.002 nm, provide high coherence to the

laser beam, which makes these lasers useful in applications requiring interference, such as

in frequency metrology or interferometric sensing. Broadband lasers have spectral widths

of up to ∼ 10 nm, which is useful for ultrashort pulse formation, as will be explained later

in this section.

In addition to the right medium and pump, a resonant cavity is required in a laser. A

resonant cavity is generally formed by two mirrors facing each other, with the laser medium

in-between. One of the mirror has a small transmission percentage so that some of the

light escapes from the cavity as the output laser beam, while the rest is reflected and

continues travelling through the medium. This allows for a selection in the directionality

of the light, since light with a slightly tilted direction will eventually propagate outside the

cavity, while the selected direction keeps reflecting in the mirrors and being amplified. It

also follows from this that the amplification achieved with a resonant cavity is much higher

than that of a single-pass emission, as the successive passes increase the gain.

Although the basic elements of lasers have been explained, multitude of different media

(such as gasses, crystals (solid-state), semiconductors or dyes, among others), pumps, and

cavities are employed. Additionally, laser technology has allowed an increasing tuning of

the characteristics of the generated light. As such, one of the main advances in lasers was

the ability of generating high power outputs.

Since power is the amount of energy per unit time, the concentration of energy in short

laser bursts known as pulses was used since a very early stage in the development of lasers.

As soon as in 1962, the first demonstration of Q-switching was made, also on a ruby laser

[4].

The Q-switching technique [5] is able to generate short pulses in the nanosecond scale with

high energy (usually milijoules, but up to joules) per pulse. It relies on a variable attenuator

that is introduced in the cavity. When active, the attenuator introduces high losses in the

cavity, which prevents lasing from beginning. During this time, the quality factor of the

cavity, Q, defined as the ratio between the energy stored in the medium and the losses in

the cavity, is low. Meanwhile, the medium is pumped, reaching a high population inversion.

Since lasing is not able to start, the population inversion reaches levels higher than what

is possible in a lasing stage due to the constant depleting of excited states. When the

maximum inversion is achieved, the losses in the cavity introduced by the attenuator are

eliminated, rapidly switching to a high Q, and lasing starts after a small delay due to the

pulse buildup. The energy stored is suddenly released in the form of a short pulse with very

high energy. Fig. 2.3 illustrates this process.

The attenuation introduced in the cavity can be switched passively or actively. Active

Q-switching employs externally mechanical devices such as a shutter or chopper wheel

or, more commonly, electro-optic devices such as Pockels cells. Passive Q-switching uses
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Figure 2.3 Pump (lamp current), losses in the cavity, population inversion and pulse energy dy-
namics characteristics of the Q-switching technique in time. Source [5].

materials knows as saturable absorbers, which decrease their absorption at high optical

intensities (defined as energy per unit time and unit area). Therefore, the absorber allows

a small transmission of light after a high energy is stored in the medium in the cavity,

which permits some lasing. As the laser power increases, it saturates the absorber, quickly

decreasing its absorption, and the power rapidly increases. After the pulse, the absorber

recovers its high-loss state.

In 1964, it was shown theoretically that modelocking could shorten the pulse duration.

A series of experiments during the three following years culminated on the generation of

pulses as short as 6 fs [1], also known as few-cycle pulses since the pulse only comprises a

few oscillations of the electric field.

Modelocking takes advantage of the broad spectral bandwidth in which some laser media

operate (usually several nanometres), as a wider bandwidth is translated to shorter pulse

duration. In solid-state lasers, the most notable example is the titanium-doped sapphire

(Al2O3), which provides a broad tuning range between 660 and 1180 nm [1], although

typical commercial lasers use a bandwidth of ∼ 10 nm, with pulse duration of ∼ 100 fs.
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Figure 2.4 Phase and amplitude in frequency and time domains for (a) non-modelocked laser (b)
modelocked laser. Adapted from [6].

The longitudinal mode propagating in the cavity oscillate simultaneously without a fixed

amplitude or phase relation between each other. Their superposition results in an averaged

temporal output with small random variations (Fig. 2.4 a). If the oscillating modes are

forced to keep a fixed phase among them, the superposition in time-domain will result in

a large amplitude when the maximum of the modes overlap, and close to zero otherwise.
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In particular, if the spectral intensities show a Gaussian distribution (Fig. 2.4 b), the

time-domain signal is also a Gaussian, with a temporal width inversely proportional to the

spectral width.

Similarly to Q-switching, modelocking methods can also be classified as passive or active.

Within the passive techniques, saturable absorbers are also employed so that emission is

suppressed except when, randomly, an intensity peak appears due to phase locking. This

starting pulse is allowed to circulate in the cavity and amplify. Active techniques employ

electro-optic or acousto-optic devices that modulate the amplitude (AM) or frequency

(FM) of the light in the cavity [6].

Figure 2.5 Schematics of the chirped pulse amplification technique. Source [7].

Femtosecond oscillators with modelocking generate trains of pulses with a high repetition

rate around 100 MHz with low energy pulse in the order of a few nanojoules. These pulses

can be then amplified up to the joule level in successive amplifiers. However, the output

energy is limited because of the high intensity of the pulses, which can damage the amplifier

components [6].

In order to overcome this limitation, the CPA technique was demonstrated in 1985 [8].

CPA stands for chirped pulse amplification. In this technique, a short pulse is stretched

temporally by several orders of magnitude. In this state, the amplification of the pulse can

take place without damaging the components of the device due to its reduced peak power.

After the amplification, the pulse is compressed again to recover its short duration.

The stretching and compressing of the pulse is performed through two pairs of gratings.

The first grating reflect the different frequency components in different angles. A second

grating diffracts the diverging light, compensating the angle. Each frequency component

of the pulse travels a different distance between the pair of gratings, so that when the light

is redirected, the new pulse is much longer, with the frequencies distributed in different



2.2. Laser microprocessing 11

parts of the pulse (Fig. 2.5), hence the term "chirped". After the amplification, the

pulse passes through another pair of gratings, which compensates the different distances

travelled by the frequency components, shortening the pulse.

The techniques mentioned here are often used in combination with each other or with other,

more advanced solutions. Overall, the invention of the laser has been a breakthrough in the

control of light. The applications that have arise with it make use of its high coherence,

directionality or monochromacity. In exchange for a lower monochromacity or coherence,

high intensity pulses can be generated, which has had a great impact on the modification

and processing of materials.

2.2 Laser microprocessing

Material processing with laser has been one of the most intensive fields of application since

the invention of laser. Nowadays, its use is common in many industrial processes such as

cutting, hardening or welding [9]. These is usually achieved with nanosecond or longer

pulses, as they transfer the energy of the pulse to the material in the form of heat. The

development of lasers with intense, ultrashort pulses allowed the modification (often done

through ablation) of material in the micrometre scale, as the short interaction time makes

the deposition of energy much more localised, opening a new field of laser microprocessing

applications.

Fig. 2.6 shows ablation of steel with pulses of duration in the nanosecond, picosecond,

and femtosecond scale [10]. With nanosecond pulses, a large area around the drilled hole

is affected by the heat, as observed in a change in tonality. Additionally, in the edge of

the hole, a recast layer is observed, along with irregular walls. Similar effects are seen with

picosecond drilling, although in this case shockwaves are also observed around the hole.

Finally, with femtosecond pulses, the drilling is regular, without recast of material, and

with a small heat-affected area.

Figure 2.6 Ablation of steel with pulses of duration (a) 3.3 ns, (b) 80 ps and (c) 200 fs. Adapted
from [10].

In order to better understand the fundamentals of femtosecond laser ablation and its

difference with longer pulses, the absorption of energy and subsequent dynamics in the

material are explained in the next paragraphs.
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2.2.1 Absorption of laser radiation

The interaction between a laser pulse and a material depends largely on the nature of the

material. Materials can be classified into metals, semiconductors and dielectrics according

to the relation between the energy of their electronic bands and the Fermi level (EF ). The

electronic band structure of a material describes the energy levels that the electrons can

occupy and their density of states (height and width of semicircles in Fig. 2.7, respectively).

Figure 2.7 Energy level distributions characteristic of metals, semiconductors and dielectrics.
Adapted from [11].

Each level has a probability of being occupied by an electron given by the Fermi-Dirac

distribution (black meaning higher probability of states filled in Fig. 2.7). In short, the

occupancy probability diminishes as the state energy increases, with EF denoting the energy

at which the probability equals 1/2. The energy bands immediately above and below EF

are called conduction and valence bands. For electrical conductivity to be possible, there

needs to be a non-zero probability of electrons to be in the conduction band.

In metals, EF lies in a state band, so that the conduction band is intensely populated. In

semiconductors, EF lies in a band gap (energy states where the probability of occupation

is zero). However the conduction band is near EF and some electrons may occupy the

conduction band. In dielectrics, the conduction band lies far from EF , and the conduction

band is depopulated from electrons.

In metals, absorption of the laser energy is dominated by linear absorption by the free

electrons already present in the conduction band [12]. In semiconductors, electrons from

the valence band absorb photons if their energy surpass the band gap and are excited to the

(initially empty) conduction band. Due to the smaller band gap values in semiconductors

compared to dielectrics, usually a photon in the NIR or visible spectrum is enough for the

absorption to take place. Otherwise, if the intensity is high enough, even less energetic

photons can promote an electron to the conduction band through multi-photon absorption.

In this process, two or more photons are absorbed by the electron in a small interval of

time, for a total energy increase corresponding to the sum of the energy of the photons.

This absorption process is more predominant in dielectrics, where the band gap is larger,

and a single photon in the visible or longer wavelengths does not carry enough energy to be



2.2. Laser microprocessing 13

absorbed by the electron in the material. Additionally, other nonlinear phenomena can take

place at very high intensities, such as quantum tunnelling, in which the electric potential

of the laser is so intense that it modifies notably the potential of the atom, so that the

electron may escape the atom potential and become ionised [12].

Once a high density of electrons are in the conduction band, the material behaves effectively

as a metal, independently of its initial characteristics. The absorption process, relying on

electron dynamics, takes place quickly upon laser irradiation, in the femtosecond timescale

(Fig. 2.8).

Figure 2.8 Timescales of the main phenomena involved in laser-matter interaction. Source [12].

2.2.2 Femtosecond ablation

If the intensity of the irradiation is high enough, the electrons in the conduction band keep

absorbing photons and increasing their energy through free carrier absorption until they

become ionised, after which they may keep increasing their kinetic energy through inverse

bremsstrahlung.At high kinetic energies, collisions start taking place between free electrons

and electrons in the valence band, so that the high energy electron loses some energy in

exchange of increasing the energy of another electron through impact ionisation. Both

electrons keep gaining energy through inverse bremsstrahlung, and the process repeats, in-

creasing the number of free electrons exponentially, initiating a process known as avalanche

ionisation and forming a plasma at the surface.

The increase with time in free electron density for a dielectric irradiated with a 100 fs

pulse with peak intensity of 1013 W/cm2 can be seen in Fig. 2.9. As multi-photon

ionisation is strongly dependent on the beam intensity, it becomes stronger near the centre

of the pulse, where the intensity is highest. When a substantial amount of free electrons

have been generated, the collisional ionisation rate begins to exceed that of the multi-

photon ionisation. At this point (after a few tens of femtoseconds), the dielectric is now

a conductor with properties similar to a metal. Note that for a femtosecond laser such as

the one in this example, the generation of the plasma takes place in a time in the order of

the duration of the pulse.
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Figure 2.9 Calculated temporal evolution of free electron density (considering multi-photon ionisa-
tion only and multi-photon combined with impact ionisation) for fused silica under irradiation with
a 100 fs, 1053 nm pulse with intensity 1013 W/cm2. Source [13].

At moderate intensities, just above the ablation threshold (∼ 1013 W/cm2 [13]), after

the formation of the plasma the remaining ions in the lattice of the material experience a

strong Coulomb repulsion due to the charge inequality, and are removed from the material

in a process known as Coulomb explosion [14].

At higher intensities (> 1014 W/cm2 [13]), a more violent and explosive process takes

place, known as phase explosion. Here, the dynamic is more complicated due to the high

temperature of the plasma (this is, the energy of the electrons in it). The electrons transfer

their energy to the ion subsystem, which takes place in a longer timescale (picoseconds)

[12]. A thermal wave propagates inside the material, and behind it, an ablation wave. As

the energy is transferred to the ions, the thermal wave is slowed down, and the ablation

wave overtakes the front of the thermal wave [9]. During the ablation process, a shock

wave is created due to the recoil pressure of the ablated material.

In both cases, the deposited energy is ablated without an important increase in the tem-

perature of the surrounding material. In the Coulomb explosion, the time in which this

process takes place is lower than the relaxation mechanisms between the electrons and the

lattice. In the phase explosion, the ablation is faster than the thermal expansion, so that

the heated material is ablated. As a result, in both cases the ion lattice remains cold.

2.2.3 Ablation with long pulses

For pulse durations in longer timescales, such as nanoseconds, the interaction is dominated

by thermal processes (Fig. 2.8). In fact, for pulses longer than ∼ 10 ps, the heat con-

duction and hydrodynamic motion dominate the ablation process, since this time is much

longer than the electron-lattice relaxation times [15]. Therefore, the thermal ablation in

this case is determined by the thermal expansion as a result of the temperature increase.

Electrons and the lattice remain in equilibrium throughout the excitation process [16]. As
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a consequence, the temperature in the material increases and melts. Since the energy is

transmitted though the material (instead of quickly ablated as in femtosecond ablation), a

large area is affected by the heat and experience a notable increase in temperature, which

can change the properties of the material, and also reduce the precision of the ablation.

Additionally, since the peak energy of lasers with long pulses is lower than in femtosecond

lasers, multi-photon absorption is not as strong, which increases the penetration depth of

the light and leads to deeper melt depths [16].

Due to the different mechanisms involved, the ablation threshold for a 30-100 ns pulse is

∼ 108 − 109 W/cm2, which is much lower than for femtosecond ablation (∼ 1013 − 1014

W/cm2 for a 100 fs pulse) [15].

In order to avoid the influence from the pulse duration in the comparison of ablation

thresholds, this quantity is usually given as a fluence (defined as energy per unit area).

Fig. 2.10 shows the fluence threshold for two materials (fused silica and calcium fluoride)

under irradiation with pulses of different duration.

Figure 2.10 Damage threshold for fused silica at 1053 nm (dots) and 825 nm (triangles), and
CaF2 at 1053 nm (squares). Solid lines indicate the trend of the fluence threshold with the pulse
duration. Source [13].

As the pulse duration increases, the fluence threshold also increases, contrary to the be-

haviour of the intensity threshold. The increase is much more notable at pulses longer than

a few picoseconds, since at this point the ablation mechanisms shifts from cold ablation to

thermal ablation. For pulses in the femtosecond timescale, the fluence threshold changes

much more slowly. Therefore, the specific pulse length is not as important for femtosecond

pulses.

In sum, ablation with femtosecond lasers has a lesser degree of material damage associated,

compared to ablation with longer pulses. This is due to the higher peak intensity of the

pulses, which ionise the material in times similar to the duration of the pulse. Therefore,
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the ionised material does not interact further with the pulse, and the heated material is

ablated before thermal expansion into its surroundings.

2.3 Laser-Induced Periodic Surface Structures

Under certain irradiation conditions with short pulses, particularly at fluences similar to the

ablation threshold, periodic structures appear in the irradiated material. These structures

were first observed in the surface of semiconductors as reported by Birnbaum in 1965,

shortly after the development of the first ruby laser [17]. Few more observations of the

so-called ripples were reported until 1981, usually as an unexpected side effect in the study

of new laser applications [18, 19, 20]. Some of these reports tried to offer explanations

to the origin of this new phenomenon. However, it was in 1982 when Sipe et al. started

a series of publications [21, 22] which focused, both experimental and theoretically, on

the generation of what they coined as Laser-Induced Surface Periodic Structures. In 1983

they published an analytical theory [23], now commonly known as Sipe’s theory, which

explained LIPSS formation using electromagnetic formalism and is currently the base of

the electromagnetic theories on the generation of LIPSS [24].

The nanostructures generated with the lasers available at the time (usually with pulses in

the nanosecond regime or longer) were sufficiently explained by Sipe’s theory. Additionally,

no relevant applications were developed during that time, so the interest in LIPSS was

kept stable for years. In the decade of 1990-2000, the interest in LIPSS was boosted by

the research with excimer lasers in the UV region [25], particularly in the processing of

polymers [26, 27].

With the popularisation of lasers in the pico- and femtosecond regime around the turn of

the millenium, new kinds of structures (some of them unexplained by the electromagnetic

theories at the time) were discovered in the processing of materials [28], and the interest in

LIPSS experimented a renewed interest that has continuously increased up to the present

day (Fig. 2.11). Even in 2021, when the consequences to the halt in research activity

during 2020 became visible, the number of publications in LIPSS reached levels of previous

years.

LIPSS are now a well-known "universal phenomenon", as Sipe et al. defined them as early

as in 1982 [22], since they appear in a wide variety of materials and irradiation conditions.

The morphology and type of LIPSS that appear also vary according to parameters such

as fluence, number of pulses, polarisation, laser wavelength or irradiated material, among

others. Alternative theories have been developed to explain the formation of new types

of LIPSS that were not predicted by Sipe’s theory, and numerical methods have allowed

for a better understanding of their origin. Evolution in laser technology has enabled new

processing strategies and vastly increased their processing rate. Thanks to the versatility

and ease with which LIPSS appear, a plethora of industrial applications have emerged

around them and currently compete with alternative fabrication methods with a low cost

and fast (albeit less refined) production.
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Figure 2.11 Number of publications in LIPSS up to 2021, broken down per year. The results were
gathered from the Web Of Science database to the search term "Laser-Induced Periodic Surface
Structures". Updated version (as of 1st March 2022) of a similar figure published in [28].

In the following subsections, these topics are discussed and developed in detail as they are

core to the content developed in this thesis: processing setups (chapter 3.2), generation

parameters (chapter 4) and applications (chapters 5,6, 7).

2.3.1 Influence of parameters

The first type of LIPSS observed experimentally showed a set of common characteristics:

their orientation was related to laser polarisation [20] and their period was similar to the

wavelength of the laser [18, 19]. They were also reported to appear at lower fluence than

other types of damage on the material [19, 20]. The first observation of a new type

of periodic formation [29] showed new properties, such as a different relation to the laser

polarisation and, most notably, much shorter period compared to the laser wavelength. This

discovery originated a categorisation of LIPSS that has been widely used even after multiple

other types of LIPSS have been identified: Low-Spatial-Frequency LIPSS, abbreviated as

LSFL, and High-Spatial-Frequency LIPSS (HSFL). LSFL, as already mentioned, show a

period Λ slightly shorter than the wavelength λ of the laser (Λ . λ), while for HSFL the

period is much shorter than the wavelength (Λ� λ).

Other types of LIPSS have been described, such as grooves (Λ > λ) or split-LSFL

(Λ . λ/2) [24]. It should be mentioned that other structures (sometimes secluded from

LIPSS categories) can be formed under particular circumstances, such as spikes, which are

hierarchical structures, and triangular LIPSS [30].

The type and characteristics of LIPSS can be controlled with a multitude of parameters.

In the following paragraphs, the aspects in which they influence the formation of LIPSS

are covered.
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2.3.1.1 Fluence and number of pulses

As previously explained, fluence F and number of pulses N greatly affect the result of the

laser micro-processing, with the fluence being relevant in the spot size and single-pulse

ablation threshold, and number of pulses modifying the incubation factor for multi-pulse

ablation. As LIPSS appear at fluences close to the ablation threshold, it is clear that both

F and N will be relevant in their formation. Fig. 2.12 shows different types of LIPSS

appearing in Titanium alloy (Ti6Al4V) for several combinations of F and N using a Ti:Sa

laser emitting 800 nm, 30 fs pulses at a 1 kHz repetition rate [31]. Fig. 2.12 a)-d)

shows micrographs of HSFL, LSFL, grooves and spikes, respectively. Grooves are usually

understood as the deeper lines running in horizontal, in a perpendicular orientation to the

otherwise visible LSFL. The spikes are hierarchical structures of a few microns, with LSFL

inscribed in their surface. Note that the orientation of LSFL in micrographs b), c) and

d) is always perpendicular to the laser polarisation. However, HSFL and grooves show an

orientation parallel to the polarisation. The spikes do not exhibit a preferred orientation.

Classification of observed structures (Fig. 2.12 e) show that, for an increasing fluence, the

resulting formations start appearing as HSFL, then LSFL, grooves and spikes. The specific

result depend on the number of pulses, which also shows a role in the formation. For a

low number of pulses (< 10), no HSFL are visible at any value of fluence, and also grooves

are not fully formed. As N increases, HSFL are formed in a specific range of values (20 -

100 pulses), while also enabling the formation of grooves and partial formation of spikes.

At the highest N ∼ 1000, structures formation start at values of F notably lower, with full

formation of spikes.

The ablation threshold of Ti6Al4V was found to be Fth(100) = 0.142 J/cm2 in the multi-

pulse regime (N = 100) and Fth(1) = 0.272 J/cm2 in the single-pulse regime [32] for 130

fs, 790 nm pulses. A similar result for the multi-pulse regime (N unspecified) was found

for 30 fs, 790 nm pulses, with a value of 0.15 J/cm2 [33].

Therefore, the formation of LIPSS in Fig. 2.12 appear at fluences very close to the ablation

threshold, near 0.3 J/cm2 at low number of pulses and around 0.15 J/cm2 in the multi-

pulse regime. The apparition of LIPSS continue at higher fluences of up to ∼ 6 · Fth(1),

with the formations evolving rapidly into grooves and spikes as N increase.

Another important factor affected by the parameters F and N is the period of the generated

structures. It has been observed that LSFL period increases slightly when F increases, while

decreasing when N increases, even in materials with different properties. In Fig. 2.13 a)

and b), the type and period of LIPSS generated in titanium can be seen for processes

with varying F and N, respectively. Some formation of HSFL parallel to the polarisation

can be seen at low fluence. LSFL appear first at 465 nm, and moderately increase up to

600 nm at higher fluence. On the other hand, as the number of pulses increases, their

periods decrease from 750 nm to 520 nm [34]. Similar experiments in a semiconductor as

single-crystalline silicon (2.13 c and d) report the same trend.
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Figure 2.12 Different formations observed in Titanium alloy under different irradiation conditions.
(a)-(d): SEM micrographs of HSFL, LSFL, grooves and spikes, respectively. (e) Classification of
the structures according to fluence and number of pulses. Source [31].

2.3.1.2 Laser polarisation

LIPSS appear at either parallel or perpendicular orientations with respect to the laser

polarisation. The particular orientation depends on the type of LIPSS generated: HSFL

and split-LSFL appear perpendicular to polarisation, while grooves appear always parallel to

polarisation. LSLF can appear at both orientations depending on the particular formation

mechanism (section 2.3.2).

Fig. 2.14 shows LIPSS formed in silicon using beams with complex polarisation patterns

[35]. In the four polarisation patterns shown in red arrows, grooves appear parallel to the

local polarisation, and LSFL appear perpendicular to the polarisation in an outer annulus
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Figure 2.13 Period of LSFL and HSFL as a function of fluence and number of pulses in (a)-(b)
titanium and (c)-(d) silicon. Adapted from [34].

due to the lower fluence in that region. The local polarisation of the beam is clearly

reproduced by the grooves.

2.3.1.3 Pulse duration

LIPSS formation has been observed for a wide range of pulse durations. From CW lasers, to

few-cycles femtosecond lasers [34]. Despite the great temporal range, not many differences

are observed. LSFL periods are typically close to the laser wavelength (Λ ∼ λ) for pulses
in the nanosecond or longer regimes, while for pico- and femtosecond pulses, the period

is shorter (0.7λ < Λ < 0.9λ). Additionally, as mentioned earlier, HSFL only appear with

pico- and femtosecond pulses.

2.3.1.4 Laser wavelength

The period of LSFL has been measured to scale linearly with the irradiation wavelength,

at least in the usual ranges of laser wavelength (UV to NIR region). The scaling factor of

the trend depends on the specific irradiation conditions and material.[36, 37].

LIPSS have been reported at wavelengths as short as 98 nm, in the XUV region of the EM

spectrum. Their presence in carbon films was found to be ∼ 80 nm [34]. On the other

side of the spectrum, LIPSS appear in the MIR region with periods of several micrometres
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Figure 2.14 LIPSS formation in silicon revealing the local polarisation in complex polarisation
patterns: (a) radial, (b) azimuthal, (c) spiral, (d) linear. Yellow and red squares highlight the HSFL
and LSFL orientations parallel and perpendicular to the local polarisation in this material. Source
[35].

[38].

2.3.1.5 Material

The parameters listed in the previous sections are associated to the irradiating light. Addi-

tionally, the formation of LIPSS depends strongly on the material irradiated. More specif-

ically, it depends on its optical and molecular properties. The role of the material in the

formation mechanisms will be discussed in detail in subsection 2.3.2. Some characteristics

of LIPSS formed on these three material types are [34]:

• Metals: LSFL appear commonly at fluences slightly above the ablation threshold as

formations with period in the range λ/2 < Λ < λ and orientation perpendicular to

the laser polarisation. Occasionally, HSFL are also observed at fluences very close to

the ablation threshold, with period Λ < λ/2 and orientation parallel to the ablation

threshold.

• Semiconductors: Under certain conditions with fs-pulses irradiation, semiconductors

exhibit properties similar to metals due to electronic excitation. Hence, LSFL appear

perpendicular to the polarisation, while HSFL appear with both parallel or perpen-

dicular orientations. However, they also show a range of LIPSS types due to their

complex electronic properties, combining elements from metals and dielectrics.

• Dielectrics: LSFL in these materials (usually disordered glasses, crystals and poly-

mers) exhibit periods Λ ∼ λ/n (where n is the refractive index of the material). Their

orientation is usually perpendicular to the polarisation in low band gap dielectrics, and

parallel in wide band gap dielectrics. HSFL are also observed at low F and high N,
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generally oriented perpendicular to the laser polarisation irrespective of the band gap

size, and with period λ/(2 · n) < Λ < λ/n.

Figs. 2.15, 2.16 and 2.17, show experimental results reported in literature of LIPSS gener-

ated in several materials, grouped by metals, semiconductors and dielectrics, respectively

[34]. Processing conditions were selected for commonly used lasers, this is, wavelength

between ∼740 nm and 800 nm, pulse duration between 25 fs and 160 fs, and repetition

rate lower than 5 kHz.

Figure 2.15 Experimental LIPSS formation reported in literature in metals. Source [34].

2.3.1.6 Other parameters affecting LIPSS formation

Other methods that influence the formation of LIPSS have been reported. Due to their

higher complexity these methods are not employed extensively, but nevertheless help in the

understanding of LIPSS.

Instead of processing at normal incidence, with the beam impinging on the surface perpen-

dicularly, the influence of changing the angle of incidence has been explored both experi-

mental and theoretically. Siegman et al. [39] measured and calculated the period of ripples

in Si. More recently, Dufft et al. [40] demonstrated that LSFL period in ZnO strongly

decreases as the angle of incidence increases, from 750 nm at normal incidence to 450

nm at 50º. Conversely, HSFL period only slightly increases as the angle increases (Fig.

2.18).

The surrounding medium has also been found to modify the formation of LIPSS. The period
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Figure 2.16 Experimental LIPSS formation reported in literature in semiconductors. Source [34].

Figure 2.17 Experimental LIPSS formation reported in literature in dielectrics. Source [34].
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Figure 2.18 Variation of LIPSS period with angle of incidence in ZnO. Source [40].

of LIPSS are related to the refractive index of the surrounding medium (nm) by Λ ≈ λ/nm
at normal incidence [34]. Kobayashi et al. [41] studied the influence from the refractive

index, finding the same relation between Λ and nm. In addition, thermal conductivity of

the surrounding media was found to affect the resulting LIPSS patterns due to increased

thermal effects.

Similarly, the temperature of the sample before laser irradiation affect LIPSS formation

through an increase in absorption of light by the material [42, 43]. Gräf et al. [44]

demonstrated that, through heating of the fused silica sample, the fluence threshold for

formation of LIPSS is reduced from 5.12 J/cm2 at room temperature to 3.84 J/cm2 at

1200 ºC . At the same time, the period Λ of LSFL increases from ∼ 0.83λ to ∼ 1.14λ,

meaning that supra-wavelength LIPSS (Λ > λ) are achieved.

These experimental findings contribute greatly to the literature, since knowing the different

ways in which LIPSS appear is essential for their study. However, in order to be able to fully

understand this phenomenon and being able to predict its behaviour, it is key to understand

the mechanisms that lead to their formation.

2.3.2 Formation mechanisms

The study of LIPSS formations mechanisms began with the first observation of LIPSS,

when Birnbaum explained the appearance of LIPSS as a result of selective ablation based on

diffraction [17]. Since then, many theoretical formalisms have been developed (Fig. 2.19

a), which can be grouped into electromagnetic (EM) and matter reorganisation (MR)

models.

EM models account for the inhomogeneous deposition of energy in the material as a result

of the interference between the incident light and surface electromagnetic waves (SEWs)

excited by scattering of the same incident light. MR models, on the other hand, consider

mechanisms that act on longer time scales (from nano- to miliseconds, compared to EM

effects taking place in the femto- or picosecond time scale). Here, thermodynamic and

hydrodynamic effects create a periodic reorganisation of material in the transiently melted
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surface due to the absorption of laser energy. Schematics of both types of models can be

observed in Fig. 2.19 b).

Figure 2.19 (a) Temporal timeline of theoretical formalisms and simulation techniques divided by
EM or MR models. (b) Schematics of EM (top) and MR (bottom) formation mechanisms. Adapted
from [24].

2.3.2.1 Electromagnetic theories

In EM theories, the EM radiation is scattered at the rough surface. Under certain condi-

tions, surface excitation modes, namely, surface plamon polaritons (SPPs) may be excited

by this scattered radiation. The interference between the incident radiation and SPPs leads

to a spatial modulation of the energy that, when absorbed by the material, is patterned

into its surface through ablation at the high energy regions.

In simple approaches, the period Λ and orientation of LIPSS is associated to the character-

istics of the excited SPP. SPPs are EM waves that travel along an interface between two

materials, created by the collective oscillation of electrons. The dispersion relation of the

SPP is obtained by solving Maxwell’s equations with the geometrical constrains imposed

by the interface, located at the plane z=0 [45]:

kz,1
ε1

+
kz,2
ε2

= 0 (2.1)

where kj,i is the wave vector component of the SPP along the j-axis in material i of the

interface, and εi is the permittivity of each material. Additionally, for both materials:

k2x + k2z,i = εi · (
ω

c
)2 (2.2)

where ω is the angular frequency of the waves and c is the speed of light in vacuum.

Using eqs. 2.1 and 2.2, the dispersion relation of the SPP can be rewritten as:

kx =
ω

c

(
ε1 · ε2
ε1 + ε2

)1/2
(2.3)
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In order for SPPs to be excited, the real and imaginary part of the permittivity of both

materials in the interface needs to satisfy the following condition [46, 47]:

<(ε1) · <(ε2) + =(ε1) · =(ε2) < 0 (2.4)

In the case of a medium with negligible absorption (=(ε) ∼ 0):

<(ε1) · <(ε2) < 0 (2.5)

This condition can only be fulfilled if the interface is composed of a good dielectric (char-

acterised by =(εd)/<(εd) � 1), such as air or vacuum, and a metal (<(εm) < 1 at the

usual laser frequencies). Although initially non-metallic, semiconductors and dielectrics can

also fulfill this conditions under high-intensity laser irradiation. Through multi-photon ab-

sorption, the laser can excite enough carriers to the conduction band to enable a transient

metallic behaviour.

Another condition for SPP activity can be extracted through eqs. 2.5 and 2.3 [46]:

<(εm) < −1 (2.6)

The wave vector of a photon in free space (kph = ω/c) is always smaller for an equal

frequency, or energy E, than that of a SPP, with dispersion relations that do not cross

(dashed and solid lines in Fig. 2.20). This means that a photon coupling into a SPP would

not meet the momentum conservation. Instead, surface roughness is needed to provide

the additional momentum. Roughness can be modeled as a superposition of gratings with

different periods. By taking one of the components, a grating with period d and wave

vector kg = 2π/d , this additional wave vector can support the coupling of the photon to

SPP (Fig. 2.20).

The roughness in the material, if not already present, is also achieved through multi-pulse

feedback. The first laser pulses ablate some material that, during successive irradiations,

enable periods that support SPP excitation [24]. These periods will absorb radiation better,

generating the morphology with characteristics that are described as LSFL.

The period of the resulting LSLF is then linked to the SPP as ΛLSFL = ΛSPP . ΛSPP is

given by:

ΛLSFL = ΛSPP =
2π

<(kx)
= λ · <

{(
εm + εd
εm · εd

)1/2}
(2.7)

where λ = ω/c .

The orientation of the LSFL explained by this theory, also labeled as LSFL-I, are oriented

perpendicular to the beam polarisation as a result of the directional excitation of the
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Figure 2.20 Dispersion relation of a photon and surface plasmon. A grating vector is required to
provide the additional momentum. Source [48].

electrons in the material by the incident laser radiation.

Additionally, depending on the angle of incidence θ and polarisation orientation (s or p),

the phase-matching conditions change as [24]:

ΛLSFL,p ∼
λ

1± sin(θ)
(2.8)

and:

ΛLSFL,s ∼
λ

cos(θ)
(2.9)

Currently, the widest accepted theory is Sipe’s theory. Developed in the decade of 1980,

describes through analytical equations the dielectric polarisation density at a rough surface,

including possible excitation of SPPs and their interference with the incident radiation. It

predicts the period of LIPSS as a function of surface roughness and permittivity, and laser

wavelength and polarisation.

Sipe’s theory describes the absorption of energy as proportional to "absorption efficacy",

η, and surface roughness, b, defined in terms of wave vector k:

Absorption ∼ η(k) · |b(k)| (2.10)

For a smooth surface, b will be a slowly varying function, while η may exhibit peaks at

certain periods Λ, associated to LIPSS appearance. As the LIPSS start being formed, b will

also begin to exhibit peaks that reinforce the ripple formation through positive feedback.

On materials with strong absorption (metals and even semiconductors), This theory pre-

dicts LSFL-I type of LIPSS with characteristics similar to what was found for the simpler
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approach explained earlier.

On transparent dielectrics, other types of LIPSS are found, LSFL-II, related to so-called

"radiation remnants" (RR). LSFL-II exhibit a period of ΛLSFL−II ∼ λ/<(
√
ε) = λ/n and

orientation parallel to the laser polarisation.

Sipe’s theory predicts the dominance of RR- or SPP-generated LIPSS in the maximum

value of the η function. For low refractive index dielectrics with large band gaps (such as

SiO2), the value of ηmax is more to 3 times higher for LSFL-II than LSFL-I [24].

An extension of this theory, developed by Bonse et al. [49], combined Sipe’s theory with a

Drude model. This Sipe-Drude model can quantify the change in permittivity as a function

of the density of electrons promoted to the conduction band as a result of laser irradiation.

According to this model, as the electron density in the conduction band increases as a

result of light absorption, the amplitude of η associated to the RR features diminishes,

while increasing for SPP behaviour as the material turns transiently plasmonic. As the

electron density further increases, η → 0, meaning that LIPSS formation stops at higher

fluences, which is compatible with the observed phenomenon in which LIPSS appear for a

specific range of fluences.

Other types of LIPSS were theoretically found through numerical methods, in addition to

confirming the results obtained through the already explained analytical theories. Finite-

Difference Time-Domain (FDTD) calculations numerically solve Maxwell’s equations [24].

Using this tool, new types of LIPSS were identified. Fig. 2.21 classifies the main LIPSS

types by the origin of their formation, and summarises their characteristics such as orien-

tation with respect to laser polarisation (parallel ‖ or perpendicular ⊥), period, material

types that usually enable their formation, and an schematics of their typical appearance in

Fourier space.

Type-s (LSFL-I) and type-d (LSFL-II) LIPSS were found associated to inhomogenous

absorption resulting from the coherent superposition of the scattered far-field and the laser

beam propagating into the material. In contrast, type-r (HSFL-I) LIPSS originate from

the coherent superposition between the scattered near-field and the beam propagating into

the material. Note that the scattering comes from local superficial defects (roughness).

Type-2s LIPSS, also reported as split LIPSS or, technically, split LSFL-I, are attributed to

the redistribution of the electric field after LSFL-I formation.

As the electron-phonon coupling time in solids range between 0.1 ps and 10 ps [24],

the energy from femtosecond pulses remains locally confined during the pulse irradiation.

Under this condition, Two-Temperature Model (TTM) can be applied to study the dif-

fusion of energy from electrons to the lattice. Given that the pulse is shorter than the

electron-phonon relaxation time (τ), each system (electrons and ions) can be treated as

in equilibrium within each one but not with each other. Therefore, this model employs a

pair of coupled differential equations that solve the temporal evolution of electron temper-

ature (Te) and lattice (ions) temperature (Ti). Right after the pulse irradiation, t = 0,

Te presents a modulated absorption of energy with period Λ as a result of the interference
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Figure 2.21 Classification of LIPSS types according to their main characteristics. Source [24].

between the incident light and SPPs (Fig. 2.22), while Ti is initially constant. At t & τ ,

the energy from electrons start to diffuse into the lattice, imprinting the same modulation

with period Λ. The maxima in Ti distribution may reach temperatures above the boiling

point of the lattice, leading to selective ablation. At t � τ , the final surface relief with

period Λ reveals LIPSS formation.

This model was useful to confirm that the spatial characteristics of LSFL-I were preserved

during the electron-phonon coupling. It can also be useful to understand the lower limits

found in the period of some types of LIPSS (such as HSFL), since thermal diffusion could
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Figure 2.22 Schematics of the temporal evolution of temperatures in a material after laser irradi-
ation according to TTM. Adapted from [24].

be constraining its formation [24].

2.3.2.2 Matter reorganisation theories

Matter reorganisation (MR) models rely on the transport of material that reshapes the sur-

face through hydrodynamic effects on the transiently melted surface after laser irradiation.

Similarly to the TTM, these models require the surface to be in an excited level for a time

long enough to enable the underlying mechanisms. Therefore, these effects may dominate

LIPSS formation for long pulses (over the nanosecond regime) or for a large number of

pulses so that there is an accumulation of small contributions.

Hydrodynamic theories for the formation of LIPSS assume a molten state of the irradi-

ated material and examine fluid transport through the Navier-Stokes equation. Recent

approaches employ numerical methods to combine hydrodynamic theories with EM the-

ories. Some of the findings of these models include the formation of supra-wavelenths

periodic structures, such as grooves, through a convection-role mechanism based on the

Marangoni effect. Also, for metals, it was found that the HSFL-II periods are imposed by

hydrodynamic effects and, therefore, rather independent on the irradiation wavelength.

Molecular dynamics (MD) simulations numerically model the interaction of laser light with

atoms or molecules. Using a combination of MD and TTM, researchers [50] found that

the material redistribution generated elongated liquid walls (plumes) with a height of up

to ∼600 nm. The upper part of these walls form nanoscale droplets, while the base forms

surface features with height ∼100 nm. These simulations suggest that the redistribution

of material in the lower part of the plume contribute greatly to the final form of the
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nanostructures. It is important to note, however, that the relevance of hydrodynamic

mechanisms vary depending on the material and irradiation conditions, so that they only

become relevant under certain circumstances.

Figure 2.23 Mechanisms taking part in LIPSS formation. Source [51].

To sum up this section on formation mechanisms, Fig. 2.23 contains a diagram of the

mechanisms that take place in the formation of LIPSS and the time scale where each one

takes place.

Firstly, the electrons in the solid near the surface become excited by the laser radiation.

This process may occur through linear absorption (mainly in metals) or multi-photon ab-

sorption (semiconductors and dielectrics). In the latter case, the excitation of electrons

into the conduction band may activate an intra-pulse mechanism in which the permittivity

of the material transiently change, activating metallic properties in the material. Under

certain irradiation conditions, the collective movement of electrons excite specific modes of

electromagnetic waves (SPPs), which in turn interfere with the laser radiation, generating

periodic distributions of excited electrons.

The excited electrons transfer their excess energy to the lattice in characteristic times

between tenths and tens of picoseconds, depending on the material, usually conserving

the original periodic distribution. This heats up the material, which may experiment a

range of processes such as phase transitions (such as evaporation or melting), heat flows,

hydrodynamic motion of the molten layer, propagation of waves due to stress or pressure

gradients, defect formation or re-solidification.

This process repeats in an inter-pulse feedback, where the following laser pulse irradiates

the now modified surface.

Although this sums up the mechanisms taking place in the formation of LIPSS, modelling

of LIPSS is far from being able to completely explain and predict LIPSS behaviour [51].

The computational challenge arises from the wide variety of physical mechanisms that take

place, and that also interact with each other. Additionally, the temporal and spatial scales
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where this mechanisms occur differ vastly, from femtosecond to nanosecond (or even up

to microsecond), and from atomic dimensions (sub-nanometre) to ranges of at least the

micrometre.

However, as seen in this section, important advances on the understanding and control

of LIPSS have been made in the last decades, which enabled the study of multitude of

applications.

2.3.3 Applications

LIPSS, as a component in technical applications, are attractive for the simplicity and

reliability in their generation. LIPSS are easily obtained with a sufficiently high-power pulsed

laser, that are currently available at moderate prices. In addition, the fabrication process

is contactless, and takes place in air or most other environments. As a result, highly costly

lithographic processes or vacuum environments are avoided, as well as chemical procedures.

Additionally, the broad range of morphologies that can be fabricated in most materials, in

combination with their chemical and structural properties, makes LIPSS an ideal candidate

for a vast range of applications fields such as photonics, fluids, biology or tribology (Fig.

2.24). These morphologies are sometimes inspired by, or coincidental with, structures

found in nature. For example, colourisation in the wings of butterflies, anti-reflection in

moth eyes, water repellence and self-cleaning in the lotus leaf, control of water flow in the

desert horned lizard, reduced friction in snakes and sharks, increased adhesion in the feet

of geckos, to name a few [30, 52].

Figure 2.24 Application fields of LIPSS. Source [31].

In this subsection, an overview of some applications is presented. Since the intent is only

to provide some examples, the theoretical background for each one is omitted. Other

applications of LIPSS are studied in detail in this thesis (chapters 5, 6, and 7).
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2.3.3.1 Photonics

The reflectant properties of a surface can be tuned, depending on the geometry of the

LIPSS, for certain wavelengths through interference, scattering or diffraction.

The elimination of undesired reflections is of interests in lenses and displays. At the same

time, an increase in light absorption is beneficial to solar cells, light detectors, or optical

devices. In this cases, one of the benefits of laser processing is that the energy from

the laser is deposited on the surface of the material, leaving the underlying structures

unaffected [52].

In this sense, LIPSS nanostructuring of metals showed a decrease in the reflection of

metals, with values of reflectance down to 5% in the visible spectrum [53]. As LIPSS show

a preferential orientation, the reflectance can be different depending on the polarisation of

the incident light [54].

Notable colourisation is also achieved with LIPSS (Fig. 2.25), since the grating-like struc-

tures diffract the wavelengths in white light at different angles. This effect is possible since

the LIPSS periods are usually in the range of the visible spectrum. This effect was first

studied in aluminium [55], and a great diversity in available colours was achieved by using

a laser source with wavelengths between 400 nm and 2200 nm [56]. Other studies were

capable of achieving a robust angular response, so that the same colour is perceived from

a wider range of angles [57].

Figure 2.25 Replica of a Van Gogh self-portrait by inscribing LIPSS on stainless steel. The colouri-
sation effect is created by using LIPSS with different orientations as observed in the adjacent
squares. Source [58].

Colourisation is applicable for decoration, to avoid falsification or encoding [31]. It can
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also be used for sensing as demonstrated in [59], where the tension applied to ductile steel

is perceived as a change in colour, as a result of the change in LIPSS period processed in

the steel.

2.3.3.2 Fluids

The wettability of a surface depends on its morphology and chemical properties, and its

usually measured through the contact angle between a drop of liquid and the processed sur-

face. In the case of water, surfaces that increase the contact angle generating a roundish

drop of water, are referred as hydrophobic, while the opposite behaviour, seen as a flat-

tening of the drop, is known as hydrophilic. Similar behaviour can be achieved for oily

products (oleophilic/phobic).

As an example, the contact angle of water in stainless steel was increased from 75° to 120°

by generating LIPSS on its surface, and achieving superhydrophobicity (156°) by combining

ablated micro-pattern and LIPSS (Fig. 2.26).

Figure 2.26 Contact angle of water in titanium with different nanostructurations. Source [60].

Superhydrophobic surfaces form droplets that roll down at very low angles and, due to their

increased surface energy, wet and absorb particles on their way. This effect is also known

as lotus-effect for its similarities, and its self-cleaning properties have been implemented in

industrial paintings, achieving the removal of 70 µm particles at a low angle of 10° [61].

A similar effect of directional fluid transport has been achieved through a gradual spatial

transition between nanostructures (spikes, grooves and LSFL), finding unidirectional flow

of water with velocities of up to 75 mm/s [62].

Superhydrophobicity is also associated with anti-icing properties of surfaces, which is in-

teresting for aeronautic applications, as supercooled water droplets significantly reduce the

aerodynamic performance [31].
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2.3.3.3 Biology

LIPSS were found to influence the growth, migration and adhesion of biological cells [34].

In particular, human mesenchymal stem cells were found to attach better to regions covered

with LIPSS, while also aligning preferentially to longitudinal-oriented LIPSS [63] (Fig. 2.27

a). These properties are useful in... implants...??

Figure 2.27 (a) Attachment of cells to areas nanostructured with LIPSS. LIPSS with alternating
orientations generate better adhesion than LIPSS alternating with non-processed areas. Adapted
from [63]. (b) Limited growth of bacteria in steel processed with LIPSS compared to non-processed
regions. Adapted from [64].

LIPSS performance in bacterial adhesion has also been extensively tested, showing both

an increase or decrease in adhesion depending on the particular morphology of the surface

and the bacteria. Using E. coli on LSFL-nanostructured V4A steel, a reduced bacterial

growth was shown (Fig. 2.27 b) [64]. These surfaces are be useful in many medical or

industrial applications, where unwanted bacterial films could jeopardise the integrity of the

material.

2.3.3.4 Tribology

The reduction of friction and wear is important in applications in the fields of automotive,

aerospace, energy or mechanical engineering, for the reduction of waste, CO2 emission,

and to improve wear resistance.

The morphology of LIPSS determines the contact area and stress, as well as the lubri-

cant properties. However, the chemical (such as oxidation) and mechanical properties of

the modified material also play a role in the tribological performance as demonstrated by

chemical analysis revealing oxidation induced by laser a few hundreds of nanometres, which

can be beneficial for tribological effects [34].

A reduction of friction was observed in LIPSS-processed Ti samples, using a standard

reciprocating sliding tribological test, reporting a reduction in more than half compared to

a polished surface (Fig. 2.28).

The mentioned common applications, among others still at an incipient stage, need certain

requirements for their full transfer into industry. Although their importance depends on the

particular application, these requirements are generally efficiency, scalability, and reliability.
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Figure 2.28 (Top) Tribological test in titanium alloy. A ball is translated along the surface treated
with LIPSS, from point 1 to point 2 and vice-versa. (Middle) Comparison of the coefficient of
friction for a sample with LIPSS and a non-processed sample. (Bottom) Morphology of the LIPSS
in the sample before and after the test. Source [34].

Along this chapter, it has been shown that LIPSS generation is a process that has greatly

advanced in the last decades. However, in order to generate LIPSS reliably in all kind

of situations, further advances are needed, such as fully understanding the regularity of

LIPSS, which up to date is difficult to control [51]. Durability of the effect created by

the LIPSS needs to be considered as well since, for some of the applications listed here,

it has been observed that the effect (such as wettability) may change after some time,

sometimes due to the surface chemistry.

In order to produce LIPSS-covered areas in the order of m2 in manageable times, a high

production rate (calculated as the quotient between the processed area an the time em-

ployed in the processing) is needed. Therefore, high scanning speed is desirable. Since

LIPSS are a multi-pulse process, a high repetition rate is needed to maximise scanning

speed. Alternatively, a higher pulse energy enables a less-focused spot, irradiating more

area per pulse. Currently, maximum processing rates are found around 1 m2/min [28].
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2.3.4 Nanostructure fabrication techniques

In addition to the requirements discussed above, the properties of the nanostructures pre-

sented here are not uniquely characteristic of LIPSS, and similar morphologies can be

replicated with other techniques. In order to understand the potential of LIPSS applica-

tions, their strengths and weaknesses need to be compared to other techniques capable of

producing similar results.

Periodic nanopatterns can be generated with laser processing using a single beam (LIPSS)

or multiple beams (Direct Laser Interference Patterning, DLIP). In particular, interference

between two beams produces fringes corresponding to constructive and destructive inter-

ference (Fig. 2.29 a), generating periodic ablation lines with a period Λ determined by the

angle of incidence θ: Λ = λ/(2 · sin θ). Λ is therefore limited in the lower limit to Λ = λ/2.

LIPSS are also related to λ, and even though LSFL also appear with periods similar to the

irradiation wavelength (λ/2 < Λ < λ), HSFL exhibit much lower periods (Λ ∼ λ/10) [28].

The height modulation of the nanostructures in DLIP is therefore independent of the

period, and can reach values of up to 2 µm. LSFL, on the other hand, appear with heights

of a few hundred nm. Certain types of HSFL are able to attain higher aspect ratios, with

modulations up to ∼ 1000 nm. In both cases, the height of LIPSS is linked to its period

since both height and period depend on F and N.

Due to the interference between beams, setups employing DLIP are more complex, re-

quiring more optical elements and fine alignment. Additionally, the scanning strategy is

pixel-by-pixel, as opposed to the continuous scanning performed with LIPSS. In any case,

both DLIP and LIPSS techniques fulfill the m2/min processing rates, fulfilling industry

demands.

Another important aspect of the resulting nanostructures is regularity. DLIP usually gener-

ates structures with high regularity, provided a good coherence in the pulse, which usually

limits the pulse duration to picosecond or longer. This is one of the key points differentiat-

ing DLIP and LIPSS with the current development of the technology, since for applications

that require structures with very good regularity, DLIP is a better candidate. However,

important advances in understanding LIPSS regularity are being developed in recent years.

The topic of LIPSS regularity will be further studied in chapter 4.

Alternatively, lithographic methods are well established in the industry, contributing to the

manufacturing of integrated circuits for decades. Lithography techniques can be divided

in masked lithography such as in photolithography, and mask-less lithography, including

electron beam lithography or focused ion beam lithography, to name a few.

These techniques create arbitrary patterns, which can attain great complexity, with a

resolution of a few nanometres [67]. However, the main drawbacks of these techniques

are the intensive time and cost factor, as well as the requirement for multiple steps (Fig.

2.29 b) and use of additional materials [60].

In sum, LIPSS have shown great potential in a vast range of applications. In order to export
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Figure 2.29 (a) Interference between two beams as used in DLIP. Adapted from [65]. (b) Multi-step
process required in photolitography. Source [66].

these and other applications into industry, LIPSS need to overcome some drawbacks, such

as poor regularity and reliable fabrication. On the positive side, some applications already

benefit from great strengths such as ease of fabrication and low-cost setup and operation.

2.4 Summary

In this chapter, a revision of laser technology and, in particular, the generation of pulsed

lasers is presented, as this technology is employed in laser microprocessing. Regarding the

latter, the fundamental phenomena occurring in the laser-matter interaction, and specifi-

cally, in the ablation with ultrashort and longer pulses is discussed. Then, the formation of

LIPSS, which are periodic nanostructures that appear in laser microprocessing with short

pulses, is studied.

Laser technology enabled the precise control of light by taking advantage of stimulated

emission, where a photon, upon interaction with an electron in an excited state, produces

the emission of another identical photon. The evolution in laser technology also enabled

the generation of short pulses, allowing for material modification with the high intensities

that result from the concentration of laser energy in a small temporal range.

Laser microprocessing has become one of the key fields in laser applications, benefiting

from the large intensities achieved with short pulses. The absorption of the laser pulse

by the irradiated material generates ionisation, which eventually relaxes its energy into the

lattice, generating thermal ablation. If the pulse is sufficiently short, in the timescale of

femtosecond, a strong ionisation takes place. This can ablate the material by a net electric

charge difference (Coulomb explosion), or at even higher intensities, create a thermal wave

that is eventually surpassed by the ablation wave. In both cases, femtosecond ablation

creates a more precise and clean ablation, with small heat-affected zones.

Upon irradiation with fluences near the ablation threshold, periodic nanostructures known
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as LIPSS appear on the surface of most materials. LIPSS are a result of the interaction

between the incident light and surface waves generated at the interface, producing mod-

ulated absorption, although other mechanisms such as reorganisation of matter through

hydrodynamic and thermodynamic effects have been observed.

A great variation in LIPSS types has been reported, with different characteristic periods,

orientations, or materials in which they may appear. Additionally, the type of LIPSS

generated and its specific morphology can be controlled in the irradiation process, by

adjusting parameters such as fluence or number of pulses, laser polarisation, pulse duration

or laser wavelength.

The fast, one-step method for the generation of LIPSS makes them a promising alternative

compared to other nanostructuring methods, such as laser interference or lithography.

LIPSS have been studied in a bast range of applications, such as in photonics (colourisation,

modification of the absorption), fluids (wettability, fluid transport), biology (cell growth,

antibacterial surfaces) or tribology (reduction of friction and wear).

To sum up, LIPSS have shown great versatility and potential, although in order to ef-

fectively translate this into commercial applications, some theoretical and experimental

challenges need to be addressed, such as achieving better regularity in the nanostructures

or performing precise simulations including the several phenomena involved in LIPSS for-

mation.





CHAPTER 3

Processing setup and experimental methods

In this chapter, the experimental and computational methods developed during this thesis

for the laser processing of samples, their optical and morphological characterisation, and

the simulation of their behaviour are presented.

As the main object of study is the nano/micro-processing of material with lasers and

the morphological and optical characteristics of the processed material, the methods are

separated into four sections: first, the key parameters used in laser processing are defined.

Second, the laser setups used in the processing are detailed. Third, the methods employed

in the characterisation of the morphology of the processed material, and the common

procedures for the measuring of the optical properties are explained. Lastly, the general

setup for numerical simulations, as well as other computational tools used in the data

processing are presented.

3.1 Irradiation parameters

In order to be able to compare results between different processing conditions and setups,

the most relevant parameters when it comes to laser processing are fluence, number of

pulses and dose.

3.1.1 Fluence

Fluence is the radiant energy received by a surface per unit area. There exist two possible

definitions of the fluence parameter: peak fluence or average fluence. Peak fluence is

the highest fluence value occurring within the laser beam profile (this usually occurs at

the center of the beam). Average fluence results from the division of the total pulse

energy between the beam width. Since pulse energy do not take into account the radial

distribution, the resulting fluence is averaged. Although both parameters are often used in

the literature, a difference in a factor of ∼ 2 exists between the two of them (Fig. 3.1).

41
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Figure 3.1 Gaussian and constant (top-hat) distributions with the same width and total energy
(obtained through the integral). The peak fluence in the Gaussian distribution is 1/0.6 = 1.67,
which is usually rounded to 2 in the formula.

Therefore, the average fluence for a Gaussian laser beam of pulse energy E and beam

width of w is:

F =
E

πw2
(3.1)

while the peak fluence is:

Fp =
2E

πw2
(3.2)

Eq. 3.1 (average fluence) is the one used throughout this work for the fluence calculation

in the spherical focusing case.

In the situation of an elliptical Gaussian beam, the equation for the area of an ellipse is

then used:

F =
E

πwxwy
(3.3)

where wx and wy are the widths in the minor and major axes.

3.1.2 Number of pulses

When the irradiation is static, this is, without movement in the sample, and the irradiations

overlap completely, the number of pulses is calculated as

N =
t

T
(3.4)
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where t is the irradiation time and T is the inter-pulse period of the laser (the inverse of

the repetition rate).

On the other hand, when the irradiation is non-static and the sample is moving at a

constant speed v , a partial overlap exists between consecutive pulses. The irradiation time

t of a point in the sample for a beam width w is t = 2w/v . Therefore, the number of

pulses is:

N =
2w

vT
(3.5)

In the case of cylindrical focusing, w is the beam width in the overlapping dimension,

usually wx .

3.1.3 Dose

Dose, or accumulated fluence is simply calculated as:

D = FN (3.6)

This expression is only accurate under certain conditions. Firstly, some degree of superpo-

sition should exists between pulses (N > 1). Otherwise, regions of the sample would be

unexposed to the laser beam and the dose would vary from point to point of the sample.

Additionally, with a Gaussian beam distribution a certain, albeit low, number of pulses is

required to achieve homogeneous exposition. Fig. 3.2 shows the effect of overlapping in

the spatial distribution of accumulated fluence. As the number of pulses increase, the over-

lap between consecutive pulses also increase. When N ' 3, irradiation can be considered

homogeneous. This result is only affected by the parameter N.

Figure 3.2 a) Simulated spatial distribution of the dose of a Gaussian beam (w = 10µm) for
different number of pulses in dynamic irradiation. As the superposition increases, the distribution
increases in uniformity. b) Difference between the points of minimum and maximum dose for
different number of pulses in dynamic irradiation.

Fluence, number of pulses and dose may influence the formation of LIPSS, as seen in
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chapter 2. As a consequence, these parameters will be thoroughly used in chapter 4,

where formation of LIPSS is studied under irradiation with the laser setups described in

the following section.

3.2 Laser processing setups

Two different laser setups have been used during the course of this thesis, both using the

same laser system. Chronologically, the first setup used was based on the focusing of the

beam with a microscope objective, characterised by a small focal spot that provided high

versatility for fabrication in the microscale. The second setup, based on cylindrical focusing,

was designed and configured as part of this thesis in the context of the Ecograb project

in order to seize the high energy per pulse of the laser system and use it for high-speed

processing.

Table 3.1 Characteristics of the laser system and output beam.

Laser type Solid state (Ti:sapphire)

Wavelength 800 nm

Pulse Duration 140 fs

Repetition Rate 1 kHz

Energy per pulse 2 mJ

Beam diameter ∼12 mm

Beam quality M2 < 1.3

The laser system used is a Coherent Libra. The main characteristics of the output beam

can be found in table 3.1.

3.2.1 Spherical focusing setup

Fig. 3.3 shows the distribution of the elements in the setup with spherical focusing. A Half-

Wave Plate (HWP) was used in combination with a Polarising Beam-splitter (PBS) for

power control. A waveplate, or retarder, is an optical element that changes the polarisation

of the laser beam by introducing a delay between the two orthogonal components of the

electric field. Polarisation states are discussed in more detail in section 5.1.1. In particular,

a HWP introduces a delay δ = π for a particular wavelength, which changes the azimuth

of the polarisation ellipse without modifying the ellipticity (this is, the linear polarisation is

conserved). The rotation of the azimuth can be selected through the particular orientation

of the HWP. Alternatively, a Quarter-wave plate (QWP) introduces a delay δ = π/2, which

changes the ellipticity with the orientation of the waveplate, changing the polarisation

state between linear, elliptical, and circular. Here, a motorised rotation stage (DT-80)

from Physik Instrumente (PI) with a HWP mounted rotated the linear polarisation of the

laser beam at the desired angle. Then, the PBS reflected the vertical component of the

polarisation, allowing the transmission of the horizontal component. Then, another HWP
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was mounted in a DT-80 rotated for polarisation control at the sample. A neutral filter

of optical density OD2 further reduced the pulse energy by a factor of 100 before being

focused with a 10x microscope objective.

Figure 3.3 Schematic layout of the setup used in the processing of samples using a microscope
objective.

A green LED was used for sample illumination to monitor the process in combination with

a CMOS camera. A dichroic mirror allowed both wavelengths to travel different paths as

seen in Fig. 3.3.

The sample position under the beam was controlled with three platforms from Aerotech:

two PRO115-150 as XY stages and an AVS113 for the Z axis. The motors (XYZ and

both rotation mounts) were controlled through an Aerotech Ensemble controller. Scripts

for motion control of these elements were programmed in the native Aerotech software

(Ensemble Motion Composer).

Due to the resulting spot size after microscope objective focusing (a few micrometres),

covering large areas requires a scanning design. As an example, Fig. 3.4 shows two possible

strategies employed in large area processing. Both of them engrave parallel lines, which a

separation between them (lateral overlap) that can be adjusted according to the desired

result. After a line has been processed by moving the stage under the laser beam in a

straight line, the laser output is interrupted as the sample moves to the beginning of the

next line. In the case of the strategy shown in the left area of the figure, the sense of the

movement alternates between consecutive lines in order to minimise the overall movement

of the stages. In the right area, the engraving sense is kept constant at the expense of

larger movements between lines.

As a result, since a small area is irradiated simultaneously, the processing with this setup
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Figure 3.4 Scanning strategies for large area covering with a setup based on focusing with a
microscope objective. Processed lines are shown in dark grey while relative movement between the
focusing axis and the sample is shown as red arrows. Left section: parallel lines with alternating
scanning senses. Right section: parallel lines processed in the same sense.

has proven precise and versatile [63, 60]. However, it has also proven to be a slow process

due to the small spot area and discontinuous stage movement.

3.2.2 Cylindrical focusing setup

As stated in chapter 1, the objectives for the fabrication of nanostructures require high

throughput or productivity. This is also the case for the microstructures fabricated for

the Ecograb project in which this thesis is framed. With the intention of overcoming

the productivity limitation present in the described setup, an alternative plan based on

cylindrical focusing was designed and implemented as part of the work developed in this

thesis.

Given the dimensions of the samples to be processed for encoder applications (chapter 6),

where one of the dimensions is much larger than the other, a cylindrical focusing setup

where the beam is focused to a line seems the optimal configuration. This allows for a

single pass processing strategy (Fig. 3.5), where the non-focused dimension sets the width

of the projected line, covering a large area as the beam passes over the surface. On the

other hand, the focused line dimension sets the resolution of the periodic microstructures,

defining the minimum width of the engraved lines.

Additionally, by expanding the size of the focused spot, the pulse energy from the laser

system can be better seized, achieving the required fluence in a larger area while keeping

high resolution in one of the axes.

Other alternatives such as galvanometer scanners also allow for similar capabilities in terms

of productivity. These systems scan a surface by quickly redirecting the laser beam through

electrically-controlled (galvanometric) mirrors. The beam is then focused with an F-theta
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Figure 3.5 Scanning strategy for large area covering with a setup based on focusing with a cylindrical
lens. Processed area (dark grey path) is about as wide as the beam width before the cylindrical
lens. Relative movement between the focusing axis and the sample is shown as a red arrow.

lens that works by generating a flat imaging field (this is, no further correction about

the sample position in the propagation axis is needed when changing the angle) where

additionally the beam moves over the surface at a constant speed irrespective of the

displacement angle.

However, in order to achieve high production rates with this kind of setup, high beam

movement speed is needed. Although this is mechanically possible due to the fast response

of the galvanometric mirrors, an appropriate laser system is needed: high repetition rate

(>100 kHz) is required in order to attain some degree of pulse superposition at high speed

processing. This, with the current laser technology, is achieved at the expense of lower

energy per pulse (tens of microjoules).

This is not the case with the laser system used in this thesis, with high energy pulses in

exchange for a lower repetition rate. Therefore, a large area beam spot as the one depicted

earlier is best suited for the characteristics of the available laser system.

In the following sections the requisites, design and process of implementation of the setup

are described.

3.2.2.1 Requisites and objectives

Once the processing strategy has been established and the suitability of the laser system

is clear, the remaining requirements to define are related to the objectives outlined as

part of the Ecograb project, this is, the generation of micro/nano-structures for encoder

applications. In this case, the required grating period is of 20 µm. Accordingly, the

diameter of the projected laser line should be smaller than 10 µm for a duty cycle of at

least 50%, with an ideal width of up to 5 µm for greater adaptability. This diameter is only

an approximation, since the actual affected area depends on the fluence threshold required

for surface modification.
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It is necessary to verify that the beam size generated with this criteria allow for the gener-

ation of structures. Since LIPSS formation is associated with the ablation threshold, the

single-pulse threshold has been reported to be Fth = 0.24 J/cm2 for stainless steel [68].

Assuming an elliptical Gaussian beam with diameter 10 µm x 12 mm and a maximum pulse

energy of E = 2 mJ, fluence calculated as F=E/(π wx wy ), with wx and wy being the radii

in the x and y axes yields a value of 2.12 J/cm2, which is almost an order of magnitude

higher than the ablation threshold fluence. Therefore, widths wx of up to 50 µm could

surpass this threshold, taking into account the lowering in Fth due to pulse accumulation

[69].

Following the requirements for the beam shape, the mechanical system should also be

able to displace the samples under the laser beam with enough precision and speed. The

positioning precision along the processing axis should be better than 1 µm, and the speed of

at least 1 mm/s in order to combine pulse-to-pulse superposition and high-speed processing.

In the z axis (along the focusing axis), the required precision depends on the Rayleigh length

of the beam, and should therefore be in the order of tens of micrometres. Finally, the

rotating mechanical platforms for power and polarisation control should have a precision of

at least 1°, and the polarisation should rotate fast enough to experience a 90° shift within

a 10 µm displacement of the sample.

Figure 3.6 Schematics of the designed system for line focusing.

3.2.2.2 Design

Fig. 3.6 shows the schematics of the elements present in the system and the electronics

between them. This design is divided into the following subsystems: laser system (already

described), optical system, mechanical system and control-integration system.
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Optical system

The optical system design was developed by one of the partners of the Ecograb project,

Universitat Politècnica de Catalunya (UPC). Measurements of the beam size and diver-

gence were performed in order to optimise the design. Aiming at a minimal width of the

projected line, the proposed design (Fig. 3.7) consisted of a cylindrical lens (with focal 100

mm) to focus the beam along one line. Then, a slit (dimensions of the aperture 3 mm x 5

µm, with the material used being Molybdenum due to its high ablation threshold) is used

as a spatial filter to reduce the focal spot to 5 µm. The reduction in the perpendicular axis

is of lesser importance since there is not a strict minimum size in this axis. Additionally,

the filtering in both axes sharpens the intensity profile, shifting from a Gaussian profile to a

sort of top-hat profile. Thirdly, a spherical lens projects the beam shape from the aperture

to the surface of the sample.

Figure 3.7 Proposed optical system. Simulated distance between the elements for optimum align-
ment is indicated.

To complete the optical section regarding the laser beam, two HWP are required to change

the angle of the beam linear polarisation both for power (in combination with a PBS) and

polarisation control.

A monitoring system is also useful (although not required) in most laser processing setups,

both for real-time visual control and for sample positioning. To this aim, a CMOS camera

was used in combination with a white LED source. The CMOS was connected to the laptop

through an USB connection. The light was introduced in the focusing system between the

slit and the spherical (or focusing) lens, taking advantage of the right angle turn and using

a dichroic mirror that reflects the laser beam while allowing the white light through in both

ways (incident and reflected). The resulting scheme is presented in Fig. 3.8

Mechanical system

With the requirements previously defined for the motorised stages, a set of elements from

PI were selected (Fig. 3.9). Since no movement is required in the perpendicular (Y)

axis during laser irradiation, a manual (not motorised) micrometric stage was selected for

sample positioning. The main characteristics of the motors are summed in table 3.2.

Control and integration

A C-844 controller from PI was also acquired for integration of the stages. It also counts

with a connection for communication with the laser shutter to control its output times.

The commands were sent to the controller through a software installed in a laptop. The
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Figure 3.8 Optical setup of the system.

Figure 3.9 Motors and platforms used in the control of (a) sample movement (X, Y and Z axes)
(b) energy (E) and polarisation (P)

image monitoring system was also controlled through with software through the laptop.

3.2.2.3 Implementation

Fig. 3.10 shows the resulting setup with all the elements in place. A system of cages was

used for the delivery optics system besides the usual optomechanic elements. Notably, the

slit was mounted in a translator with adjustable position for fine adjustment of the distance

between the lenses and the slit. The technical specifications of the system are listed in

table 3.2.

In addition to the physical implementation of the elements, software programming is re-

quired to control the movements of the stages employed in the laser processing. Although

PI controllers count with a native software, an alternative application was developed in
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Figure 3.10 Setup after mounting of the elements. Inset: detail of the focusing system, formed
by the mentioned cylindrical lens (in a mount with adjustable position), slit and spherical lens.

Table 3.2 Table with the main parameters of the system.

La
se
r

sy
st
em

Wavelength
Pulse energy

Pulse duration
Repetition rate

800 nm
2 mJ
140 fs
1 kHz

O
pt
ic
al

sy
st
em Working distance

Estimated spot size
∼ 75 mm
10 µm x 6 mm

M
ec
ha
ni
ca
ls
ys
te
m

L-511: Precision
L-511: Maximum speed

L-511: Travel range
L-310: Precision

L-310: Maximum speed
L-310: Travel range

DT-80: Precision
DT-80: Maximum speed

DT-50: Precision
DT-50: Maximum speed

0.1 µm
6 mm/s
102 mm
0.1 µm
15 mm/s
26 mm
0.001 °
40 °/s
0.03 °
4000 °/s

LabVIEW for ease of control and increased automation.
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This application was optimised for the designed system and its functionalities, with the

objective that it was intuitive and easy to learn for an independent operator. The end-user

should be able to easily control the system (beam energy, polarisation, sample positioning

and laser output) and run routines (series of axes movements that define a processing

strategy for a particular purpose) through a Graphic User Interface (GUI).

The chosen environment for the implementation of the application was LabVIEW, using

an event-driven state machine architecture (Fig. 3.11 (a)). The Application Programming

Interface (API) provided by PI was used, which includes basic functions (sub-VIs) related

to configuration, controller communication and stage movement. These programs accept

three communication protocols (USB, RS-232 and TCP/IP), of which only USB was used.

Figure 3.11 a) Schematic diagram of the states and transitions between states in the application.
b) Appearance of the GUI on startup.

The program interface is shown in Fig. 3.11 (b) . Its functionality is divided into two

main sections. Axes movement (Fig. 3.12) revolves around individual and independent

movements. It is particularly useful for sample positioning, although it is also valid for

short routines if set up as a sequence of manually inputted moves. Here, each of the

four stages can be moved separately, either as a relative (step) or absolute (move to)

movement, or to their origin (home). Its movement speed can also be changed, and the

laser output can be activated or deactivated. The current position and activity of each

axis is also displayed.

Routines is the principal section of the application. Here, a predefined routine (with the

most common processing strategies) can be chosen, or else a file in .txt format with a

sequence of the commands employed by the API can be imported. In the latter case, the

file is read by the application and sent to the controller in a line-by-line fashion, waiting for
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Figure 3.12 GUI of the application when the Axes movement menu is selected.

the ready state before sending the next line. The predefined routines include a description,

and the relevant parameters used in each of them can be modified. The five routines

included are:

• Surface processing: processing with a continuous sample movement and constant

parameters along the length of a sample.

• Dynamic polarisation grating: laser polarisation rotates continually as the sample

is moved under the beam. Period of the grating change with the rotation speed of

the polarisation axis.

• Static polarisation grating: polarization and translation axes move between con-

secutive irradiations (Fig. 3.13).

• Dynamic amplitude grating and static amplitude grating: similar to their po-

larisation counterparts without the rotation of the polarisation axis, since they are

designed for samples for which the polarisation state is of less importance.

3.2.2.4 Optical system variations

Owing to the high fluence achieved around the opening area of the slit, damage to the

material was observed in an early stages of the tests. As a consequence, the slit was

removed from the setup, keeping the remaining elements in place. This presumably in-

fluenced negatively the spot width. This configuration was kept in order to keep taking

advantage of the image monitoring system, and the slit was therefore discarded.

Alternatively, another configuration with just the cylindrical lens was used as it was found

that LIPSS with higher regularity could be achieved this way (section 4.2.1). However,
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Figure 3.13 (a) GUI and (b) block diagram for the static polarisation grating routine.

Figure 3.14 Schematic setup of the alternative beam delivery system using only a cylindrical lens
for the focusing of the beam.

this setup does not enable a simple way of introducing the monitoring system, which was

therefore discarded as shown in Fig. 3.14.
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In sum, two processing setups with entirely different engraving strategies have been used

along this thesis. Their characteristics have been detailed here, as well as the design

and implementation of the cylindrical (in-line) focusing setup. Since the main difference

between the two setups resides in the size and shape of the spot, different strengths and

weaknesses are expected from each one. Namely, spherical focusing provides better two-

dimensional micro-structuring versatility, while cylindrical focusing is expected to provide

higher productivity rates, this is, faster processing of areas.

Laser processing using these setups will be discussed along the next chapters, with special

emphasis in LIPSS generation in chapter 4, and micro-structures in chapter 6.

3.3 Experimental characterisation and film deposition methods

In this section, a detailed view of all the methods used in the characterisation of the fabri-

cated samples, both from a morphological and optical point of view is provided. Methods

used in the characterisation of the laser beam are also explained. Lastly, the coating of

LIPSS with sputtering is presented.

3.3.1 Morphological characterisation of LIPSS

Due to the key relevance attributed to the specific shape of LIPSS, different tools have been

used to measure their geometrical properties. As seen in chapter 2, the main morphological

characteristics of LIPSS are their period and height, with regularity being another parameter

frequently referred to in the literature.

Since the period of LIPSS is usually in the range of hundreds of nanometres, they are

difficult to resolve with an optical microscope. However, Scanning Electron Microscopy

(SEM) can easily image a surface processed with LIPSS with very high resolution. Fig.

3.15 illustrates the potential of this kind of microscopy.

With the micrographs taken, some properties of the LIPSS geometry can be extracted

through a two-dimensional Fast Fourier Transform (FFT) of the image. This technique

allows for an easy recognition of the frequency components and orientations present in the

sample. Fig. 3.16 shows a summary of the variables that can be extracted from a 2D-FFT.

In this example, Type-s and type-2s LIPSS are visible [24], with respective periods of Λs

and Λ2s measured from the inverse of the distance between the peak intensity in the lobe

and the origin. The dispersion of periods in each case can be measured through the Full

Width at Half Maximum (FWHM) of the intensity curve. The angular dispersion of LIPSS

∆θ, also referred in the literature as δθ [47] or opening angle Ψ [70], is related to the

"straightness" of LIPSS. Additionally, this parameter can be linked to LIPSS regularity,

since higher angular dispersion is associated to the breaking and discontinuation of LIPSS.

An analogous parameter is Dispersion of LIPSS Orientation Angle (DLOA), explained later

in section 3.4.2.1.

In combination with SEM, the Focused Ion Beam (FIB) technique has been used to measure
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Figure 3.15 Example of LIPSS seen through a field emission gun SEM (FEG-SEM). Micrograph
taken with the FEG-SEM JEOL JSM 7100F. Although the magnification used in this example is
x7000, other values such as x950 or x1800 are often used to characterise larger areas.

Figure 3.16 2D-FFT of a broader LIPSS area than that shown in the previous micrograph. An
schematic of the main parameters found in this type of representations is overlaid. Since the
distances D in the image are in Fourier domain, the corresponding periods are calculated through
an inverse relation.

the height profile of LIPSS and coatings. With this technique, accelerated ions are used

to remove material from the surface, allowing a transverse view of the sample (Fig. 3.17)

with the SEM installed in the instrument.

Finally, Atomic Force Microscopy (AFM) is a precise technique that allows for a three-

dimensional surface morphological characterisation of LIPSS (Fig. 3.18). Although SEM

can image a comparable surface in a much shorter time, AFM provides height information

over a large area that has been treated for the finding of average LIPSS height. The AFM

translates the tip over the sample describing parallel lines across the ripples (this is, tracing

horizontal lines in Fig. 3.18) since this yields the better results than displacing the tip of

the AFM along the ripples.
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Figure 3.17 SEM micrograph of a sample processed with the FIB technique in a FEI Quanta 3D
FIB Scanning Electron Microscope. A transverse section of LIPSS in stainless steel (dark grey) can
be seen, while the lighter grey observed over it corresponds to platinum deposited to protect the
surface of the sample in the material removal process.

Figure 3.18 10 µm x 10 µm AFM scan performed with a JPK NanoWizard 3 of a stainless steel
sample processed with LIPSS. Top: colour-coded representation of the area measured, where the
colour indicates the height. Bottom: cross-section along the LIPSS transverse direction.

3.3.2 Optical properties of LIPSS

The optical response of the fabricated samples is key for the performance of LIPSS in

the applications studied in chapters 5, 6, 7. In particular, the reflectance and polarisation

change have been studied in detail through the methods studied in this section.
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3.3.2.1 Polarimeter

A PAX1000IR1 polarimeter was used in the setup shown in Fig. 3.19 for the measurement

of the reflective properties of the generated nanostructures (chapter 5). This device anal-

yses the polarisation of incident light at a given wavelength. In the setup used for these

measurements, a monochromatic, Continuous Wave (CW) laser source was used. Two

mirrors helped in the direction and alignment of the beam. A HWP mounted in a mechan-

ical rotation stage was used to modify the polarisation of light by rotating its azimuth, as

further explained in section 5.1.1.

Figure 3.19 Setup used in the optical characterisation of LIPSS with a polarimeter.

The fabricated samples were mounted on a θ-2θ stage that allowed the inspection of the

specular reflection at different angles. To this goal, the polarimeter was mounted on the

movable arm of the stage. As said arm moves around the stage, the sample in the center

rotates on its axis half the angle described by the arm. This way, the reflection incident on

the surface of the sample is always reflected at the polarimeter, independent of the angle.

For this approach to work, a precise positioning of the sample is needed, with the area

irradiated by the laser aligned with the rotation axis.

Another configuration was used, at a fixed near normal incidence (θ ∼ 5°). Due to spatial

restrictions, the polarimeter in this case was displaced from the arm of the stage to a

further position (this configuration is the one shown in Fig. 3.19).

In all cases, the alignment of the polarimeter was key to achieve a precise measurement.

The beam needs to be centered in the aperture and perpendicular to the front surface. The

software provided with the device incorporates an alignment assistance tool which displays

an scale indicating the quality of the alignment. However, this tool is often unreliable, and

a finer adjustment maximising the measured power is required.

3.3.2.2 Spectrometer

While the polarimeter allows the measurement of both intensity and polarisation, it can

only do so for a single wavelength at a time. In order to overcome this limitation, a

spectrometer (Oriel MS257), in conjunction with a broadband (450 - 2400 nm) laser

(SuperK COMPACT from NKT Photonics) was used for measurements of reflectance in a
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broad spectrum of wavelengths, as used for the evaluation of SPR activity in gold-coated

LIPSS (chapter 7).

Figure 3.20 Setup used in the optical characterisation of LIPSS with a spectrometer.

Fig. 3.20 shows the setup used for these measurements. The broadband laser, mounted

on the movable arm of the θ-2θ, passes through a shortpass filter (λ < 1000 nm) in order

to remove undesired wavelengths and reduce the power of the beam that could otherwise

damage the successive optical elements. The light then passes through a linear polariser,

converting the initially unpolarised light into linearly polarised. As the polariser is mounted

in a rotation mount, the azimuth of the polarisation can be easily changed.

The sample is fixed in the centre of the θ-2θ platform. As some experiments involve the use

of liquids, the sample is hold inside a transparent cell. The specular reflection of the sample

is directed towards the integrating sphere independently of the incident angle θ, which is

then transmitted to the spectrometer, where the intensity of the wavelength components

of the light is analysed.

3.3.3 Characterisation of micrometric structures

For the gratings with period 20 µm fabricated for application as optical encoders (6), char-

acterisation of the generated morphology both in the nano- and micro- scale is necessary.

At the nano-scale, SEM characterisation of the processed region was performed as ex-
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plained in an earlier section. On the other hand, at the micro-scale, an optical microscope

was used (Zeiss Axio Observer D1) in order to observe the morphology of the structures.

Figure 3.21 Image of a grating with 20 µm of period in stainless steel taken from the camera at-
tached to the optical microscope. The bright stripes correspond to non-processed regions. The dark
fringes are associated with ablated material or generation of nanostructures, since their reflectance
is lower than the polished material.

The microscope operated in reflection mode, and the image was captured by a camera.

The illumination source was a white lamp. One of these gratings can be observed in Fig.

3.21. Since the period was accurately measured with SEM, this value was used for the

spatial calibration of the camera.

3.3.4 Laser beam dimensions characterisation

Two tools have been used in the measurement of the beam size. For focused spots,

irradiation onto a calibrated CCD (6.9 x 8.6 mm2, pixel size < 7 µm) was used. The beam

was partially blocked with neutral density filters in order to avoid saturation or even damage

in the device. The software controlling the communication with the CCD automatically

fits the profile to a Gaussian and provides the width w of the spot.

In situations where the beam size exceeded the CCD dimensions or, alternatively, it was

comparable to the pixel size, the knife-edge technique was used (Fig. 3.22). This is the

case when the beam was non-focused, as was required for the design of the optical system

in section 3.2, and for strong focusing, such as that in the spherical focusing setup (section

3.2.1).

In this technique, the beam is partially blocked from one side using a sharp edge. The

power of the passing beam is measured with a power meter. The value of the beam radius

w can be obtained by fitting multiple power measurements (P ) at different positions of
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Figure 3.22 Usual setup for the measurement of the beam dimensions using the knife-edge tech-
nique (extracted from [71]). The measurement can be made both with and without a focusing
lens, depending on the needs.

the blade (x − x0) to eq. 3.7,

P = P0 +
Pmax

2

(
1± erf(

√
2 ·
x − x0
w

)

)
(3.7)

where P0 is the background power, Pmax is the maximal power and erf(x) is the error

function. The ± sign is chosen according to the direction of the blade (+ if the blade

progressively blocks the beam and − otherwise).

Usually, these measurements were taken at different planes along the propagation axis (z)

of the beam. Using these data, further information can be extracted about the propagation

of the beam. To this goal, the widths w(z) can be fitted to a Gaussian beam propagation

equation as:

w(z) = w0

√
1 +

(
z

zR

)2
(3.8)

where w0 is the beam waist, this is, the minimum w achieved in the propagation, w(z0) =

wo . zR is the Rayleigh range, and is defined as the distance from the focus at which the

beam size has increased by a factor of
√

2, w(zR) =
√

2w0. zR can be expressed as:

zR =
πw20
λ

(3.9)

The wavefront curvature radius for a Gaussian beam along the z-axis is described by [72],

and used in section 4.2.1:

R = (z − z0)
(

1 +
zR

z − z0

)2
(3.10)

with the wavefront curvature being its inverse, R−1.

In the cases where a cylindrical lens is used to focus the beam, the x and y dimensions can

be treated separately, each dimension fulfilling eqs. 3.8 and 3.10 with their own w0x and

zRx for the x-axis, or w0y and zRy for the y-axis [72].
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3.3.5 Sputtering for metallic coatings

In the sputtering technique, particles of a solid are ejected from its surface when bombarded

with a plasma or gas. In particular, in direct current (DC) sputtering (Fig. 3.23) at high

voltage is applied between the cathode (the metal to be sputtered) and the anode, where

the substrate to be coated is located. A plasma with Ar+ ions impact against the target

and tear off atoms from the target, which are then deposited in the substrate uniformly.

Figure 3.23 Schematic of the DC sputtering configuration. Source [73].

The sputtering technique was used for the deposition of gold films over the processed

LIPSS, with thicknesses from tens up to few hundreds of nanometres, as detailed in chapter

7. The thickness of the deposited layer was measured through the images obtained with

FIB. Additionally, in the same process, tape was adhered to an unprocessed sample during

the coating. After the process, the tape was lifted off and the difference in height between

the coated and non-coated was measured with a profilometer. Both methods yield the

same thickness results.

3.4 Computational resources

In this section, the computational methods used in this work are explained. They are

separated in simulations of light interaction with LIPSS, and algorithms developed for the

automation of data processing.

3.4.1 Simulations

The experimental results obtained through the previously mentioned methods have been

compared or expanded through numerical simulations. For this purpose, two different

simulation softwares have been used: Lumerical FDTD for the calculation of reflectance

and transmission in diamond processed with LIPSS (section 5.2) and Comsol Multiphysics

for the study of the polarisation change induced by LIPSS (section 5.1.4) and the surface
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plasmon resonance in gold-coated LIPSS (section 7.3). The Comsol simulations have been

carried out by the applied optics Complutense group at Complutense University of Madrid

(UCM).

Since the fundamental principles of the software and simulation environment is similar

in both softwares, the general approach and functioning of both softwares are outlined

here. The specific configuration and parameters of the simulations can be found in their

respective sections.

3.4.1.1 Lumerical FDTD

This software applies the Finite-Difference Time-Domain (FDTD) method, able to solve

Maxwell’s equations in complex geometries, to propagate the electromagnetic field in the

spacial and temporal domain with the conditions defined by the user, such as material,

defined by the complex refractive index, geometry or light source. The equations are solved

by time stepping, which allows the use of a wide range of frequencies in the same process.

Since the simulations in nanoprocessed diamond use AFM measured geometries of LIPSS,

which are not periodic, the propagation was studied in a large area including several LIPSS

periods (Fig. 3.24 a). A reflection and transmission detectors are used (yellow areas),

with a Gaussian, linearly polarised broadband source propagating downwards (white area).

The material (diamond) is represented in blue. The orange cube delimits the simulation

region and, due to the non-periodic nature of this simulation, perfectly match layer (PML)

is used in all faces to absorb the light exiting the region.

Figure 3.24 Lumerical environment for (a) non-periodic (inset: perspective view) and (b) periodic
simulations in different materials.

3.4.1.2 Comsol Multiphysics

Comsol, on the other hand, employs Finite Element Methods (FEM) for the steady-state

solution of the system, which only works for a single wavelength at a time. In this software,

periodic structures were simulated. Therefore, a single period can be simulated, applying

periodic conditions to both sides so that the light exiting through the side reenters on the

other side, thus replicating the behaviour in a large area. The setup has been replicated
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in Lumerical (Fig. 3.24 b) as an schematic. Apart from the material (stainless steel in

grey), a plane-wave source (white) and detector (yellow) are represented. The simulation

region shows the mesh in which the volume is divided (a coarse mesh has been used for

the purpose of the illustration), and Floquet boundaries in both sides of the period (blue

sides).

3.4.2 Data processing

In order to extract information from the characterisation processes in an accurate, reliable

and fast manner, computational algorithms have been used during the course of this thesis.

3.4.2.1 Processing of SEM micrographs

As seen in Fig. 3.16, a 2D-FFT of the SEM micrograph possess valuable, easily identifiable

information. The information present in these kind of images can be extracted in an

automated process, since all LIPSS present a similar 2D-FFT structure. To this goal, an

image processing algorithm coded in Matlab was used. This program uses the 2D-FFT

of a SEM micrograph to find the principal direction of the nanostructures and to detect

the peaks of higher intensity in the image. From there, it calculates the parameters of

interest. The code was improved during this thesis, making the detection of peaks more

reliable, allowing the processing of batches of images, adding calculations of parameters

and optimising the output generated. The flowchart of the final program is shown in Fig.

3.25 (a). A more thorough explanation of the steps are:

• Read image from folder: As a first step, the program reads an image from a

previously inputted folder containing usually several images.

• Perform 2D-FFT: Using a Matlab built-in function, the 2D-FFT of the first image

is computed.

• Find main LIPSS direction: The 2D-FFT is divided into two halves, horizontally

or vertically, according to the orientation of LIPSS. The maximum intensity value in

each of these halves is found and a straight line along the two points is interpolated.

• Examine peaks: Another built-in function was used to find the peaks in the defined

line. In order to make the process more reliable, an iterative process is executed in

which the parameters for the search of peaks are refined in order to force an odd

number of peaks (due to the symmetry of the 2D-FFT plus the DC peak, located

at the origin, which is usually the highest intensity peak). Additionally, a minimum

number of peaks is required. This number is adjusted by the user and depends on

the particular samples that are being analysed.

• Parameters calculation: Once the peaks are found, different parameters are calcu-

lated from their relative distances in the Fourier domain D and intensities I. The

"fundamental" period of LIPSS Λs is calculated through the distance between the

first peak in each side of the origin, Ds as Λs = 2/Ds . Analogously, for LIPSS with
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Figure 3.25 Flowchart, a), and outputs, b) and c), of the program used for the analysis of LIPSS
micrographs.

double period Λ2s = 2/D2s , where D2s is the distance between the second peak in

each side of the origin of the 2D-FFT. The lobes in Fig. 3.16 describe a range of

periods, which in the detected peaks translate to a peak width. Knowing the central

frequency of the peak and its width calculated as FWHM, obtaining the range of

periods ∆Λ is trivial. In order to know the dominant type of LIPSS, the relative in-

tensity between the first (I1) and second (I2) peaks, R1/2 = I1/I2 were calculated. A

similar parameter, RM/P = IM/IP , was calculated from the relative intensity between

the central (M iddle, IM) and the most intense (Principal, IP ) peaks in order to have

an assessment on the degree of definition of LIPSS.

• Display and save results: A figure with the relevant information is displayed on

screen and exported as an image file (Fig. 3.25 (b)). The calculated parameters are

also saved as a new line of a spreadsheet (Fig. 3.25 (c)).

• Other images in folder?: For as long as there are images in the selected folder, the

program continues in a loop, stopping when the batch of images has been completely

processed.

The end result has been tested in comparison with a manual procedure, showing great
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accuracy and reliability.

Figure 3.26 DLOA analysis and visualisation with ImageJ software and OrientationJ plugin. a)
Raw micrograph used in the analysis of orientation and coherence. b) Visualisation of angle and
coherence based in a HSB colour map. c) Representation method based on vectors. d) Distribution
of orientations for image (a), where 0° is the vertical direction. FWHM of the curve is the DLOA,
with a value of 25° in this example.

Another procedure has been used to determine the DLOA parameter, also frequently used

in the literature [47, 74]. To this goal, the software ImageJ has been used in combination

with the plugin OrientationJ. This plugin presents various functionalities for the analysis

and visualisation of the orientation and coherence of elements in an image.

The OrientationJ plugin takes a user-specified local window and analyses the directional

information in the region of interest. In particular, orientation is calculated by finding the

angle that maximises a gradient. Coherence is a measure of the contrast between the

maximum and minimum gradients generated by the different angles. In consequence, a

high value of coherence represents a clear orientation. This process is repeated throughout

the image. Different representations of orientation and coherence of LIPSS can be seen in

Fig. 3.26. In (b), a visualisation of angle and coherence based in a HSB (Hue, Saturation,

Brightness) colour map can be seen. Angle is coded in hue, with red associated to vertical

orientation. Yellow and magenta patches are visible where the LIPSS are slightly turned

from the vertical in a positive or negative angle. The saturation value represents coherence,

so that greyish colour is shown in areas where the orientation of LIPSS is not clear. This

usually happen when LIPSS are not well defined or in areas where LIPSS regularity or
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continuity is broken. Brightness is used to recreate the original image in grayscale. In (c),

a different method of visualisation based on vectors is shown. Their orientation indicates

the local orientation of LIPSS, and their magnitude is associated with coherence. An

integration of the orientations found over the local windows that compose the image give

rise to a weighted distribution of orientation angles that is centred on the main direction

of LIPSS (Fig. 3.26 (d)). The FWHM of this curve is the DLOA parameter.

3.4.2.2 Height analysis from AFM

Since the shape and profile of LIPSS is usually irregular, some sort of statistical measure-

ment is required. As explained in the previous section, some of the properties can be easily

treated through the 2D-FFT. However, for height measurements, this technique cannot

be used and an alternative approach is needed.

Figure 3.27 Height information extracted with the developed algorithm. a) Surface plot of a sample
measured with AFM. Lighter tones of grey represent greater heights. b) Profile of LIPSS along
one of the lines. Red circles represent peaks detected with a MinPeakProminence of 40 nm. Green
circles are artifacts detected as peaks when MinPeakProminence is 0 nm. Note that the sharp
appearance of LIPSS is due to the much different scales in the longitudinal and transverse axes.
c) Heights collected and grouped in 100 bins when MinPeakProminence = 0 nm. In this case, the
shape is far from a normal distribution due to the artifacts detected. d) Height distribution when
MinPeakProminence = 40 nm. The distribution is now well fitted to a normal distribution.

An algorithm has been written in Matlab that detects peaks in the profile measured with

the AFM. The file containing the spatial information measured by the AFM is read in

Matlab (Fig. 3.27 a). Then, the information is read line by line perpendicularly to LIPSS
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(Fig. 3.27 b). For each line, the same built-in function as in the previous section is used

for peak detection. The difference in height between two consecutive peaks is calculated

and stored. After all the lines has been processed, the height information is binned and

fitted to a normal distribution, given by:

f (H) =
1

σ
√

2π
e−

1
2(

H−µ
σ )

2

(3.11)

where H is the height. From the parameters µ and σ of the fit, the mean height and

standard deviation is obtained.

This normal distribution is expected given the nature of the information processed. As

seen in Fig. 3.27 (c) and (d), the parameter MinPeakProminence (used to determine

the minimum prominence of peaks, this is, the height measured relative to the base of the

peak) needs to be adjusted in order to optimise peak detection. Otherwise, small variations

in height are detected as peaks, and the information is distorted.

3.5 Summary

In this chapter, the methods used in this thesis for the calculation of irradiation parameters,

fabrication, characterisation, simulation and data processing have been introduced.

The calculation of the main parameters used to measure femtosecond laser irradiation has

been explained, evaluating their validity range.

The spherical focusing setup used in the processing of samples has been explained. Then,

the design and implementation of an alternative cylindrical focusing setup is detailed, with

the objective of providing higher productivity in the processing of materials.

The experimental characterisation methods have been presented, including those for the

morphology and optical properties of the fabricated samples, and for the spatial dimensions

of the laser beam. In addition, the sputtering of metals for the coating of samples has

been explained as well.

Lastly, the computation resources explained include the numerical simulations for the be-

haviour of the nanostructures, and the algorithms used in the processing of data.



CHAPTER 4

LIPSS generation and spatial regularity

This chapter presents results regarding the effect of ultrashort pulsed laser irradiation on

metallic samples. The focus here is on the nanostructures formation and the relation

to the processing parameters. Although a good amount of bibliographic information is

already available on LIPSS formation as demonstrated in chapter 2, each setup present

particularities that need to be studied in order to control the processing. As such, this

chapter is separated in two sections: firstly, the results with the spherical focusing setup

are studied. Then, the results obtained with the cylindrical focusing setup are analysed

and compared to the former.

4.1 Spherical focusing setup

The size of the beam around the focal plane after the focusing with microscope objective

(3.3) was measured using the knife-edge technique, as explained in section 3.3.4, since

the beam size near the focus was around the pixel size of the CCD. Fig. 4.1 shows the

power profile as the blade advances through the beam at two different points, before the

beam waist (a) and near the waist (b), with their respective fitting to eq. 3.7. From

the extracted w at different positions of z , the beam propagation can be reconstructed.

Fig. 4.2 shows the radius of the beam along the propagating axis. The fitting to eq. 3.8

provides the theoretical parameters of the beam, zR = 34µm and w0 = 7.4µm.

A range of processing parameters were studied in order to find the combination of pa-

rameters that enables LIPSS generation in stainless steel (AISI 304). This material is an

austenitic stainless steel, characterised by its non-magnetic and corrosion resistant proper-

ties, and of common usage in cutlery or cookware. The stainless steel is shaped as strips

of width ∼ 1 cm, and it has a polished surface with average roughness Ra = 276.3 Å, with

polishing lines aligned approximately along the long dimension of the strip, in the shape

of scratches. This material was chosen because of its low price and for the mentioned

mechanical properties.

69
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Figure 4.1 Beam average power at different positions of the blade across the beam at the planes
(a) z − z0 = −0.01 mm and (b) z − z0 = −0.33 mm. The fitting yields values of w = 8.7µm and
w = 71.7µm, respectively.

Figure 4.2 Width of the propagating beam around the focal plane. In dashes, the fitting of the
data to the propagation of a Gaussian beam.

The ablation threshold of this material, using similar laser sources (wavelength ∼ 800

nm, pulse duration between 30 fs and 200 fs and repetition rate < 2 kHz), has been

reported to be between 0.1 J/cm2 and 1 J/cm2 [75, 69, 68], with a great dependence

on N and w . Pulse duration also affects the fluence, but in the femtosecond regime the

difference is small [68]. In particular, for a beam width of w = 10µm, the ablation threshold

decreases exponentially from Fth(N = 1) = 0.6J/cm2 to Fth(N = 1000) ∼ 0.15J/cm2 as

N increases. For a beam with w = 20µm or greater, the ablation threshold holds the same

trend, but decreases from Fth(N = 1) = 0.3J/cm2 to Fth(N = 1000) ∼ 0.1J/cm2. [69].

Individual parallel lines (tracks) were processed, with different values for processing speed

v (between 0.25-7 mm/s), pulse energy E (0.5-7 µJ) and defocusing z − z0 (from -60

to 180 µm around the focal plane generated by the microscope objective) and for both



4.1. Spherical focusing setup 71

parallel and transverse laser polarization with respect to sample movement.

Figure 4.3 SEM images of processed lines under different conditions with laser polarisation parallel
(top) and perpendicular (bottom) to the sample displacement. a) F = 0.78 J/cm2, N = 3. b) F =
0.08 J/cm2, N = 19.6. c) F = 0.14 J/cm2, N = 21.2. d) F = 0.06 J/cm2, N = 95. e) F = 0.12
J/cm2, N = 22.0. f) F = 0.47 J/cm2, N = 5.8. Scale is equal in all images.

SEM micrographs of the remaining samples were obtained, and the period of the LIPSS

were extracted from the FFT as explained in section 3.3.1. The resulting formations vary

depending on the fabrication conditions. Fig. 4.3 shows a few examples of the typical

structures generated. In (a), important ablation can be seen in the center of the track,

due to high fluence, preventing almost any LIPSS formation. Both (b) and (d) show LIPSS

generation with different orientations due to laser polarisation. In the latter case, ablation

in a small region in the middle can be seen, where the intensity is highest, and LIPSS show

splitting because of the elevated number of pulses. (c) Coherent LIPSS formation, with

the nanoripples extending along the track without bifurcations or interruptions. Unlike

(e) where, despite the good definition of LIPSS, show lower coherency. Finally, (f) shows

LIPSS with high fluence but not enough to generate ablation that erases LIPSS appearance

as in (a).

Some of the combinations generated either no effect on the sample due to low irradiance or

intense ablation (Fig. 4.3 (a)). Therefore, those sample were discarded, with 64 remaining.

There are two types of LIPSS observed among the fabricated samples: type-2 (LSFL) and

type-2s (split-LSFL or split LIPSS). As previously explained, LSFL are determined by their

period, Λ ∼ λ, while split-LSFL have about half the period, Λ ∼ λ/2. No HSFL or other

kind of nanostructures were observed within the studied parameters.

At low number of pulses, only LSFL are observed, but at greater values of N (∼ 30

pulses), samples start showing signs of LIPSS splitting. As N increases, this effect becomes

more evident and the FFT shows higher second harmonic than fundamental components.

Fluence also contributes in this regard, since the samples exhibiting split LIPSS with lowest

N are also the ones fabricated at the highest fluences from all the samples. This behaviour

is observed equally in LIPSS fabricated with both polarisations.
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4.1.1 LSFL formation conditions

Out of the 64 samples remaining after the first inspection filtering, 11 more samples were

removed due to formation of split-LSFL and ablation that distorted the results (such as

in Fig. 4.3 d). These samples presented a FFT with very high dispersion caused by

the meandering direction and low coherence (multiple bifurcations) of the LIPSS, and low

signal to noise ratio caused by the ablated regions. As a result, the FFT lacks the precision

to assign a period to these samples.

Figure 4.4 (a) Comparison between the width of the LIPSS track and the diameter of the beam in
different positions along the propagation of the beam (Z-axis). Red diamonds: beam measurements
performed with the knife edge procedure. Error bars are obtained from the knife edge fitting to
eq. 3.7. Green triangles and gold circles: LIPSS samples with parallel and transverse direction,
respectively. Error bars from the width measurement from the SEM micrograph, ∼ 2µm. (b)
Number of pulses versus fluence of each sample with LSFL. Uncertainty here for N and F is about
0.01 pulses and 0.01 J/cm2.

A comparison between the diameter of the beam, measured as explained in chapter 3,

and the width of the LIPSS track is presented in Fig. 4.4. In Fig. 4.4 (a), full width

(diameter, 2w) of the beam is seen for positions around the focus. Similarly, the extension

of LIPSS across the track modified by the laser beam is observed, separated in parallel and

transversal LIPSS according to the polarisation used in each case.
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LIPSS width is smaller than the beam size in the studied range of positions in the Z-

axis, with a factor of ∼ 0.5 between them. This means that the fluence required for the

generation of LIPSS is achieved only in the inner area of the beam. No apparent difference

in width is observed between transversal and parallel LIPSS. The difference in LIPSS width

between samples with different processing parameters (E, v) is small compared to the

difference caused by the width of the laser beam, being this the main parameter to take

into account for the width of the processed track.

Even though they do not define the width of the LIPSS track, both fluence, F , and number

of pulses, N, define the conditions under which LIPSS can be generated. Fig. 4.4 (b) shows

the combinations of N, F pairs that give rise to the LSFL presented in Fig. 4.4 (a).

It can be seen that LIPSS are generated within a range of values: 4 < N < 68 and 0.05

J/cm2 < F < 0.48 J/cm2, with an inverse relation between the two parameters. Although

some samples exhibit LIPSS at extreme combinations (high N and low F , or vice versa),

most samples are generated for 10 to 30 pulses and at fluences between 0.08 and 0.3

J/cm2. Again, no significant difference is observed between the two LIPSS orientations

for these parameters.

For comparison, a similar study performed in 100Cr6 steel with a λ = 790 nm, 30 fs, 1

kHz laser [76] reported similar results of F and N for LSFL formation. In this publication,

LSFL were found at an average fluence between 0.10 J/cm2 and 0.6 J/cm2, and number of

pulses between 5 and 100. Note that the lowest N considered in the mentioned experiment

is N = 5, and the highest fluence is F = 0.6J/cm2. The relation between F and N is

the same as observed in Fig. 4.4 (b), where a reported mix between LSFL and grooves is

observed for high values of F and N combined.

Regarding LIPSS period Λ, a key parameter in many applications, it has been measured

through the FFT of the SEM micrograph. Fig. 4.5 sums the behaviour of Λ with the

influencing parameters. As such, other parameters such as beam width are not included

since they are seen to not have an effect on LIPSS period.

The periods found in the samples range between 536 nm and 687 nm. Similar results

were found in the same 100Cr6 steel study [76], where LSFL with periods in a range

of Λ = 620 ± 70 were reported. As the samples are separated into the parallel (‖) and

transversal (⊥) orientations, an overall difference in the Λ values is observed. The average

value (and standard deviation) of periods for each orientation is Λ⊥ = 647 ± 20 nm and

Λ‖ = 618 ± 34 nm. Therefore, parallel LIPSS are generated with shorter period, and

span over a greater range, than transversal LIPSS. This result has also been observed

in literature [77], with LIPSS period in SiC progressively decreasing in period from from

Λ ∼ 650 to Λ ∼ 550 as their orientation rotates from parallel to transverse.

As introduced in chapter 2, LIPSS period increase with fluence and decrease with number

of pulses (Fig. 4.5 (a) and (b) ). As a result, dose, or accumulated fluence, is not a

defining parameter regarding the resulting period of LIPSS (Fig. 4.5 (c) ).
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Figure 4.5 Period of LSFL with (a) fluence, (b) number of pulses, (c) dose and (d) productivity.

Along with the importance of the period in applications, throughput or productivity (de-

fined as processed area by unit time) is key to enable large-scale fabrication and LIPSS

applications in industry. In that regard, Fig. 4.5 (d) shows the different values for produc-

tivity achieved with the combination of w and v used, calculated as the quotient between

area process and time. The maximum productivity is lower than 0.1 mm2/s (6 mm2/min),

achieved with a beam width of w = 34.6µm (F = 0.19 J/cm2) at v = 7 mm/s.

The use of a microscope objective (as in the setup presented in this section) entails a

smaller diameter of the focused spot in comparison with other setups that employ lenses

with longer focal lengths. Hence, the productivity is lower, while the precision (in terms of

size of the generated superficial structures) is higher.

It is important to note that productivity is linear with processing speed and beam width.

In order to achieve higher productivity values, increasing processing speed is required.

However, speed may be limited technically (by the specifications of the motorised stages

moving the sample) or by the overlapping between pulses. The former problem is usually

solved by implementing galvanometer mirror scanners which precisely deflect the laser beam

towards the sample with a variable angle at high speeds, transferring the movement from

the sample to the beam. As for the latter, higher overlap can be achieved directly through

higher repetition rate of the laser.

Alternatively, increasing the beam spot size will also increase the productivity. The limi-

tation here lies in the minimum fluence required to contribute towards the formation of

LIPSS. In such an approach, a higher pulse energy is required in order to compensate for
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the increased irradiated area.

4.1.2 Polarisation angle effect in regularity and period

Once the conditions for LSFL formation have been established, a study on another impor-

tant factor such as regularity in large-area processing was performed. To this goal, parallel

lines were processed in the focal plane of the laser (w ∼ 10µm), with pulse energy E = 1µJ

and v = 1 mm/s, which translates to F = 0.35J/cm2 and N = 9.6. The five parallel

tracks were separated from each other 10 µm in all cases, in order to match the width of

the track of LIPSS observed so that no significant lateral overlap or space between each

other was observed, facilitating the continuity of LIPSS between lines.

Three scanning orientations were used in order to study the possible influence from the

material roughness in the formation of LIPSS. Since the main roughness found in the

samples are the polishing lines, the three orientations chosen are: horizontal (parallel to

the roughness), vertical, and diagonal. In each orientation, several samples were processed,

each with a different orientation of the HWP, in a angle range between 0° and 90°. Since

HWP rotates the beam polarisation twice the angle it rotates, and the polarisation dictates

the orientation of the LSFL, in this range the nanostructures are rotated a total of 180°,

which means a full rotation of the orientation, taking into account the symmetry of the

system.

Figure 4.6 Orientation change in LSFL as the HWP rotates a total of 90°, meaning that the
polarisation rotates 180°.

Fig. 4.6 presents a compilation of the LIPSS generated under different angles of the

HWP in the horizontal scanning direction. The LSFL rotate clockwise as the HWP angle

increases. At around 30°, LIPSS appear with a transverse alignment to the scanning

direction, while at 75°, parallel LIPSS are observed. This is, a change in ∼ 45° generates

a change in 90° in LIPSS orientation as expected. However, a preferential appearance

of LIPSS at either parallel or transversal orientations is seen. For example, between 0°

and 15°, a 30° shift is expected. However, a larger change (> 60°) is observed. The

opposite effect takes place between 30° and 45°, where no relevant change is observed in
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the orientation of LIPSS.

Figure 4.7 HSV-coded SEM micrographs highlighting regularity of samples processed with: (a)
diagonal scanning and HWP angle 60°, (b) diagonal at 30°, (c) vertical at 75°, (d) vertical at 45°.

This preferential alignment of LIPSS could be due to the inter-pulse feedback mecha-

nism, where the overlapping between consecutive pulses redefines the LIPSS in a way that

promotes either parallel or perpendicular alignment.

Even though the separation between tracks was adjusted to optimise lateral overlap, a

slight darkening appears in the outsides of the processed track of each line in most cases.

This transition between lines leads to bifurcation and interruptions in the continuity of

LIPSS, which worsens regularity. This is more noticeable in the case of the transversal

orientations, where LIPSS run across the tracks. For this same reason, longitudinal LIPSS

are less affected and present better regularity in comparison (most notably, the 75° case).

However, within each track, LIPSS are usually more regular in the transversal orienta-

tion than when parallel. This is better observed both in the colour-coded (HSV) SEM

micrographs provided by the analysis with ImageJ software and in the FFT images (Fig.

4.7).

LIPSS with transverse orientations are presented in Fig. 4.7 (a) and (c), with diagonal and

vertical scans, respectively. In the diagonal scanning, regular LIPSS in a ∼ 45° orientation

are coded in magenta, showing homogeneity of colour and saturation within each track.
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However, in the regions in between tracks, a variety of orientations and low saturation is

seen as a result of bad overlapping. A similar behaviour is observed in the vertical case,

where transverse LIPSS (cyan) are highly homogeneous and regular. Conversely, inter-

track regions show LIPSS that, while also regular, exhibit a slightly different orientation

(blue).

LIPSS in Fig. 4.7 (b) have an orientation of ∼ 45° with respect to the diagonal scanning,

this is, LIPSS are oriented vertical in the image (coded as red). In this case, the transi-

tion between tracks is not as noticeable, only because of the irregularity already present

throughout the entire area, with green-yellow patches and inconsistent saturation values.

Lastly, longitudinal LIPSS are observed for vertical orientation (Fig. 4.7 (d) ). Bifurcations

and changes in direction are observed as shifts to magenta and yellow, with separations

between tracks being covered by similarly irregular LIPSS, which attenuates the difference

between regions. In this case, LIPSS appear in the same direction as the polishing lines

(vertical). As a result, LIPSS appear aligned to these polishing marks in an area ∼ 2µm

around the lines (examples can be found to the left and below of the FFT inset in Fig. 4.7

(d) ).

The FFTs report similar information, where images from (a) and (c) exhibit narrower

peaks, compared to (c) and (d), where the peaks are broader. Additionally, in (d) there is

an asymmetry between the position of the maximum intensity and general orientation of

the distribution. This is caused by the regions with alignment between LIPSS and polishing

marks, which have a slightly different orientation.

Therefore, these analysis confirm the observations in Fig. 4.6 that LIPSS with higher

regularity appear at a transversal orientation, but their continuity is interrupted by the

scanning strategy (parallel scans).

As seen in chapter 2, LIPSS generation is seeded in the roughness of the material. There-

fore, imperfections in a surface (such as the polishing marks in this case) may condition

the generation of LIPSS in the surrounding area. This is demonstrated here (Fig. 4.7 (d)

) by the change in alignment and regularity of the ripples in the vicinity of such imperfec-

tions. The range of action of the seeding by the scratches is difficult to evaluate from the

micrographs, but clear alignment is seen for a number of parallel ripples between 3 and 5,

this is, up to ∼ 3µm from the scratch. This value is similar to the mean free path of SPPs

in the interface air/steel, calculated to a value of LSPP = 5µm [47]. The value in our

experiments, apart from the measurement errors, may be lower because of the interference

with other SPPs propagating from other sources, which may limit the free propagation of

SPPs. However, it is still in the range of the value provided in the literature, specially when

compared to other metals with LSPP in the range of tens of µm such as copper or gold

[47].

The period Λ and regularity based on DLOA was measured for the fabricated samples from

the SEM micrographs (and their respective FFTs) as explained in chapter 3. Fig. 4.8

shows the trends in periods exhibited by the LSFL generated.
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Figure 4.8 Period and DLOA of LSFL for different linear polarisations and with (a) horizontal, (b)
vertical and (c) diagonal scanning. Data corresponding to 0° has been shifted in order to avoid
overlapping with the axis.

For the horizontal scanning (a), a trend similar to a sinusoid is observed, with minimum

Λ‖ = 580 nm at an HWP angle of 75° and maximum Λ⊥ = 638 nm at 15°. These values

are associated with the transverse and parallel orientations of LIPSS, respectively. In the

vertical case (b), Λ⊥ = 604 nm for 60° and 90° and Λ‖ ∼ 550 nm around 30° - 50°. Lastly,

in the diagonal case (c), Λ⊥ = 610 nm at 50° and Λ‖ ∼ 580 nm at 75°. Again, Λ‖ < Λ⊥,

as expected from the literature [77].

The period is highly subject to errors as proven by the difference between 0° and 90° in (b)

and (c), which correspond to the same polarisation. Additionally, as seen from the results

in Fig. 4.6, LIPSS orientations do not precisely adjust to the laser polarisation and prefer

either transversal or parallel orientations. In sum, the trends in period in (b) and (c) do

not show a good sinusoidal shape.
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DLOA adopt values between 10° and 30°. The measurement was carried in all cases for the

same magnification (x1800) and focusing conditions on the SEM, the magnification has

been reported to affect the DLOA value [74]. DLOA is usually higher for higher periods,

this is, transversal orientation of LIPSS, although the differences within each scanning

direction is small (< 10°).

Therefore, DLOA shows that the scanning strategy used with this setup generates higher

irregularity in transversal LIPSS due to the overlap between lines, while parallel LIPSS are

unaffected by the scanning strategy, despite showing lower regularity, as observed in Fig.

4.7.

Although the lateral overlap could be further optimised, this scanning strategy lacks the

productivity required for industrial applications. Galvanometer scanners allow a faster

scanning speed, achieving much higher productivity. However, since their scanning strategy

also relies on parallel scans, they are prone to interruption of the LIPSS regularity.

By using the setup based in line-focusing described in chapter 3.2, both drawbacks could be

avoided. Firstly, the scanning strategy do not require multiple parallel scans for processed

areas around the length of the projected line, therefore avoiding lateral overlaps in a sizable

area. In addition, the area processed by a single pulse is much larger by extending it to a

line, so that productivity is expected to increase greatly.

4.2 Cylindrical focusing setup

Generation of LIPSS, with a focus on their regularity, was further explored using the

cylindrical focusing setup (3.14). The reason behind this choice was that, when the original

setup with a focusing and a projecting lens was used, this is, in chapters 5 and 6 (Fig.

5.4), no LIPSS with high regularity were found. However, when changing to this setup,

highly-regular LIPSS were produced easily under certain irradiation conditions.

The beam size of the setup using a cylindrical lens with focal length of f = 100 mm

was measured using a CCD. At each point measured along the propagating axis z , the

width of the Gaussian profile was given by the software controlling the CCD. The resulting

propagation profile can be observed in Fig. 4.9. The fit to the Gaussian propagation

reveals a zR = 1.46 mm and w0 = 54.5µm.

Samples of the same stainless steel (AISI 304) were processed with this setup, moving the

sample under the laser beam across the wide dimension (wy ∼ 6 mm) at speeds v between

0.39 mm/s and 2.56 mm/s. Energy per pulse E were between 0.55 mJ and 2 mJ, and the

position of the sample along the propagation axis with respect to the beam waist position

(z−z0) varied between -2 mm and +2 mm. These parameters were chosen in a range that

enabled LIPSS generation. The polarisation was always parallel to the scanning direction,

generating transversal LIPSS as they have been seen to be the orientation which provides

best regularity.

The combinations of different E, v and z give rise to LIPSS fabricated with fluences
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Figure 4.9 Width of the propagating beam around the focal plane for a f = 100 mm cylindrical
lens. Insets (1) and (2) show the beam profile around the center of the projected line at two
different points in the propagation axis as displayed by the software.

Figure 4.10 Schematics of the beam focusing onto the sample, and the relation with the movement
of the sample and laser polarisation.

F between 0.05 J/cm2 and 0.15 J/cm2 and with number of pulses N between 43 and

470. The F range is below or around the ablation threshold for the processed material,

so no significant ablation is expected. However, at low F values, samples with low LIPSS

formation are expected.

Fig. 4.11 shows a comparison between examples from the SEM characterisation. At lowest

fluence (F = 0.05J/cm2, N = 189, D = 9.3J/cm2) LSFL formation is observed. LSFL

are also generated at the highest fluence (F = 0.15J/cm2, N = 225, D = 34.0J/cm2),
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Figure 4.11 SEM micrographs and their FFT of the LIPSS samples with maximum and minimum
values of fluence, number of pulses, and dose. Scale is the same in the six samples.

although early signs of ablation can be seen from the higher contrast, and white/dark

spots.

For the number of pulses, at the lowest value (F = 0.13J/cm2, N = 43, D = 5.8J/cm2)

LSFL formation is observed, although with more roughness compared to the low F case.

The formation of small dots of material indicates a more aggressive ablative process of

LIPSS formation, due to the higher fluence in this case. At the highest value of N (F =

0.09J/cm2, N = 470, D = 40.8J/cm2), LIPSS appear with a clear splitting (type-2s).

The combination of both factors, F and N, give rise to the accumulated fluence or dose. At

minimum value (F = 0.08J/cm2, N = 69, D = 5.3J/cm2), this is, fluence in the middle

on the range and number of pulses close to the minimum value, the LIPSS formation is

at a very early stage, so much that at some points no LIPSS are generated. Still, some

dots are visible due to the ablative process generating nano-particles. On the other hand,

at its maximum value (F = 0.11J/cm2, N = 440, D = 47.6J/cm2), the combination

of average-high F and high N has as a consequence the formation of split-LSFL and, in

addition, darker spots pointing to ablation.

The maximum productivity for LIPSS found in these experiments corresponds to the highest

speed used (2.56 mm/s), and has a value of 30.7 mm2/s. This is ∼ 103 times the

productivity found with the spherical focusing.

The relation between the processing parameters and the formation of LSFL or split-LSFL

was studied through the R1/2 parameter. As explained in section 3.4.2.1, this parameter
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evaluates the relation between the intensity of the FFT peaks corresponding to the periods

of LSFL and split-LSFL. As such, a value of R1/2 > 1 indicates a higher LSFL peak

over split-LSFL, while conversely, values of R1/2 < 1 indicate a higher peak associated to

LIPSS splitting. Note that this parameter is related to the FFT of the SEM micrograph,

and it is not possible to accurately associate this value with the degree of LIPSS formation.

However, the higher R1/2 is, the more splitting is expected.

Figure 4.12 Dependence of R1/2 with number of pulses and fluence in the fabricated samples.

As seen in Fig. 4.12, R1/2 values range between 8.81 and 0.24, meaning that the intensity

of the peaks may be up to several times that of each other. This parameter is highly linked

to N, since R1/2 decreases as N increases. This decrease is more accentuated at low N,

while beyond N & 200 the change is less abrupt. On the other hand, R1/2 does not show

any relevant trend with F due to a high dispersion in values. Therefore, split-LSFL can be

generated by increasing the number of pulses.

The parameter RM/P , also presented in section 3.4.2.1, was examined in the fabricated

samples. This parameter measures the relation between the intensity of the DC peak

present in the middle of the FFT and the intensity of the most intense peak, corresponding

to either LSFL or split-LSFL. Values of RM/P between 2.8 and 29.4 were found, meaning

that the DC peak is always stronger than the peak corresponding to LIPSS.

Fig. 4.13 shows the appearance of LIPSS with low and high RM/P values. High values

are usually associated to low LSFL formation (a). In these cases, the peak corresponding

to the frequency of the nanostructures in their FFT is very spread out, resulting in a low

maximum intensity. Low values of RM/P are seen in LIPSS with a better defined structure.

This is true both for LSFL (c) and split-LSFL (d). Therefore, RM/P can be understood as

a degree of formation or definition of the structures. Despite this interpretation, no clear

trend is observed with the fabrication parameters, which could be due to an influence from

the different contrast among the set of images.

With the appropriate conditions, LIPSS with high regularity were generated (Fig. 4.14). In

these samples,the nanostructures appear straighter and with less bifurcations and interrup-

tions (bottom-left corner in (a) and (b)). The FFT (bottom-right corner) also reflects the

regularity of the generated LIPSS, with narrower peaks in (a) compared to (b), indicating

lower period dispersion (horizontal axis) and angular dispersion (vertical axis).
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Figure 4.13 SEM micrographs of LIPSS with RM/P values of: (a) 22.4, (b) 29.4, (c) 5.06, (d)
4.4.

This is also well observed in the colour-coded micrograph comparison. A saturated red

colour means that the LIPSS are coherently linked in the vertical orientation. This happens

in the highly regular sample (a), where the only interruptions come from nano-spheres as

a result of material removal, and small imperfections in the material due to roughness. In

the sample in (b), the red is less intense, meaning less local coherence, with grey regions

where the LIPSS generation is interrupted completely probably due to incoherent linking.

These interruptions are inappreciable from the SEM micrographs, but are easily highlighted

with this method.

Fig. 4.14 (c) shows the dispersion of the orientation angle of LIPSS. As expected, the

maximum number of counts are obtained for the vertical direction, with a difference in the

width of the normal distribution. The FWHM of the curve is 11.0° for the irregular sample

(b) and 7.8° for the regular sample.

4.2.1 Formation of LIPSS with high regularity

In order to compare the regularity of LIPSS between samples and, due to the diversity

of nanostructures generated, both R1/2 and RM/P were used to filter out samples with

split-LIPSS and early LIPSS formation. Therefore, the focus in the following is only on

LSFL.

The period of the remaining LSFL were studied (Fig. 4.15). The trend with number of

pulses (a) is, as expected, decreasing with an increase in N. With fluence (b), a slight

increase in Λ is observed, even though in this case the dispersion in the vertical axis is

greater than in the previous case. This is due to the greater influence in the period coming

from the number of pulses, and the great range of N generating LIPSS. The size of the
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Figure 4.14 Comparison between the SEM micrographs and FFT of highly regular (a) and irregular
(b) LIPSS, and their DLOA (c). The fabrication conditions of the samples were: (a) z−z0 = −0.6

mm, F = 0.1J/cm2, N = 183, (b) z − z0 = −0.2 mm, F = 0.1J/cm2, N = 172

dots in (b) is associated to the N corresponding to the sample, with smaller area associated

to lower N. As such, samples fabricated with lower N (smaller dots) appear with higher Λ

and higher N lead to LIPSS with lower Λ. This result is similar to what was seen in (a)

but, in contrast, the dispersion of Λ here is smaller, due to the lower impact of F in the

period, and also from the lower range of fluences where LSFL appear.

As a consequence of the filtering of only LFSL, the range of fluence and number of pulses

in the resulting samples were reduced. The samples with higher number of pulses, as seen

earlier, generate splitting, and as such, in these samples N < 200. On the other hand, it

was also shown that low fluences did not achieve a full formation of the nanostructures.
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Figure 4.15 Variation of LIPSS periods with (a) number of pulses and (b) fluence. Greater dot
size represent higher fluence in (a) and higher number of pulses in (b).

As a result, in this set of samples F > 0.1J/cm2.

The regularity of the set of remaining samples was measured based on the DLOA. As

mentioned earlier, the DLOA value has been reported to change with the magnification

of the SEM micrograph [74]. Therefore, in order to cover a large sample area, the mag-

nification used for this experiment were x950 in all images. The resulting DLOA values

ranged between 7.6° and 12.4°, with lower values associated to higher regularity. A certain

trend with the position of the sample with respect to the focal plane was observed. The

DLOA values were averaged for each position z − z0 (Fig. 4.16). The results show great

symmetry around the focus (z − z0 = 0). A plateau with minimum DLOA is observed near

the focus (−0.4 mm < z − z0 < 0.4 mm). At points further from the focus, an increase

in DLOA is observed, with maxima at values slightly above 10° located at z − z0 = −1.4

mm and z − z0 = 1.2 mm. At greater distances from the focus, DLOA start a decreasing

trend again.

Figure 4.16 Left axis (red): DLOA from the analysed samples. Error bars are the standard deviation
of the mean in each z − z0. Right axis (blue): absolute value of the wavefront curvature.
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These values have been juxtaposed in Fig. 4.16 with the absolute value of the wavefront

curvature radius in the focused direction. The values for |Rx |−1 were calculated from eq.

3.10, using the values extracted from the measurements of the beam size along the focused

dimension (Fig. 4.9). It is assumed here that |Ry |−1 is constant throughout the explored

z−z0 distances. It is also considered to be |Ry |−1 ∼ 0, due to the non-focused conditions.

The fact that the focusing only takes place in one dimension helps in understanding this

process, and in de-correlating possible effects coming from the focusing in the y-axis. x-axis

is also the axis of the polarisation orientation, meaning that the E field is confined to this

dimension.

The focused beam is therefore expected to be planar in the focus z − z0 = 0 mm. The

curvature radius increases rapidly up to a maximum at |zRx | = 1.46, after which it slowly

decreases towards |Rx |−1 (∞)→ 0.

This comparison makes apparent the influence of the beam wavefront in the regularity of

LIPSS, with a minimum around the waist of the beam, and a maxima around the Rayleigh

range, only to decrease at larger distances from the waist.

In order to test this hypothesis, the same procedure was repeated with lenses of focal

length 75 mm and 50 mm. The CCD measurements with both settings can be seen in Fig.

4.17. For the beam focused with the f = 75 mm lens, zR = 0.91µm and w0 = 40.8µm,

and for the f = 50 mm lens, zR = 0.164µm and w0 = 14.7µm.

Figure 4.17 Measured width of the propagating beam around the focal plane, and fitting curve
to a Gaussian beam propagation, for a focusing with cylindrical lenses of (a) f = 75 mm and (b)
f = 50 mm.

LIPSS were fabricated in a range of 0.9 mm around the focus of each lens. For the

f = 50 mm lens, fluence between 0.06 J/cm2 and 0.25 J/cm2, and number of pulses

between 13 and 200 were explored. For f = 75 mm, 0.06J/cm2 < F < 0.18J/cm2 and

31 < N < 236.

With the combination of the different focal lengths, a direct comparison between samples

with equal irradiation parameters (F and N) but different curvature of the wavefront can

be explored. Due to the different propagation of the laser beam with the mentioned lenses,
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similar values of wx with different curvatures of the wavefront can be found. Fig. 4.18

shows two pairs of samples showing that fluence or number of pulses are not the only

parameters affecting LIPSS regularity. In both cases, LIPSS show higher regularity near

the focal plane (z − z0 = 0.2 mm in (a) and z − z0 = 0 mm in (b)), where the wavefront

has lower curvature radius.

Figure 4.18 Regularity comparison between pairs of samples with equal F and N, but different
distance to the focal plane. (a) F = 0.14J/cm2 and N = 110. (b) F = 0.11J/cm2 and N =

130. Top-left corner: schematics of the beam shape (not to scale), scanning direction (SD) and
polarisation (P) used in the processing of the samples.

The average DLOA with respect to z − z0 was also measured for the lenses with focal

length 50 mm and 75 mm, following the same procedure as with the 100 mm lens. The

resulting profile for the three lenses can be seen in Fig. 4.19, along with the position of

maximum wavefront curvature, which as explained earlier is located at ±zRx .

With the shorter focal lengths, a similar trend is observed, where higher regularity LIPSS

are fabricated near the waist of the beam, and DLOA increases as the processing takes
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Figure 4.19 Average DLOA of the fabricated samples with focal lengths of f = 50 mm (red),
f = 75 mm (green), f = 1000 mm (blue). Vertical dotted lines are located at the respective
z − z0 = zR for each focusing.

place further from the focus. The range of z − z0 explored for f = 75 mm was smaller

than the Rayleigh length (|z − z0| < zR), and therefore it does not allow to observe the

behaviour for values where the maximum DLOA should be. However, for f = 50 mm, a

decrease in DLOA is observed for such distances in the positive z − z0 side of the plot,

while no clear trend is observed in the negative side. The range of DLOA values taken by

the LIPSS fabricated with both lenses is greater than that of f = 100 mm (∼ 6° to ∼ 12°

in f = 50 mm and ∼ 8° to ∼ 10.3° in f = 100 mm.

It is therefore inferred that for the fabrication of highly regular LIPSS, optimal processing

takes place with the sample in the waist of the beam, or far from it, as in these places

|Rx |−1 ∼ 0, this is, minimum wavefront curvature. Alternatively, other beam shapes with

different propagation can be obtained through other beam-shaping methods, such as spatial

light modulators (SLM) or diffractive optical elements (DOE). In any case, the regularity

of LIPSS fabricated with these elements shall follow the same relation with their wavefront.

It is important to note that the formation of the LSFL generated here is based on electro-

magnetic interference (SPPs with the incident light, as explained in chapter 2). SPPs are

excited at scattering centers (roughness in the material) which then propagate along the

surface with direction and period derived from the irradiation and material characteristics.

The results presented here suggest that the SPPs generated at defects separated a distance

smaller than their propagation length (∼ 5µm in air/steel interface) interact with each

other, and that the outcome of this interference depends on the local coherence. This is,

when the wavefront has a low curvature, the phase difference in a small area is reduced,

and therefore SPPs are generated with similar conditions, coherently interfering with each
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other, resulting in LIPSS with high regularity.

This correlation between DLOA and wavefront curvature in a Gaussian beam has not been

reported in the literature. Overall, very few systematic studies on LIPSS regularity have

ever been reported. As such, most studies are limited to the reporting of the resulting

regularity of their nanostructures without any further analysis on the cause or the relation

with the fabrication parameters. In the following, the studies that approach this topic of

regularity are commented and discussed in relation with the results presented here.

The regularity of LIPSS in metals was studied according to the decay length of the SPPs

(LSPP ) characteristic of each metal [47]. Similar to the period of SPPs (eq. 2.7), which

is calculated from the real part of the dispersion relation of SPPs kx (eq. 2.3), LSPP can

be calculated from the imaginary part of kx as:

LSPP =
1

2 · =(kx)
(4.1)

It was demonstrated that the regularity of LIPSS is linked to LSPP , with highly regular

LIPSS appearing in metals with low LSPP < 10µm, such as steel, Ti or Mo. On the other

side, metals with high decay lengths, LSPP & 60µm, such as Au, Al or Cu, showed a

greater disarrangement in their structures.

Figure 4.20 Schematics of techniques proposed to improve LIPSS regularity. (a) Using beam spot
size larger than the decay length of the SPP. (b) Using polarisation parallel to the scanning direction
in scanning strategies with lateral overlap. (c) The technique proposed here, based on processing
with a plane wavefront. Source [51].

The authors also proposed that the size of the irradiation spot had an effect on regularity,

since materials where LSPP . 2w exhibited good regularity, while materials where LSPP �
2w showed poor regularity [47]. They attributed this behaviour to the preservation of

spatial coherence of the SPPs under the irradiation spot (Fig. 4.20 a). As SPPs originate

in scattering centers, and propagate through the surface, their interaction with other

scattering centers contribute to the loss of their initial coherence. The authors hypothesise

that the SPPs preserve their coherence better inside the irradiation spot.

Finally, by analysing the optical properties of metals in the UV to IR spectrum, the authors
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observed that at irradiation wavelengths of λ = 400 nm, most metals were suitable for

high-regularity LIPSS formation.

The low LSPP value for stainless steel presented in the mentioned results helps in under-

standing why regular LIPSS are observed so easily, as compared to Cu (explained later

in section 4.2.1.1). At the same time, LSPP could be setting a minimum value in the

achievable DLOA (as seen in our experiments, ∼ 7°).

The beam size in our setup is, even at the waist, much larger than the decay length of

SPPs (2w � LSPP ). This is in agreement with the hypothesis that high regularity is

achievable only under a large spot size. However, similar conditions in our experiments

give origin to LIPSS with lower regularity, which is not explained in this hypothesis.

Other authors studied regularity of LIPSS in Cr films as a function of the relation between

scanning direction and polarisation [78]. Higher regularity was observed when the scanning

was perpendicular to the polarisation (Fig. 4.20 b). This experiment was carried with

a circular beam with 2w = 80µm, and with parallel scans separated a distance of 2µm

between each other. The authors attribute the higher regularity to the extension of the

ripples along the scanning direction, which is not possible for LIPSS oriented perpendicular

to the scanning direction.

This conclusion is similar to the results presented in section 4.1.2, where the regularity of

the nanostructures was interrupted between parallel lines for transversal LIPSS, but not

for parallel LIPSS, inhibiting higher regularity in the former case. This is not the case,

however, with the cylindrical focusing, where no such problem exists. In this case, it was

seen that regularity is clearly higher for transverse compared to parallel orientation.

The influence of random beam phase was studied in stainless steel [79]. It was observed

that for a typical spatially coherent Gaussian beam, LIPSS were formed as usual. However,

when the phase (wavefront) of the beam was randomised, no LIPSS were generated except

for small regions with local coherence (speckle pattern generated by the diffuser used in the

randomisation of the phase). This result highlights the importance of spatial coherence in

LIPSS formation.

It also helps in understanding why highly regular LIPSS were observed with this setup

consisting on a single focusing lens, but only irregular LIPSS were generated with a setup

with two lenses: the cylindrical lens and a spherical lens projecting the focused spot onto

the sample, as mentioned earlier. The alignment with the two lenses is more complicated,

specially since a good matching between the focal lengths of each lens is required for

good results (Fig. 3.7). Therefore, our hypothesis is that with the previous setup, a very

perturbed (irregular) wavefront was generated, hence inhibiting the generation of regular

LIPSS.

To conclude this discussion, it has been shown that the formation of LIPSS regularity is a

process with influence from the material, the spot size, the scanning strategy, and wavefront

coherence. Our results add wavefront curvature as a particular case of wavefront coherence
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having an influence on LIPSS regularity. The practical implications of this are that special

care shall be put into beam wavefront characterisation, as well as in the positioning of the

sample in the focus of the laser beam if high regularity is the desired result.

In order to confirm and expand these results, numerical simulations and experiments with

wavefront characterisation could be carried out. Additionally, a common parameter for

measuring the regularity of LIPSS is necessary, since nowadays DLOA and other similar

alternatives (such as the opening angle of the FFT) depend on very specific details (such

as the threshold used, or the window/resolution used in the SEM images), which makes

the results vary between research groups [51].

These results were published in an indexed journal [80], which can be found in appendix

A.2 at the end of this document.

4.2.1.1 Regularity in other materials and effect of polishing

Throughout the course of this chapter, it has been shown that LIPSS regularity is affected,

among other irradiation parameters, by the interruptions in the continuity of LIPSS due to

lateral overlap in scans with spherical-focused beams. A similar behaviour can be experi-

enced in samples with high roughness, where microscopic defects may stop the continuity

of ripples or introduce alterations such as bifurcation or bending.

In order to study the effect of roughness in the interruption of LIPSS continuity and its

importance in DLOA, samples of stainless steel AISI 301 were used. These samples had

higher roughness than the previously used AISI 304. The composition of AISI 301 is similar

to AISI 304, with less Cr and Ni in exchange for more C, which provides AISI 301 of better

stress resistance.

Samples with the original polish presented marked scratches and imperfections. Some sam-

ples were polished using micron-sized diamond grains on a rotating plate, first employing a

paste with diamond grains of 3µm, and at a second stage, grains of 1µm. The appearance

of the samples before and after polishing is observed in Fig. 4.21 (a). Since the roughness

of the original samples came mainly from occasional deep scratches, the biggest difference

in this case is can be found in the erasing of the scratches, while the remaining surface did

not experience important changes.

Samples with both surface roughness were processed using the mentioned setup with the

f = 100 mm lens. Three different conditions leading to LSFL formation were used equally

in both unpolished and polished samples (Fig. 4.21 (b-d)). All three cases exhibit LSFL

with similar periods between 640 nm and 660 nm, with no significant difference between

unpolished and polished.

In cases (b) and (c), the resulting LIPSS show similar formation, with high regularity due

to their processing near the waist of the beam. In the unpolished sample, some scratches

interrupt the continuity of LIPSS in their vicinity. This effect is observable in the FFTs

due to the elevated number of scratches, where the peaks corresponding to LSFL are more
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Figure 4.21 SEM micrographs and FFT (top-left corner) of stainless steel (AISI 301) with the
original roughness (left column) and after polishing (right column). (a) Sample before processing.
(b-d) Samples processed with: (b) E = 0.8 mJ, v = 0.625 mm/s and z − z0 = 0.1 mm. (c)
E = 0.55 mJ, v = 0.625 mm/s and z − z0 = −0.3 mm. (d) E = 0.55 mJ, v = 1.0 mm/s and
z − z0 = −0.7 mm. The DLOA value obtained in each case is shown in the top-right corner of
each image.
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disperse than their polished counterparts, despite the equal irradiation conditions.

In (d), the processing fluence is lower, and the samples is located further from the waist

of the beam. Both factors contribute to irregular LIPSS in an early formation stage in the

polished case. In the unpolished case, however, the LIPSS formation is further inhibited.

This is reflected in its FFT, with a brighter background due to the lower definition of

LIPSS, which does not concentrate as much intensity in the sickle-shaped features.

As a consequence, the DLOA measurement also reflects the effect of the interruptions.

The DLOA value is lower in the three cases for the polished material, with an increase in

case (d) (both polished and unpolished) due to the conditions for irregular formation.

In order to study the effect of roughness in a different material, Cu samples were used. The

polishing process was the same as with the AISI 301. The difference between before and

after polishing can be seen in Fig. 4.22 (a). Originally, the Cu sheet presents roughness

in the shape of amorphous and inhomogeneous bumps. After the polishing, the surface

is almost perfectly polished at the micro-level. This difference is well observed in their

respective FFTs, where after the polishing, the intensity is much better concentrated around

the DC peak, meaning that the surface is much more constant. This is a great difference

compared to the steel, where the FFTs did not exhibit a great change due to the good

original polishing which was only perturbed for the scratches.

Cu is also one of the materials identified as not suitable for high-regularity LIPSS due to

its plasmonic properties [47]. However, when processed in our setup (f = 100 mm), under

some irradiation conditions LIPSS with high regularity were generated (Fig. 4.22 b). The

range of parameters that allow the generation with high regularity is much more strict than

for stainless steel, with (b) being the only observation for Cu in our experiments. This is

likely due to the processing in the waist of the beam, and using higher N compared to

samples (c) and (d), as reflected in their period: 580 nm in the first case, and ∼ 640 nm

in the other two. Again, no relevant difference in the period between the unpolished and

polished cases is observed.

The influence of the roughness is clear in the three examples. In the unpolished cases, the

LIPSS are clearly being interrupted by the bumps in the surface. When these bumps are

removed, the LIPSS are much more regular, as seen in cases (b) but also in (c) and (d),

where ripples may continue uninterrupted for lengths of several micrometres. The FFTs

also exhibit a clear difference, with peaks much less spread in the polished cases.

In this case, the difference in the values of the DLOA is greater than with the stainless

steel, due to the also greater change in the morphology of the surface before and after

polishing.

It is therefore clear that the polishing of the samples plays an important role in the regularity

of the structures created, which could enable the formation of highly regular LIPSS.

The interpretation of this behaviour, where LIPSS show higher irregularity in surfaces

with greater roughness, is similar to the discussion of the results in the previous section.
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Figure 4.22 SEM micrographs and FFT (top-left corner) of Cu with the original roughness (left
column) and after polishing (right column). (a) Sample before processing. (b-d) Samples processed
with: (b) E = 1.08 mJ, v = 0.12 mm/s and z − z0 = 0 mm. (c) E = 1.08 mJ, v = 0.5 mm/s and
z − z0 = 0 mm. (d) E = 1.17 mJ, v = 0.4 mm/s and z − z0 = 0 mm. The DLOA value obtained
in each case is shown in the top-right corner of each image.
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The SPPs excited at surface defects keep part of their properties from the roughness

from which they were excited. See, as an example, LIPSS aligning along the scratches in

Fig. 4.7 (d). Therefore, as SPPs excited by the laser irradiation at surface defects with

different properties (such as orientation) interact with each other, it is expected that their

interference result in breaking of LIPSS, or even inhibition of their formation, such as in

some regions of 4.21 (d) or 4.22 (c).

With respect to the formation of high-regularity LIPSS observed in Cu, although it was

predicted that this is a material non-suitable for this type of LIPSS due to the long decay

length of its SPPs, the authors responsible for the study [47] also hypothesised that high

regularity was expected if the beam diameter was larger than the decay length. In copper,

for an irradiation wavelength of λ = 800 nm, LSPP ∼ 40µm [47]. The beam diameter

of the beam in the focus is 2w = 110µm. Therefore, in this experiments LSPP < 2w ,

which not only does not contradict but it reinforces the idea introduced by the authors.

Additionally, it is clear that the formation of high-regularity LIPSS in Cu is much more

difficult compared to what the authors called suitable metals (such as stainless steel),

since their apparition in Cu is much more scarce and appear only in a narrow range of

conditions. Therefore, our results support the idea of the authors that LSPP determine

the suitability of metals.

4.3 Summary and conclusions

In this chapter, two setups based on different focusing have been characterised and used

for material processing with the objective of studying LIPSS generation. The spherical

focusing with a microscope objective provides a smaller beam waist (∼ 10µm), which

provides high precision for processing of materials. In turn, the scanning strategy used

with this setup requires parallel multi-passes in order to cover large areas.

The characteristics of the nanostructures were analysed in relation with the irradiation

conditions (F , N) for polarisations parallel and transversal to the scanning direction, finding

that structures such as LSFL, split-LIPSS (at elevated N) or ablation (at high F ) could

be observed. LSFL were observed for 4 < N < 68 and 0.05 J/cm2 < F < 0.48 J/cm2,

with an inverse relation between N and F . Their period varied from 536 nm to 687 nm as

F increased or N decreased, with larger values for transversal polarisation.

The regularity of LSFL fabricated with this setup was also studied for different polarisa-

tions and scanning directions. Overall, it was observed that LIPSS tend to align either

perpendicular or parallel to the scanning direction, and that they exhibit less bifurcations

and interruptions when the polarisation is parallel to the scanning direction (transversal

LIPSS). However, their higher regularity is hindered in the regions between adjacent laser

passes. Parallel passes with a smaller separation could be explored, but the productivity

would be further lowered beyond the value found in these experiments, which is in the order

of ∼ 0.03 mm/s.

Similar experiments were carried in a cylindrical focusing setup, using focusing lens with
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focal lengths of 50 mm, 75 mm and 100 mm. Here, the beam waist is much larger in

one of the dimensions in order to cover a large area with a single pass, which improves

productivity to a maximum (with the explored parameters) of 30.7 mm2/s. This is ∼ 103

times the productivity with the spherical focusing.

The formation and behaviour of LIPSS with processing parameters was found to be similar

to what was observed in the spherical focusing. An analysis on the regularity of the

samples revealed that formation of high-regularity LIPSS could be associated with
the wavefront curvature of the laser beam, since higher regularity takes place in LIPSS

fabricated at positions where the curvature of the wavefront is lower. This could be caused

by the coherent (or incoherent) interference between nearby SPPs excited with similar (or

different) characteristics due to the particular wavefront curvature.

Also with cylindrical focusing, the importance of the material and polishing was assessed. It

was found that polishing greatly improves the regularity of the LSFL generated, even
allowing the generation of high-regularity LIPSS in Cu, a material with worse properties

for high-regularity LIPSS than stainless steel.

In sum, certain conditions are required to optimise the generation of LIPSS with high

regularity, such as processing with a plane wavefront (which is usually accomplished by

processing in the focus of a Gaussian beam), using samples with low roughness and mate-

rials with low decay length of SPPs, and large area spots in order to avoid lateral overlap.



CHAPTER 5

Reflective waveplates and anti-reflective surfaces

In this chapter, the optical properties of LIPSS are studied, such as reflection and trans-

mission. Special emphasis has been placed in the relation between the LIPSS specific

morphology and polarisation change upon specular reflection (section 5.1). This study has

been carried experimentally through the fabrication of LIPSS and their characterisation,

both morphological and optical.

Additionally, numerical simulations have been used for the discussion and extension of the

results. The effect of LIPSS processed in a diamond surface is also presented in section

5.2. The anti-reflective properties of the modified surface are studied, in conjunction with

the transmission and generated losses. In this case, the study is performed entirely through

numerical simulations, using results from experimental LIPSS in comparison to modelled

ideal profiles.

5.1 Polarisation gratings based on LIPSS

Converting the state of polarisation of a laser beam is an essential task in most optical

research and industrial applications. The optical setups used in previous chapters serve as

examples of the need for control of the laser polarisation. For this purpose, waveplates are

one of the most common elements in present-day optical setups.

Conventional waveplates manipulate the polarisation state by retarding (or delaying) one

of the polarisation components with respect to its orthogonal component. This behavior is

achieved through different phenomena, namely, birefringence (inducing a progressive delay

as the wave travels through a material) and internal total reflection. In nature, birefringence

appears as a consequence of the atomic or molecular distribution of the crystal structure

[81]. On the other hand, internal total reflection can be achieved in Fresnel rhomb, which

take advantage of the induced phase shifts between the polarisation components in each

internal reflection [82].

97
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Due to the nature of the mentioned effects, most waveplates are nowadays fabricated for

operating in transmissive mode. However, the rapidly growing development of nanostruc-

turing technologies has opened interesting alternatives for the fabrication of this type of

devices operating in reflective mode [83]. This mode of operation may be beneficial in cer-

tain optical systems due to physical constrains in the setup. However, its main advantage

consists in the higher damage threshold that it usually allows, as light is reflected at the

surface instead of travelling through the material. At the same time, a lower temporal

dispersion of the pulse is induced in this mode [84]. Some applications involving polar-

isation and have already benefited from reflective mode are liquid-crystal displays [85],

miniaturisation of optical pickup units [86] or devices with anti-reflective functionality [87].

The physical principle that allows this phase-shifting behavior in nanostructured surfaces

is based on the interaction of light with subwavelength patterns/gratings (SWGs). When

the period of the grating is smaller than the wavelength of the incident light, the structure

becomes an optically anisotropic medium which induces optical birefringence, usually called

form-birefringence. Although SWGs are usually studied when the irradiation wavelength is

much greater than the period of the grating, birefringence is also present in the quasi-static

limit, this is, when the period is close to the wavelength [88]. This phenomenon originates

from the difference in boundary conditions of parallel and perpendicular components of the

electromagnetic waves relative to the direction of the grating lines [89].

Form-birefringence can be tuned by controlling the period and aspect ratio of the grating

structure. This way, a SWG with properly chosen morphological parameters may operate

as a half- or quarter-waveplate [90]. In cases like this in which SWGs are used to change

and control polarisation, they receive the denomination of polarisation gratings (PGs).

Recently, many works based on this surface subwavelength structuring approach have been

published. For example, Gadyani et al. [91] fabricated a subwavelength metal grating for

visible light by electron-beam lithography to transform circularly polarised light into radially

polarised light. Nanfang Yu et al. [92] achieved polarisation manipulation using carefully

designed antennae that create an abrupt phase change at the interface. Stafeev et al. [93]

fabricated a four-Sector transmission Polarisation Converter (4-SPC) for a wavelength of

633 nm, that enables the conversion of a linearly polarised incident beam into a mixture

of linearly and azimuthally polarised beam.

In most of these works, the surface nanostructuring process was carried out with different

variants of lithography: focused-ion-beam lithography, electron beam lithography, nanoim-

print lithography or optical interference lithography [83, 86, 88, 90, 94].

However, as already mentioned in section 2.3.4, these methods usually involve several

fabrication steps, leading to complex and long fabrication processes. Additionally, some of

them involve the use of chemicals like chrome, acids or organic resins that are potentially

pollutants or health hazards. Other methods, such as DLIP, use laser interference to

nanopattern the surface of the material. However, it requires lasers with pulses in the order

of picoseconds-nanoseconds due to the need of a larger spatial coherence that makes the
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interference possible over regions of relevant sizes. This means that thermal effects become

significant compared to femtosecond lasers, which is a critical effect when processing

materials (specifically metals due to their higher thermal conductivity), therefore limiting

the resolution of the pattern in practice [95].

In this section a new approach, the fabrication of PGs based on LIPSS, is presented. LSFL

are fabricated on stainless steel with a setup based on cylindrical focusing, employing

processing at different speeds. The polarisation state of the specular reflection of light on

the surface of the samples is studied, and related to the morphology of the nanostructures.

Then, numerical simulations are used to compare with the experimental results, and to

extend the evaluation of the polarisation state to other morphologies.

As this section revolves around changes in the polarisation of light, the states of light

polarisation, its representation through the polarisation ellipse, and its defining parameters,

are introduced in the following paragraphs.

5.1.1 Polarisation ellipse

In 1818, Fresnel and Arago carried out a series of investigations with polarised light. They

determined that the electric field of the light consisted only of two transverse components,

perpendicular to each other, while a longitudinal component did not exist. Therefore,

assuming light propagating in the z direction, the temporal evolution of the transversal

components Ex and Ey are represented by [96]:

Ex(z, t) = E0x cos(τ + δx) (5.1)

Ey (z, t) = E0y cos(τ + δy ) (5.2)

where E0x and E0y are the maximum amplitudes, and δx and δy are the phases of the

wave. τ = ωt − kz is the propagator of the wave with angular frequency ω, wavenumber

k along the z-axis.

As the wave propagates, the resulting vector of the electrical field ~E = (Ex,Ey) describes

a trajectory in the transversal plane. Through a series of operations to eqs. 5.1 and 5.2

[96], it can be inferred that this trajectory is in fact an ellipse:

E2x
E20x

+
E2y

E20y
− 2

Ex
E0x

Ey
E0y

cos(δ) = sin2(δ) (5.3)

where δ = δy − δx is the phase difference between components, or delay. Some special

cases should be considered here, also termed degenerate polarisation states.

If Ex0 = 0, then Ex = 0 in eq. 5.1, and the only oscillation is that of Ey in the y-axis. In

this case, the light is said to be linearly vertical polarised (LVP). If Ey0 = 0, then similarly
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the light is linearly horizontal polarised (LHP).

If δ = 0 or δ = π, eq. 5.3 can be written as:

Ey = ±
(
E0y
E0x

)
Ex (5.4)

which is the equation of a straight line with slope ±E0yE0x
and zero intercept. This case is

also linearly polarised light with slope ±E0yE0x
. The negative value is associated with δ = 0,

and δ = π yields the positive value of the slope. In the particular case where E0y = E0x ,

the polarisation state is linear +45° (or −45°) polarised light, respectively (Fig. 5.1 a).

In the case when δ = π/2 or δ = 3π/2, and E0y = E0x , eq. 5.3 reduces to:

E2x
E20x

+
E2y

E20y
= 1 (5.5)

which describes the equation of a circumference. Therefore, if δ = π/2, light is said to be

right circularly polarised (Fig. 5.1 c), and left circularly polarised if δ = 3π/2.

Figure 5.1 Representation of the polarisation ellipse of (a) +45° polarised light, (b) elliptically
polarised light, (c) circularly polarised light. In all cases, a circle of radius 1 is drawn for reference.

In any other combination of δ, E0x and E0y , the light is elliptically polarised (Fig. 5.1 b).

In these cases, the ellipse is described by the angle of rotation of the ellipse with respect

to the axis, or azimuth ψ, and by the degree of circularity or flatness, called ellipticity χ.

Fig. 5.2 illustrates these parameters in a polarisation ellipse with semi-major axis a and

semi-minor axis b.

The angle of ellipticity is related to the semi-axes of the ellipse (as seen in Fig. 5.2) by:

tan(χ) =
±b
a

(5.6)

χ can take values between −45° and 45°. For linearly polarised light, χ = 0, while for

circularly polarised light, χ = ±45°.

Ellipticity can also be related to the delay [96]:
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Figure 5.2 Schematics of the polarisation ellipse and its most relevant parameters.

sin(2χ) = sin(2χ) · sin(δ) (5.7)

where α is the angle defined by:

tan(α) =
E0y
E0x

(5.8)

In a similar fashion, the azimuth can be related to the delay as:

tan(2ψ) = tan(2α) · cos(δ) (5.9)

Figure 5.3 Ellipticity χ and azimuth ψ change as a delay is introduced between the Ex and Ey
components. The incident light is linearly polarised with an orientation of (a) θ = 45° and (b) 30°
with respect to the x-axis.

Using these equations, the influence of delay in azimuth and ellipticity can be studied. Fig.

5.3 (a) shows the polarisation conversion in a linearly polarised light oriented at θ = 45°
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with respect to the x-axis, by introducing a delay between the orthogonal components

(Ex and Ey ). For a delay of δ = 0, the incident polarisation is observed, with ellipticity

χ = 0° and azimuth ψ = 45°. As δ increases to π/2, the polarisation becomes elliptical,

with an increasing degree of ellipticity. At δ = π/2, the light becomes circularly polarised

(χ = 45°), a point in which the azimuth is not well defined. This is how a QWP work,

changing the state of polarisation between linear and circular by introducing a delay between

components of δ = π/2 at a certain polarisation angle θ. However, special attention needs

to be put to the polarisation angle with respect to the orientation of the QWP. As seen in

Fig. 5.3 (b), an angle of θ = 30° with respect to the x-axis will not achieve full conversion

into circular polarisation with δ = π/2. At delays δ > π/2, ellipticity decreases again

until reaching the initial χ = 0° at δ = π. At this point, the azimuth has shifted the

orientation of the ellipse symmetrically around the x-axis, to ψ = −45° and ψ = −30°,

respectively. This effect constitutes the fundamentals of HWPs, since by adding a delay

between components of δ = π, the orientation of the polarisation ellipse rotates a certain

amount depending on the relation between the orientation of the HWP and θ.

5.1.2 Fabrication and characterisation

LIPSS were processed in stainless steel strips (AISI 304), with roughness Ra = 276.3 Å,

using the setup depicted in Fig. 3.8 after removing the spatial filter (slit) and using a

cylindrical lens of f = 100 mm and a spherical focusing lens with f = 75 mm. The beam

characterisation of such setup (Fig. 5.4) was performed with a CCD as reported in earlier

chapters, obtaining a beam waist of w0 = 19.3µm.

Figure 5.4 Width along the propagation axis of the beam profile used in the experiments.

For the processing of the samples, an energy per pulse of E = 1.4mJ was chosen. In order

to decrease fluence to a value in which LIPSS are generated, the sample was processed

out of the focal plane so that the beam size was larger. In particular, in this position, the

width of the spot in the focused dimension was wx = 96µm, while in the long dimension,

wy = 6 mm as usual. With these parameters, the fluence irradiated is 0.2 J/cm2. By

processing the material at different speeds v , LIPSS formation with varying morphological
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characteristics are expected to appear. As such, samples were processed in a range of

values between v = 0.8 mm/s and v = 2.4 mm/s, which is translated to N between 80

and 240 pulses. The samples were processed with laser polarisation parallel and transversal

to the scanning direction.

LIPSS with orientations perpendicular to the laser polarisation were originated under the

described irradiations. The influence of the processing speed on the generated nanostruc-

tures can be seen in Fig. 5.5. As the number of pulses increases, the degree of definition

of the LIPSS also increases. While at N = 80 there are patches of surface without LIPSS,

these patches are very reduced at N = 120, and disappear completely at N = 240. The

FFTs also reflect this, since the lobes around the periods corresponding to LSFL become

thinner at higher N.

The regularity of LIPSS is similar among all the fabricated samples, with a low regularity

as evidenced in the micrographs by the bifurcations and sinuosity, and in the FFTs by the

large spread of the lobes.

In the LIPSS with parallel orientation, the influence from the polishing of the metal orig-

inates a bright spot in their respective FFTs, as also seen in chapter 4. However, this

influence is partially reduced with a large number of overlapping pulses. Additionally, as

N increases, an splitting in LIPSS begins to appear, being clearly noticeable at N = 240.

This effect appears to be more intense in LIPSS with parallel orientation.

In Fig. 5.6 (a), an overall decrease in the value of R1/2 (the ratio between the intensity of

the peaks associated to LSFL period and split-LSFL period) is observed, showing that the

presence of split-LIPSS becomes progressively higher. In any case, the values of this ratio

are high, indicating that the morphology is dominated by LSFL rather than by split-LSFL.

As hinted by the micrographs, the splitting is slightly more intense in the LIPSS with parallel

orientation. Although in this experiment a minimum of R1/2 ∼ 2 is obtained at N = 240,

in section 4.2.1 larger values of N were explored, and at N ∼ 300 the split-LIPSS became

dominant.

The period of the LIPSS, Λ, was found to be between 591 and 651 nm. As previously

discussed, the period of the LIPSS Λ decreases with N (Fig. 5.6 a), with an overall shorter

period in the parallel LIPSS. The decrease in Λ tends to decelerate at high N, where little

difference is observed between N = 160 and N = 240, as opposed to the intense decrease

seen between N = 80 and N = 160.

The behaviour observed in both plots of Fig. 5.6 can be explained by the inter-pulse

mechanism, where consecutive pulses excite SPPs with different properties. A given pulse

is incident on a certain morphology, which upon interaction with the SPPs generated,

modifies the surface relief. A following pulse will interact with the modified morphology

and excite SPPs with properties according to that new relief. This effect is usually observed

to generate a reduction in the period of LIPSS as consecutive pulses irradiate the surface

[97], as also seen in our results. The results presented here also suggest that LIPSS

splitting begins after reaching saturation levels in the diminishing of the period.
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Figure 5.5 SEM micrographs and FFTs of LIPSS generated with N = 80 (top), N = 120 (middle)
and N = 240 (bottom). The relation between the LIPSS orientation and scanning direction is
transverse (left) and parallel (right).

A comparison between transversal profile measurements of the sample processed with

transversal LIPSS and N = 240 (Fig. 5.7) revealed similar shapes of the ripples in FIB (a)

and AFM (b). Ripples with a trapezoidal shape appear on the left area in both images,

while on the right half, the ripples show double peaks as a result of the splitting. This is

expected, since as explained earlier, high N leads to the formation of split-LIPSS. These

measurements also indicate a large disparity of heights and profiles of the LIPSS.

AFM measurements of samples processed with transversal LIPSS at N = 80 and N = 120

were also taken and processed as detailed in section 3.4.2.2, extracting their average height,

H, and standard deviation (error bars in Fig. 5.8). For all three samples, the average height

is H ∼ 120 nm.

This constant value of height among the samples fabricated with very different number of

pulses may be explained by the electromagnetic origin of LSFL. It has been reported in the

literature that LSFL can be generated in a non-plasmonic scenario, where the seeding of



5.1. Polarisation gratings based on LIPSS 105

Figure 5.6 (a) R1/2 and (b) period Λ of the processed samples. In (b), the period of the parallel
LIPSS has been offset by N + 2 so as to avoid overlapping between the error bars in the two sets.

Figure 5.7 a) FIB section of a sample with transversal LIPSS processed at N = 240. b) AFM
profile showing the profile of the ripples.

LSFL arises from the interaction of the incident light with the scattered far-field from the

surface roughness [98]. The modulation in electron density as a result of this interaction is

located at depths ∼ 200 nm. As also explained previously, this modulation in electron den-



106 5. Reflective waveplates and anti-reflective surfaces

sity modifies the absorption and, through inter-pulse mechanisms, reveal the final surface.

In this sense, the number of pulses required for achieving a final height of the ripples is of a

few pulses (. 10) [97]. This is coherent with the results presented here, since all samples

were processed at N � 10. The average height is lower than the ∼ 200 nm mentioned, but

this could be a consequence of choosing the centre of the normal distribution of heights,

while the highest amplitudes are up to 200− 250 nm (Fig. 3.18).

The dispersion in periods, δΛ, was also measured for the transversal LIPSS samples (left

axis in Fig. 5.8). In order to extract this value, the FWHM of the intensity profile in

the lobes of the FFT corresponding to LSFL was measured. There is a reduction in the

dispersion as the number of pulses increases, from δΛ = 163 at N = 80, to δΛ = 126

at N = 240, which shows that the period of LIPSS are becoming progressively more

homogeneous with the successive pulses. This is another consequence of the inter-pulse

mechanism, besides the reduction in Λ previously discussed.

Figure 5.8 Dispersion in periods (left axis) and height (right axis) of the transversal LIPSS samples.
Height has been offset by N + 2 in order to avoid overlapping.

5.1.3 Effect of the nanostructures on the incident light

The polarisation state of the light upon reflection on the fabricated samples was measured

as detailed in section 3.3.2.1. To this goal, a He-Ne laser with wavelength λ = 633 nm was

used. Its polarisation was controlled with a HWP. The beam was incident on the surface

of the sample with an angle of 5°, and linear polarisation rotated θ = 45° with respect to

the LIPSS orientation, this is, diagonally. Both directions of LIPSS were held in the same

position (vertically oriented) in this measurements.

Fig. 5.9 shows the results for the ellipticity χ, azimuth ψ and reflectance R of LIPSS

processed with the transversal and parallel orientations. The behaviour in both cases is

quite similar.

As N increases from 80 to ∼ 110, there is an increase in the ellipticity of the polarisation.

At the lowest N, the value is smaller for transversal LIPSS (close to linear polarisation),



5.1. Polarisation gratings based on LIPSS 107

Figure 5.9 (a) Ellipticity, (b) azimuth and (c) reflectance of the samples measured with a polarime-
ter under irradiation with a linearly polarised λ = 633 nm beam polarised at θ = 45° with respect
to the LIPSS orientation. (d) Polarisation ellipse of the samples indicated in (a) corresponding to
the parallel orientation of LIPSS at (1) N = 80, (2) N = 107 and (3) N = 240.

while ellipticity is higher for parallel LIPSS (∼ 10°). A maximum in ellipticity, χ = 11.04°

is found at N = 120 for transversal LIPSS and a maximum of χ = 12.93° is found at

N = 107 for parallel LIPSS. After those values, ellipticity begin to decrease again as N

further increases, reaching minima around χ ∼ 2.5° at N = 240.

At the same time, the azimuth ψ experiments a deviation from the incident polarisation

angle of θ = 45° to a reflection θ ∼ 70°. The difference is not very significant between

number of pulses for parallel LIPSS, while an increase is observed for transversal LIPSS.

This change in azimuth can be attributed to changes in reflectance.
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For both orientations, reflectance clearly decreases from the reflection of the polished

stainless steel sample after processing. Maximum R = 34% is observed for transversal

LIPSS at the lowest value of N, with a decreasing trend as N increases up to a minimum

of R = 6% at N = 240. Similar values are observed in parallel LIPSS.

The behaviour in azimuth is explained by an inhomogeneous decrease in reflectance. As

the generated morphology resemble a grating, it is expected that the reflectance in the axis

that contains a modulation in height (assume x-axis) is lower (Rx). On the other hand,

the axis following the orientation of LIPSS (y-axis) is expected to decrease reflectance to a

lower extent in comparison (Ry ). Since the incident polarisation is diagonally oriented with

respect to the LIPSS, the components of the electrical field in the parallel and perpendicular

axis are evenly distributed (Ex = Ey ). Upon reflection, the component perpendicular to the

LIPSS experiment a greater decrease in R, Ry > Rx . Therefore, with a small phase shift

(as seen in Fig. 5.9 a), azimuth will experience a shift toward the component with greater

reflectance, hence the shift towards ψ → 90°. This is best observed in the transversal

LIPSS case, since the progressive decrease in R leads to an increase from ψ = 62° to

ψ = 74°.

Figure 5.10 Ellipticity χ and azimuth ψ change as the polarisation angle θ changes. a) Ry = Rx ,
and the delay introduced is δ = π/4. b) Ry = 2Rx , and δ = π/4.

The ellipticity values obtained with these samples could be increased, however. As recently

discussed, Ry > Rx in these samples. This leads not only to a change in azimuth (addi-

tionally to the expected change from the introduction of a delay), but also it changes the

optimum polarisation angle from θ = 45°. Fig. 5.10 (a) shows the effect of the linear polar-

isation angle (θ = 0° meaning perpendicular to the LIPSS orientation), assuming Ry = Rx

and a delay of δ = π/4. As this delay is not enough to generate full conversion into circular

polarisation, the maximum ellipticity is χ = 22.5°. However, this maximum only occurs at

θ = 45°. At different orientations of the polarisation, the ellipticity is smaller, with minima

at θ = 0° and θ = 90°, since at these points, only the horizontal or vertical component is

present and no delay is effectively introduced. Notice that the azimuth is lightly affected

by the ellipticity of the ellipse, as the trend is not a straight line. Fig. 5.10 (b) shows a

similar case in which δ = π/4 but the reflectance is asymmetric, with Ry = 2Rx . Here,

upon incidence, the Ex component is reduced in half with respect to Ey . This generates
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an immediate change in the azimuth of the linear polarisation towards the y-axis (which

can be seen as a higher slope in the curve compared to the previous example). In this case,

however, the ellipticity is not symmetric around θ = 45°. Instead, the maximum is found

around θ = 26.5°. At this point, the azimuth is ψ = 45°. Therefore, it can be inferred

that the polarisation angle that maximises ellipticity is not always θ = 45°. Instead, in the

cases where Ry 6= Rx , the angle θ that maximises ellipticity is that which fulfills ψ = 45°.

In order to increase the ellipticity values in the case of the experiments presented here, an

incident polarisation angle of θ < 45° should be chosen.

Overall, the coherence between samples in the results (with an slow variation of values)

suggests that the setup used allows for a consistent and controllable fabrication of these

devices, which could be used for the fabrication of devices with tailored properties.

The behaviour of the samples regarding the polarisation change is in agreement with that

expected from polarisation gratings, causing phase retardation due to form-birefringence.

Therefore, it can be concluded that this effect is due to the LIPSS, with their geometry

being the key factor in their specific behaviour. In particular, since almost no change in

height is observed, the trends observed can be attributed to the variations in LIPSS period

and specific profile line of the ripples.

Despite the introduction of ellipticity due to phase delay attributed to form-birefringence,

the values of ellipticity should be greater in order to achieve complete change from linear

to circular (45°), such as a QWP. Similarly, the reflection values are low compared to the

performance of a commercial QWP. Both results could be attributed to the irregularity

of the nanostructures. Reflectance is greatly affected by dispersion of light caused at

the irregular surface, which is observed in the fabricated samples as a decrease in R as

the definition of LIPSS increase. In addition, the dispersion in periods and heights could

prevent the device for behaving as a grating with a single period, introducing depolarisation

and averaging the response, This affects the performance of the device, preventing it from

achieving higher values of ellipticity.

To sum up, the period of the LIPSS is the key factor that alters the behavior of our

polarisation gratings, with some influence from their distribution of periods and definition

that mainly affects their reflectance. By changing the processing parameters, these factors

can be controlled, and therefore tailor the properties of the resulting polarisation grating.

Improving this fabrication method to produce devices with higher reflectance and particular

polarisation changes (such as that of a QWP or HWP) would enable their use as reflective

waveplates. The main advantage for this type of waveplates is that the fabrication method

is a one step and fast process that is not restricted by the type of substrate material,

demanding processing conditions, or expensive equipment.

These results were published in an indexed journal [99], which can be found in A.1 at the

end of this document.
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5.1.4 Simulations

The experimental results were analysed and expanded through numerical simulations. Fi-

nite element method (FEM) were used in COMSOL software to numerically replicate the

experimental interaction between the incident light and fabricated LIPSS, as outlined in

section 3.4.1. These simulations were carried by the applied optics Complutense group at

Complutense University of Madrid (UCM).

In order to fit the experimental results, the following profile function was applied to imitate

a periodic profile on the surface of the stainless steel:

h(x) =
GH

2

(
1− 2

[
1 + cos(2πx/P )

2

]β)
(5.10)

where h(x) represents the height at each point along the x-axis, GH is the profile height, and

P is the period (previously also termed Λ). When β = 1, the geometry reduces to a cosine

(Fig. 5.11 a). A flatter or sharper profile can be obtained with β > 1 or β < 1, respectively.

Additionally, a binary profile was used (Fig. 5.11 b). The geometrical parameters for both

types of profiles are detailed in Fig. 5.11 (c). A separation is introduced between grating

elements so that P = BW + S, as shown in the schematics.

The irradiation conditions are similar to the experimental ones, with an incident beam with

λ = 633 nm, and linearly polarised at 45°. The beam is perpendicularly incident on the

surface of the stainless steel, which at this wavelength has a complex refractive index of

ñ = 2.33 + 3.3i .

In this analysis, the state of polarisation is described by the Stokes vector S = (I, Q, U, V ),

where I is the intensity of the beam. Q, U and V represent the polarisation state as a

balance among the degenerate states of polarisation explained in section 5.1.1. Q > 0

is related to LHP light, while Q < 0 represents LVP. U > 0 is linked to linearly polarised

light at 45°, while U < 0 is similar for −45°. Lastly, V > 0 is associated with left-handed

circularly polarised light, and V < 0 to right-handed circularly polarised light [96]. Dividing

each parameter by S gives the normalised version of the Stokes vector, s = (1, q, u, v).

The Stokes parameters were extracted from the electric field distribution of the reflected

light. For each sample, the matching between experimental and simulated Stokes param-

eters is obtained by adjusting the parameters of the geometry β and GH (height).

The results of this fitting is observed in Fig. 5.12 (a) and (b). Set I (a) refers to the LIPSS

fabricated with transversal orientation, and set II to the parallel LIPSS. The experimental

measurements are represented by the symbols, and the solid lines by the simulations. The

values of GH and β producing the best fitting for each point are seen in the stars in (c)

and (d), and the diamonds in (e) and (f) respectively.

The mean height for set I and II are GH = 140 ± 10 nm and GH = 147.5 ± 5 nm,

respectively. This value is close to the experimental values reported earlier, with an average
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Figure 5.11 Stainless steel gratings with period P = 632 nm and with (a) Sinusoidal and (b)
binary profile shape. The incident electric field with 45° linear polarisation is depicted on top of the
sinusoidal grating. (c) Transversal section of the each unit cell showing the relevant geometrical
parameters.

of 125 nm. The β parameter varies between ∼ 1.3 and ∼ 0.7. The shape is flatter (higher

β) for the parallel LIPSS.

Taking into account the dispersion and irregularity of the experimentally generated struc-

tures, the values obtained in the simulations can be considered as the overall average for

period (P ), height (GH), and ripple profile (β). These results show that the simulations

can accurately predict the optical response from non-homogeneous nanostructures such as

LIPSS.

The calculations were then extended also to binary gratings, characterised by height GH

and base width BW . In this case, the irradiation wavelength is in the near infrared region of

the spectrum, λ = 808 nm, where the refractive index of stainless steel is ñ = 2.68+3.77i .

Fig. 5.13 represents the normalised Stokes parameters of the reflected light as a function

of GH and BW for the sinusoidal and binary profiles. The period of the structures was fixed

at P = 632 nm, and β = 1 in the sinusoidal case. The points of maxima and minima in

each plot have been labeled with a capital letter B or S (depending on the morphology, plots

in the left column use binary and right plots sinusoidal), followed by a sub-index denoting
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Figure 5.12 (a) and (b): Fitting of the simulated (solid lines) and experimental (symbols) Stokes
parameters for the samples with LIPSS transversal (left column) and parallel (right column) orien-
tation to the scanning direction. (c) and (d): height GH of the simulated nanostructures for both
sets of samples. (e) and (f) β parameter in both sets. The minimum and maximum values found
across the two sets are enclosed in red dashed circles. The solid lines in (c)-(f) represent the cubic
polynomial fitting of the geometrical parameters.

the correspondence with each parameter (q, u, v). Finally, a superscript in roman numbers

is added for the multiple minima or maxima. These points and the geometry that give rise

to such values are listed in Fig. 5.14.

The identification of the extremes in the maps of Stokes parameters makes possible the

selection of geometrical parameters that convert light into a degenerate state, as indicated
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Figure 5.13 Maps of the normalised Stokes parameters (q, u, v) and reflectance R as a function of
the geometrical parameters GH and BW for the binary (left column) and sinusoidal (right column)
gratings.

in Fig. 5.14.
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Figure 5.14 Geometrical parameters and reflectance of the profiles (binary and sinusoidal) that
convert polarisation into degenerate states.

The maximum reflectance in (g) and (h) is ∼ 0.6, which is the reflectance of a flat stainless

steel surface at λ = 808 nm. In the points of minimum R, the structures act as a filter

for the particular wavelength used. In general, structures with higher modulation in height

show lower reflectance.

The azimuth ψ and ellipticity χ of the Stoke parameters can be calculated from the Stokes

parameters as:

ψ =
1

2
tan−1

(
U

Q

)
(5.11)

and

χ = tan−1
(

V

I +
√
Q2 + U2

)
(5.12)

Using these parameters, it is easier to identify certain polarisations such as linear or circular

(Fig. 5.15). As such, contour lines have been added to the azimuth plots, marking the

points with values ψ = 45° (magenta), ψ = −45° (cyan) and ψ = 0° (yellow). Similarly,

in the ellipticity plots, the points with χ = 0° have been marked in a black line, while the

combination of parameters that give rise to χ = ±45° are marked with white dots.

It is demonstrated that multiple combinations of parameters generate full conversion be-

tween degenerate polarisation states, although reflectance should be taken into account

when considering applications that use this approach to polarisation conversion.
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Figure 5.15 Maps of azimuth ψ (top) and ellipticity χ (bottom) as a function of the GH and BW
parameters of the binary (left) and sinusoidal (right) profiles. Contour lines in the azimuth maps
represent the values of ψ = 45° (magenta), ψ = −45° (cyan) and ψ = 0° (yellow). The black
contour in the ellipticity maps follow the geometries with χ = 0°. The white dots represent the
locations with χ = ±45°.

In sum, the FEM simulations show that it is possible to model the morphology of the

generated LIPSS through a profile with parameters that represent an average of the dis-

persion and irregularities of the original morphology. The polarimetry measurements taken

experimentally were validated using this approach, obtaining profile parameters that are in

accordance with the experimentally measured morphology.

Then, a study of the LIPSS geometry was performed for binary and sinusoidal profiles,

in order to find the configurations that generate a polarisation change of the reflected

light into degenerate states. These devices can act as waveplates or linear polarisers. It

has also been shown that by customising the LIPSS profile that is irradiated with a 45°

linearly polarised light, any other polarisation state can be generated, which is useful for

the fabrication of customisable low-cost waveplates and filters.

These results were published in an indexed journal [100], which can be found in A.3 at the

end of this document.
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5.2 Light transmission through LIPSS-processed diamond

Laser processing in other materials, such as semiconductors, is also interesting for appli-

cations in the field of integrated photonic circuits and quantum technologies [101]. The

interest in diamond in particular is based on its well-known hardness, high refractive in-

dex, and high thermal conductivity, which sets diamond as a desired candidate as photonic

source [102, 103], and integrated photonics [104].

The fabrication of functional nanostructures on diamond in the subwavelength scale enables

ways of controlling the propagation of light. For example, in the reflective properties of the

surface. Anti-reflective (AR) coatings are important in optical applications. In particular,

optical systems operating at high-power, as is the case in Raman-lasers with diamond as

the active medium, require coatings with high damage threshold. The same effect can

be achieved with the nano-processing of the diamond surface, which is not as limiting in

terms of damage threshold.

The modification of the surface in the diamond employs the moth-eye effect, consisting

in a packed array of conical structures in the sub-micron scale that reduce the reflectance

of the surface [105]. However, due to its physical properties, the patterning of diamond

is demanding. To date, common approaches used are lithographic methods [105], while

LIPSS fabrication may suppose a fast and simple alternative.

In this section, numerical simulations (as explained in section 3.4.1) are used to measure

the photonic response of LIPSS nanostructured diamond in the IR spectrum. Experimental

(AFM profiles) and ideal (sinusoidal) structures are compared in their behaviour, including

the influence of the aspect ratio of the nanostructures.

The following description of diamond processing with LIPSS and AFM characterisation is

related to experiments carried and published [106] prior to the beginning of this thesis.

The data corresponding to the AFM measurements have been used in the elaboration of

the currently presented simulations.

LIPSS were generated with an Ytterbium-doped solid state laser, emitting pulses of 380

fs at a central wavelength of λ = 520 nm. The repetition rate of the laser is 1 MHz.

The laser beam was focused onto the surface of a synthetic diamond crystal (Type IIa,

Electronic grade, from Element6), with superficial roughness Ra < 5 nm, at a fluence of

6 J/cm2 and 20 pulses per spot.

SEM micrographs reported a LSFL with a period of 470 nm (Fig. 5.16 (a) and (c)).

However, AFM measurements (b) had a discrepancy of up to 20% in the period. In

order to conserve the height information provided by the AFM, this was the data used in

simulations of light propagation through LIPSS.

In order to study the propagation characteristics of light through the structures, the men-

tioned AFM measurements were used in 3D Finite-Difference Time-Domain (FDTD) sim-

ulations. Along these structures, others with different aspect ratio (A, calculated as the
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Figure 5.16 (a) SEM micrograph of LIPSS on diamond. (b) AFM profiles of the region indicated
in (a). Consecutive sweeps separated 1µm are represented in colours yellow to purple. (c) FFT
profile of the indicated region in (a) and (inset) 2D-FFT of the same area.

ratio between height and period of the nanostructures) were generated using the same

data by multiplying the height of the data by a factor of 2, 4, 6, and 8, while keeping

the period constant. Furthermore, a profile with the shape of a sine function was used to

compare ideal structures without irregularities, while keeping the aspect ratio and period.

Figure 5.17 Schematics of the setup used in the 3D-FDTD simulations, representing the position
of the light source, nanostructures, and monitors.

The simulation setup used in the software Lumerical for the measurement of the trans-

mitted and reflected waves is shown in Fig. 5.17. A 25x25x42 µm3 diamond cuboid was
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placed in the simulation environment, with the 10x10 µm2 LIPSS area on top. The beam

source was placed on top of the material. A Gaussian source with a waist of 2 µm and

broad spectral range (840 nm to 2 µm) was used to explore a wide range of frequencies.

The source generates a Fourier-limited pulse with the provided range of frequencies, which

in this case generates a pulse of 5.58 fs. The transmission monitor to detect the electric

field passing through the LIPSS and propagating through the diamond was placed inside

the cuboid at a distance of 45 µm from the light source, with an area of 25x25 µm2. The

reflection monitor (9x9 µm2) measured the reflected electric field placed above the light

source.

Figure 5.18 Beam profile intensity distribution (in logarithmic scale) at the transmission moni-
tor. The light is transmitted through the original AFM nanostructures (top row) and through
nanostructures with its height magnified by a factor of 8 (bottom row). The represented intensity
corresponds to wavelengths λ = 840 nm (left column), λ = 1.3µm (middle column) and λ = 2µm
(right column).

Examples of the measured intensity profiles transmitted through the diamond are seen in

Fig. 5.18. The irregularities observed in the profiles stem from the specific irregularities

in the experimental LIPSS fabrication, that affect the propagation in an unique way. This

effect is lower at longer wavelengths, as best observed in Fig. 5.18 (c) and (f). Higher

aspect ratios also lead to a higher dispersion in the transmitted beam.

Using the information from the transmission (T ) and reflection (R) gathered by the moni-

tors in the simulation, the losses can be calculated as L = 1−T −R. Since the absorption
of the diamond material is negligible at the examined wavelengths, the losses can be

attributed to diffraction generated at the LIPSS interface. T and L for real and ideal

morphologies with different values of aspect ratio A can be observed in Fig. 5.19. The

results confirm that at lower wavelengths, the structures generate lower transmission and
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Figure 5.19 Transmission T (A) and losses L(A) for the AFM and sinusoidal surfaces with different
aspect ratios A.

higher losses, while at wavelengths λ & 1.4µm, the losses decrease greatly. This occurs

in both the experimental LIPSS and in the ideal sinusoidal structures. Additionally, as the

aspect ratio increases, the losses become greater. At longer wavelengths, the reflection

also becomes smaller, which results in a net increase in transmission. This can be seen in

both experimental and ideal plots, where at λ ∼ 1.8µm the samples with higher A (0.45,

0.67 and 0.89) exhibit higher T than those with A = 0.11 and A = 0.22.

Comparing the measured and sine profiles, it is clear that realistic LIPSS nanostructures

have higher diffraction and scattering, even at long wavelengths. This is due to the ir-

regular and more complex 2D distribution of frequencies, as usually observed in FFTs.

The reflectance, however, is at some points lower in the processed nanostructures than

in the ideal structures, meaning that in most cases the fabricated LIPSS exhibit superior

anti-reflective behaviour than the ideal sinusoidal profile.

Overall, the results show that even though the transmission of light through LIPSS can be

efficient, there is significant distortion originated by irregularities in the geometry. When

compared to the ideal structures, AR coatings based on LIPSS proves to be highly suitable

for many applications. However, losses related to diffraction can be detrimental for its

performance. In order to produce efficient AR coatings based on LIPSS, the nanostructures

should present an aspect ratio close to 1, and the irradiation wavelength should be λ &

2.5Λ.

Furthermore, as the losses are related to irregularities in the generation of the nanostruc-

tures, reducing imperfections in the fabrication method, or employing other alternatives,

could improve the results presented here. Nonetheless, the results presented here prove

that LIPSS are a convenient fabrication technique for low cost and fast processing of

diamond for photonic devices.
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These results were published in an indexed journal [107], which can be found in A.4 at the

end of this document.

5.3 Summary and conclusions

In this chapter, the optical properties of LIPSS have been studied experimentally and

through numerical simulations. The nanostructures demonstrate a grating-like behaviour,

with potential applications as reflective waveplates (such as half or quarter wave-plates),
and as anti-reflection treatment of surfaces in dielectrics.

The change in polarisation induced upon reflection by LIPSS generated in stainless steel

was measured with a polarimeter, and quantified through the azimuth and ellipticity of the

polarisation ellipse. The processing of LIPSS at different speeds (this is, number of pulses)

generated samples with varying morphologies, such as decreasing period with increasing

number of pulses, or higher period dispersion at lower number of pulses. The gradual

change in the morphology of the results suggest a consistent and controllable fabrication

with the used processing setup.

Each morphology generates a different optical response. The reflectance of the nanos-

tructures decreases as the number of pulses increase due to the increase in the LIPSS

formation, and generation of additional features in the profile of the LIPSS, such as ripple

splitting. This decrease in reflectance is linked to a deviation in the azimuth from the

initial 45° towards the axis aligned with the LIPSS orientation (∼ 70°), indicating that

the decrease in reflectance is located mainly in the axis transversal to LIPSS. Besides the

change in azimuth, an increase in ellipticity is observed in all samples (with a maximum

value of ∼ 13°), indicating a phase shift induced by the form-birefringence of the LIPSS.

In order to explore other morphologies that could provide higher ellipticity or reflectance

values, which could prove useful for applications, numerical simulations were used modelling

the LIPSS profile as sinusoidal and binary structures. The polarisation states experimentally

measured were replicated in the simulations by individually adjusting the specific shape of

the profiles in the sinusoidal model. These results proved that the height of the LIPSS

remains approximately constant, as also measured experimentally through AFM, while the

flatness or sharpness of the ripples vary between samples. This effect, along with the

period, originates the change in polarisation.

A further exploration of parameters in the simulations reported a range of parameters
generating complete polarisation change into degenerate states, such as left or right

circularly polarised, or linearly polarised with azimuth 0°, 90° and ±45°. This effect would

allow LIPSS to behave similar to a HWP or QWP in reflective mode.

The propagation of light through LIPSS inscribed in the surface of diamond was studied

also through numerical simulations. The experimental LIPSS used in the modelling had

been previously fabricated, and their AFM profile was used for the simulations, adding

variations with altered height in order to obtain different aspect ratios. Additionally, sine
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profiles with different amplitudes were used to compare the experimental nanostructures

with ideal ones. The results show that LIPSS generate losses due to diffraction at shorter

wavelengths (0.8 − 1.4µm), which adds to a higher scattering in the experimental LIPSS

compared to the ideal structures as an effect of the irregularities. The losses are greatly

reduced at higher wavelengths, which alters the beam quality to a lesser degree.

A higher aspect ratio also generates higher losses, while at the same time reduces the

reflections in the surface. This translates to an overall higher transmission at the longest

wavelengths explored (1.8−2µm). In particular, the anti-reflection effect observed could
be useful in some photonic devices.

Currently the main drawback for the use of LIPSS in the studied applications, as already

discussed, is the lack of regularity. Some strategies for the generation of LIPSS with higher

regularity were discussed in chapter 4. These applications would benefit from a reduction in

the period dispersion by producing a more homogeneous response. However, other types of

irregularities such as nano-particles redeposited onto the surface as a byproduct of ablation

contribute to the reduction in the efficiency of these applications, and need to be taken

into consideration in further studies.





CHAPTER 6

Optical encoders

In this chapter, the femtosecond laser fabrication of gratings for optical encoders is studied.

Engraving strategies for the fabrication of amplitude and phase gratings are discussed. A

cylindrical-lens focused beam is used for the fabrication of gratings using the mentioned

strategies, which are then characterised and evaluated as scales in optical encoders.

6.1 Introduction to optical encoders

Metrology is the study of measurement. It focuses on the definition of units of measure-

ment, measurement procedures and traceability of measurements through references [108].

Given its nature, metrology has had an impact on a wide range of sectors. Its develop-

ment has contributed to science in that it enables the direct comparison of results between

laboratories. It also allows for measurements with higher degree of accuracy. Metrology is

also key in industry as it provides the means for the fabrication of components with a set

of standards that guarantees the quality of the product and increases its value [108, 109].

Dimensional metrology, in particular, involves the calibration and usage of devices to quan-

tify physical sizes or distances [110]. The measurement of properties such as displacement

or velocity often involve monitoring rotary and linear motion. To represent the motion,

usually an electrical signal is used to translate the data to the user through an interface,

or directly to the controller. The generation of an electrical signal from motion is achieved

through transducers. Transducers design change according to factors such as application

or requirements. Some examples of motion transducers are:

• Proximity switches, such as pressure or photo sensors.

• Potentiometers obtain their signal from the position of a sliding contact on a resis-

tive element.

• In inductive transducers an alternating current (associated to the device which is to

be measured) induces a current in an adjacent coil through electromagnetic induc-

123
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tion, generating a signal that changes accordingly to the variation of the measured

parameter.

• Encoders produce an output derived by the reading on a coded pattern on a rotating

disc or a moving scale.

Encoders can be classified by the physical mechanism they use (e. g., electrical conduction,

optical, magnetic), whether there is physical contact between the detector and the disc

or scale, and their type of output, which can be absolute or incremental (Fig. 6.1). In

the example in the image, the disc is read by optical mechanisms as the shaft rotates

(rotary encoder), which are then translated to an electrical signal and into a series of

bits. Alternatively, an encoder using a scale instead of a disc is called a linear encoder. In

incremental encoders, the signal repeats periodically (as evidenced by the equally spaced,

black and white regions) as the pattern moves, which is then monitored and translated

into position change. Usually, two concentric annuli instead of one are used with displaced

phases in order to be able to distinguish movement in the positive or negative direction, and

in consequence sum or subtract values as the signal change. Another external annulus with

a single spot is used to indicate the reference position. In absolute encoder discs, several

tracks are coded concentrically, each representing a bit position (from less significant in

the exterior to most significant in the interior of the disc), so that at each given angle,

there is a unique combination of bits representing the absolute position.

Figure 6.1 Frontal and top schematics illustrating the working principle of incremental (left) and
absolute (right) encoders. Adapted from [111].

In particular, linear optical incremental encoders consist of a light source which is directed

towards a moving grating and a stationary plate or mask, and a light sensor or detector

which captures the transmitted light (Fig. 6.2 (a)). Other configurations involve the
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detection of the reflection instead of transmission of light. Additionally, with an alternative

processing of the grating, it is possible to create changes in phase or polarisation state of

the incident light, thus generating polarisation gratings as opposed to the conventional

amplitude gratings.

When the grating in the scale is aligned with the mask, all the light is transmitted to the

sensor, generating a maximal electric signal. On the other hand, when the scale is displaced

a half period, all the light is blocked by the mask, generating a minimum in the signal (Fig.

6.2 (b)). The use of a large mask with a size of several periods (instead of a single slit

the width of a line) averages the output of individual lines and reduces the influence of

imperfections such as scratches or dust particles, while at the same time increasing the

transmission of light to the detector.

Figure 6.2 a) Schematic of the basic elements in a linear optical incremental encoder. b) Electrical
waveform generated by the light sensor as the plate is displaced, assuming that both transmittive
and opaque widths of the lines are equal. Adapted from [110].

Optical incremental encoders are widely used to monitor both rotary and linear motion.
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Commercially available encoders have accuracies in the range of tens or hundredths of

nanometres depending on the length of the scale. Gratings manufactured as scales are

usually fabricated with either diamond tips, which is a slow and expensive process, or

the grating pattern can be defined through lithographic processes (such as interference

lithography or electron beam lithography) and then chemically transferred into a substrate

[109].

Lithography, however, intensively employs chemical products that are pollutant for the

environment and human health. The ECOGRAB project, in which this thesis is inscribed,

has as its main objective the substitution of this process with a cleaner technology. In order

to do this, the manufacturing of the gratings used in encoders is performed with laser.

To this goal, the cylindrical setup described in section 3.2.2 was designed with the main

objective of allowing the high-speed engraving of gratings with a period of 20 µm. The

beam characterisation near the focus using this setup was already studied in chapter 5.

As such, this chapter contains the amplitude and polarisation gratings that have been

fabricated for this purpose. Note that in this context, the term grating refers not to

nanostructures such as LIPSS as in previous chapters, but to the micrometric structures

that will be detailed through this chapter.

Two objectives are required in order to consider a successful fabrication of LIPSS-based

optical encoders that can be applied at industry level:

• Fast, reliable fabrication: as stated in the setup requirements, the grating engraving

should be performed at speeds around 1 mm/s. Additionally, the fabricated gratings

should have a constant periodicity along the grating.

• Successful evaluation: A definite proof of the grating performance can be obtained

by using a detector or readhead that is already calibrated for reading gratings fabri-

cated by lithography. This method provides a direct comparison with commercially

available encoders. This evaluation has been performed in collaboration with Fagor

Automation, a partner in the Ecograb project.

6.2 Engraving strategies

The prototype built enables different ways of engraving the stainless steel strips. Addition-

ally, parameters such as processing speed, pulse energy (E) or polarisation can be adjusted

within each strategy. The control of these parameters allows the generation of different

types of structures (LIPSS or ablation) and their morphology.

Before describing each strategy and the results obtained, a distinction between the two

types of gratings mentioned earlier (amplitude and phase) shall be specified. In chapter

5, the polarising effects of LIPSS were explored. It was concluded that LIPSS generate

changes in the properties of light upon reflection, both through the reflectance and the

form birefringence of the surface. Therefore, a phase grating is one where the difference

between regions is in the polarisation state, this is, the phase shift introduced by the
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morphology, without great differences in reflectance. Alternatively, an amplitude grating
is one where the reflectance is different in each region that comprises the grating.

Fig. 6.3 shows schematics of both types of gratings. In both cases, the period of the

grating is defined by two regions. In the example seen for the amplitude grating, an area is

processed with LIPSS, leaving non-processed areas in between. This generates a difference

in reflectance, since the processing of LIPSS always reduces the amount of light reflected.

In the example for the phase grating, LIPSS are processed alternatively with perpendicular

orientations. This generates two differentiated responses to the incident polarization while

showing similar reflectances.

Figure 6.3 Schematics of amplitude (left) and phase (right) gratings. Top: stainless steel strip
processed forming a grating with period of 20 µm. Bottom: detail of a period of the grating. Black
lines represent LIPSS.

In order to generate amplitude gratings, the sample is moved under the laser beam, opening

and closing the shutter that controls the laser output. The desired areas are processed,

generating a change in reflectance. This can be achieved through a continuous movement

of the sample (dynamic regime) or stopping the sample each time that an irradiation

should be made (static regime). By adjusting the fluence, different nanostructures can be

generated, which will be evaluated in a later section.

As for phase gratings, the procedure is similar, but in this case the nanostructures generated

should be LIPSS in order to generate the desired change in polarisation. Therefore, the

fluence should be adjusted for this purpose. In order to change the orientation of LIPSS,

laser polarisation needs to rotate as well. This rotation can be performed at the same time

as the sample is moving (dynamic regime) or stopping the sample while the polarisation is

rotated (static regime).

The static regime is expected to be much slower than dynamic regime, so the aim is to

optimise the process for the dynamic regime.
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6.3 Processing and characterisation of gratings

In this section, the procedures followed for the grating fabrication, their characterisation,

and the evaluation of their performance are specified.

6.3.1 Exploration of nanostructures

As stated in the previous section, an amplitude grating can be achieved by alternating

processed areas with non-processed regions. An exploration of the different kinds of nanos-

tructures that can be achieved is presented.

6.3.1.1 Influence of energy

In this test, static irradiations with an ample range of energies, and therefore fluences, were

processed. In all cases, the samples were located in the focus, where the beam is narrower

(half-width of 20 µm). As expected from the pulse energy distribution (shown in chapter

5), the engraved line grows wider as the pulse energy increases. This effect is accompanied

by an increase in the ablation of material. However, despite the ablation, LIPSS are still

clearly visible (Fig. 6.4 a)). On the contrary, as the pulse energy decreases, the line width

decreases as well, to a point where only early stage LIPSS and other material modifications

can be observed, at points where absorption is enhanced by local imperfections (Fig. 6.4

b)). If the energy is further lowered, no effects are visible.

Figure 6.4 Static irradiation on stainless steel of the projected laser line by the cylindrical lens
at extreme irradiation conditions: a) 0.26 J/cm2, 20 pulses b) 0.013 J/cm2, 20 pulses. a) At
sufficiently high energy irradiations ablation starts, although there is LIPSS presence and the line
width exceeds the required grating period. b) At the lowest energy where some effects are visible,
there is some sporadic apparition of LIPSS due to local defects (e.g., around polishing lines). Some
non-ablative modification of the material is also visible conforming the projection of the laser line.

Therefore, it is concluded that with this setup it is not possible to obtain ablation without

the introduction of phase elements (LIPSS) while maintaining a line width under the period

of the grating. However, at low energies, the presence of LIPSS is greatly reduced, with

slight modification of the material. This could be used to change the reflectivity of the

processed area without generating LIPSS.
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6.3.1.2 Influence of polarisation

An alternative to avoid LIPSS generation in amplitude gratings by introducing circular

polarisation. Dotted [112] or triangular [113] structures have been reported to appear with

this polarisation. This type of structures, although periodic, could avoid a phase-grating

behaviour by showing no preferred orientation and therefore inhibiting form birefringence.

A QWP was introduced in the laser beam path, adjusting its orientation in order to generate

circular polarisation. Static irradiations were performed with multiple conditions of energy

(0.5 - 2 mJ) and number of pulses (50 - 1000), as well as irradiations with a displacement

of the sample at constant speed of 1 mm/s with the same energy range (Fig. 6.5).

As the projected laser line has a half-width of 20 µm and length of 6 mm, the fluence

used in these tests range between 0.13 J/cm2 and 0.53 J/cm2. In all the studied cases

where nanostructures were formed, the resulting structures showed LIPSS with an oblique

orientation (±45º with respect to the laser line orientation, depending on whether the

circular polarisation was left-handed or right-handed).

Figure 6.5 a) and b): surfaces processed with displacement of the sample at constant speed of 1
mm/s with left-handed and right-handed circular polarisation. E = 1.4 mJ, F = 0.37 J/cm2 and N
= 40. c) static irradiation with circular polarisation, E = 1.4 mJ, F = 0.37 J/cm2 and N = 400.

The absence of triangle-shaped nanostructures found in these experiments could be at-

tributed to the scanning strategy. In [113], a spherical focusing setup is used, with a

strong overlap between parallel lines, which also alternate in sense between consecutive

passes, which makes an important difference with the scanning strategy proposed here.

Additionally, the reported range of apparition of these structures is small, in a range of

fluence of 0.05-0.150 J/cm2. According to authors, they only appeared at a repetition

rate of 250 kHz, while at lower and higher repetition rates they were unable to replicate

similar results.

As for the dotted structures in [112], the strategy reported is similar, although the focusing

lens is again spherical instead of cylindrical. The fabrication parameters here were F = 1

J/cm2 and N = 12. In our experiments, N is always greater than 40. Since LIPSS form
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better in samples with roughness, or after initial pulses generate or amplify irregularities

in the surface, it is possible than the dotted structures become progressively more similar

to LIPSS as N increase. Alternatively, it could be the case that the performance of the

QWP is not well adjusted to the setup due to a slightly different wavelength operation or

due to misalignments. If this was the case, the polarisation would not have been circular

but elliptical instead, prompting the generation of oriented nanostructures.

Another approach reported in the literature to generated non-oriented structures consists

in the superposition of pulses with different polarisations [112].

In order to replicate these experiments in our setup, the QWP was removed and processed

static lines with a high-speed, continuous rotation of the half-wave plate. This allows

for a superposition of pulses with alternating polarisation. In fact, at a rotation speed of

the half-wave plate of 4000º/s, consecutive pulses (at a repetition rate of 1 kHz) show a

difference of 8º in orientation of the polarisation of the laser light.

Results show a strong formation of LIPSS, with occasional breaking of the nanostructures

in the shape of dotted-like structures (Fig. 6.6 a)). However, the general orientation of

LIPSS is conserved, with a special preference for longitudinal or transverse orientations

(Fig. 6.6 b)), independently of polarisation rotation speed or initial orientation when the

irradiation started. These results were found equally throughout the range of pulse energies

studied.

Figure 6.6 Lines fabricated at E = 0.4 mJ, F = 0.11 J/cm2 and N = 70. a) High aumentation
micrograph shows that LIPSS are broken forming dot-like structures scattered along the line. b)
Lower magnification micrograph of two lines with different resulting orientation (left transverse,
right longitudinal). However, despite the new structures appearing, the overall orientation is still
clearly visible.

Even though the results seen in [112] involve dynamic irradiations instead of static ones,

it shows that the nanostructures formed become disordered when a rotation of the elec-
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tric field between consecutive pulses is applied instead of a constant one. This is the

same behaviour observed in our experiments, although some preferred orientation of the

nanostructures is observed despite their discontinuities.

6.3.2 Phase gratings

Regarding phase gratings, the static regime is the slowest combination from the engraving

strategies with this setup since, to the discontinued move of the sample, the time invested

in the rotation of the polarisation should be added. Taking this into account, only the

dynamic processing has been considered for this type of gratings.

Two gratings with identical processing conditions have been fabricated with the best con-

ditions found for their generation, this is: processing speed of 0.89 mm/s, rotation speed

of the HWP of 4000 º/s (so that the resulting gratings have a period of 20 µm) and E =

1.33 mJ (F = 0.35 J/cm2). The length of the gratings is 30 mm.

Both gratings show identical properties (such as period or morphology of the nanostruc-

tures), proving great repeatability from the setup. Fig. 6.7 shows one of the resulting

gratings. At lower magnifications (a), the grating period is clearly visible probably because

of the detection method rather than an actual difference in reflectance. Upon closer in-

spection (b), the difference between areas becomes difficult to differentiate, while some

nanostructures similar to LIPSS start becoming apparent. A higher magnification (c)

allows to clearly observe the generated structures. The two regions observed in (a) corre-

spond to LIPSS in perpendicular orientations (transverse and longitudinal), with a mixed

region in between that varies slightly in size where no clear orientation is displayed. Addi-

tionally, while the longitudinal LIPSS are clearly defined, the transverse LIPSS show more

discontinuities, similarly to what can also be seen in Fig. 6.6.

Figure 6.7 SEM micrographs at magnifications of a) x950, b) x1800 and c) x7000.

Again, the preferred direction of LIPSS generation is shown here, although in this case

is beneficial to our aim of generating differentiated regions because of the perpendicular

orientations. Otherwise, if LIPSS did not exhibit this behaviour and showed a gradual

change in orientation instead (which would most likely happen if the grating period were

much greater than the LIPSS period), the contrast between areas would not be as sharp.

Another possibility is that the superposition between pulses made the resulting structures
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unoriented, as explained earlier. In this case no distinction would be possible.

Both fabricated gratings were evaluated with a detector by Fagor Automation for the mea-

surement of their lithography-based amplitude gratings. This detector, that can be denoted

DP, uses polarising elements (such as QWPs or polarisers), which makes it potentially sen-

sitive to gratings with phase components. This detector is calibrated to read a signal of

1000 mV when reading amplitude gratings fabricated with lithography on metals. In the

case of the fabricated polarisation gratings, the resulting values were 150 mV and 200 mV.

This means that, since a value could be read, the grating period is well defined. However,

the value itself is much lower than 1000 mV, showing a poor performance compared to the

commercial lithography gratings. This is expected, since the detector is configured for the

reading of amplitude gratings instead of polarisation gratings. The small signal extracted

could be derived from the sensibility of the detector to polarisation changes coming from

the generated LIPSS.

After this test, and concluding that this setup is able to generate polarisation gratings at

high speeds, but little more could be made to enhance the performance of this kind of

gratings with the available detector, the focus was set on the amplitude gratings.

6.3.3 Amplitude gratings

The evaluated strategies for nanostructures generation have not reported results that allow

the fabrication of amplitude gratings without LIPSS generation, with some results being

more promising than others. The closest result was to irradiate at low energy, below the

threshold for LIPSS so that their formation not triggered (Fig. 6.4 b).

Three separated sets of amplitude gratings have been fabricated along this thesis, all with

lengths of 30 mm. The main characteristics of each of them are summed in the next

points:

• Set A: Static irradiation of a grating with LIPSS. Characterised by SEM. Its perfor-

mance was evaluated with a DP detector.

• Set B: Static irradiation of gratings at low energy, preventing the apparition of

LIPSS. Characterised by SEM and optical microscope. Evaluated by DP as well as

by other detector which does not include polarising elements (DA).

• Set C: Dynamic irradiation of gratings in an ample range of energies. Characterised

by optical microscope and perfilometer. Evaluated by both DP and DA.

6.3.3.1 Set A

The first test with amplitude gratings was performed by processing static irradiations on

the stainless steel strip. The laser parameters used were: E = 0.65 mJ, F = 0.17 J/cm2

with N = 20 (20 ms irradiation). The distance between irradiations were 20 µm as usual.

With these parameters, the processed areas show LIPSS with a low degree of ablation

(Fig. 6.8). The processed lines show irregularities in width due to the LIPSS generation
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being altered by imperfections in the sample. However, these irregularities are usually in

the range of ±1 µm. The width of the lines, therefore, average at 10±1 µm, making the

duty cycle (the ratio between the widths of the two regions within a period) of the grating

50%.

Figure 6.8 Amplitude grating fabricated in Set A. a) Low magnification micrograph taken under
SEM. The difference between processed and non-processed areas highlight the period of the grat-
ing. b) High magnification micrograph showing the LIPSS and non-processed stainless steel. The
scalebar has been extended for a better visualisation of the period and duty cycle of the grating.

The evaluation of this grating with the DP detector returns a signal of 750 mV. This result

is higher than what is obtained with the polarisation gratings and closer to the 1000 mV

used as reference. This confirms that the detector is sensitive to amplitude rather than

polarisation gratings.

As the result obtained with this grating is positive compared to the polarisation gratings,

the exploration of the validity of the amplitude gratings was expanded, trying to improve

the results.

6.3.3.2 Set B

The next set of samples were fabricated focusing on the irradiations at low energies that

prevent LIPSS formation (Fig. 6.4 b)). Again, these samples are engraved in the static

regime. This time, laser polarisation was set diagonally with respect to the projected line,
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so that if any LIPSS are generated, they appear oriented at 45º, which usually shows lower

definition.

Three fabrication conditions were found using slightly different values for pulse energy

and number of pulses. Table 6.1 summarises the fabricated samples with their respective

conditions.

Table 6.1 Gratings fabricated in set B. Fabrication conditions and evaluation results.

Sample E (mJ) N V(DP) (mV) V(DA) (mV)

B1
B2 0.32 350

890
890

1200
1150

B3 0.30 500 705 920

B4
B5 0.32 200

890
890

1080
1110

Figure 6.9 Gratings fabricated in static irradiation regime with irradiation conditions of a) E = 0.32
mJ, F = 0.085 J/cm2, N = 350 b) E = 0.30 mJ, F = 0.079 J/cm2, N = 500 c) E = 0.32 mJ, F =
0.085 J/cm2, N = 200

This set was characterised both by SEM and optical microscope. Fig. 6.9 shows the images

obtained with both methods. In the cases where two gratings were fabricated under the

same conditions, only one of the samples are shown since no differences could be found

between the two copies.

From the optical microscope images (top images in Fig. 6.9), which were extracted with

a white light illumination and a 40x microscope objective, the duty cycle was measured by

extracting the transverse intensity profile and finding the ratio between the high-intensity

area (white in the image) and the low-intensity region (black). Normalising the values

of intensity (lowest being 0 and highest 1), the threshold separating the two areas was
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considered to be a value of 0.5. In this way, samples B1, B2 and B3 were found to have

a duty cycle of 48%, with a sharp transition between the high and low intensity regions.

Samples B4 and B5 show a transition region which can be seen as greyish in Fig. 6.9 c).

Their duty cycle is 39%.

Regarding nanostructure formation, micrographs extracted from SEM (bottom images in

Fig. 6.9) show a low generation of diagonally oriented LIPSS (due to the polarisation em-

ployed in their fabrication). In particular, samples B1 and B2 show the highest generation

of LIPSS of this set, due to the combination of higher pulse energy and number of pulses.

Still, the nanostructures are found showing irregular formation with a width of around 5

µm. This indicates that the fluence (0.084 J/cm2) is just around the threshold value for

LIPSS formation.

B3 sample was fabricated with lower pulse energy, which is why no LIPSS formation can

be seen in this sample, indicating that it is below the threshold for their formation, further

strengthening the notion that the values used are around the LIPSS formation threshold.

Still, some superficial modifications to the sample are generated.

Samples B4 and B5 used the same fluence as in B1 and B2, but lower number of pulses,

which is why light LIPSS formation can be seen, although with lower definition compared

to the mentioned samples.

The results obtained in the evaluation with DP and DA detectors (Table 6.1) are overall

better in comparison to set A and polarisation gratings. Considering the gratings in set B

by degree of LIPSS formation, it can be seen that the lowest formation leads to the lowest

signal for both detectors: 705 mV for DP and 920 for DA. Then, B4 and B5, starting

to show some greater modifications by LIPSS formation, report higher signals in both DP

(890 mV) and DA (1080 mV and 1110 mV) detectors. This is also a value that is close to

(in case of the DP detector) or higher than (for the DA detector) the reference of 1000

mV. For samples B1 and B2, showing slightly stronger LIPSS formation than B4 and B5,

the signal is also 890 mV for the DP detector, and 1150 mV and 1200 mV for the DA

detector, which is again higher than the reference value and also higher than B4 and B5.

The resulting signals confirm a strong replicability of the generated gratings, with very

similar values obtained for the pairs of gratings B1-B2 and B4-B5. The set also shows

coherent results with the generation of nanostructures (more generation is associated with

a higher signal).

Overall, the results obtained prove that the fabrication of amplitude gratings with this

setup is not only viable, but also the generated structures are compatible with the current

detectors (in particular, DA), with performances comparable or superior to the commer-

cially available lithography-based gratings. However, it lacks the desired fabrication speed.

The static irradiations slow the engraving process by more than an order of magnitude,

with an average speed between 0.03 - 0.05 mm/s depending on the particular conditions,

being far from the targeted speed of 1 mm/s.
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6.3.3.3 Set C

Once it has been confirmed that amplitude gratings with a well-defined period and good

evaluation signal could be fabricated in the static regime, another set was fabricated in the

dynamic regime to try to overcome the limitations found in the processing speed of the

previous set.

As explained earlier, in the dynamic regime a continuous movement of the sample is per-

formed while the laser output is enabled and disabled periodically according to the desired

period, 20 µm in this study.

In order to obtain a range of values in parameters such as duty cycle or difference in height

between the processed and non-processed regions, 6 samples with pulse energy between

0.2 mJ and 2.2 mJ were fabricated at a speed of 1 mm/s. This translates to a fluence

between 0.053 J/cm2 and 0.53 J/cm2. The laser polarisation this time was parallel to the

movement of the sample.

After fabrication, the samples were examined in the optical microscope with a 40x mag-

nification (Fig. 6.10). Results show an increase in material modification as the energy

increases. While at the lowest pulse energy of 0.2 mJ the reflectance is still high in both

areas, there is a small difference in between the two. As the energy increases, the area

modified broadens (as the area above the energy threshold increases) and the reflectance

in these regions decreases (darkens in the image). At higher energies, the beam size affects

a wider area. This can be observed in the grey tone of the clearer areas in Fig. 6.10 d)-f),

meaning that some modifications to the area have been done. However, the fluence in the

areas in between irradiations is much lower than the fluence at the center of the irradiated

areas. Therefore, a differentiation in contrast is still visible.

Figure 6.10 Images from an optical microscope of the six gratings fabricated with pulse energies
of a) 0.2 mJ, b) 0.6 mJ, c) 1.0 mJ, d) 1.4 mJ, e) 1.8 mJ, f) 2.2 mJ.
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For the evaluation of the contrast in reflectance between processed and not-processed

areas, the formula C = 100· Imax−IminImax+Imin
was employed. The maximum and minimum values of

the intensity profile, Imax and Imin, were extracted from the normalised values of intensity in

the image after discarding obvious defects in the image or in the sample. Although contrast

might vary with illumination conditions such as intensity or wavelength, the conditions are

kept constant between samples 0.2-1 mJ and 1-2.2 mJ. Sample at 1 mJ was measured with

the two intensities used in order to provide a reliable comparison between both conditions.

As stated, an increase in contrast C can be observed in the samples as the energy increased

(Fig. 6.11).

Figure 6.11 Contrast of samples fabricated in set C. The two series of dots represent two different
values of intensity of the imaging light source were used in order to keep the area well-illuminated,
since at higher energies the reflection is lower.

The height profile of the samples was extracted with a profilometer. A transverse sweep

across the gratings provided a profile that evidences the difference in height between the

processed and non-processed regions (Fig. 6.12) as a result of the onset of ablation. The

height difference increases up to 400 nm as the energy increases until the sample with

the highest energy, where this difference starts to decrease. The increase in depth of

the processed areas is expected as the energy increases. However, the behaviour of the

grating fabricated at 2.2 mJ per pulse can only be explained as a result of the increase

in the affected area due to the higher energy. As fluence surpasses ablation threshold in

a wider area and reaches a width of at least 20 µm, ablation starts in areas that were

previously not ablated, while the ablation efficiency around the center of the beam stalls.

As a consequence, the difference in height observed for the mentioned sample is reduced.

Duty cycle is another parameter that could result interesting for the study of the per-

formance of the gratings (Fig. 6.13). It has been measured through the two methods

aforementioned: microscope and perfilometer. In both cases, the profile (intensity or

height, respectively) was extracted and, as explained previously, the ratio between the high

and low widths was calculated as the duty cycle. The results vary between the two meth-

ods. For the perfilometer, the samples with lower height show very high noise which makes

it impossible to evaluate the result. In the remaining samples, the duty cycle lays between

40-50%. For the microscope, the duty cycle can be measured in every sample with a stable
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Figure 6.12 Height difference versus pulse energy in set C samples.

value between 30-40% except for the sample fabricated with pulse energy of 1 mJ. In this

case, the duty cycle increases up to 55%, which is coherent with the result in Fig. 6.10

c), where the light grey region covers a larger area compared to other samples.

Figure 6.13 Duty cycle versus pulse energy of set C samples measured by optical microscope and
perfilometer.

The samples were evaluated with both DP and DA detectors. This time, the working

distance (WD) at which the signal was optimal was recorded (Table 6.2). DA detector

(which is, as stated earlier, less sensitive to phase changes) keeps a constant WD of 0.7

mm across all gratings. Meanwhile, the WD for DP detector changes across the samples,

being smaller at low energies and recovering distances close to 0.7 mm as the energy

increases.

This behaviour is expected if the susceptibility of the DP detector to polarisation changes

is considered. From the height profiles (Fig. 6.12) it can be observed that ablation

progressively increases as the energy increases, and the generation of LIPSS is expected to

be dominant at lower energies, which could be the cause for this change in WD at lower

energies.

As for the signals read, detector DA shows values (between 450 mV and 700 mV) which

are lower than the reference. DP detector reads values comparable to or larger than the

reference at low energies (1000-1100 mV) that then decrease as the energy increases
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Table 6.2 Gratings fabricated in set C and their evaluation with DP and DA detectors.

E (mJ) WD(DP) (mm) V(DP) (mV) WD(DA) (mm) V(DA) (mV)

0.2 0.30 1000 0.7 450

0.6 0.45 1000 0.7 700

1.0 0.6 1100 0.7 550

1.4 0.5 800 0.7 670

1.8 0.6 320 0.7 660

2.2 0.7 200 0.7 670

(from 800 mV to 200 mV). Additionally, the signals vary along each grating, with the

signal being generally higher at the extremes rather than at the center. This might be

caused by variations in the distance between the metal and the focus of the laser, which

could be originated by a curvature along the stainless steel strip.

In sum, the amplitude gratings in this set were fabricated at 1 mm/s achieving the speed

requirements. Although the fabrication is irregular at some points, this could be solved

easily by making sure that the strip is perfectly flat. Regarding their evaluation, some of

the samples (those exhibiting less ablation, similarly to those in set B) reach or surpass a

value of 1000 mV in the DP detector, therefore achieving a successful evaluation.

6.4 Summary and conclusions

In this chapter, the application of laser processing for the fabrication of gratings to be used

in encoders is studied, as a cleaner alternative to the lithographic methods used currently

in industry which involve the intensive use of chemical products.

To that goal, the engraving strategies and methods to generate different combinations of

micro- and nanostructures in amplitude and polarisation gratings have been studied. The

main findings include:

• Influence of energy: as the pulse energy for a given beam width increase, LIPSS

formation starts, followed by ablation. Accordingly, the affected area also increases

in width, and therefore a balance should be sought depending on the desired result.

• Influence of polarisation: static and dynamic irradiations have been performed

with a QWP, and with a HWP under constant rotation, seeking the formation of

non-oriented nanostructures. Only with the static rotation of linear polarisation it

was possible to achieve nanostructures with a higher degree of disorder than regular

LIPSS, although they still conserve some directionality. The absence of pure dotted-

like structures could be due to the strict conditions for their formation.
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Then, the fabrication polarisation gratings in dynamic regime with periods of 20 µm was

achieved, using a speed of 0.89 mm/s. These gratings consists of a repetition of two

regions with LIPSS oriented at perpendicular directions, which modifies the polarisation

differently, while maintaining a similar reflectance between them. However, it is not pos-

sible to evaluate these gratings adequately since the available readheads are designed for

amplitude gratings and are not suited to detect changes in polarisation.

Amplitude gratings with a period of 20 µm were fabricated both in static and dynamic

regime. For the latter, the processing speed was 1 mm/s. Evaluation with the readheads

show varying results depending on the fabrication parameters, but in both regimes there
are gratings that reach or even surpass the reference value used for commercial
gratings fabricated with lithographic methods.

In sum, the designed setup and its implementation complies with the requirements for the

fabrication of the gratings, as the fabricated period is constant and well adjusted to the
objective of 20 µm, the processing speed achieved in the dynamic regime reaches 1
mm/s, and the evaluations performed as a part of an encoder have proved successful
under certain conditions.

This demonstrates that the implementation of laser technology as an alternative to
lithographic fabrication is readily possible. However, some steps should be made to-

wards a more effective integration, such as gaining a better understanding of the relation

between the studied morphology and the measurements obtained with the detector, or

optimising the setup for faster processing. The latter can be achieved with a laser with

higher repetition rate, even at the cost of lower maximum energy per pulse, since only a

fraction of the total energy was used here for most samples. This, in addition to faster

axis response, could enable the fabrication of gratings in the static regime.



CHAPTER 7

Refractometric sensors

In this chapter, refractrometric sensors are fabricated from LIPSS nanostructured stainless

steel which are then coated in gold. The plasmonic activity of the device is studied, and

its performance in refractive index sensing is evaluated.

Firstly, the underlying physics around which this chapter revolves, surface plasmon reso-

nance, are introduced. In particular, the characteristics and modelling of the Fano res-

onance encountered in the experiments are discussed, as well as the parameters used to

evaluate the performance of this type of sensors. Then, the fabrication method (LIPSS

processing and gold sputtering) is detailed, along with the morphological characterisation.

The morphology and setup used in the numerical simulations, and the optical characteri-

sation used to evaluate the plasmonic activity are described. The results of the SPR, this

is, the influence from the polarisation, coating thickness, angle of incidence and refractive

index of the analyte are presented. Finally, the sensing capabilities of the device are ex-

amined by introducing water with difference concentrations of NaCl, and the results are

discussed.

7.1 Introduction to surface plasmon resonance

Surface plasmon resonance (SPR) refers to the resonant coupling between an electromag-

netic wave and the oscillating electrons at the interface between negative and positive

electric permittivity materials, usually a metal and a dielectric. This coupling results in an

electromagnetic wave propagating along the boundary between both materials, termed sur-

face plasmon resonance (SPP). Coupling of light into SPPs is discussed in section 2.3.2.1,

as it is the same mechanism involved in LIPSS formation.

Following the schematics of Fig. 7.1, where the unitary vectors of the x and y axes are i
and j, respectively, the relation for the resonant wavelength λ with the incident angles θ

and φ can be derived.

141
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Figure 7.1 Coordinates system of a plane wave incident on a grating at a polar angle θ and azimuthal
angle φ. Source [114].

Similar to the discussion around Fig. 2.20, in order for momentum to be conserved in

surface plasmon (SP) excitation, the wave vector of the SPP, kSPP , needs to be equal to

the sum of the wave vectors of the components of the incident photon (kx and ky ) and

an integer multiple of the grating vector, mK [114]:

kSPP = kx + ky +mK (7.1)

The dispersion relation of kSPP in a metal-dielectric interface is:

kSPP = k0

√
εd · ε′m
εd + ε′m

uSPP (7.2)

where εd is the dielectric constant of the medium above the grating, ε′m is the real part

of the dielectric constant of the metal, uSPP is the unitary vector in the direction of SPP

propagation, and k0 is the free space wave vector of the incident photon:

k0 =
ω

c
=

2π

λc
(7.3)

where ω is the angular frequency, c the speed of light in vacuum, and λc the free space

wavelength.

If the ripples of the grating are aligned along the x-axis, the grating vector is:

K =
2π

Λ
j (7.4)

where Λ is the period of the grating.

Substituting these terms into eq. 7.1:

k0

√
εd · ε′m
εd + ε′m

uSPP = nd k0 [ (sin θ cosφ) i + (sin θ sinφ) j ] +
2πm

Λ
j (7.5)
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It is implied that the magnitude in both sides of the equation shall also be equal:

εd · ε′m
εd + ε′m

= (nd sin θ)2 +
2mnd λ

Λ
sin θ sinφ+

(
mλ

Λ

)2
(7.6)

In the particular case where φ = 90° (as is the case in the experiments developed here),

the equation for the resonant wavelength of the SPR is:

sin(θ) = −
(
mλ

nd Λ

)
±

√
ε′m

εd + ε′m
(7.7)

The relation of the resonant wavelength, not only with the incidence angle, but with the

other parameters related to the material, makes λ very sensitive to changes at either side

of the interface [115]. Many applications are based on the strong dependence that exists

between the SPR excitation wavelength and the refraction index of the surrounding medium

(analyte). Then, a variation in the composition or the physical properties of the analyte

generates a shift in the excitation wavelength of the SPR. Because of this property, the use

of SPR has become essential in the field of sensing, with well-established applications in

refractometry [115, 116] and detection of substances, in particular biochemical materials

[117, 118].

Multiple implementations for the excitation of SPR have been developed along the years.

Some of them use prisms such as in the well-known Otto and Kretschmann configurations

[114]. A similar principle of operation was translated to fiber-optic sensors, where the

function of the prism is carried by the core of the fiber [115, 119, 120]. However, these

implementations result in expensive fabrication and bulky equipment [121]. An increasingly

popular alternative are diffraction gratings, where SPR excitation is enabled via Bragg

scattering as recently explained. Although these types of sensors have not received as much

attention, and so far they exhibit lower sensitivity compared to other implementations, they

show promising miniaturisation and integration capabilities [121].

Diffraction gratings are usually fabricated with lithographic methods [122, 123], which

involve several fabrication steps and are costly and time-consuming. On the other hand,

laser processing can generate LIPSS in a one-step fabrication, with a cheaper and more

environmentally friendly process than other nanostructuring techniques such as lithography.

In recent years, laser nanostructuring techniques have been developed and improved to

the point that their yield, control over structure, and regularity has greatly improved.

Consequently, they are now a viable alternative for many industrial applications, as seen in

section 2.3.3.

7.1.1 Fano resonance

Due to the coupling of light to SPPs in the excitation of SPR, a decrease in reflection at

the resonant wavelength is usually observed. However, resonances with asymmetric line
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shape were first described by Fano related to the absorption spectra of noble gasses [124].

He described the profile-shape of a scattering cross-section σ with the formula:

σ =
(ε+ q)2

ε2 + 1
(7.8)

where q is a phenomenological shape parameter (the asymmetry parameter) and ε is related

to the resonant energy [124]. This shape arises from the superposition of a Lorentzian

profile (resulting from discrete states) and a continuous background (Fig. 7.2 a). The

mixing term is introduced as a mathematical construction as a result of the perturbation

approach followed by Fano. The shape of the normalised cross-section σ for representative

values of q is illustrated in Fig. 7.2 (b). The case q → ±∞ represents the symmetric

resonance, while q = 0 is known as the anti-resonance [124]. The asymmetric profiles are

obtained at any other value of q. As observed in Fig. 7.2 (b), a value q = 1 generates

an asymmetric profile with a minimum at negative values of ε and a maxima at positive

values, while q = −1 would invert the location of the minimum and maximum. Note that

in the asymmetric cases, the resonance does not take place at the minimum or maximum,

but rather in between the two.

Figure 7.2 a) Schematics of the Fano formula (eq. 7.8) as a superposition of a Lorentzian profile
from the discrete level with a flat continuous background. b) Normalised fano profile for various
values of the asymmetry parameter q. Adapted from [124].

This behaviour takes place in other processes in nature. In the case of SPR, Fano resonance
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appears as the interference between the continuum spectrum (diffraction) and the discrete

spectrum (SPR). The simplest equation that represents this interference can be written

as the addition of the background rbk plus a Lorentzian line-shape related with the SPR

[125]:

rd = rbk + f
γ

i(ω − ω0) + γ
(7.9)

where rd is the complex amplitude of the Fano resonance, ω0 is the resonant frequency

of the SPR, γ is related with intrinsic losses due to material absorption and determines

the spectral width of the SPR, and f is a complex-valued coefficient that describe the

interference between the continuous background caused by diffraction and the SPR spectral

variation.

Since the background has a slower variation than the resonance, it can be modelled as a

Taylor series expansion:

rbk(ω) =

∞∑
j=0

rbk,j(ω − ω0)j (7.10)

where rbk,j represents the coefficients of the polynomial expansion. In the results presented

in here, expansions of up to order 3 were used.

The SPR term is given as the addition of a number of Lorentzian profiles equal to the

number of resonances appearing within the spectral range of interest.

In this chapter, eq. 7.9 was used by the applied optics Complutense group at Complutense

University of Madrid (UCM) for the fitting of the experimental and simulated profiles in

order to obtain the resonant or central wavelength:

λ0 =
2π c

n ω0
(7.11)

where n is the refractive index of the material through which the light propagates.

7.1.2 Sensitivity and FOM characterisation

The evaluation of the quality of the resonance depends on the specific application, although

it is generally related to the resolution potential. In refractive index sensing applications,

two parameters are usually employed: sensitivity, S, and figure of merit, FOM [126].

The influence of the refractive index of the surrounding (analyte) medium, na, on the

resonant wavelength is measured through the sensitivity, calculated as:

S =
∂λ0
∂na

(7.12)
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Despite the dependence seen in eq. 7.7 between λ0 and na, S is approximately linear for

a sufficiently small range of na. This parameter quantifies the variation of the position in

λ0 with a change in the refractive index of the analyte. A higher sensitivity indicates a

better resolution between similar na. However, the width of the resonance may affect this

resolution, since narrower resonances are easier to resolve with small na variations. Thus,

FOM is defined as:

FOM =
S

∆λ
(7.13)

where ∆λ is the width of the resonance at FWHM, determined through eq. 7.9.

7.2 Fabrication and morphological characterisation

The fabrication of the device consisted in the processing of LIPSS, after which a gold

coating is applied. The processing took place with the cylindrical focusing setup consisting

of a cylindrical lens of f = 100 mm. The beam size along the focusing is reported in Fig.

4.2. This setup was used since it allows the generation of high-regularity LIPSS.

Several samples of stainless steel (AISI 304, Ra = 276.3å) were processed with identical

parameters of E = 0.55 mJ and v = 0.625 mm/s, with the samples positioned in the waist

of the beam (w0 = 54.5µm). Each sample was translated for a length of 30 mm under

laser irradiation. With these processing parameters, the fluence and number of overlapping

pulses in the irradiation are F = 53.5mJ/cm2 and N = 174 pulses.

An example of the resulting nanostructures is shown in Fig. 7.3. High-regularity LSFL

are found on the surface, with an average period throughout the samples of Λ = 685 nm.

Other averaged parameters derived from the 2D-FFT of the micrograph are RM/P = 6.6

and R1/2 = 1.3. The value of RM/P confirms the good LIPSS definition observed in

the micrographs. On the other hand, R1/2 reveals a certain degree of splitting in the

LIPSS, since its value is close to 1. Therefore, the contribution of the second harmonic

is almost equal to the fundamental, and the nanostructures are in an early stage of split-

LSFL formation. This is due to the elevated N used in the processing, as a large number

of pulses enables the formation of split-LIPSS. The formation of LIPSS and, in particular,

highly regular LIPSS, is studied in depth in chapter 4.

Subsequently, Au coatings were deposited on the surface of the processed samples through

direct current (DC) sputtering. Au was chosen for its high reflectance compared to other

metals in the analysed range (Fig. 7.4). In addition, Au (along with Ag) is well-known and

extensively used in applications due to its plasmonic properties [127].

The coating process took place at room temperature, with a constant vacuum pressure

of 5 · 10−3 mbar. Since good adhesion between the stainless steel and the deposited

Au had been previously observed, no adhesion layer (such as Cr) was necessary for this

step. The DC source used to ionise the Ar gas was set with a voltage of 400 V and a
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Figure 7.3 SEM micrograph and 2D-FFT corresponding to the generation of LSFL with F =

53.5mJ/cm2 and N = 174.

Figure 7.4 Comparison of the reflectance of metals in the ultraviolet to near infrared spectrum.
Source [128].

current of 0.25 A. In this process, the Ar+ ions impact against the Au target and tear

off neutral atoms from the target, which are then deposited uniformly onto the sample,

forming an Au layer increasing in thickness with time at an estimated rate of 0.49 nm/s.

Therefore, the thickness of the gold layer can be set to any range by adjusting the duration

of the sputtering process. As such, samples with multiple coatings were deposited, with

thicknesses between 60 nm and 420 nm.
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Figure 7.5 SEM micrographs and 2D-FFTs of the Au-coated LIPSS. The expected thickness is
specified on top of each image.

Fig. 7.5 shows a comparison between the Au-coated surfaces with different thicknesses.

Overall, the result is similar to non-coated samples. However, as the coating thickness

increases, more Au clusters in the shape of nanoparticles with sizes of tens of nanometers

appear on the coating. This effect increases the value of RM/P with thickness, from 4.5

at 60 nm (a) to 11.2 at 420 nm (h). Besides that, R1/2 does not change much between

samples, with a value varying in the 0.6 to 1.1 range and no particular trend with coating
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thickness. It should be noted that these values are smaller than that for the non-coated

sample. This may be explained by an increase in the contrast between the edges and the

centre of the ripples due to the material of the coating. This can be observed in the

micrographs of the coated samples, that make it evident that the centre of the ripples is

darker than the edges, although not as dark as the valleys between ripples.

As previously explained, harmonics in the 2D-FFT, specially after the second harmonic,

provide information about the specific shape of the ripples, although this information is

not easy to analyse at first glance. The 2D-FFTs are very similar across the coated

samples, with the major exception of the 305 nm coating (f). Here, harmonics higher than

the second show a much lower intensity. This difference may correspond to the apparent

closing of the gaps between ripples due to the coating.

Figure 7.6 FIB section of samples with coating thickness (a) 100 nm, (b) 260 nm, (c) 305 nm, (d)
420 nm. The dark grey in the bottom of the section corresponds to the stainless steel substrate.
On top of it, in light grey, lays the Au coating. The material above both is Pt deposited locally as
a part of the FIB process in order to protect the upper layers of the sample.

FIB micrographs provide more information on the specific profiles of the LIPSS and coatings

(Fig. 7.6). The LIPSS profile is, as expected from the top-view SEM micrographs, flat

with a small valley (of depth ∼ 30 nm) in the centre of the ripples due to the early stage

of splitting. The average height of LIPSS was measured to be 115± 33 nm.

In the four samples measured (with coating thicknesses of 100 nm (a), 260 nm (b), 305

nm (c) and 420 nm (d)), the Au coating shows great conformality, reproducing on the

surface the LIPSS profile underneath, even for the thickest coatings. The thickness in all

of them was the same as expected, within an error of ±16 nm associated to the pixel size

in the images.

AFM measurements were performed on the sample with a coating of 305 nm, as in later

sections numerical simulations are carried out using the morphology of this sample. These

measurements (Fig. 7.7 a) revealed a profile similar to the ones observed in the SEM and
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FIB micrographs. Several parallel scans, corresponding to the area between the red lines

in (a) were averaged in order to obtain a more regular profile (Fig. 7.7 b).

A trapezoidal or super-Gaussian shape is observed, with small dips on top of it, in a

similar fashion to that shown in the SEM and FIB images. However, the averaging of the

irregularities in this AFM area also reduces the amplitude of the profile, revealing a LIPSS

height smaller than that observed in the FIB.

Figure 7.7 a) AFM scanning of a region of the a sample coated with a thickness of 305 nm. b)
Average profile of the nanostructures between the red lines in (a). c) Profile used in the simulations.

7.2.1 Numerical simulations

In order to verify the experimental results, finite element methods (FEM) included in the

simulation package COMSOL Multiphysics (section 3.4.1) were employed in simulations

carried out by the applied optics Complutense group at Complutense University of Madrid

(UCM). The material is illuminated by a tunable monochromatic light source where the

angle of incidence is varied maintaining a TM polarisation in order to generate plasmonic

activity. The reflected light is collected by a corresponding port measuring the mirror

reflection.
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The structure is made of three main materials (Fig. 7.7 c): analyte medium at the source

and detector domains, a gold thin layer, and a stainless steel layer thick enough to avoid

transmission through the structure. As the sample geometry is periodic, only one unit cell

is simulated. Floquet boundary conditions are applied on both sides of the unit cell to

expand the solution over the real size of the sample. The whole model is terminated from

top and bottom by perfect-matched layers (PMLs) to prevent reflections that would lead

to fictitious propagation of light. The PML effective orientation is adjusted using both

incident wavelength and angle to efficiently absorb radiation at the direction of interest.

The specific profile used to build the geometry of the modeled design is depicted in (Fig.

7.7 c). A parametric profile based on trigonometric functions reproduces the split grating

geometry generated in the fabrication. The control parameters of this shape are the power

of the trigonometric function (flatness factor, β = 2), its period , W1 = 500 nm, the

period of the unit cell, Λ = 685 nm, and the height of the grating, H1 = 100 nm. The

split of the LIPSS is modeled as a rectangular dip having a width W2 = 137 nm, and a

depth H2 = 30 nm. Finally, the LIPSS profile is coated with a conformal layer of gold

having a thickness H3 = 300 nm. These values have been obtained after fitting the actual

measured profile with the profile model.

The analytical form of the LIPSS profile engraved on the stainless steel substrate can be

written as:

h(x) =


0 if − Λ/2 < x ≤ −W1/2, or W1/2 < x ≤ Λ/2

H1
2

[
1− 2

(
1+cos(2πx/W1)

2

)β]
if −W1/2 < x ≤ −W2/2, or W2/2 < x ≤ W1/2

H1 −H2 if −W2/2 < x ≤ W2/2

(7.14)

The profile of the surface in contact with the analyte is just h(x) +H3.

7.2.2 Optical characterisation

The optical performance of the fabricated samples was examined by means of a spectrom-

eter (Fig. 7.8). The general layout of this setup is presented in section 3.3.2.2. The

reflectance of the gold-coated nanostructures was measured as a function of wavelength.

The light source was a broadband (450-2400 nm) laser, NKT SuperK COMPACT, whose

output was linearly polarised at a variable polarisation angle α. The fiber used as the de-

livery point of the laser source was mounted on a θ− 2θ mechanical arm, with the sample

being at the centre of the device. This allowed for a relative orientation between the source

and the sample, so that the position of the reflected beam was constant independently of

the incidence angle θ. The specular reflection was collected by an integrating sphere and

then transmitted to the spectrometer.

As different media were employed in the experiments as the dielectric in contact with
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Figure 7.8 Laser beam irradiating the fabricated sample. Inset: general scheme of the setup used
in the optical characterisation. The laser source is located on the arm of the θ − 2θ, while the
sample is at the centre of the mechanism inside the cell.

the surface of the sample (analyte), a cell was employed to host liquids. In such cases,

the incidence angle was corrected according to Snell’s Law to account for the change in

direction of the beam at the air-cell and cell-liquid interfaces.

7.3 Study of the plasmonic response

In this section, the plasmonic response of the device is measured through its reflectance.

Different influencing parameters are studied. Namely, the polarisation angle, the coating

thickness, the angle of incidence, and the refractive index of the analyte.

7.3.1 Effect of the polarisation angle

As discussed earlier in this chapter, SPR may be excited with TM-polarisation. In order

to study the influence from the polarisation orientation, the reflectance of the samples

was measured with irradiation under different polarisation angles α. Here, α = 0° has

been chosen so that the orientation of the linear polarisation is perpendicular to the LIPSS

orientation. The incidence angle of the laser beam was θ = 9.5°, although the effect is

common with other θ. The coated samples were exposed to air.

Reflectance is calculated as R = Rm/R0, where Rm is the reflectance of the sample, and

R0 is a reference measurement, usually the reflectance of a mirror illuminated under similar

conditions. The results across all the samples show a similar behaviour. An example is

shown in Fig. 7.9, where the response of the sample with thickness 305 nm is shown. When

the incident polarisation is parallel to the LIPSS orientations (α = 90°), the reflectance

R is approximately constant, with an intense drop in the ∼500-600 nm range. This is
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due to the Al-coated mirror that was used for the reflectance reference (R0). As seen in

Fig. 7.4, Al keeps an almost constant reflectance in the range of measured wavelengths.

However, reflectance in Au drops for λ . 600. As a result, the value of R decreases in the

mentioned range. In order to avoid this effect from the material, later experiments employ

Au-coated stainless steel samples with thickness of 420 nm that have not been processed

with LIPSS, so that their surface remains polished, as the reference value of reflectance

(R0).

As the polarisation angle α decreases from 90°, a dip in reflectance starts appearing at a

wavelength λ ∼ 830 nm. At α = 54°, another dip becomes visible at λ ∼ 650 nm. This

effect increases until reaching a maximum modulation of R at α = 0°. As discussed earlier,

TE-mode shall not excite surface plasmons, while TM-mode generates the higher coupling

of light into SPPs. These modes are clearly identified at α = 90° and α = 0°, respectively.

The spectral response of the sample presents an asymmetric reflectance around the dips

in reflectance. This response is characterised by an increase in R, rapidly followed by

an intense decrease. This line-shape is typical of the excitation of Fano resonances, as

discussed earlier in section 7.1.1.

Figure 7.9 Spectral response of the sample with a coating thickness of 305 nm under illumination
with different polarisation angles.

7.3.2 Effect of the Au-coating thickness

Once the polarisations of interest have been identified, the performance of the fabricated

devices under TM-polarisation was analysed. In this case, the angle of incidence was also

θ = 9.5°, and the reference reflectance R0 was measured with a gold-coated polished

sample. Fig. 7.10 shows the reflectance of the fabricated samples with different thick-

nesses. The non-coated sample (thickness 0 nm) exhibits a low reflectance R < 10%,

except around λ ∼ 800 nm, where a slight increase is observed. At higher thicknesses,

the overall reflectance increases, while the modulation in R between 800 nm < λ < 1000
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nm as a result of SPR also increases. The sample with a coating thickness of 305 nm

shows a higher overall reflectance, and also a sharper (narrower) resonance, which is very

different from the other samples. The modulation in the resonance around λ ∼ 800 nm

here shows a change in R between R ∼ 30% and R ∼ 80%. For thicker coatings (360 nm

and 420 nm) the response is similar between them and in trend with the other samples,

with a modulation in reflectance between R ∼ 5% and R ∼ 50%.

Figure 7.10 Spectral response of the fabricated samples under TM-polarisation.

In sum, it can be concluded that for sensing applications, the sharper Fano resonance of

the 305 nm coating is the best option. A clear increase in R is seen with an increase

in the thickness of the coating, which can be attributed to a progressive covering of the

valleys between ripples in the stainless steel. The FIB profiles discussed earlier (Fig. 7.7)

show that, although the valleys are reproduced in all cases in the surface of the coating,

their shape is slightly affected. This change in the profile in the valleys between ripples is

observed as a narrowing. This is most notable in the 305 nm coating (Fig. 7.7 c), where

in some valleys the coating from the adjacent ripples compacts the gap down to a line.

7.3.3 Effect of the angle of incidence

After selecting the sample with best response, the influence of the angle of incidence θ in

the position and shape of the resonance was studied. Fig. 7.11 shows the spectral response

of the selected sample (coating thickness of 305 nm) illuminated under TM-polarisation

at different incidence angles. Here, because the cell is not required as the surface is in

contact with air, the cell does not limit the angle of incidence, measuring at values of up

to θ = 79.5°.

The reflectance in the measured wavelengths varies between R ∼ 20% and R ∼ 75%,

where the minima is associated to a dip in R as a result of the Fano resonance. The
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Figure 7.11 Reflectance of the sample with coating thickness of 305 nm illuminated with TM-
polarisation under different incidence angles.

response is similar in all cases, except for a clear shifting in the resonant wavelength (or

central wavelength) λ0, which is clearly seen in the plot by the position of the minimum in

the reflectance dip. Three groups of resonances can be identified: one for small incidence

angles (θ ≤ 24.5°) at λ > 800 nm, other for angles (θ ≥ 24.5°) at λ < 700 nm, and a last

one for the smallest angles, 9.5° and 14.5°, around λ ∼ 600 nm.

Figure 7.12 Resonant wavelength variation with the incident angle using (a) air and (b) water as
analyte. Solid lines: calculations for different modes based on eq. 7.7. Dots: resonant wavelengths
measured from the experimental reflectance profiles.

Fig. 7.12 (a) shows the location of the resonant wavelength λ0 of the curves shown in

Fig. 7.11. The solid lines are calculated using eq. 7.7 for a gold-air interface and a grating

period equal to the LIPSS period, Λ = 685 nm.

The previously mentioned groups of resonances correspond within a small error with the
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expected positions of resonance in modes m = 1, m = −1 and m = −2. Modes with

negative m value, in this case m = −1 and m = −2, red-shift with increasing angle of

incidence, this is, their λ0 is displaced towards longer λ0 as θ increases. In this case, in

mode m = −1 the resonant wavelength shifts from λ0 = 809 nm to λ0 = 981 nm. At

higher θ, the resonance falls out of range of the detected wavelengths. The shift with θ

in mode m = −2 is less accentuated, shifting from λ0 = 562 nm to λ0 = 680 nm in a

shorter range of incidence angles. At lower angles than 34.5°, part of the resonance falls

out of range in the lower range of λ. Conversely, resonances in mode m = 1 blue-shift as

θ increases. Here, only two resonances can be clearly observed, at θ = 9.5° and θ = 14.5°.

When the sample is introduced in the cell and this one is filled with deionised water, a

red-shifting in λ0 is expected from eq. 7.7. This is observed in Fig. 7.12 (b), where the

solid lines corresponding to the resonance modes have experienced a shift in λ of about

200 nm towards longer wavelengths. The dots in this plot are obtained similarly from the

experimental reflectance profiles shown in Fig. 7.13 (a). In the next section, excitation

of SPR using water instead of air as the analyte is studied experimentally and through

simulations.

7.3.3.1 SPR using water as analyte

Experiments in water were performed in order to analyse the resonances in an analyte

similar to the one that would be used later in the sensing experiments. Additionally, the

key parameter in refractive index sensing, na, is easier to modify in liquid media than in

gases. In these measurements, where the cell is positioned inside the cell with the water,

the incident angle was corrected according to the law of refraction, as the direction of the

beam changes at the air-cell and cell-water interfaces.

The experimental spectral reflectance shown in Fig. 7.13 (a) reveals line-shapes with Fano

resonance similar to the ones observed in air. Now two resonances are observed at low

angles, corresponding to the modes m = +1 and m = −2 in eq. 7.7. The minima in the

dips corresponding to each resonance are marked with a square (�) and a diamond (�),
respectively. Again, the resonance in mode m = +1 blue-shifts while in mode m = −2

it red-shifts. No resonances corresponding to mode m = −1 are observed in water, since

now this mode appears at wavelengths λ & 1000nm (as seen in Fig. 7.12 b), which is out

of the range measured by the spectrometer. Note that at θ = 23°, the resonances from

both modes merge in a single dip, which broadens the resulting profile.

Numerical simulations using the setup and structures described in section 7.2.1 and having

water as the surrounding medium were also carried out for several incident angles (Fig.

7.13 b). The results show a similar profile and behaviour compared to the experimental

ones. The calculated R shows deeper peaks than the experimental reflectance, reaching

values between R ∼ 0% and R ∼ 90%, which means sharper Fano resonances. This is

due to the ideal periodic LIPSS actually simulated, while the experimental LIPSS have

some degree of irregularity. Despite that, simulations show the same modes and the same
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Figure 7.13 a) Experimental reflectance of the sample immersed in water at several incident angles
with TM-polarisation. b) Simulated reflectance replicating the experimental conditions. In both
figures the minima corresponding to modes m = −2 and m = 1 has been marked with squares and
diamonds, respectively. Note that minimum reflectance does not take place at λ = λ0, according
to the Fano model. c) and d): central wavelength, λ0, (c) and width, ∆λ (d) of the resonances
obtained from the experiment and simulations for mode m = −2.

shifting behaviour with θ as in the experimental reflectance.

Figs. 7.13 (c) and 7.13 (d) represent the experimental and simulated values for them = −2

resonance, since this mode is better observed in all the range of angles θ than other modes

(Fig. 7.12 b).

The effect from the interaction between the two excited modes is also seen in the resonant

wavelength λ0 (Fig. 7.13 c). λ0 for m = −2 from the experimental and simulation match

within a relative error of 1.5%, except for the range ∼ 15°−23°. Here, a slight deviation is

again explained by the overlap between the m = +1 and m = −2 resonances. Outside that

range, λ0,m=−2 increases continuously from λ0 ∼ 610 nm to λ0 ∼ 810 nm as θ changes

from θ = 7° to θ = 47° in both simulations and experimental.

The width of the resonance, ∆λ, was also evaluated for both experimental and simulated

data only for the m = −2 mode (Fig. 7.13 (d). ∆λ is lower at higher incident angles, with a

minimum of 16 nm at θ = 47° in the experiments. At the same angle, ∆λ in the simulation

is 8 nm. As θ decreases, ∆λ slowly increases, until the angles where the resonances of the

orders m = −2 and m = +1 cross each other generating a mixed behaviour of the studied

parameters (λ0 and ∆λ). The interaction between the profiles of the resonances result in
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a broadening/narrowing of ∆λ depending on the shape and relative position between the

two resonances. This effect accounts for the sudden increase in the experimental ∆λ as

θ decreases from 33° to 27°. Since ∆λ is narrower in the simulations, the two resonances

can be resolved in this range of angles. In both cases, at θ ∼ 24°, a decrease in ∆λ can be

observed as a result of the superposition of the two resonances, which narrows the width

of the resulting dip in reflectance. At lower θ, when the m = −2 resonance is resolved

again, it becomes wider.

Since ∆λ is lowest at the highest value of θ, which improves its FOM, all the sensing

experiments described in the following section take place at θ = 47°.

7.4 Refractive index sensing

In order to test the shift in λ0 with the variation in na, the sample was also introduced

in ethanol (n = 1.355), in addition to the already discussed results in air and water.

Fig. 7.14 (a) shows both experimental and simulation reflectance curves for the device

illuminated with TM-polarisation at θ = 47°. The characteristics of experimental and

simulated resonances are equal to previous experiments, where it was observed that the

simulations show greater amplitude in the oscillation of the reflectance line-shape due to

the ideally regular conditions of the morphology.

Despite that, the location and relative shift with na of the resonances is very similar in

both experimental and simulations, as seen in Fig. 7.14 (b). Experimentally, a linear shift

is produced in λ0 from λ0 = 618 nm in air (na = 1) to λ0 = 809 nm in water (na = 1.333)

and λ0 = 824 nm in ethanol (na = 1.355). These values result in a sensitivity of Sexp = 580

nm/RIU, calculated as explained in section 7.1.2. A similar value of Ssim = 566 nm/RIU

is obtained for the simulations.

The dispersion in the regularity of the experimental nanostructures compared to the sim-

ulations is also the cause of a larger resonance width in the experiments, ∆λ ∼ 19.6 nm,

compared to the simulations, ∆λ ∼ 8.8 nm. With these data, the FOM in each case is

29.6 RIU−1 and 64.3 RIU−1, respectively.

The sensing capabilities of the device were further tested in environments where the change

in refractive index is small. The spectral reflectance of the device was measured using

different concentrations of salty water as analyte (Fig. 7.15). The concentration of salt

by weight, C, was varied between 0% and 25% (just below the saturation level), in steps

of 5%. The refractive index of this solution, ns , increases linearly with C (expressed in

percentage) as ns = 1.333 + 1.8× 10−3C [129].

The spectral reflectance for all concentrations shows a profile similar to the case θ = 46°

in Fig. 7.13 (a), since the incident angle and surrounding media are almost identical.

In particular, in the spectral range shown in Fig. 7.15 (a), from 740 nm to 880 nm, a

Fano resonance with the previously explained characteristics is observed, with maximum

R ∼ 62% and minimum R ∼ 18%.
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Figure 7.14 a) Experimental (solid lines) and simulated (dotted lines) reflectance curves of the
device in air (green), water (magenta), and ethanol (blue). b) Central wavelength shift with na
in experimental and simulations. c) Resonance width in experimental and simulations for different
analytes.

Different concentrations shift λ0 differently (Fig. 7.15 c), from λ0 = 811 nm to λ0 =

834 nm as C (and its corresponding ns) increases from 0% to 25%. The error bars
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Figure 7.15 a) Spectral reflectance of the sample immersed in salty water for different salt con-
centrations when incident at θ = 47◦ with TM-polarisation. b) Spectral reflectance obtained from
simulations replicating the experimental conditions. Variation of the central wavelength (c) and
width (d) of the resonances from the experiment and simulation.

associated to the experimental data of λ0, with a value of ±2.6 nm are obtained assuming

an error in the incident angle of ±0.5°. This value was extracted from the study of the

resonant wavelength in water with the incident angle (Fig. 7.13 c), which shows a variation

of ∼ 5 nm per degree in the range between θ = 38.5° and θ = 47°.

The simulations (Fig. 7.15 b) show a very similar trend. As seen in previous results, the

variation in R is larger than in the experimental values, with maxima of R ∼ 90% and

minima of R ∼ 10%, which makes the resonance narrower. Here, the shift in λ0 is linear,

from λ0 = 807 nm at ns = 1.330 to λ0 = 834 nm at ns = 1.375. This sharper response,

as also observed earlier, is a consequence of the ideal periodicity of the geometry used in

the simulations.

The experimental resonances (Fig. 7.15 d) are wider in the experiments than in the sim-

ulations. However, where ∆λ remains almost constant with an average value of 15.8 nm.

In simulations, it decreases very slightly when ns , having an average of 10.7 nm.

With these values, the sensitivity of the fabricated sample working as a refractometric

sensor was calculated to be Sexp = 518 nm/RIU, a value slightly lower compared to the

simulations, Ssim = 603 nm/RIU. As a consequence of the wider experimental resonances,

FOM takes a value of 32 RIU−1 in the experiments, and 56 RIU−1 in the simulations.
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The difference in sensitivity values between experimental and simulations are derived from

experimental error of the measurement setup. There exists a small uncertainty in the

positioning of the sample in the optical characterisation setup that can influence the value

of the angle of incidence θ. This can lead to the difference between experimental and

simulation observed in Fig. 7.15 (c).

For the sensitivity, the morphology of the nanostructures in the simulations should not play

a role here, since sensitivity is related to the period Λ (from eq. (7.7)) rather than to the

specific shape, and the experimental error in Λ is estimated to be much lower than in θ.

On the other hand, the higher values of FOM in the simulations are derived mainly from

the difference in ∆λ (see Fig. 7.15 d). The wider resonances observed experimentally can

be explained by the imperfections and irregularities of the fabricated nanostructures. As

seen in Fig. 7.5 (f), period Λ is not found as a single value but instead as a distribution

of periods centred around 685 nm with a FWHM of 10 nm. Therefore, while the optical

behaviour in the simulations is calculated for a fixed period, in the experiment, the response

is given as a superposition of weighted responses that follows the statistical distribution of

periods, thus widening the resulting resonance.

Besides the low cost and the high throughput fabrication advantages associated with

LIPSS, the fabricated device has a performance competitive against similar recent ap-

proaches. For example, a device based on LIPSS generated in silicon with a coating of

gold and covered in a polymer (PDA) for uranium adsorption for the detection of ura-

nium achieved a sensitivity of 10−7 g/cm2 in aqueous media [130]. Another low cost

refractometric sensors that uses the grooves of DVD discs as grating template give a

spectral interrogation sensitivity of 514 nm/RIU when detecting NaCl [131], and a value

of 312 nm/RIU when sensing glucose concentration for a gold-coated DVD-R disc [132].

If silver is used, the resulting plasmonic structures make possible to detect changes in

the index of refraction with FOM values of 13.5 RIU−1 and 5.24 RIU−1 for low and high

glucose concentrations, respectively [133].

Large-scale gold-coated dielectric gratings have demonstrated a maximum measured sen-

sitivity of 628 nm/RIU [134], and the excitation of narrow SPR using an array of gold

nanogrooves, demonstrates a large FOM value of 617 RIU−1, even though its sensitivity

is not equally high (S = 681 nm/RIU) [135].

Therefore, the spectral sensitivity and FOM values of the device (518 nm/RIU and 32

RIU−1, respectively) are similar to those obtained using fabrication techniques that, in

some cases, may require more complex fabrication steps and more expensive manufacturing

tools than ours.

7.5 Summary and conclusions

In this chapter, the fabrication and performance in refractometry sensing of devices based

on gold-coated LIPSS is studied. The two-step fabrication process consists in the fast,
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large area LIPSS processing with a cylindrical lens, and subsequent gold coating of the

nanostructures. Several samples were generated with identical LIPSS and varying thickness

of the coating. Their morphology was characterised afterwards, showing good conformal

deposition of the coating, with the expected thicknesses. LIPSS show good regularity, with

a splitting in the profile of the ripples, which may classify them as split-LSFL.

These grating-like devices allow the excitation of surface plasmon resonances when

illuminated under TM-polarisation. Its performance was measured, showing a similar Fano-

like profile in reflectance due to the SPR. Increasing Au-coating thickness leads to a better

performance as the reflectance modulation increases. Notably, the sample fabricated with

a coating of 305 nm resulted in a higher overall reflectance and narrower resonance, which

aims towards a better sensing performance.

As SPR are sensitive to the refractive index of the material in contact with the surface

of the device, they can be used for refractometric sensing. Once the best incident angle

for illumination was selected, the shift in the resonant wavelength by placing the surface

in contact with air, water and ethanol was demonstrated. Then, the sensing proper-
ties with small changes in refractive index were evaluated in salty water with varying

concentrations of salt, with a measured sensitivity value of 518 nm/RIU and FOM of
32 RIU−1. Both refractometric parameters (sensitivity and FOM) are widely considered to

describe the quality of the device and the sensing technology. These are very competitive
values when compared to similar devices fabricated with low-cost, and high-speed
fabrication tools.

The design has been modeled using a computational electromagnetism package that
reproduces the experimental results. Beyond the validation of the current data, this

simulation makes possible to find profile parameters that could enhance the perfor-
mance of similar devices and adapt the LIPSS morphology to other specific circumstances

in refractometric sensing. Both the experimental and computational results are checked

against the classical model of surface plasmon resonances coupled with a continuous spec-

tral background. Fano-like line-shapes are successfully fitted to the spectral characteristics

of the resonances.

To sum up, in this chapter, LIPSS processing has been used together with surface
plasmon resonance for the fabrication of refractometer devices which perform well in
aqueous media, with a fabrication cost lower than other nano-fabrication techniques,
and ample miniaturisation capabilities. As the LIPSS generation can be tuned with the

processing parameters, and also the thickness and material of the coating can be adjusted,

this fabrication makes possible a great customisation of the morphology. This can be

used to improve the performance in a range of refractive indices, wavelengths, angles of

incidence, or environmental constrains. These results open the possibility to use this type

of devices for refractometric sensing in more compact and cheaper devices.
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Conclusions

In this thesis, the micro- and nano-structuring of materials with ultrashort laser pulses and

their use in photonic applications has been studied, as it was the general objective. As a

result, the high throughput of a laser processing setup based on cylindrical focusing has been

demonstrated. In addition to its productivity, it has been proven useful for the generation of

LIPSS with high regularity in metals. Besides the specific setup, the polishing of the surface

and the curvature of the beam wavefront have been found to also enable the generation

of high regularity LIPSS. The functionality of the structures generated with this cost-

effective method has been evaluated in three applications related to the field of photonics:

as polarisation gratings, where a change in polarisation was observed; in optical encoders,

showing a performance matching with commercial products; and in refractometric sensing,

with a sensitivity comparable to other simple fabrication techniques.

In the following sections, the main results presented in this manuscript are related to the

partial objectives initially stated, and their fulfillment is discussed. Finally, some future

lines of work continuing this research are proposed.

8.1 High-throughput production of micro- and nano-structures

This partial objective required the construction of a laser processing setup with high pro-

ductivity in order to be able to replace other fabrication technologies. To this goal, a

cylindrical focusing setup has been designed and implemented. The design took into ac-

count the need for high throughput, and also the need for high precision for the fabrication

of gratings for application in optical encoders. As part of the implementation of the system,

an application in LabVIEW was created for the ease of communication with the system

and creation of standard fabrication routines.

The spatial filter designed in the initial optical system had to be removed due to the

damage in the material resulting from the high fluence of the beam. As a consequence,

the characterised beam showed a beam waist of w0 = 19.3µm, which does not meet the

163



164 8. Conclusions

stated requisites. However, it has been demonstrated that the size of the microstructures

generated with this beam is precise enough for the generation of gratings with a period of

Λ = 20µm. This setup was also used for the study of the polarisation change induced by

the nanostructures.

In addition, an alternative simplified optical setup, with only a cylindrical lens for the

focusing of the beam was used. This configuration was employed for the study of LIPSS

formation and in the fabrication of the devices for refractrometric sensing.

The throughput of the system in the micro- and nano-structuring of materials, with a value

of up to 30.7 mm2/s, is much higher (at least ∼ 103 times) than the productivity obtained

with a similar setup employing a microscope objective for the focusing of the beam. This

value is also comparable to those achieved with other strategies, such as with scanning

heads, which are commonly used in industrial processes for the micro- and nano-structuring

of large areas. Furthermore, with the constant advances in laser technology, the average

power of commercial lasers is continuously increasing. This increase usually comes through

the repetition power, at the expense of pulse energy. For example, laser systems such as

the RAEA HP from KMLabs, with 35 fs and 0.6 mJ pulses at a repetition rate of 20 kHz

would allow processing speeds up to 20 times faster in a cylindrical setup such as the one

used in this thesis, increasing throughput by a factor of 20.

In conclusion, the laser processing setup based on cylindrical focusing has been proven

effective for the high throughput production of micro- and nano-structures, which enables

its potential use in industrial applications.

8.2 Improvement of the spatial regularity of LIPSS

In order to accomplish this partial objective, the morphology of LIPSS has been studied in

regard to different irradiation parameters, such as fluence, number of pulses, and position

of the sample with respect to the focus of the laser beam. The results with the cylindrical

and spherical focusing have been compared.

The large area processing of surfaces with with spherical focusing requires multi-passes

with lateral overlap, while with cylindrical focusing, a large area can be covered in a single-

pass. In addition to the increase of throughput that this shift in strategy involves, it has

been observed that it helps in increasing the regularity of the nanostructures, as the LIPSS

are not discontinued in the overlapping between parallel passes.

For the cylindrical focusing lens, the position of the sample along the focusing axis revealed

a connection with the spatial regularity of the generated LIPSS. It was demonstrated

through the characterisation of the DLOA parameter that the regularity is higher (lowest

DLOA) when the sample is processed near the focus of the beam, reaching maximum DLOA

when the sample is processed at a distance near the Rayleigh length of the beam. These

points correspond with the minimum curvature of the beam wavefront (plane wavefront)

near the focus and maximum curvature at the Rayleigh length.
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The effect of the polishing in the regularity of LIPSS was studied for copper and stainless

steel. These two materials possess different plasmonic properties, which makes the gen-

eration of high regularity LIPSS easier in stainless steel than copper. For both materials,

it was proven than polishing improves the regularity of LIPSS. In addition, high regularity

LIPSS were achieved for the polished sample even in copper, which was not expected as

per the literature, enabling the processing of LIPSS with high regularity in metals with

long-ranged SPPs.

To sum up the results obtained regarding this objective, the generation of LIPSS has

been studied, finding that the spatial regularity of LIPSS is greatly improved under cer-

tain conditions, that can be summed as: irradiation with a plane wavefront, processing a

polished surface, and employing a wide beam to reduce parallel passes. The generation of

high-regularity LIPSS in metals such as copper, gold or aluminium opens the possibility of

employing these metals in industrial applications.

8.3 Validation of the technology through the fabrication of pho-
tonic devices

Through this partial objective, the performance in photonic applications of the micro- and

nano-structures generated was evaluated. The results from the three studied applications

are summarised in the following sections.

8.3.1 Reflective waveplates and anti-reflective surfaces

For this application, the effect of LIPSS in the polarisation state of a beam upon reflection

was studied. Experimentally, stainless steel samples were processed with different number

of pulses, and their reflective properties were characterised in relation to the morphology of

the generated LIPSS. A change in polarisation was observed as a consequence of the form-

birefringence induced by the LIPSS, with a maximum ellipticity of 13° for an incident linearly

polarised beam. In addition, the change in ellipticity could be gradually changed through the

control of the number of pulses used in the processing. However, a decrease in reflectance

is observed as a result of the roughness associated to the nanostructures. A further

exploration of geometrical parameters with simulations showed that some combinations of

morphologies are able to generate changes in polarisation to other degenerate states, such

as those performed by half-wave plates or quarter-wave plates.

Therefore, it has been shown that LIPSS can behave as polarisation gratings, with a

tailoring of their properties through the fabrication parameters. Even though the results

extracted experimentally exhibit a limited change in polarisation and low reflectance, numer-

ical simulations show that better results, with full polarisation conversion and reflectance

close to that of the polished material, could be achieved by a careful selection of morpho-

logical parameters.
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8.3.2 Optical encoders

For this application, gratings with a period of 20µm have been fabricated using microstruc-

turing with laser. Different engravings strategies, combining the microstructures with

nano-structures, have been tested. The study included the effect of the pulse energy on

the aspect ratio of the gratings, and the effect of laser polarisation on the generation of

different types of nanostructures.

Gratings were achieved at processing speeds similar to 1 mm/s, with a well defined period,

as reported in the evaluations of the gratings when used as scales in encoders. The readhead

of the encoder obtained values that differ between strategies and fabrication conditions,

but achieving values higher than the standard in some cases.

Overall, the results obtained in this objective show that fast micro- and nano-structuring

of surfaces with a femtosecond laser is applicable for its use in optical encoders.

8.3.3 Refractometric sensors

For this application, high regularity LIPSS were generated in stainless steel and then coated

with a gold film. The characterisation of the morphology showed LIPSS with signs of

splitting, and a conformal gold coating. The reflectance response of these devices was

measured with coating thickness, beam polarisation, incidence angle and refractive index

of the analyte.

The results show strong SPR resonances with Fano-like reflectance profile, which are

sharper in a particular sample due to slight differences in the shape of the coating. At 46°

angle incidence, the response was best in this case, where the reflectance profile as a result

of the resonance exhibits the lowest width. At this angle, the sensing with small changes

in the reflective index was measured, with a measured sensitivity value of 518 nm/RIU and

FOM of 32 RIU−1, which is a value similar to other cost-effective techniques.

Numerical simulations were carried where the morphology of the device was replicated.

The results were consistent with the experimental, showing that the numerical simulations

are a promising tool for the prediction of other morphologies that provide enhanced results.

Overall, a promising sensitivity and FOM were found for the fabrication of sensing devices

based on gold-coated LIPSS, which proves the potential for their use in applications of this

technology.

8.4 Future work

For the results of the developed investigation and the conclusions extracted, some research

lines are proposed:

• Exploration of alternative beam shapes for LIPSS nanostructuring: one of the

conclusions extracted in this thesis is that the wavefront affects the spatial regularity

in LIPSS formation. While the beam shape used in this thesis has always been



8.4. Future work 167

a Gaussian beam, other beam profiles, such as top-hat, with different wavefronts

can be generated through beam shaping. This can be useful in the optimisation of

the fabrication technique. Additionally, the characterisation of the beam wavefront

through interferometry or Hartmann–Shack wavefront sensor could provide a direct

relation with the regularity of LIPSS.

• LIPSS generation in gold: the results seen for the generation of highly regular LIPSS
in copper are promising results for the generation of highly regular LIPSS in other

metals that, in principle, are difficult to process with LIPSS due to their long-ranged

SPPs, such as gold or aluminium. Achieving this goal would be a breakthrough for

plasmonic applications, where the grating-like behaviour of LIPSS can be combined

with the use of gold. In particular, for the application of sensing presented in this

thesis, processing LIPSS directly on gold surfaces would improve the simplicity of the

process, eliminating the need for a coating step in the fabrication.

• Experimental fabrication of LIPSS producing complete polarisation conversion:
in the numerical simulations it was observed that a change in polarisation such as

those of a HWP or QWP were achievable for particular LIPSS profiles. Using this

information, experimental LIPSS with similar profiles could be replicated. Alter-

natively, other wavelengths could be used to irradiate the nanostructures, as the

response changes with the illuminating wavelength.

• LIPSS processing in diamond surfaces for photonic applications: the numerical

simulations of the transmission of light through LIPSS paves the way for a multitude

of applications in the field of photonics, which can be experimentally explored, such

as in grating couplers for photonic integrated circuits.
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Laser-lnduced Periodic Surface Structures (LIPSS) manufacturing is a convenient laser direct-writing technique 
for the fabrication of nanostructures with adaptable characteristics on the surface of virtually any material. In 
this paper, we study the influence oí 10 laser wavefront curvature on nanoripples spatial regular ity, by irradi
ating stainless steel with a line-focused ultrafast laser beam emitt ing 120 ís pulses at a wavelength oí 800 nm and 
with 1 kHz repetition rate. We find high correlation between the spatial regularity oí the fabricated nano
structures and the wavefront characteristics of the laser beam, with higher regularity being found with quasi
plane-wave illuminat ion. Our results provide insight regarding the control oí LIPSS regularity, which is essen
tial for industrial applications involving the LIPSS generation technique. 

l. Introduction 

LIPSS are regular and periodic nanopatterns with periods ranging 
from tens to hundreds of nanometers. Their fabrication is highly ver
satile, since they can be fabricated with most types of pulsed lasers and 
in almost any material, ranging from dielectrics to metals. They also 
exhibit a h igh degree of geometrical freedom: period, height and 
orientation can be controlled through parameters such as the number of 
applied pulses and fluence [l], angle of incidence [2] polarization [3] or 
laser wavelength [4]. Although many types of LIPSS have been 
described, the most commonly discussed types are Low Spatial Fre
quency LIPSS (LSFL), with periods A similar to the wavelength of the 
laser l. (11-.l), and High Spatial Frequency LIPSS (HSFL), with periods 
much shorter than the laser wavelength (11 < <.l) [5]. Bonse et al. [6] 
recently discussed the two main existing theories about LIPSS fonnation: 
generation dueto electromagnetic scattering and interference effects [7, 
8], or as a consequence of hydrodynamic matter redistribution and 
diffusion effect (9) . The authors concluded that depend ing un the ma
terial and irradiation conditions, experimental observations showed 
signs support ing one or other (or both) theoretical approaches. There
fore, both of them remain valid within certain parameter range. This 
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theoretical background can be used in novel experimental techniques 
and strategies that fu rther improve the results obtained in LIPSS nano
structuring applications (e.g., through high reliability, ease of imple
mentation in industry). 

Nowadays, LIPSS nanostructuring is being extensively used as a 
method capa ble of generating period ic nanostructures smaller than the 
diffraction limit in a simple and effective procedure, consisting of a 
single-pass laser beam. It has proven its effectiveness in key applications 
such as the fabrication of geometrical phase elements [10], gas sensing 
[11], improved tribological properties towards drag reduction [12], cell 
migration control [13] or structural colorization [14] . 

Developments in laser technology and beam-focusing strategies have 
vastly increased the processing rates of LIPSS, currently meeting in
dustry productivity demands. Namely, the use of lasers with high 
repetition rates in combination with galvanometer scanners [15] orla
sers with high pulse energy with cylindrical lenses [16- 18] has 
increased productivity by severa! orders or magnitude. However, ap
plkations still find their main limitation in the lack of control over the 
reproducibility and spatial regularity of nanostructures. To address 
these challenges, advances in the knowledge about the LIPSS formation 
phenomenon and the role of different irradiation parameters become 
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critica!. In this context, it is decidedly importan! to consider the ach
ieved regularity in the processing ofLIPSS, since the coherence in spatial 
distribution and period will determine their effectiveness in applica
tions, such as those involving induced birefringence (19] or controlled 
reflectance and refraction (20] . However, there is not much literature 
available about the influence of processing parameters on LIPSS regu
larity, in particular when generated with beam shaping techniques, 
which hinders the research on LIPSS applications. 

LIPSS present sorne degree of sinuosity that depends on the pro
cessing conditions and material employed, which is usually described as 
spatial coherence or regularity. When assessing LIPSS regularity, the 
Dispersion of LIPSS Orientation Angle (DLOA (21]) parameter proves 
useful. This parameter measures the weighted distribution of the ori
entations described by the sinuous shapes of the ripples over a large 
area. This results in a quantitative measurement of LIPSS spatial 
coherence that can be used to evaluare their regularity. Dueto a lack of a 
better definition for LIPSS regularity or coherence, DLOA is generally 
used in the literature asan indicative of this property, with lower values 
of DLOA hinting at better coherence. DLOA has been correlated in 
previous works with material plasmonic properties and laser irradiation 
wavelength for single beam scanning (21] . 

In this work, we address the problem ofreliably manufacturing LIPSS 
with con trolla ble regularity, by studying the influence of I D wavefront 
curvature of a cylindrically focused Gaussian beam in their generation. 
The introduction of a cylindrical lens allows us to observe the variations 
in wavefront curvature around the beam focus in a one-dimensional 
axis, without undesired effects from the radial symmetry that would 
arise from a spherical focusing. We were able to correlate the DLOA of 
the fabricated LIPSS nanopattems with the laser wavefront curvature. 
This result indicares that LIPSS regularity can be controlled and even 
optimized with the laser beam wavefront, which, in the case of a 
Gaussian beam, is easily controllable by adjusting the position of the 
surface with respect to the focal plane. We believe that this work pro
vides good experimental ground for a better understanding of LIPSS 
formation while it can also help boosting their applications by providing 
a useful too! for efficient LIPSS manufacturing. 

2. Experimental setup 

A Ti:Sapphire laser beam was focused along the Y-axis onto the 

'L 
X 

120 Is 
800 nm 
1 kHz 

Fig. 1. Focusing system used in the processing of the samples. LSFL were 
produced perpendicular to the laser polarization. The sample was translated 
along the X-axis. 
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surface of the sample through a cylindrical lens with a focal length of 
100 mm as shown in Fig. l. The laser system (M2 < 1.3) produced 120 fs 
pulses with a central wavelength of ,¡ = 800 nm and a repetition rate of 1 
kHz. Pulse energy was adjusted with a variable attenuator formed by a 
ha lf-wave plate anda polarizer. A motorized half-wave plate was used to 
set the polarization of the laser beam parallel to the translation axis. XZ 
motorized stages were used to move the sample along the X-axis and to 
control the position in the Z-axis. 

To better understand how the sample position relative to the beam 
focus affects the processing, a complete characterization of the beam 
size around its focus (this is, the focus along the X-axis) was made with a 
calibrated CCD (Fig. 2), measuring the beam half-width a t l/e2 in both 
directions (wx and wy). The intensity profile ofthe focused beam showed 
a Gaussian distribution with high ellipticity due to the very different 
axes Wx and Wy (a constan! value of Wy = 6 mm was found in the studied 
range). Since the elliptic beam can be considered as two independent 
beams in the X- and Y- axes (22], the values found for Wx(z) were fitted 
to the propagation of a Gaussian beam along the X-axis (Fig. 2) ac-

cording to the well-known equation Wx(z) = Wox 1 + ( ~) ', where 

wox is the waist. z is the distance along the beam propagation axis, with 
zo = z(woxJ, and ZRx is the Rayleigh length. The corresponding wavefront 
curvature radius for such a Gaussian beam in the x-axis, Rx, is described 

by (22] R, = (z - z0)(1 +~)'. with the wavefront curvature being 

its inverse, R; 1
. 

Therefore, a cylindrically focused beam generares a highly elliptical 
spot around the focal plane of the lens, whose wavefront along the non
focused axis remains approximately constant in the propagation around 
the focus of the lens, leaving the variation of wavefront curvature in the 
X-axis as the only variable in this matter. On the other hand, the 
wavefront generated near the focal plane of a beam focused with a 
spherical lens presents radial symmetry. This leads to a situation in 
linear scanning configurations where it would be difficult to decorrelate 
the influence on LIPSS formation of scanning direction and wavefront 
curvature. 

The irradiated materia l was stainless steel (AJSI 304). The raw 
samples were mechanically polished obtaining an average roughness of 
Ra = 276.3 Á. As a result, the surface ofthe sample presented lines with a 
clear directionality. Before and after the laser process the samples were 

(1) z-z.= -2.2mm (2) z - Zo = - 0.2 mm 
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Fig. 2. Experimental values for Wx near the focus (maroon dots) and the cor
responding fit to the propagation of a Gaussian beam (orange line). Optima! fit 
is found for values of Wox = 54.5 µm and zRx = 1.46 mm. Inset: images of the 
focused beam at different focal planes (Z·Zo = -2.2 mm and -0.2 mm), with 
constant w y = 6 mm, and Wx = 97 µm and 55 µm respectively. 
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introduced in an acetone ultrasonic bath for 3 min in order to remove 
dirt and particles generated during the process. Multiple samples were 
fabricated in a range of pulse energies E (0.55, 0.8, 1.4, 1.5, 1.75 and 2 
mJ), processing speeds v (0.39, 0.625, 1, 1.6 and 2.56 mm/s) and dis
tances z-z0 (between -2 mm to + 2 mm, every 0.2 mm) to provide 
different values for fluence and number of pulses. Average fluence per 
pulse F was calculated as F = E!C.•wx•Wy). The number of pulses N that 
overlap overa point in the sample during the non-static irradiation is N 

= 2wx/(v•n, where T is the inter-pulse period of the laser [19]. 
The scanning direction was parallel to the directionality of the pol

ishing lines. Polarization was also aligned with the scanning direction as 
seen in Fig. 3. This configuration between scanning direction, polishing 
lines and polarization gave the bese results for LIPSS regularity. In this 
configuration, the polishing lines were erased in the writing of the LIPSS 
and showed no influence. However, when the polarization was 
perpendicular to the polishing lines (this is, with LIPSS parallel to the 
lines), the marks act as scattering sources generating LIPSS parallel to 
their orientation. Since the orientation of these lines is not perfectly 
consisten!, this result in areas of LIPSS having slightly different orien
tations and showing discontinuities in the intersection among areas. 
Additionally, the relation between scanning direction and polarization 
was studied prior to the fabrication of the samples. The best regularities 
were observed for polarization parallel to the scanning direction (this is, 
with LSFL perpendicular to the advance of the laser beam), dosel y fol
lowed by perpendicular polarization. Regularity decreased for angles in 
between, with a clear minimum with diagonal polarization. 

The surface of the processed steel was characterized with scanning 
electron microscopy (SEM). DLOA parameter was measured from these 

a) wx=55 µm, v=l mm/s, E=l.4 ml 

b) wx=39 µm, v=0.6 mm/s, E=0.8 ml 

!=75 mm, z-z0=0 mm 

Fig. 3. Regularity comparison between pairs of samples with equal F and N and 
different distance to the focal plane. Examples (a) and (b) are provided in order 
to illustrate the behavior in a range of fabrication conditions. Processing pa
rameters are shown in the image, resulting in: (a) F = 0.14 J/ cm2 and N = 110, 
(b) F = 0.11 J/cm2 and N = 130. It can be seen that LIPSS are much more 
regular when the irradiation takes place near the focal plane, this is, when the 
wavefront shows less curvature, regardless of other parameters (namely, F and 
N). Top-Jeft comer: schematization of the beam shape, scanning direction (SO) 
and polarization (P) used in the presented samples. 
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images. The standard procedure for the measurement of DLOA was 
carried as explained in [21] , chis is, using the Orientation Distribution 
module in OrientationJ plugin available for lmageJ software. Specific 
parameters used were local window of 1 pixel with Riesz filters. The 
software then analyzes the local orientation of ripples and integrates 
them over the area covered by the image, resulting in a distribution 
centered on the main direction of the LIPSS. The FWHM of this curve is 
the DLOA value. 

From the two-dimensional Fast Fourier Transform (2D-FFT) of the 
micrographs, LIPSS period was extracted. Samples with high noise in the 
FFT (when the DC componen! is much more intense than the peaks 
corresponding to the frequency) due to a lack of LIPSS formation, or 
forrnation at its early stages, as well as samples that exhibited a domi
nan! double frequency (also known as Type-2s [6]) were discarded. In 
particular, LIPSS with double-frequency would disrupt the homogeneity 
in the type of LIPSS in our study, since we only take into consideration 
LSFL (Low Spatial Frequency LIPSS) with A - ,¡ (type-s). 

In order to stablish a direct comparison between samples fabricated 
under similar irradia tion conditions, additional cylindrical tenses of 
focal lengths 50 mm and 75 mm have been used. Due to the different 
propagation of the laser beam under said tenses, similar Wx are found for 
different propagation distan ces and, accordingly, for different wavefront 
curvatures. Hence, samples with equal F and N but different wavefront 
curvature can be fabricated. Fig. 3 shows two pairs of samples showing 
that fluence or number of pulses are not the only irradiation parameters 
that affect LIPSS regularity. It can be seen that in both cases, LIPSS show 
higher regularity near the focal plane, which has lower wavefront cur
vature. This can be observed in the SEM micrograph, where LIPSS are 
straight and continuous in the images on the right. This regularity 
continues uninterrupted within the region of approximately constan! 
fluence along the projected laser line unless they reach an imperfection 
in the material. This means that their length is in the order of a few 
millimeters in our case, which could be overcome easily with a wider 
laser beam and a better-polished surface. Additionally, regularity can be 
clearly seen in their FFf transform, where the dispersion in angles 
(vertical axis) and periods (horizontal axis) is much smaller in the 
samples fabricated near the focus. 

3. Results and discussion 

The period of nanopatterns in the samples was found to be between 
500 nm and 650 nm. Period holds a decreasing trend with increasing 
number of pulses as reported in literature [23] when fluence is kept 
constan!. After discarding invalid samples as described in the previous 
section, 77 samples with LSFL remained. The fabrication parameters for 
these samples included the en tire range of energies, distances and speeds 
previously detailed, with the exception of v = 0.39 mm/s for which no 
samples presented the required LIPSS. Their DLOA values found are 
between 7.6º and 12.4°. Although DLOA values vary depending on the 
image magnification of the micrograph used [24] , similar values for 
steel are found in the literature [21,24]. In this work, a constan! 
magnification of 950x is used, covering a processed area of 126 x 126 
µm2. 

In order to analyze the influence of the distance to the focal plane in 
LIPSS regularity, DLOA has been averaged over the multiple samples 
with different fabrication conditions (this is, different E and l', resulting 
in a wide combination of F and N) for each z-zo distance measured. The 
results show great symmetry around the focus (Fig. 4, left axis). A 
minimum can be observed along the points of lowest Wx, exhibiting a 
plateau from -0.4 mm to +0.4 mm, where said minimum is kept con
stan!. At larger distances, DLOA rapidly grows until maxima found at 
-1.4 mm and 1.2 mm, after which it decreases again. These values have 
been compared to the absolute value of the wavefront curvature radius, 1 

Rxl-' (Fig. 4, right axis). It shows a minimum IRxl- 1 (planar wavefront) 
in the focus of the beam followed by a fast increase up to a maximum at 
z-z0 = ZRx· Using the values found for the beam propagation fit, this 
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Fig. 4. Left axis (red): DLOA measured from the SEM micrographs at different 
distances along the propagation axis. Error bars are the standard deviation of 
the mean. Right axis (blue): absolute value of the wavefront curvature, IRxl- 1

, 

derived from the fit shown in Fig. 2. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 

maximum is at ZRx = 1.46 mm. Beyond chis distance, the wavefront 
curvature slowly decreases with IRxl - 1 (oo)--> O mm- 1• Consequently, 
similar behavior can be observed between DLOA and IRxl-1

, with a 
minimum in the focus far both parameters and maxima around ZRx, 

continued by a decrease at larger distances. 
This correlation between DLOA and wavefront curvature in a 

Gaussian beam has not been addressed in the theoretical or experi
mental literature to the best of our knowledge. The relation between the 
excitation of SPPs and LIPSS regularity has been studied in [21]. The 
influence of coherence in the laser source [25] and the effect of intra
pulse interferences has been also studied [6,26]. These studies are in 
agreement with our results showing that a planar coherent wavefront 
generares LIPSS with higher regularity, which in the case of a Gaussian 
beam is related to DLOA as reported in Fig. 4. For other beam distri
butions, different relations could be found, such as the minimum DLOA 
being found outside the focal plane. This may be exploited with beam 
shaping or other techniques in order to extend the region of high reg
ularity by mainta ining low wavefront curvature through a larger prop
agation distance. 

We believe that the main fac tor in the observed L!PSS behavior arise 
from the interference between surface plasmon polaritons (SPPs) 
generated at different defects within an area smaller than the propaga
tion length (5 µm for the air/ steel interface [21]). The lower curvature of 
the Iaser wavefront near the beam focus would lead to excitation ofSPPs 
with similar conditions, coherently interfering with each other, resulting 
in L!PSS with high regularity. 

Another factor that has been proposed to have an influence on reg
ularity is the spot size [21]. According to this, a small irradiation spot 
increases the regularity ofLIPSS since it reduces the interaction between 
SPPs generated from different defects. In general, this effect is better 
described by the SPP active area [27) . This parameter measures the area 
in which the carrier density exceeds the threshold for SPP activation. In 
our experiment, the condition for SPP activation is fulfilled intrinsically 
since Re[e] < -1. The spot size as shown in Fig. 2 cannot explain the 
increase in LIPSS regularity seen for distances greater than z·zo = Zffx. 

However, the SPP active area may vary from the spot size, in particular 
for such distances, and therefore should be taken into consideration. 

Despite finding a minimum value for DLOA in the beam focus, we see 
that this value is limited (- 8° in stainless steel in our experiments), 
unlike the curvature of the wavefront which is also minimum in the 
focus but with a theoretical value o f IRxl -1 = O mm- 1. Although irreg
ularities in the wavefront can reduce LIPSS regularity [25), we believe 
that the main limiting factor in the minimum achievable DLOA is the 
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mean free path of SPPs, meaning that it should be characteristic of the 
material [21). 

Therefore, our findings add another parameter to consider in the 
fabrication of LIPSS, in addition to the already well-known influence of 
laser wavelength, fluence or number of pulses [2] . Laser wavefront and, 
in particular, its curvature along the propagation of a laser beam, is a key 
aspect in the fabrication of L!PSS w ith high regularity. The implications 
of this are that special care should be put in positioning the sample in the 
focus o f the laser beam if high spatial coherent is the desired result. 
Other experimental procedures currently used in L!PSS techniques, such 
as changing the position of the sample along the propagation axis in 
order to change the irradiation spot size, will also lead to L!PSS with 
varying regularity. 

4. Conclusions 

In this work, we have experimentally demonstrated the correlation 
between the regu larity (coherence) of LIPSS and the wavefront curva
ture of the incident elliptical Gaussian beam. The reported results show 
that L!PSS with low DLOA can be found both around the beam focus and 
fa r from the focus, with a maximum DLOA in between at about the 
Rayleigh length from the focus. This is the same behavior exhibited by 
the beam waveform curvature, suggesting a strong influence in the 
formation of LIPSS. We explain this correlation as the result of irregu
larities in the excitation of SPPs and interferences that generare the 
LIPSS, although numerical simulations with these conditions should be 
performed for a better understanding of the process. 

Our results imply that optima! fabrication conditions for the pro
duction of highly regular L!PSS require a good positioning of the sample 
in the beam propagation axis. Additionally, a highly coherent and reg
ular wavefront is expected to help improve L!PSS regularity. 

Furtherrnore, the presented technique is easy to implement in high
speed processing of LIPSS. This is the case in this setup, based on cy
lindrical focusing, where LIPSS with varying regularity are generated 
within a single beam pass 6 mm wide at speeds in the order of 2 mm/ s 
resulting in a production rate of 12 mm2/ s, much higher than that ob
tained with sphericaJ focusing and similar to galvanometric scanning. 
This vaJue is easily scalable with laser pulse energy or repetition rate, 
with the advantage over other scanning techniques using small beam 
sizes that L!PSS regularity is uninterrupted throughout the projected line 
length. 

We believe that the results reported in this work can contribute to 
advances in dynamic fabrication of L!PSS and, combined with last 
generation femtosecond lasers, constitute a future viable technique for 
L!PSS in industrial applications. 
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A fast and reliable method for the fabrication of polarization modifying devices using femtosecond laser is 
reported. A setup based on line focusing is used for the generation of LIPSS on stainless steel, processing at 
different speeds between 0.8 and 2.4 mm/s with constant energy per pulse of 1.4 mJ. SEM and AFM char
acterizations of the LlPSS show a progressive increase in period as the processing speed increases, while height 
remains approximately constant in the studied range. Optical characterization of the devices shows an induced 
change in the polarization of the reflected beam that varies with the processing speed, which allows a controlled 
fabrication of these devices. 

l. Introduction 

Converting the state of polarization of a laser beam is an essential 
task in most optical research and industrial applications (1 ). For this 
purpose, waveplates are one of the most common eJements in present
day optica l setups. 

Conventional waveplates manipulate the polarization state by re
tarding (or delaying) one of the polarization components with respect 
to its orthogonal component. This behavior is achieved through dif· 
ferent phenomena, nam ely, birefringence (inducing a progressive delay 
as the wave travels through a material) and interna} total reflection (as 
in Fresnel rhombs, which take advantage of the induced phase shifts 
between the polarization components in each interna! reflection (2)). 
Either of this phenomena can happen naturally in transparent materials 
(crystals) orbe mechanically induced (fibers) (3,4) . 

Far this reason, most waveplates are nowadays fabricated far op
erating in transmissive mode. However, the rapidly growing develop
ment of nanostructuring technologies and metallic metamaterials [5] 
has opened interesting alterna ti ves far the fabrication of this type of 
devices that operate in reflective mode (6) . 

Operating in reflective mode may be beneficia! to certain optical 
systems due to physical restrictions in the setup. However, the main 

advantage lays in that they generally presenta higher damage threshold 
and produce a lower temporal dispersion of the pulse [7), along with 
having lower heat dissipation coefficient than transmissive waveplates 
[8) . Sorne applications that use polarization and have already benefited 
from reflective mode are liquid-crystal displays [8), element compac
tation of optical pickup units (9) or devices with antireflective func
tionality [10]. 

The physical principie that allows this phase-shi fting behavior in 
nanostructured surfaces is based on the interaction of light with sub
wavelength patterns/gratings (SWGs). When the period of the grating is 
smaller than the wavelength of the incident light, the structure becomes 
an optically anisotropic medium which induces optical birefringence, 
usually called form birefringence [11,12) . This phenomenon originates 
from the difference in boundary conditions of parallel and perpendi
cular components of the electromagnetic waves relative to the direction 
of the grating lines [13). 

Form birefringence is very strong compared with natural anisotropic 
crystals, and it can be tuned by controlling the period and aspect ratio of 
the grating structure. This way, a SWG with properly chosen morpho
logical parameters may operate as a half- or quarter-waveplate [14,15). 
In cases like this in which SWGs are used to change and control polar
ization, they receive the denomination of polarization gratings (PGs). 
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Recently, many works based on this surface sub-wavelength struc
turing approach have been published. For example, Gadyani et al. [16] 
fabricated a subwavelength metal grating for visible light by electron
beam lithography to transform circularly polarized light into radially 
polarized light. Nanfang Yu et al. [17] achieved polarization manip
ulation using carefully designed antennae that create an abrupt phase 
change at the interface. Stafeev et al. [18] fabricated a four-Sector 
transmission Polarization Converter ( 4-SPC) for a wavelength of 
633 nm, that enables the conversion of a linearly polarized inciden! 
beam into a mixture of linearly and azimuthally polarized beam. 

In most of these works, the surface nanostructuring process was 
carried out with di fferent variants of lithography: focused-ion-beam 
lithography, electron beam lithography, nanoimprint lithography or 
optical interference lithography [6,9,11,14,15,19]. However, these 
methods usually involve several fabrication steps, leading to complex 
and long fabrication processes. Additionally, sorne of them involve the 
use of chemicals like chrome, acids or organic resins that are potentially 
pollutants or health hazards. 

Other methods available to create micro- or nanogratings while 
avoiding these shortcomings are Direct Laser Ablation (DLA) and Direct 
Laser Interference Patterning (DLIP). DLA consists in removing material 
through laser ablation, with the size of the focused spot limited by the 
diffraction limit, which is related to the laser wavelength and numerical 
aperture (NA) of the focusing system. In practice, this means that it is 
usually not possible to obtain spots smaller than 1 µm in the target 
surface. Only by using UV lasers with high NA or/and photosensitive 
materials, usually polymers, it is possible to achieve smaller spot sizes 
[20] . Naturally, this technique covers a very small surface for each ir
radiation, which greatly increases processing time. 

DLIP is a method that uses interference between two or more co
herent beams. This interference generates an intensity pattern of local 
maxima and minima. In the case of two beams, the generated pattem is 
formed by parallel lines, with the period of the structures depending on 
the wavelength of the laser and the angle between the interfering beams 
[21] . This method overcomes sorne of the drawbacks of DLA since a 
large area can be processed at the same time, in the order of 1 cm2 

versus the previously mentioned 1 µm2. However, it requires lasers with 
pulses in the arder of picoseconds-nanoseconds due to the need of a 
larger spatial coherence that makes the interference possible over re
gions of relevant sizes. This means that thermal effects become sig
nificant compared to femtosecond lasers, which is a critical effect when 
processing materials (specifically metals due to their higher thermal 
conductivity), therefore limiting the resolution of the pattern in prac
tice [22]. 

To sum up, even though these laser techniques surmount sorne of 
the disadvantages present in lithography, they still have sorne limita
tions regarding the equipment needed to generate sub-micrometer 
gratings. These limitations are mainly related to the laser source (pulse 
duration, wavelength) and target material, being much less efficient on 
metals than on polymers. 

In this work, we have chosen a different approach for the fabrication 
of this type of gratings, which consists in the use of the so-called Laser
Induced Periodic Surface Structures (LIPSS). LIPSS were discovered in 
1965 [23], but they have started to receive increased attention only 
recently. This is due to the fast development of laser systems and 
sources, specially femtosecond sources, that have enabled them to be
come an interesting alternative for subwavelength structuring of most 
materials with an easy and single-step fabrication process [24]. 

LIPSS are periodic structures that appear easily in most materials 
(metals, dielectrics, and polymers) when irradiated with linearly po
larized radiation [24- 26]. The orientation of these structures is directly 
related to the polarization of the inciden! light, while other parameters 
of their morphology such as the period and height can be controlled 
with the number of pulses, fluence, wavelength, angle of incidence and 
pulse duration of the inciden! light [27]. Two main types of LIPSS can 
be generally described according to their period. Low Spatial Frequency 
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LIPSS (LSFL) have a period clase to the irradiation wavelength "
(usually between f../2 and f..), while High Spatial Frequency LIPSS 
(HSFL) exhibit shorter periods (smaller than f../2) [24]. In any case, 
LIPSS period is always shorter than the wavelength of the laser used in 
their generation. This makes simpler the fabrication of nanogratings 
with the use of conventional lasers emitting in the near infrared. Ad
ditionally, this method is not limited by the spot size or the type of 
materia l processed. These characteristics indicate that the generation of 
LIPSS for the fabrication of SWG is a very promising method that can 
surpass others in efficiency, versatility and speed. 

In a rder to boost performance and fabrication speed, laser setups 
taking advantage of beam shaping techniques have been recently used 
(Bessel beams, cylindrical lens, and spatial light modulators), demon
strating that the coherence and fabrication speed can be improved this 
way [28- 30] . In this work, we have explored the use of a focusing 
system employing a cylindrical lens to minimize the fabrication t ime 
and make this approach an industrially feasible alternative in terms of 
production rates. 

Therefore, we present a new approach for the fabrication of PGs 
based on LIPSS. A Ti:Sapphire femtosecond laser with a cylindrical 
focusing system has been used to rapidly generate LSFL with different 
parameters on the surface of steel samples. Results confirm polarization 
changes in the reflected light, which are associated with the form bi
refringent behavior of the fabricated PGs through numerical calcula
tions. It has been proved that the amount of change induced in the 
polarization can be controlled by the parameters used in the fabrication 
process of the samples. We believe that this method could overcome the 
drawbacks of fabricating waveplates with other methods by allowing a 
fast, versatile and controlled fabrication without the use of polluting 
chemicals. 

2. Materials & methods 

2.1. Material 

The irradiated material is stainless steel (AISI 304) in sarnples of 
dimensions 10 mm x 20 mm. The raw samples were mechanically 
polished to finally obtain samples with a measured roughness of 
R, = 276.3 Á. Befare and after the process the samples were introduced 
in acetone ultrasound bath for 3 min in arder to remove dirt and par
ticles generated during the process. 

2.2. Lruer setup 

A Ti:Sapphire laser is focused in a line on the surface of the stainless 
steel samples in arder to create LIPSS along said line. The laser system 
produces 120 fs pulses with a central wavelength of 800 nm and a re
petition rate of 1 kHz. The pulse energy is adjusted with a variable 
attenuator formed by a half-wave plate and a polarizer. A motorized 
half-wave plate rota tes the polarization of the laser beam. A combina
tion of a cylindrical lens with a 100 mm focal length and a spherical 
focusing Jens with a 75 mm focal length is used to focus the beam on the 
sample with a line-shaped profile perpendicular to the X-axis (Fig. 1). 
This, in contras! to other reported experiments [29,31,32], allows the 
introduction of an imaging system to monitor the process while main
taining the line profile (with a gaussian distribution in both focused and 
free-propagating axes) of the focused beam. The position of the Jenses is 
adjusted so that the distance between them is equal to the sum of their 
focal Jengths. The imaging system is constituted by a CMOS camera 
using a white LED as illumination, as shown in Fig. l. XZ motorized 
stages are used to hold the sample and to control the projected Jine size 
(by adjusting the Z position) and the processing speed in the X direc
tion. 
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Fig. l. Setup used in the processing of the samples. 

2. 3. LIPSS fabrication process 

LIPSS patterns were generated moving the sample under the line
facused laser beam at a constant speed along the X-axis, with laser 
polarization parallel to the direction of the movement. The incoming 
laser beam was directed to the cylindrical lens and the position of the 
samples in the Z-axis (vertical) was adjusted so that the width of the 
laser beam projected onto their surface was constant in ali cases. The 
beam size in the position of the sample was measured at low energy per 
pulse with a calibrated CCO, finding a beam half-width at e - 2 of 
Wy = 6 mm in the non-facused axis and Wx = 32 µm in the facused axis. 

In this case, due to the focusing of the beam, the beam area has an 
elliptical shape instead of a circular one, with one of the axis being 
much larger than the other. In consequence, fluence was calculated 
us ing the expression F = E! (n-wx-w,J, where E is the measured energy 
per pulse. Since the laser irradiation is non-static, an overlap exists 
between the pulses. In a rder to calculate this overlap, we consider the 
size of the beam width (2 ·wx). The time required far a point in the 
sample to travel this distance at speed v is 2·wx/v. Therefare, the 
number of pulses to which this point is exposed during this time is 
N = 2·wx·RR/ v, where RR is repetition rate of the laser. 

A study was performed in arder to select the correct parameters for 
LIPSS farmation. Then, the energy per pulse far ali the samples was set 
to 1.4 mJ (value measured befare the facusing lenses). The range of 
processing speeds varied between 0.8 and 2.4 mm/s. Using these 
parameters resulted in a fluence of 0.2 J /cm 2 and number of pulses 
between 80 and 240 far the highest and lowest speed, respectively. 

With the mentioned parameters and within this range of speeds, 
LIPSS are clearly visible in 3 mm around the center of the generated line 
(at the point of maximum intensity). Ablation starts to dominate the 
process below the minimum speed and above the maximum speed the 
farmation of LJPSS stops. These results are in good agreement with 
previous studies on stainless steel [33] . 

2. 4. Characterization 

Two types of characterization were used in this study. Firstly, the 
morphology of the samples was examined in arder to evaluate the 
farmation and characteristics of the generated nanostructures. 
Secondly, an optical characterization was made in arder to observe the 
optical response of the fabricated samples. In ali cases, the character
ization took place in the region around the middle of the sample where 
LJPSS characteristics were constant. 

2. 4.1. Morphological characterization 
The changes on the surface of the samples were characterized with 

SEM (Scanning Electron Microscopy), gathering micrographs of the 
samples which then were analyzed through 20-FFT (two-dimensional 
Fast Fourier Transfarm). Since the relation between LIPSS period (/\) 
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and the distance between FFT peaks (d) is given by equation i\ = 2/d, 
the period of the generated LIPSS can be measured. 

Height measurements were taken with AFM (Atomic Force 
Microscope) in large areas of 30 µm x 30 µm using high aspect ratio 
tips. Each measurement consisted of 1890 linear sweeps with a se
paration of 16 nm between each other. The direction of the sweeps was 
perpendicular to the LIPSS. Then, in each sweep, ali peak to valley 
heights were calculated and stored. These values were then collected 
far the total number of sweeps and represented as a histogram. The 
lowest peak to valley heights (with a prominence smaller than 30 nm) 
were filtered, since they are associated to background noise and in
strumental errors. The resulting histogram was fitted to a normal dis
tribution, from which the mean LIPSS height and standard deviation 
was obta ined. 

The transversal profile of the LIPSS was also observed through the 
FIB (Focused Ion Beam) technique implemented in a SEM microscope. 
This technique is useful to compare the obtained data with the results 
from the AFM, although the process is time consuming and, in con
sequence, it is difficult to obtain significant statistical data with it. 

Additionally, EOS (Energy-dispers ive X-ray spectroscopy) technique 
was used in arder to measure the superficial atomic composition of the 
samples as chemical changes could occur during or after laser interac
tion. 

2.4.2. Optical characterization 
The effect of the fabricated sam ples on the inciden t light was 

measured with a polarimeter (Thorlabs PAXlOOOIRl ). A He-Ne laser 
(633 nm wavelength) was directed towards the sample at 5º angle with 
respect to the normal of the surface. lncident laser polarization was 
controlled with a half wave plate. To better detect birefringence, po
larization of the incident beam was linear with an inclination rota ted at 
45º with respect to the orientation of LIPSS. The specular reflection of 
light was analyzed using the polarimeter. This device measures the 
Stokes parameters of the light beam. The Stokes vector is farmed by its 
faur components: 1, Q, U, and V, which completely define the polar
ization state of a light beam. 1 is the intensity of the light beam, Q is the 
linear component at O and 90 degrees, U is li near component at ± 45 
degrees, and V is the circular component (clock-wise and counter
clockwise). From the Stokes components, the parameters which define 
the polarization ellipse, that is, the ellipticity and the azimuth, can be 
easily obta ined [34] . Among them, the ellipticity angle descr ibes the 
circularity of the state, being O far linear polarization and ± 45º far 
totally circular polarization. The intermediate values correspond to 
elliptical states, and the s ign of this parameter corresponds to the ro
tation direction. 

2.5. Numerical methods 

We have also analyzed the polarization properties of the wave re
flected by this type of SWG from a numerical point of view. This allows 
checking the va lidity of the assumptions and the experimental results. 
We have used Rigorous Coupled Wave Analysis (RCWA) method 
[35-38], a lso commonly referred as Fourier modal method (FMM) [39] 
in order to obtain the electric field reflected by the LIPSS on metallic 
surfaces. In particular, we have used the $4 implementation [ 40]. 

RCWA algorithm divides the profile in layers, as shown in Fig. 2a). 
We have used a 20 RCWA unit cell to approximate the SWG. In order to 
simulate the shape of the ripples, we have provided a general definition 
of the profile as 

h(x) =A {1 - 2[ 1 + cos; 2nx/p) n 
where A is the amplitude of the profile, p is the average period, and (3 is 
the fill factor. Except far fl = 1, the profile h(x) is not symmetrical 
between the upper and the lower parts. In any case, it ranges from - A 
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Fig. 2. (a) Profile function (dotted line) and sliced profile (filled space) of the 
grating with p = 620 nm, A = 80 nm, j3 = 1.7 and number of layers N = 13. 
(b) Calculated reflected electric (above) and magnetic (below) fields of the 
same grating illuminated at 633 nm. 

to A , and the height of the pro file is 2A. 
The illumination is modelled as a plane wave in normal incidence of 

wavelength 633 nm, as used in the experimental setup (Section 2.4.2), 
and whose polarization is linear with 45º with respect the axis of the 
SWG. Experimentally, the incidence angle is 5º, but as it is a low angle, 
we neglect it for simplicity. The refraction index of the bulk material at 
this wavelength was measured using spectroscopic ellipsometry, ob
taining the complex refraction index n = 2.3401 + 3.3170i at the il
lumination wavelength. The number of layers in the simulation of the 
LIPSS profile is N = 13, and the maximum number of orders in the 
Fourier expansion is G = 51. 

As an example, Fig. 2b shows the electric and magnetic reflected 
fields for a period of p = 620 nm. Since the period of the grating is 
smaller than the incident wavelength, the reflected field is a zero-th 
arder plane wave. Then, the Stokes parameters are computed from the 
electric fie ld, from which the azimuth and ellipticity angle are calcu
lated. 

3. Results 

3.1. LIPSS morphology 

A study of the LIPSS morphology was performed. Fig. 3 depicts a 
comparison between a FIB (a) andan AFM profile (b). Similar structures 
and heights are observed between the two methods. According to the 
method explained in the previous section, the mean height and stan
dard deviation have been measured for the samples studied and re
presented in Fig. 5. Results show that LIPSS height is very similar in ali 
the range of studied processing speeds (0.8- 2.4 mm/s). The studied 
samples show heights of around 125 nm with a large dispersion due to 
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irregularities, as represented by the standard deviation. This value for 
the mean height is in the range of those reported by other groups for 
steel [41]. 

Fig. 4 shows a comparison between SEM images of three samples, 
corresponding to processing speeds of 0.8 mm/s (a), 1.6 mm/s (b) and 
2.4 mm/s (c), therefore representing the range of processing speeds 
used. A notorious feature in the shape of the LIPSS can be seen in 
Fig. 4a, where the ripples show imperfections along the crest. The same 
effect has been reported in the li terature, which is caused by a higher 
accumulated fluence [41,42] . On the other hand, Fig. 4c shows LJPSS 
that in sorne regions fade, indicating that their structure is not as well 
defined as in the other cases. The 20-FFT images shown in the inset of 
Fig. 4 show two main peaks to the left and right of the origin (in the 
center of the image). Since the resulting LJPSS are not parallel and 
uniform structures, the 20-FFT results show diffused shapes instead of 
single points, which would correspond to a single frequency and or
ientation. lnstead, there is a stronger peak (with a sickle moon shape) 
corresponding to the fundamental frequency of the LIPSS anda weaker 
one (more rounded) ata double frequency, both with sorne range of 
frequencies and orientations that vary between samples. 

Even though these changes are not evident in the SEM micrographs 
or in their FFT counterparts, they become more visible in Fig. 4d. This 
figure shows the ratio between the maximum intensity of the double 
and fundamental frequency peaks of the LIPSS. lt can be seen that this 
ratio decreases as the processing speed increases. This trend confirms 
that, as the number of overlapped pulses increases, the shape of the 
LJPSS changes progressively as mentioned in the description of Fig. 4. 

As stated earlier, measuring the distance from the point of max
imum intensity to the origin in the 20-FFT images gives the main fre
quency or, equivalently, the period of the LIPSS. Additionally, one can 
measure the frequencies at half-maximum intensity of the transversal 
profile given by the sickle moon shape. This gives the period dispersion 
found in Fig. 4e). In this plot, we observe an increase in the range of 
periods as processing speed increases, giving a wide distribution of 
LJPSS periods. 

The relation between period and processing speed can be seen in 
Fig. 5. The period of the generated LJPSS increases linearly with the 
processing speed, from 602 to 651 nm, allowing the classification of 
these LJPSS as LSFL. A similar behavior and values for a Iaser emitting 
at 800 nm have been reported in bibliography [43,44]. 

Metal oxidation after LIPSS processing is usually not studied or re
ported. However, in optical applications, and specifically in SWG, it is 
to expect an influence of the refractive index of the material [ 45]. 
Additionally, changes in the refractive index of other materials with 
different degrees of oxidation have been reported [ 46]. In this work, we 
used EDS to analyze our processed samples under different conditions. 
Results show that the samples have a composition matching that of the 
stainless steel used, with atomic oxygen present in the processed areas 
of the samples (Fig. 6). While unprocessed stainless steel shows absence 
of oxygen, a composition of 1.8% oxygen in mass is found in the 
samples processed at a speed of 2.2 mm/ s. As the processing speed 
decreases, this percentage increases up to 3% at 1 mm/s. 

Therefore, processing speed has a direct effect on the oxygen pre
sence, and we expect it to further increase at lower speeds and decrease 
at higher speeds. Further studies on this matter should be addressed, 
since it could provide valuable information for this or other (such as 
tribological) applications [47]. 

3 .2. Effect of nanostructures on the incident light 

Polarimetry results show that the ellipticity of the beam polarization 
can be modified by varying the processing speed (Fig. 7). As processing 
speed increases from 0.8 mm/ s to 1.6 mm/ s, ellipticity angle a lso in
creases from 2.91º to 11.04º. However, as the speed further increases, 
the ellipticity angle starts to decrease again down to 1.18" at a speed of 
2.4 mm/s. Therefore, a change in the polarization is observed from 
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controlled through processing parameters. 

At the same time, an effect on the reflectivity can be observed. The 
reflectivity has been normalized taking as reference the reflectivity of a 
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Fig. 3. (a) FIB section, where the profile of 
the LIPSS can be seen in the interface be
tween light grey (corresponding to a pla
tinum covering used in the process) and 
dark grey (corresponding to the sample) . 
(b) AFM profile of a sample processed at 
0.8 mm/s. Grooves with approximately 
triangular shape appear on the left area of 
both images, while on the right half, 
structures with double peaks arise. The 
AFM profile looks sharper because of dif
ferent proportions in the vertical axis. 

sample of stainless steel prior to any laser processing, which is 38% of 
the incident light. As shown in Fig. 7, it increases continuously from 
5.8% at 0.8 mm/s to 34% at 2.4 mm/ s, with a value of 17.2% at the 
maximum ellipticity angle. 
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Fig. 4. SEM images of the samples fabricated at (a) 0.8 mm/ s, (b) 1.6 mm/s and (e) 2.4 mm/s. Insets: 20-FFT of the samples. (d) Ratio between intensity of hannonic 
(12) and fundamental (11) frequency of LIPSS as measured in FFT images versus processing speed. (e) FWHM of the period distribution obtained from the 20-FFT 
profile. 
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Fig. 5. Period (left axis, orange triangles) and height (right axis, blue circles, with a small offset) of the generated LIPSS versus processing speed of the samples. For 
the period, a linear fit with R2 = O. 989 and slope 31.5 nm/(mm/s) is found in the studied range. 

3.5 

e 3 
QJ 
00 
> 
X 2.5 
o 

* 2 ¡ 
1.5 

0.7 1 1.3 1.6 1.9 2.2 2.5 

Processing speed (mm/s) 

Fig. 6. Oxygen presence in the processed samples versus processing speed. 

3. 3. Optical modeling 

In order to validate the experimental data, we have varied the 
parameters of the profile function in Section 2.5. We have found that 
the best fitting parameters for the experimental data are A = 80 nm and 
f3 = 1.7. Therefore, the height obtained in the simulations, h = 160 nm, 
is in accordance to the experimental results obtained in Fig. 5. Fig. 8 
shows the comparison between the experimental values and the nu
merical calculations performed with the mentioned parameters. The 
model reproduces the trend and experimental values. Therefore, the 
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Fig. 8. Comparison between experimental (blue triangles) and calculated 
(yellow circles) ellipticity angle for periods under the wavelength used in the 
measurement (633 nm). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

height, average shape and periodicity used in the simulation is a good 
regular equiva lent of the irregular surface found experimentally. Even 
though other combinations of shapes with similar results could in 
theory be possible, we have not found any other that yields a fitti ng as 
good as the one shown in Fig. 8. 
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eye. lnset: state of polarization of the incident light 
with respect to the orientation of the LIPSS in the 
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to colour in this figure legend, the reader is referred 
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4. Discussion 

The coherence in the results between samples suggests that the 
setup used in this work allows for a consistent fabrication where the 
parameters are kept constan!, specially the spot size. Unlike other 
processing setups that use microscope objectives with working dis
tances of a few millimeters, our setup uses long focal lenses and 
therefore has long Rayleigh length, which helps in the positioning of the 
sample in the Z axis. 

In addition, the combination of lenses used in this experiment al
lows a simpler processing strategy. Since the projected line on the 
sample is long enough to cover one of the axes, the samples only need to 
be translated along the axis perpendicular to this line. The required 
time for the processing of the sample is therefore greatly reduced, and it 
is especially useful in roll-to-roll processes. 

The observed behavior of the samples concerning change in polar
ization is in agreement with subwavelength gratings causing phase 
retardation [9,45] , so our conclusion is that these properties must be 
caused by the LIPSS, with their geometry or composition being the key 
factor to their specific optical behavior. 

Since we do not appreciate changes in height in the studied range 
(Fig. 5), it is reasonable to assume that height is not a factor that in
fluences the changes in the optical behavior of our samples. Similarly, 
the low oxidation and small variation found in these samples (Fig. 6) 
suggest that oxygen concentration is not the main cause of the decrease 
in reflectance at lower speeds. 

On the other hand, we see a clear trend in LIPSS period (Fig. 5), 
which could be the main cause of the change in behavior for the dif
ferent samples. Although a higher reflectivity and a greater change in 
polarization from linear to elliptical can be achieved, we believe that 
this effect is limited by the great distribution observed in periods and 
heights (Figs. 4e and 5, respectively), making the surface irregular and 
this way reducing its effect as a single grating. In addit ion to this, the 
decrease in reflectivity at lower fabrication speeds (Fig. 7) could be 
related to the increase in the presence of double frequency LIPSS as 
seen in Fig. 4d. 

Additionally, the numerical simulations with RCWA show that the 
shape of the LIPSS can be approximated to a periodic function that al
leviates the computational requirements of the simulation and provides a 
simplified approximation. This method has been used to find an effective 
height and shape of the generated nanostructures. The shape found is, in 
general, consisten! with the shape of the LIPSS observed, since it con
serves the conical shape. The effective height found in the simulations is 
160 nm, which is just within the values of heights extracted from AFM 
measurements (around 125 :!: 45 nm), although far from the average 
height. This suggest either that AFM measurements are not reaching the 
bottom of the valleys formed by L!PSS or that not ali heights influence 
the ellipticity measurements equally. Since the shape of LIPSS changes 
slightly between samples, this could also be a factor to cake into account 
in the model. In any case, we see from the simulations that the change in 
periodicity does indeed change the ellipticity in a way similar to what we 
have observed experimentally, supporting our hypothesis. 

To sum up, we believe that the period of the LIPSS is the key factor 
that alters the behavior of our polarization gratings, with sorne influ
ence from their structuration (distribution of periods) that mainly af
fects their reflectivity. By changing the processing parameters, we can 
control these factors, as shown in this work, and therefore tailor the 
properties of the resulting polarization grating. Other factors could be 
studied as well, such as changes in height, which is another property of 
polarization gratings that influence the polarization change [ 45] . 

Improving this fabrication method in order to achieve higher re
flectivity and specific changes in polarization would enable the use of 
these devices as reflective waveplates. The main advantage for this type 
of waveplates is that the fabrication method is a one-step and very fast 
process that it is not restricted by the type of substrate material, de
manding processing conditions or over-expensive equipment. 
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S. Conclusions 

In this work, we have proven the fast fabrication of LIPSS on 
stainless steel with a setup based on cylindrica1 lens that projects a line 
of dimensions 32 µm by 6 mm (half-widths at e - 2

), covering a large 
area with only a one-dimensional sean at speeds in the arder of 1 mm/ s. 
This setup allows a stable and replicable fabrication and shows their 
potential application as reflective waveplates, replacing other complex, 
demanding and polluting methods. The readily use of these devices in 
applications depends on the particular demands of each application. For 
example, the mentioned application as reflective waveplates would 
require very high reflectivity ( > 90%) and a fixed amount of polar
ization change, such as achieving complete circular polarization (45º in 
ellipticity angle). Although the potential of this technique to fabricate 
reflective waveplates has been demonstrated, using these devices in real 
life operation requires further improvements. 

As mentioned, the maximum values for change in ellipticity angle 
and reflectivity reported here are not optimal. However, our findings 
suggest that better values could be obtained by achieving LIPSS with 
better quality (less periodic or angular dispersion) or by applying a 
coating on the processed sample that would attenuate irregularities. We 
strongly believe that through these improvements real operacional 
waveplates can be fabricated, and therefore future work will focus on 
these copies. 

However, other applications requiring the detection of a change in 
polarization, such as optical codification of phase shift detection would 
be readily usa ble with the curren! fabrication process depending on the 
sensibility of the detector. 

We have studied the morphology of the LIPSS and performed nu
merical simulations. Our results show that, although the exact relation 
between polarization change and LJ PSS morphology is complex due to 
the variety of factors in play (profile shape, period, irregularities, oxide 
forrnation or other compositional changes), two are the main factors 
that influence this change: period and LIPSS regularity. Since both 
factors can be controlled adjusting laser parameters, the amount of 
induced polarization change can be tailored in the fabrication process. 
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Abstract: Stainless steel is a basic raw material in industry. It can be customized by generating 
laser-induced periodic surface structures (LIPSS) as subwavelength gratings. Here, we present 
the capabilities of LIPSS on stainless steel to modify the polarization state of the reflected 
radiation at the infrared. These structures have been modeled using the finite element method 
and fabricated by femtosecond laser processing. The Stokes parameters have been obtained 
experimentally and a model for the shape has been used to fit the simulated Stokes values to the 
experimental data. The birefringence of the LIPSS is analyzed to explain how they modify the 
polarization state of the incoming light. We find the geometry of the subwavelength grating that 
makes it work as an optical retarder that transforms a linearly polarized light into a circularly 
polarized wave. Also, the geometrical parameters of the LIPSS are tuned to absorb selectively 
one of the components of the incoming light, becoming a linear axial polarizer. An appropriate 
selection of the geometrical parameters and orientation of the fabricated LIPSS makes possible 
to obtain an arbitrary pure polarization state when illuminated by a pure linearly polarized state 
oriented at an azimuth of 45º. The overall reflectance of these transformations reaches values 
close to 60% with respect to the incident intensity, that is the same reflectivity obtained for non 
nanostructured stainless steels flat surfaces. 

© 2022 Optical Society of America 

1. lntroduction 

The state of polarization of light changes when interacting with anisotropic optical materials. 
In nature, this capability mostly relies on their atomic/molecular distribution that shows an 
anisotropy related with their crystalline characteristics [ 1-4]. Nanostructuring isotropic materials 
makes possible to tailor their optical response, allowing selective transmission, reflection, or 
absorption, as a function of wavelength, angle of incidence, and state of polarization [5, 6]. In 
particular, subwavelength metallic gratings excite surface plasman resonances using obligue 
incident light, or cavity resonances at normal incidence [7]. Their use as filters to customize 
the balance between transmission, reftection, and absorption has been also demonstrated in 
waveguides and biosensors [8- 15). Regarding materials, silver is selected when looking for a 
sharp optical response, and gold is preferred in terms of its robustness against environmental 
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agents, and its biocompatibility [12, 16, 17]. Also, subwavelength structures in steel have been 
proposed for sorne applications such as low cost plasmonic devices [18- 20), and fabrication 
of colored surfaces (21]. Nanopatterned steel substrates are also used as templares to fabricare 
other nanostructured surfaces [22], or directly included in optical systems [23]. However, the 
capabilities of nanostructured stainless steel for the modification of the polarization state of light 
still require further research to integrate them into low-cost optical systems. A relevant issue in 
the practica! deployment of these devices is related to the existence of fast and efficient fabrication 
methods. Typically, electron beam lithography, deep UV-lithography, focused ion beam, and 
nanoimprinting, combined with a plethora of deposition techniques (sputtering, spin coating, 
thermal evaporation, etc.), are common tools used to fabricate subwavelength structures [24]. As 
an alternative for the generation of subwavelength gratings, we used ultrafast laser processing to 
produce laser-induced periodic surface structures (LIPSS) [25]. Besides its large throughput and 
low cost, an additional advantage of LIPSS is that the nanostructure is created directly on the 
surface without postprocessing. The localized nanostructure is generated using pulses with a 
duration shorter than the thermal relaxation time of the material. This prevents energy to modify 
surrounding areas. The technique has been demonstrated for laser pulses lasting from femto to 
picoseconds [26]. However, the fabrication process requires an optimization of the multi-pulse 
delivery and a spatial control of the irradiated area (27]. This technique has been applied on 
metals [28, 29], semiconductors [30, 31], dielectrics [32], and thin films [33], indicating its high 
flexibility and effectiveness. 

In this work, we study the optical properties of metallic nanostructures fabricated on stainless 
steel substrates. The nanostructures studied here present binary and sinusoidal profiles, and are 
generated by femtosecond laser processing. In section 2, we have tuned the parameters of the 
sinusoidal profile to fit the simulated Stokes parameters to the experimental values. Section 3 
presents the results of the Stokes vectors, Jones matrices, field distribution, and reflectance for 
binary and sinusoidal profiles in terms of their geometries. The obtained results indicates the 
possibility of using stainless steel as a promising material for fabricating nanostructured optical 
components that fulfill both cost and performance terms. Finally, section 4 surnmarizes the main 
findings of this contribution. 

2. Fabrication, modeling and validation 

Our LIPSS are fabricated on top of AISI-304 stainless steel substrates (10 x 20 mm2). The detailed 
fabrication process and optical characterization were presented and discussed previosly [34]. 
The stainless steel samples studied in this contribution were processed using a Ti:Saphire laser 
emitting 120 fs pulses ata central wavelength of ,1 = 800 nm with a repetition rate of 1 kHz. A 
cylindrical lens was used to obtain a line-profile in the focal plane with dimensions 6 mm x 32 
µm. The samples were processed at varying irradiation conditions between samples. Fluence 0.2 
J/cm2 was common for all samples, while number of pulses (controlled through the processing 
speed), ranged between 80 and 240. Two sets of samples have been used in the validation process. 
These two sets differ in the orientation of the laser beam polarization (parallel or perpendicular) 
with respect to the direction of the movement during the sample processing. We will call these 
two sets as 1and11 for the cases of 0° orientation and 90° orientation, respectively. 

Samples with different periods (from 590 nm up to 635 nm) were fabricated for sets 1 and 
11. The mean height of the structures is kept constant, GH = 125 ± 7 nm. The samples were 
examined using scanning electron microscope (SEM) for analyzing the surface structure and the 
geometrical shapes. The images in Figs. l .a,b,c correspond to the samples of the first set 1 with 
periods 606, 612, 631 nm, respectively. The images in Figs. l.d,e,f correspond to the samples of 
the set 11 with periods 591, 606, 612, nm respectively. These SEM irnages revea! a sinusoidal 
type periodic grating structure for ali samples. At the same time, they show how the periodic 
structure is significantly altered over lengths of severa! periods, as it is typical in LIPSS. The 
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Fig. l. SEM images for quasi-sinusoidal LIPSS fabr icated on top of a steel substrate 
using femtosecond laser processing. The polarization state of the laser beam is parallel to 
the direction of the movement during the sample processing for a, b, and e subplots, and 
perpendicular for d, e, and f. 

description given by the SEM images is completed using AFM topography measurements as 
shown in Fig. 2. In fact, the results from the AFM images can be used to evaluate the values of 
the height of the profile, GH, along the sample. 
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Fig. 2. (a) AFM image and profile for the sample with period P=63 l nm from set l. (b) 
AFM image and profile for the sample with period P=606 nm from set 11. 

The profile is strongly dependent on the material of the sample, the conditions of the 
surface [35- 38], and even on the substrate temperature [39, 40]. This means that this profile 
departs from the ideal sinusoidal form. To accurately fit the simulated results of the optical 
polarization parameters with the experimental values, we need to take this deformation into 
account by introducing the following profile function: 

(1) 

where, h(x) represent the height at each point along the x-axis in the simulated periodic unit cell, 
GH is the profile height, and P is the period. When the parameter fJ is equal to 1 we obtain the 
ideal sinusoidal shape geometry (see Fig. 3.a on top). By changing fJ we can simulate a flatter 
profile (fJ > 1, see Fig. 3.a at the bottom) ora sharper one (fJ < 1, see Fig. 3.a in the middle). 
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The geometrical parameters of the profile are also shown in Fig. 3.c for the sinusoidal case 
treated in this section and for the binary profile (see Fig. 3.b). The analysis made in this section, 
described by Eq. (1) , uses P = BW + S, where S is the separation between grating elements, and 
BW is the width of the base of the sinusoidal profile. 

Fig. 3. Subwavelength gratings studied, (a) sinusoidal and (b) binary. They have a period 
P = 632 nm and are made of stainless steel. (e) Transversal sections showing the geometrical 
parameters of the profiles. In subplot (a) we have included a graphic layout showing the 
vector and components of the incoming electric field, E, the azimuth angle, cp (in our case 
cp = 45°), the wavevector, k, and the XYZ coordinate system (the incidence angle is a= Oº 
and it is not represented). 

Our model uses aplane wave impinging perpendicularly on the substrate (a = 0° in Fig. 3), 
and linearly polarized with its electric field oriented at an angle cp = 45°, with respect to the 
x- axis, and having an amplitude (1/ Yi, 1/ Yi, O) V/m. The grating is aligned along the y- axis 
and the propagation is along the z- direction (perpendicular to the substrate). The wavelength 
in the simulation, il. = 633 nm, is the same of the experimental measurement. The optical field 
distribution along the whole structure has been calculated using Comsol Multiphysics simulation 
package. The unit cell used in the model has an air layer on top, and a substrate layer (steel) at 
the bottom (see Fig. 3). The air domain is terminated with a perfect matched layer (PML) on 
top that simulates an serni-infinite domain. The interface has a shape defined by Eq. (1) and is 
defined as a dedicated layer having a height equal to GH. The source is located on top of the ai r 
domain with its wavevector pointing towards the substrate. The index of refraction of stainless 
steel is obtained experimentally at A = 633 nm as ñ steel = 2.33 + 3.3i. To represent the LIPSS 
structure we replicate the previously defined unit cell transversely by applying Floquet periodic 
boundary conditions along X and Y directions. 

This analysis uses the Stokes vector to describe the state of polarization of the reftected light, 
S = (!, Q, U, V) [4 1). I is the intensity of the beam. Q and U represent the balance in power 
between horizontal and vertical axial polarizations, and linear polarized (LP) light at 45° and 
- 45° components, respectively. Finally, V represents the balance between right and left circular 
polarization (CP) components. These parameters obey the relation I ~ ~Q2 + U2 + V2, being 
the equality condition applicable only for pure polarized beams. A normalized version of these 
parameters can be obtained just by dividing each one by the intensity, l . Then, the Stokes vector 
becomes s = ( 1, q, u , v) and the relation among them becomes 1 ~ ~q2 + u2 + v2 . In the case 
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described in this section, as far as we are assurning a perfect lD grating, these parameters comply 
with the pure polarization state condition ~q2 + u2 + v2 = l. 

The Stokes parameters of the light reflected by the fabricated structures were measured using 
an illumination spot of around 2 mm in diameter. The light source was a He-Ne laser (model 
1122P, from JD Uniphase) ernitting at A = 633 nm, with an spectral width lower than 0.002 nm . 
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Fig. 4. Fitting of the simulated (solid lines) and experimentally measured (symbols) Stokes 
parameters for samples fabricated using femtosecond laser ablation with polarization parallel 
(a), and perpendicular (b) to the direction of the movement during the sample fabrication. 
Plots (c)-(f) show the geometrical parameters GH and f3 of the profile that best fit the 
experimental data for the two sets of samples (set 1 in (e) and (e), and set II in (d) and (f)). 
The dashed red circles select the lowest f3 value on plot (e), and the highest f3 value on plot 
(f). The solid lines in plots (c)-(f) represent the cubic polynomial fitting of the geometrical 
parameters vs. P. 

The electric field distributions evaluated by Comsol are used to evaluate the Stokes parameters 
of the reflected light [34,41]. lndividually for each sample, the matching between experimental 
and simulated Stokes parameters is obtained by changing the geometry of the grating in terms of 
its height, GH, and shape, f3 (see Eq.( l )). The result of this fitting is shown in Figs. 4.a and 4.b 
respectively. The simulated values for the Stokes parameters are represented by solid color lines, 
while the experimental values are represented by colored symbols. 

The values of GH producing a best fitting are presented in Figs. 4.c, and 4.d, for set I and 
Il, respectively. The mean height for set I, and Il are GHsim = 140 ± 10 nm, and 147.5 ± 5 nm, 
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respectively. These values are close to the experimental mean value which is GHexp = 125 ± 7 nm. 
The shape parameter f3 that produces the best fitting is presented in Fig. 4.e, and 4.f for set 1 and 
11, respectively. The polarization parameters of set I fits better with sharper profiles than set 11, 
meaning that set 11 seems to have a flatter top portion in the profile. The red dashed circles in 
Figs 4.e,f correspond to the lowest and highest f3 values. These two points on the f3 plots are for 
the samples measured by atornic force rnicroscopy, AFM (see images in Fig. 2). The profile has a 
sharper sinusoidal shape in Fig. 2 .a, which corresponds to the point highlighted by the red dashed 
circle on Fig. 4.e. A ftat top profile of the LIPSS is obtained in Fig. 2.b, that corresponds to the 
point highlighted by the red dashed circle on Fig. 4.f. In both cases, the experimental profile 
images agree with the simulated values for the deformation. The SEM and AFM images show a 
structure with a localized periodicity that varíes along the samples, where the top edges have not 
an uniform profile. In this case, the values obtained from the simulation can be considered as the 
overall average for periodicity P, height GH, and top edge deformation {3. From these results, we 
see how the optical model is able to accurately predict the optical response of a non uniform 
LIPSS structures. 

3. Polarization modulation with binary and sinusoidal gratings 

To better understand the effect of the geometry of our LIPSS on the modification of the polarization 
state, besides the sinusoidal profile, we extend our calculations to binary gratings. These binary 
shape is parameterized by the height of the the profile, GH, and the width of the base, BW. In 
this section, we focus on how these geometrical parameters change the polarization state of the 
incoming light. We fix the period in both structures to P = 632 nm, that líes within the range of the 
fabricated ones. Actually, this value can be tuned by changing the fabrication conditions [ 42, 43]. 
We have used the same modeling setup used in the previous section, to conduct the calculation of 
this section. We move our analysis to ;i = 808 nm, ñsteel = 2.68 + 3.77i, because the customized 
polarizers are important in near-infrared spectroscopy [44]. The performance in power of the 
LIPSS is described by the value of the reflectance. Here, we remind that the transmittance of the 
system is zero, and the incoming power is distributed between reflected and absorbed power. As 
a consequence, a null reflectance is associated with filtering properties of the structure. 

Figure 5 represents the normalized Stokes parameters, (q, u, v), of the reflected light and the 
reflectance as a function of the height GH and the base width BW for the binary profile (left) and 
the sinusoidal shape (right). In the case of the rectangular profile, BW can be related easily with 
the fill factor as FF = BW /P. The sinusoidal shape is also characterized by the total height, GH, 
and by the distance between the minima of the profile, GW. The rest of the period not included 
within the BW range has a height equal to zero, meaning that the period of the sinusoidal grating 
has only 1 maximum. These calculations consider the shape parameter f3 = 1. The geometrical 
parameters used in this section are also depicted in Fig. 3. The maps in Fig. 5 show sorne 
combinations of the geometrical parameters that generate maximum and rninimum values of the 
Stokes parameters. In Fig. 5, we have also represented the reflectivity of the structure. These 
values should be compared with the reftectivity of a ftat surface (no LIPSS) made of the same 
stainless steel that is R = 0.6. 

To have them properly identified, we label them with a capital letter: B for binary (rectangular) 
and S for sinusoidal. Then, a subindex is added to denote the q, u, or v parameters. Finally, a 
superscript is added as 1, 11, 111, IV, V for a maximum, or mínimum locations as shown on the 
maps of Fig. 5. The geometrical parameters for these locations are given in Tab. 1 for the binary 
and sinusoidal profiles. 

The identification of the maxima and minima in the maps of the Stokes parameters makes 
possible to select geometrical parameters of the grating that generate a well defined state of 
polarization. The maximum q = 1 corresponds with horizontal linear polarization (Oº LP), and 
the mínimum q = - 1 is for a vertical linear polarization (90° LP). The maximum and mínimum in 
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Fig. 5. Maps of the normalized Stokes parameters q, u, and v, and reftectance, R, as a 
function of the geometrical parameters GH and BW for the binary (left) and sinusoidal 
(right) gratings. The maximum value of reftectivity, Rmax = 0.6, is around the reftectivity 
value given by a regular, not nanostructured, stainless steel surface. 
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Table 1. Geometrical parameters and reflectance of the selected minima, and maxima for the 
binary and sinusoidal profiles. The state of polarization of the reflected light is given in the 
column "Pol. State". 
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Fig. 6. Maps of the Azimuth, ':I', and ellipticity, x , angles as a function of BW and GH 
parameters for the binary (left column) and sinusoidal (Tight column) profiles. The contour 
lines in the azimuth maps represent the values of ':I' = 45° (in magenta), ':I' = -45° = 135° (in 
cyan), and ':I' = Oº and ':I' = 180º (in yellow). The black contour lines in the ellipticity maps 
are for a value x = Oº . The locations of the configurations with x = -45° and x = +45° are 
given as white dots in the blue and red regions, respectively. 
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u (u = ± 1) are for +45° LP and - 45° LP, respectively. For the v maps we find the maxima v = 1 
representing left-handed circular polarization (LCP), meanwhile the minima v = - 1 correspond 
with the right-handed circular polarization (RCP). A similar consequence can be extracted for 
the case of sinusoidal grating profiles (see Fig. 5.b,d,f). The corresponding reflectivity of the 
structure presented in Figs. 5. g,h, which defines the geometrical parameters where the structure 
works as a filter (minimum reflectivity). A flat stainless steel substrate has a maximum value of 
reflectivity of R max = 0.6, which is about the same maximum obtained for the structure when 
including LIPSS, as appear in Figs. 5.g,h. 

For the generated light states, we also calculated the azimuth angle: 

'P = 0.5 tan- 1 ( ~ ) , (2) 

and the ellipticity angle: 

X = tan - I ( V ) . 
J + ~Q2 + u2 

(3) 

Azimuth directly represents the rotation angle of the axis of the polarization ellipse, allowing to 
easily identify horizontal ('P = Oº), vertical ('P = 90º ) and ±45º orientations of the polarization 
ellipse (see Figs. 6.a and 6.b). The ellipticity angle allows to easily identify linear (x =Oº) and 
circular (x = ±45º) polarization states (see Figs. 6.c and 6.d). Also, it allows to exactly know 
how much the mixed light states are. This combined analysis of the azimuth and ellipticity angles 
can be made using the contour lines presented in Fig. 6. 

The physical mechanisms of the polarization conversion may involve the selective absorption 
of the field components, and/or additional phase shifts between them. The input field compo
nents generate surface currents circulating the structure. Depending on the topography, these 
currents can be attenuated through Joule dissipation or plasmonic resonances, or they can emit 
electromagnetic waves with a phase difference between components that is strongly dependent on 
the geometry. The change in the polarization state can be visualized using 3D plots of the fields 
obtained by a full wave analysis of the structure during the propagation process. The results of 
this analysis are shown in Fig. 7 for the binary grating on the left, and sinusoidal on the right 
plots. The plots use a selection of sorne points in Tab. 1 to show representative polarization 
conversion using the binary or sinusoidal gratings. In Fig. 7.a, the location of the source, LIPSS, 
reflected light, and PML domains are shown using yellow arrows. The reflected light can be 
axial LP as in Fig. 7 .a,b, or ±45 LP as in Fig. 7 .c,d. Finally, the conversion from LP to CP light 
are shown in Fig. 7 .e for the LCP, and Fig. 7.f for the RCP. 

The previous analysis is a particular case for just one incident illumination, 45° linear 
polarized light. However, in order to totally characterize the polarimetric properties of the LIPSS 
structure, the polarization matrix of the material must be calculated. Since we assume that 
LIPSS are periodical, depolarization analysis is not required, so we can use the Jones formalism. 
Mathematically, this is written as 

( 
Ex out ) ( P xx P x y )( Ex,m ) E out = Pupss E m = ' = . 
Ey,out P y x P yy E y ,m 

(4) 

In our case, the grating generated as a LIPSS, can be described by the corresponding Jones 
matrix, Pupss, and the input and output vectors, E¡n and E oui. describe the incident and reflected 
light beams, respectively. Since the coordinate axis is aligned with the axis of the grating, the 
matrix becomes diagonal, meaning that P x y = P yx = O. Under these conditions 

Pupss = ( (5) 
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Fig. 7. A full wave propagation of the electric field on LIPSS for (a,c,e) binary grating, 
and (b,d,f) sinusoidal grating. The yellow arrows in (a) define the location of the source, 
LIPSS, Reflection, and PML. The electric field in subplot (c) is linearly polarized and 
oriented along the 45° direction, being the point of view of the graphical representation 
alrnost coincident with the direction of the electric field vector. The labels for each field 
representation corresponds with the cases presented in Table 1 and figure 5. We have also 
plotted the elect.ric field dist.ributions, along with the field evolution at the output, to help to 
understand the physical mechanism involved in the conversion. 
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Then, it is possible to obtain the two non-zero elements of the Janes matrix by just comparing 
the input and output electric field components 

= IEx,oui/ E x,inl , 

= IEy,oui/Ey,inl, 

= angle(E y,out) - angle(Ex,out) . 

Also, the reflectance of the LIPSS can be calculated as 
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Fig. 8. Maps of the modulus of the elements of the Jones matrix IP xx 1 and IPyy I, and the 
relative phase shift between the electric field components of the reftected wave, </J, in terms 
of the geometrical parameters GH, and BW. The left column is for the binary profile and 
the right column is for the sinusoidal shape. The yellow line in the phase map corresponds 
with the configuration that shows an equal value of the modulus of the diagonal elements of 
the Jones matrix. The dots are the locations on the P xx = P y y line where </J = ±n /2, i.e., 
geometries for CP. These dots coincide with those presented in Figs. 6.c and 6.d. 

(6) 

(7) 

(8) 

(9) 

Finally, we calculated these parameters from the simulations shown previously. Figure 8 
represents the modulus of P x x and P y y , and the relati ve phase difference, <P, between the 
components of the reflected electric field for both the rectangular profile (left column) and 
the sinusoidal profile (right column). These maps are given as a function of the geometric 
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parameters, GH and BW, of the binary (rectangular) and sinusoidal profile. With Eq. (9) we 
obtain the maps ofthe reftectance given in Fig. 5.g,h. The minimum values obtained in IPxxl 
and 1Pyy1 for the rectangular pro file determine the geometrical configuration that genera tes a 
linear polarization state along the y-axis and x-axis, respectively. We can also look for the 
geometrical configurations having an equal value of the two diagonal elements, P xx = P YY • and 
producing a phase shift <P = ±JT /2, because these configurations will generate circular polarized 
waves. To obtain these configurations we have plotted a yellow line on the phase shift map, 
that represent the cases where IPxxl = IPyy l, blue circle for <P = -rr/2, and orange circle for 
<P = +rr /2. These locations are the ones where the LIPSS behaves as a quarter wave retarder. The 
Jones analysis shows that, by a proper selection of the LIPSS's geometry and orientation, these 
systems can transform any pure state of polarization into any other. 

4. Conclusions 

We show how the fabricated stainless steel LIPSS can produce a change in the state of polarization 
of an incoming radiation under normal incidence conditions. The Stokes parameters of severa! 
experimental samples with different period and height have been measured. These results have 
been compared to simulations obtained to FEM. The shape of the LIPSS has been tuned in order 
to match the simulations to the experimental results. The resulting parameters for the fitting are 
in accordance with the experimental profiles derived from SEM and AFM images. 

Once the simulation conditions are validated, we have made a detailed analysis of the LIPSS 
geometry for binary and sinusoidal shapes to find those configurations that generate a significant 
variation of the state of polarization of the incoming light. By controlling the steel nanostructure 
geometry, we can tune the polarization characteristics. These devices can act as wave-retarders 
or linear polarizers. Tn fact, we have dernonstrated that a custornized profile ofthe LTPSS can 
generate any polarization state into when illuminated by a linearly polarized beam having an 
azimuth of 45º . As a summary, we can conclude that the analysis made in this contribution can 
promote the use of LIPSS on stainless steel to fabricate low-cost retarders and polarization filters. 
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1 1 

Abstract: We study the propagation of coherent broadband light through laser induced periodic 
surface structures (LIPSS) fabricated on diamond surfaces. 30 finite-difference time-domain 
(FDTD) simulations were carried out for a variety of experimentally produced LIPSS morpholo
gies, which include the specific nanometer-scale mesoscopic irregularities arising from the 
fabrication technique. We compare their performance with sinusoidal grating-like structures, 
showing that the specific features present in LIPSS nanoripples produce a considerable scattering 
and diffraction when compared to the ideal nanostructures. With a view on determining the 
scope of the potential optical and photonic applications of LIPSS, we evaluate the effect of these 
irregularities on the transmitted spatial beam quality and the spatial phase characteristics of the 
optical wavefront in a broad spectral range. 

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement 

1. lntroduction 

The direct laser fabrication of micro- and nanostructures in semiconductor materials has recently 
arisen keen interest in the scientific community. For instance, diamond and silicon nanophotonic 
devices have been the focus of intense research towards the next generation of integrated photonic 
circuits and quantum technologies [l-4]. The well-known outstanding properties of diamond, 
such as its hardness, thermal conductivity, and optical characteristics have turned it into one of 
the most interesting materials for photonic source development [5,6), integrated photonics [7,8] 
and quantum applications [3,4,9). 

A key interesting aspect is in the fabrication of functional nanostructures on diamond, such as 
metasurfaces at subwavelength scales since they can lead to effective ways of controlling light 
propagation. Those include light trapping [10), control ofthe reftection at specific wavelengths, 
orto alter the light wavefront in a controlled manner, to name a few [ 11 , 12). The fabrication 
of such structures can be carried out in different ways, where the main driving force is in the 
simplicity and convenience of using directly laser-written nanostructures. 

The need for specific morphological features depends heavily on the application of interest, and 
they range from controlled formation of nanocrystals to nanometer-scale patterning. Currently, an 
important application where diamond metasurfaces are relevant is in their use as optical coatings 
that can operate at high-power in diamond-based photonic systems [13,14). Diamond has also 
shown exceptional capabilities as a Raman-active medium for the construction of high power 
lasers [5, 15- 17]. One of the main drawbacks here is that these lasers typically require effective 
anti-reftective (AR) coatings for the spectral ranges of operation. These AR coatings are also 
important in terms of minimizing spectral or etalon effects that affect the spectral performance of 
diamond Raman lasers [18,19]. 
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The need for diamond AR coating technology leads to significant limitations in terms of damage 
threshold, robustness and cost of these lasers [20). In this sense, the physical properties that 
make diamond an excellent material for photonic applications, such as high index of refraction, 
also make it challenging for multi-layer dielectric coating deposition. Typical approaches rely on 
the fabrication of multi-layer thin-film optical elements along the propagation path. A possible 
alternati ve consists in the nanopatterning of the surface of the active medium, with the aim of 
producing a moth-eye effect that adds AR properties to the surface at broad wavelength ranges 
[21 ). However, diamond is a demanding material to physically nano-pattern due to its extreme 
hardness and resistance to modification using conventional chemical etchants [22). To date, 
lithographic techniques such as electron-beam lithography, are the main processes in order to 
fabricate these kind of structures [23). Moreover, it has already proven its ability to produce 
convenient nanostructures for the UV range [2]. 

Alternatively, the LIPSS fabrication technique is a fast, simple and cost-effective manufacturing 
approach when compared to the aforementioned techniques and allows the direct laser fabrication 
of nanopatterns ranging from hundreds of nanometers to few tens of nanometers [24]. This 
strategy has already shown promising results regarding the fabrication of effective diamond 
metasurfaces [13]. In fact, the production of LIPSS-based nanostructures in diamond and the 
study of its photonic properties is an emerging field of research [1 3,14,25- 27]. One of the 
challenges here resides in the difficulty of producing reliably the required aspect ratio to behave 
as effective AR coatings [28]. 

The LIPSS technique applicability is not limited to the production of AR coatings. Other appli
cations include the utilization of the diffracti ve and refracti ve properties of both the nanostructures 
and the diamond itself, which remain largely unexplored. Examples of applications include 
light trapping devices [ 10], energy harvesting [29] or ultra-low power sensing [30,31]. Recently, 
light trapping nanostructures have been considered for assisting quantum state manipulations in 
ni trogen-vacancy (NV) centers in diamond [32,33]. Sorne of these applications not only require 
of challenging structures with high aspect ratios, but also low scattering losses. The effects of 
LIPSS on the beam quality remain to be explored. 

In this work, we fabricate diamond nanostructures utilizing the LIPSS technique and simulate 
their photonic response for a broad spectral range in the near-IR. In addition, we compare the 
generated LIPSS to ideal sinusoidal nanostructures, aiming at the analysis of the effect of the 
LIPSS morphology, including nanoparticle formation, shape imperfections, irregularities and 
roughness. In addition, we study the aspect ratio dependency on their effectiveness as AR 
coating. The simulations were carried out using 3D FDTD simulations. Our results show that the 
suitability of LIPSS as AR coatings is strongly dependant on the aspect ratio and the scattering 
and diffractive effects. Therefore, strategies to improve the geometrical mesoscopic features of 
the nanoripples are still needed. 

2. Experiments 

The nanostructures analyzed by FDTD simulations were based on experimental measurements 
performed to the fabricated LIPSS. The nanoripples where produced by a frequency doubled 
Ytterbium-doped solid state laser generating ultrafast pulses (380 fs) at 520 nm with a l MHz 
repetition rate. The majority of the fabricated nanopatterns were produced with an average of 20 
pulses per spot and fluence values slightly above the ablation threshold. This value was found to 
be approximately 2 J/cm2 , while the laser fluence was varied from the ablation threshold to a 
maximum value of 6 J/cm2 . The morphology of the generated structures do vary within that 
range, and in order to produce high quality nanopatterns the total impinging cumulative fluence 
was in the order of 25- 85 J/cm2 [14). The manufactured sample consisted on a single synthetic 
diamond crystal Type Ila (Electronic grade, Element6), with growth direction in the < 100> 
crystallographic axis, so the manufacturing laser light was collinear to this axis. Additionally, the 



218 A. Articles published in indexed journals

•MW@N.fi§I-• Vol. O, No. O I 00 00 0000 I Optical Materials Express 3 

EXPRESS 

roughness was Ra < 5 nm for all the diamond faces , the absorption was < 0.005 cm- 1 at 1064 
nm and the birefringence was !'1n < 2· 10-5 along the entire length of the crystal. Meaning that 
our sample presented low absorption and could be considered birefringence free. 

The fabricated structures showed a periodicity of 470 nm as indicated by the field-emission 
gun scanning electron microscopy (FEG-SEM)) (see Fig. l [a, c]), although the 3D model of the 
structures was created based on the measurements with the atomic force microscope (AFM) (see 
Fig. l (b)). This was done in order to preserve the accurate depth information provided by the 
AFM. There was however a discrepancy of up to 20% between AFM and FEG-SEM results, and 
so the structures simulated herein correspond to the measurements performed with the AFM. 
The study is then completed with altered versions of the actual LIPSS morphology in which the 
aspect ratio is artificially adjusted. 
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Fig. 1. a) SEM photography of the fabricated LIPSS. b) Pro file of the region of interest 
(ROi) indicated in a) showing each of the different AFM traces performed with a separation 
distance of l µm and represented in different colours (yellow to purple). e) Average spatial 
Fourier transform of the ROi indicated in a) and (inset) 2D Fourier transform of the same 
ROL 

In the following section we show simulations of the experimentally measured nanostructures 
with adjusted aspect ratios by a factor of 2, 4, 6 and 8 . In the same way, we study the light 
propagation characteristics through sinusoidal structures with the same periodicity and aspect 
ratios as for the previously described ripples, to compare ideal surfaces with realistic ones 
presenting nanoparticles and other features consequence of the fabrication process. 

3. Simulations 

The transmission through the nanostructured surface has been described based on the concept of 
"fill factor". That is, when the average spacing among the peaks and valleys of the LIPSS is small 
compared to the wavelength in the medium, the transmitted light will experience an average 
refractive index of the two materials, which gradually varíes from the index of the incident 
material (usually air or vacuum) to the index of the substrate. This approach is known as effective 
medium theory (EMT), and even though is a powerful method for calculating the response of 
highly regular nanostructures, it is not directly applicable to LIPSS. This is in part because of the 
spatially variable structure pitch and morphology arising from the fabrication process. Our goal 
here is to study the transmission and reftection waves through realistic LIPSS nanostructures 
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with a more precise outcome. In the following, we evaluate the spectral response in terms of 
transmission and reflection of light through the LIPSS and compare it with a sinusoidal design. 

Compared to EMT, FDTD and Rigorous Coupled Wave Analysis (RCWA) are the two main 
alternative techniques for a fast and precise resolving of the propagating optical fields using 
Maxwell' s equations. We selected full 30 FDTD in arder to be able to reproduce the asymmetries 
and variations of the nanostructures in the different spatial scales. We performed the calculations 
utilizing the high-performance photonic simulation software Lumerical (ANSYS, /ne). A wide 
range of wavelengths was covered through ali the simulations by resolving the equations in the 
time-domain [34] and evaluating accurately the effects produced by the material morphology. 
We performed FDTD simulations to ten different surface morphologies and nanostructure aspect 
ratios across the spectrum from 840 nm to 2 µm. Which is a particularly interesting range for 
communications, spectroscopy and sensing applications in the eye-safe region [35,36]. Moreover, 
achieving high aspect ratios at shorter wavelengths can be challenging [14], increasing the interest 
on the near-IR region. 

The simulation environment was set to be a diamond cuboid implemented in the software by 
the use of the corresponding Sellmeier equation found in [37]. The dimensions of the diamond 
were 25 x 25 x 42 µm3, while the nanostructures were placed centered on the top of the cuboid 
with an area of 1 O x l O µm2 . The light source generates a broadband Fourier limited laser pulse 
as the result of simulating a broad spectral range covering from 840 nm - 2 µm with a spectral 
phase equal to O across the spectrum, resulting in a 5.58 fs pulse at the source. When solving 
this spectrum in the time-domain we observed the propagation of a dispersive pulse through the 
nanostructures and the diamond, presenting a transversal Gaussian beam profile with a waist 
radius (wo) of 2 µm. Two complex electric field monitors were used to capture the transmitted 
and reflected light. The transmission was measured with a 25 x 25 µm2 monitor at a distance of 
45 µm from the light source and at the bottom of the cuboid as depicted in Fig. 2, so the capturing 
of the entire transmitted beam was guaranteed. And the reflection detector was placed above the 
light source at a few microns distance. The defined boundary condition for the light source was 
set to be a completely transparent element, so that it does not interact with the reflected light 
being able to be captured by the refiection detector. While in the case of both detectors, light 
does not propagate further since they were set to be perfect absorbers. 

3. 1. Transmission, reflection, and overall losses 

Our calculations were performed for an area covering 4c:r of the input Gaussian electric field 
spatial distribution E0(x , y, z =O)= Eo exp (-(x2 + y2)/c:r2)x. Here the polarization was selected 
perpendicular to the nanostructures. The complex electric field readout in the transmission 

detector (ET(x, y, zo)) located at z = zo = 45 µm had an area equivalent to 3c:r in terms of the 
input Gaussian profile, resulting in an overall measurement error of less than 1 %. The reflected 

electric field ER(x, y, - oz), in contrast, was obtained from a 9 x 9 µm2 planar field monitor placed 
just above the light source at a distance óz = 6 µm. 

Examples of the measured intensity profiles are shown in Fig. 3, in logarithmic scale for visual 
aid. The results obtained from the aforementioned simulations are considerably different from 
previous studies in the literature, where the LIPSS morphology is often approximated to a fitting 
function that resembles the AFM measured nanostructure profiles [13]. The specific irregularities 
arising from the experimental LIPSS process affect the surface of the material in a unique way, 
such effect is evident observing Fig. 3. An increment in the aspect ratio has a noticeable effect 
on the quality of the transmitted optical beam, particularly at shorter wavelengths as can be 
appreciated in Fig. 3(a) and (d). The effect becomes less prominent for longer wavelengths as 
shown in Fig. 3 [b, c] and [e, f]. This is an expected result consequence of the wavelength
dependent evanescent wave condition for nanostructures with periodicity A between media with 



220 A. Articles published in indexed journals

•MW'di.ntffii-• Vol. O, No. O/ 00 00 0000 / Optical Materials Express 

EXPRESS 

9x9 µm monitor 

Gaussian light sour~ 

Diamond nanostructu:...:re:.:s7Y6;!f8fü---:7I 

z 

························· ······ 

25x25 µm monitor 

Diamond block with 
absorptive walls 

Transmission detector 

Fig. 2. Schematic illustration of the setup utilized for the 3D FDTD simulations, including 
the size and position of the light source and monitors as well as the transmitted beam 
propagation. 

5 

index n 1 and n2 atan angle of incidence e, which corresponds to A= A [max(n1, n2) + n1 (sin 8)] 
[ 14]. 
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Fig. 3. The simulated transmitted beam profiles at z = zo of the light intensity in logarithmic 
scale for the nanostructures at 840 nm, 1.3 µm and 2 µm (a, b, e) and for the original sample 
adjusted to a 8 times bigger height for the same wavelengths (d, e, f). 

In order to quantify the effect of the nanostructure aspect ratio, the height of the nanostructure 
profile was progressively increased. Figure 4 shows both the transmission of the zero-order 
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diffractive mode M = O and the contribution of higher-order diffractive modes IMl>O to the 
transmitted beam for real and ideal nanostructures. Depending on the application, diffracted 
light may be useful (such as for light trapping devices), whereas low diffracting beams are 
necessary in laser applications. This is because diffracted light and scattering is often translated 
into transmission losses for applications such as AR coatings. It is important to remark that the 
reduction on the diffraction losses at shorter wavelengths observable in Fig. 4 for the high aspect 
ratio sinusoidal structures, is attained to the fact that the diffraction angle for IMI = l is small 
enough; so that the detector is capturing these modes, as we can also see an increment in the 
transmitted signal. 
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Fig. 4. Simulation results of transmission and diffraction for each of the samples at ali the 
different heights, the left side image corresponds to the featured sample and its adjusted 
heights, while the right side image corresponds to theoretical sinusoidal structures. T(A) 
corresponds to the transmission through the structures with different aspect ratio A, whereas 
L(A) corresponds to the amount of power loss for different aspect ratios A through higher 
order diffraction and scattering. 

2 

In the simulations, the lateral faces of the diamond cuboid were selected to be an impedance 
matched absorbing surface without any reftections, whereas the diamond material had negligible 
absorption. The quantity (per unit) of the cumulative losses due to diffraction and scattering was 
then calculated by: 

fJ IET(x,y, zo)l2dxdy + JJ IER(x,y, -oz)l2dxdy 
l = 1 - (T + R) = 1 - ~ , (1) 

fJ IEo(x, y, O)l2dxdy 

where T is the transmitted portion of the beam that impinges the transmission detector and R is 
the reftected portion that is captured by the reftection detector. The remaining portion of light 
is assumed to contribute to diffraction losses, in fact computationally the quantity T + R + L 
accounted for practically 100% of the input light. The aspect ratio A is defined here as the ratio 
between the peak to valley nanostructure height h and periodicity J\, so that A = h/ J\. 

Yalues for T and L for both real and ideal structures are given in Fig. 4 for a bread range of 
wavelengths. As expected, as the aspect ratio of the structures is increased, a higher transmission 
is attained at longer wavelengths. lt is also clear from this analysis, that real LIPSS nanostructures 
have considerable high order diffraction and scattering contributions even at long wavelengths 
when compared to ideal sinusoidal structures. This is probably because of the complex 20 spatial 
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frequency distribution present in the LIPSS structures, which was depicted in Fig. l (b), meaning 
that the evanescent wave condition mentioned above is not entirely or appropriately fulfilled. 

Likewise, Table 1 summarizes values for the reftectivity factor R for the processed samples 
with a variety of aspect ratios at three representative wavelengths (840 nm, 1-3 µm and 2 µm). 
The results show that LIPSS nanostructures exhibit in most cases superior AR behaviour than the 
sinusoidal structures. 

Table 1. Measured reflectivity in the símulation setup for each 
of the simulated structures, being "LIPSS" the ones referring to 

the featured LIPSS-like structures and "Sine" the perfectly 
sinusoidal generated nanostructures. The values are 

represented for all the simulated aspect ratios at three different 
wavelengths along the simulated spectrum. Aspect ratio O 
corresponds to a diamond bare surface with no structures. 

Reftectivity [O/o] 

A= 0.84 µm A= 1.3 µm 1l = 2 µm 

Aspect Ratio LIPSS Sine LIPSS Sine LIPSS Sine 

o 16.67 16.67 16.67 16.67 16.67 16.67 

O.t i 14.39 15.79 15.59 15.40 15.90 14.79 

0.22 11.58 13.86 12. 15 12.90 14.02 12.67 

0.45 5.97 8.42 6.7 1 9.94 8.87 9 .75 

0.67 3.43 4.97 3.23 7.95 4.27 8.59 

0 .89 2.00 5.40 1.99 5.36 1.88 6.30 

Further analyzing the propagated light, the results show that even though the transmission 
of light through LIPSS can be efficient, there is significant distortion originated by small-scale 
diffractivc cffccts causcd by thc irrcgularitics in thc gcomctry of thc nanostructurcs. This is 
analyzed employing the Strehl ratio and studying the transmitted wavefront at the detector 
position. 

3.2. Wavefront analysis 

In terms of determining how severely the wavefront was affected by the diffractive and scattering 
effects, we measured the 3D complex electric field in ali of the simulation volume E(x, y, z), for 
the featured original sample (A = 0. 11 ) and evaluated the wavefront at z = zo (see Visualization l 
as an example). This measurement was performed in order to calculate the Strehl ratio of the 
beam at the transmission detector, so a quantitative measure of the beam quality reduction could 
be performed. The Strehl ratio S(zo) was calculated following the approximation [38]: 

(2) 

where <Tp is the RMS deviation of the difference between the measured phase front <P at point 
(x, y, zo) of the transmission detector and the ideal propagated Gaussian beam phase front <Po at 
the same point, so that <Ti(zo) = ((rp(x, y, zo) - <Po(x, y, zo))2 ) . The spatial wavefront phase in the 

detector plane at distance zo is calculated from the 3D electric field E(x, y, z) in the polarization 
angle parallel to the unitary vector x, that is Ex(x, y, zo), which is also parallel to the polarization 
vector of the light source as follows: 

<jJ(x,y, zo) = arg(Ex(x,y, zo)). (3) 

We study the wavefront distortion of the transmitted beam ata range of wavelengths between 
840 nm and 2 µm. Figure S(a) shows the results for the Strehl ratio for two di fferent scenarios, the 
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first one (blue) is for the region concerning the entire transmission detector surface 25 x 25 µm2, 

while the second case (orange) is for a 10 x 10 µm2 area centered into the beam irradiance peak 
and contains more than 99% of its energy. 
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Fig. 5 . Wavefront analysis of light transmitted through LIPSS structures with an aspect 
ratio of 0.11: a) Strehl ratio measured for the entire detector (blue) and the reduced ROi 
(orange) at different wavelengths across the IR spectrum. b) Wavefront of the propagated 
wave at the transmission detector at 2 µm. c) Wavefront profile of the transmitted wave along 
the x and y axis (orange) and for the residual wavefront when compared toan ideal Gaussian 
beam at 2 µm (blue). d) Residual wavefront of the transmitted beam after substracting the 
wavefront of an ideal Gaussian beam at 2 µm. 

As can be seen in Fig. 5(a), the Strehl ratio for wavelengths above 1 µmis S ~ 1, being mostly 
atfected by scattering etfects just in the outer region of the beam. When it comes to longer 
wavelengths at 2 µm, due to the periodicity of LIPSS the beam is not exposed to distortion effects, 
as depicted in Fig. 5(b) and (d) the beam in the entire detector region remains nearly unperturbed. 
In the case of the image Fig. 5(b) we can observe the phase of the beam at the detector, while 
image d) shows the residual phase of the beam after substracting the ideal Gaussian beam 
wavefront. This compensation and the paltry etfect of ditfraction can be clearly appreciated in 
the lineout of the profiles represented in Fig. 5(c). 

In terms of the phase of the full electric field distribution at the transmission detector, we observe 
that the transverse field distribution features a quasi-azimuthal angular dependence, which appears 
to carry orbital angular momentum (OAM), probably as a consequence of the nanostructures 
defects producing a null intensity point that derives into these kind of phase singularities [39]. 
Indeed , this OAM phenomena have a grown interest for the scientific community nowadays, 
mainly dueto their applicability in the quantum field [40,41 ]. Figure 6(a), b) ande) show the 
wrapped phase front of the transmitted beams at 840 nm, 1.3 µm and 2 µm, respectively. Here, we 
can observe how at shorter wavelengths, due to their relative size to the period of the LIPSS, the 
wavefront begins to present strong phase discontinuities in the beam edges (see Fig. 6(a)). A more 
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