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Abstract

In this thesis, a Spatial Light Modulator (SLM) and a nano-structured S-waveplate
were integrated with a picosecond laser system and employed to generate complex
vector optical fields. Precise tailoring of optical vector beams is demonstrated,
shaping their focal electric fields.

Using novel optical setups, radial and azimuthal polarizations with and without
vortex phase wavefront were created, producing complex laser micro patterning on a
polished metal surface. Imprinting Laser Induced Periodic Surface Structures(LIPSS)
elucidates the detailed vector fields around the focal region, which shows clearly
how the Orbital Angular Momentum(OAM) associated with a helical wavefront
induces rotation of vector fields along the optical axis of a focusing lens. In addition,
unique, variable logarithmic spiral micro-structures were imprinted on the metal
surface. These are the first experimental observations of such micro-structured
spirals created by multi-pulse exposure with spiral vector fields which are shown to
be due to superpositions of plane wave radial and azimuthal polarizations.

A comparative analysis of micro-drilling with radially, azimuthally, circularly and
linearly polarized beams with various wavefront was also carried out. The results are
compared in terms of quality and efficiency, illustrating how the distinct machining
properties associated with each beam make it best suited for specific processes or
materials. A radially polarized beam was considered as the most efficient at drilling
high-aspect-ratio features.

By applying an axicon phase map on the SLM, annular shaped laser beams with
adjustable dimension were created and employed in semiconductor thin film
selective removal, which enhanced processing speed to a new level. Furthermore,
annular beams with radial and azimuthal polarization were generated, imprinting
complex concentric ring LIPSS pattern on a polished stainless steel surface. Side
white light illumination tests demonstrated distinguishable bright strips on these
rings due to diffractive properties of LIPSS, which offers a novel way in variable
information encoding technologies.

Finally, synchronization of vector field polarizations with micro-positioning at a
material surface was demonstrated, leading to potential industrial applications of this
work.
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Fig. 6.17 interferometric microscope image shows ITO sample machined by single
Gaussian beam with 15 scans (top); cross-sectional profile of track analysis in Y
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Chapter 1 Introduction
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1.1 Research background and motivation

Ultrashort pulse lasers have expanded applications of materials modification and is a
very useful and versatile tool in the micro-processing area, a relatively new research
field which emerged in the mid 1990’s. Ultrashort pulse lasers demonstrate high
beam quality, thus allowing tight focusing for production of features at the micron
scale and so precision micromachining is achievable. Furthermore, the ultrashort
temporal pulse length created the possibility to control the time constant for the
laser-material interaction and allowed minimal damage during ablation which
reduces melt and results in a tiny heat affected zone. Pulse energy is compressed

within a very short time-span, resulting in ultra high level peak powers.

In the past few years, the benefit of materials processing with cylindrical
polarizations has been described by several research groups [1-3]. The outstanding
advantage of these polarization states is that the complete surface is processed with
the same spatially constant polarization state. This allows direction independent
movement of the substrate and avoid the polarization effect during processing. For
example, in micro-drilling using linear polarized laser beam for a high aspect ratios,
the exit holes will appear distorted due to the polarization dependent Fresnel

reflections[4].
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Non-conventional beam shapes have the advantage that they can be explicitly
designed to meet the requirements of a given material configuration or application
that could not be feasible with either Gaussian or Top-hat beams. For instance,
optical vortex (OV) beam with a well-defined orbital angular momentum (OAM)
carries a helical wavefront with a phase singularity in the center [5]. It has been
shown that the OAM effects on the laser ablation process by using OV beam provide
smoother processed surfaces and deeper drilling than conventional beam [6].
Another example is the use of Bessel annular beams in percussion drilling offering
optical trepanning with adjustable hole size has been demonstrated in drilling

sub-millimeter size through-holes on stainless steel [7,8].

Both the two techniques above enhance the laser processing efficiency, hence by
combining the control of laser beam polarization and wavefront together leads to an
interesting approach and taking laser processing technique to a new level. Such an
approach in laser-materials research has rarely been demonstrated and so this area is

ideal for a research study.

1.2 Objective and contribution

The aim of this thesis is to highlight the capabilities of tailored optical vector beams

with ultrashort picosecond pulses as an advanced technology in laser
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micro-processing. Research was focused on the generation of cylindrical vector
beams with various wavefronts and developing the method for analysis; also
included the potential application in several research field. The main objectives of
this thesis are:

® To elucidate the factors of generating highly advanced vector laser beams.

® To demonstrate the tailored laser beam during surface processing

® To demonstrate the use of tailored laser beams in micro-drilling

® Identify the optimized operating parameters in various applications.

In this thesis research, a unique method of combining polarization and wavefront
control was explored by using a nano-structured waveplate (polarization control)
and spatial light modulator (SLM, wavefront control) in the setup. As an SLM is a
dynamic diffractive optic, dynamic modulation of the above two properties can be
achieved. The surface micro-structures observed and measured laser beam intensity
profiles during the experiments helped to confirm these two key factors

unambiguously in accord with theoretical predictions.

In the surface processing experiments, the use of tailored vector beams open
potential applications in optical data encoding and selective ablation in
semiconductor manufacturing. Moreover, a comparison between the conventional
beams and tailored vector beams in laser micro-drilling, generated considerable data
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and showed how the influence of polarization state and intensity profile determine

the processing speed and quality.

1.3 Overview of this thesis

Chapter 2 provides an introduction to relevant background information on ultrafast
laser micro-processing, polarization and wavefront control of laser beams. A
literature review of ultrafast laser surface processing and micro-drilling and their

applications is included.

Chapter 3 provides a description of the experimental equipment, setup and
methodology used to implement and analyze the experiments described in this

thesis.

In Chapter 4 a Spatial Light Modulator (SLM) and a micro-structured S-waveplate
were integrated with a picosecond laser system and employed to structure the vector
fields into radial and azimuthal polarizations with and without a vortex phase
wavefront as well as superposition states. Imprinting Laser Induced Periodic Surface
Structures (LIPSS) elucidates the detailed vector fields around the focal region. In
addition to clear azimuthal and radial plasmon surface structures, unique, variable
logarithmic spiral micro-structures with a pitch A~1um, not observed previously,

were imprinted on the surface, confirming unambiguously the complex 2D focal
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electric fields.

In Chapter 5, the produced vector beams were used for micro drilling, showing how
the intensity profile and state of polarization in the focal plane influence the
processing speed and quality. These results illustrate how tailored vector beams can
be used to optimize laser micro-processing. The great advantage of the method
described here is its flexibility, with an almost infinite range of optical field

combinations.

In Chapter 6, the SLM with applied axicon phase map can generate the annular
shape laser beam. The size of annular ring can be adjusted by the various axicon
phase map. Combined with an S-wave plate, one can obtain annular beams with
radial/azimuthal polarized states. The produced annular beams were used in thin

film drilling, ITO removal and surface patterning.

Chapter 7 summarizes the results achieved in this research project and maps out

potential future industrial applications and provides suggestions for future work.
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Chapter 2 Literature review
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2.1 Introduction to ultrafast lasers

Laser is an ideal tool to in the world of Micro-processing and is essential in future
micro-engineering development. Laser micro-structuring is a method of fabricating
small feature size structures, typically 100um, or less, using laser beams from the
near infrared to deep ultraviolet. The laser pulse length range has become shorter
and shorter since the invention of laser in 1960s [9]. Only decades ago, Q-switched,
10ns pulses would be the shortest obtainable but after the introduction of mode
locking techniques[10,11],picosecond and now femtosecond lasers are applied
industrially. Even shorter pulses, termed attosecond (10%s) can be generated and
observed in the laboratory [12], and the trend for generating ever shorter pulses has
never stopped. Precision micromachining with few exceptions is carried out with
nanosecond (ns), picosecond (ps) or femtosecond (fs) laser pulses. In the main case,
Ultrashort pulse laser micro-processing of materials is a relatively new research field
which emerged in the mid of 1990s.[13] After that, it was recognized that the
advantages of ultrashort pulse laser over ns for micro-processing of materials was
significant and research in this field sharply increased throughout the world. Ps and
fs pulse length of the ultrafast lasers can interact with the material in so short a time
scale that thermal effects can be negligible. This created the possibility to precisely
control the time constant for the laser-material interaction and allowed minimal
thermal damage during material structuring or material removal. Furthermore,

ultrashort pulse laser often have high beam quality, hence fine focusing allows the
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production of features at the micron scale.

Producing such fs pulse durations at the level of pulse energy required for
micro-manufacturing processes is generally achieved with a combination of
advanced optical techniques, such as mode locking, and Chirped Pulse
Amplification (CPA). Mode locking enables the production of extremely short, low
energy nanojoule (nJ) laser pulses, whereas CPA enables their amplification to
achieve a pulse energy in the millijjoule (mJ) range, as required in
micro-manufacturing applications. For generating ps laser pulses, CPA can be
avoided and uses an active medium based on neodymium-doped crystals (e.g.

Nd:YAG or Nd:YVO,), which allow for direct diode pumping.

Most of the experimental work described in this thesis uses a ps-pulse laser source,
namely a High-Q IC-355-800 Nd:VAN regenerative amplifier laser. This laser
source has a diode pumped mode locked Nd:VAN oscillator (30MHz) and a
regenerative amplifier to produce an energetic (200uwJ), 10 ps pulse train at a

wavelength of 1064nm and 5-50kHz rep. rate.
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2.1.1 Mode locking

Mode locking is a technique which is used to produce ultrashort laser pulses by
inducing a fixed phase relationship between the oscillating electromagnetic field
modes (i.e. the longitudinal modes) of the laser’s optical cavity. This was first
proposed by Lamb in 1964 [14] and observed experimentally by Hargrove et al [15].
By their nature, ultrashort-pulse lasers emit radiation over a broad range of
wavelengths. Thanks to mode locking, the wavelength components are timed exactly
so that their electromagnetic field modes nearly cancel each other out, except for
during a tiny period of time when they combine constructively in one intense pulse

(see Fig.2.1).

The wavelength of electromagnetic radiation modes that oscillate in a laser’s optical
cavity are determined by two factors. The first one is the lasing transitions that occur
in the laser gain medium. In an ultrashort-pulse laser, the gain medium is chosen to
have a broad range of lasing transitions (i.e. a large gain bandwidth Av). For
example, a titanium-doped sapphire has a lasing wavelength range of approximately
300nm centered near 800nm i.e. a gain bandwidth Av of 130THz, and hence can
support a temporal pulse-length t = 1/Av = 8fs [16]. The second factor is the length
of the optical cavity that surrounds the gain medium. The cavity length allows a set
of discrete wavelength components (i.e. those that have an electromagnetic field

mode with nodes at the cavity’s end mirrors) to be amplified. By mode locking a
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broad range of wavelengths, an ultrashort pulse is produced at a dynamic point in
the cavity, at which the many electromagnetic field modes interfere constructively.

This point of coincidence moves back and forth in the cavity at the speed of light.

longiludinal cavily
modes
|
|
-i— —
L,
cinzulating ultrafast ultrafast output
pulzsa pulses
high output
reflector coupler

Fig. 2.1 A number of longitudinal modes in the laser cavity produce the resultant output
ultrashort pulse.[17]

It is noted that mode locking does not occur naturally in a laser cavity. Without using
an appropriate mode locking technique, the phase of each mode in the free running
laser cavity would be uncorrelated from the other modes and the resulting output
mode structure would fluctuate randomly. Mode locking can be achieved through a
variety of techniques, separated into two groups: active mode locking and passive

mode locking.

Active mode locking uses a dynamic light modulation device in the laser cavity,
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externally driven with a synchronized signal. This is usually an acousto-optic
modulator, which acts as a controllable attenuator. The light bouncing between the
mirrors of the cavity is either attenuated when the device is “off”, or transmitted
through when it is “on”. The modulator is “switched on” periodically each time the

pulse has completed a cavity round trip.

Passive mode locking does not require any external input signal, and instead relies
on the addition of a saturable absorber to allow modulation of losses by the cavity
itself. A common saturable absorber used in many ultrashort lasers system is a
semiconductor saturable absorber mirror (SESAM) which has a lower reflectivity

for low-intensity light and higher reflectivity for ultrashort high intensity pulses.

It is noted here that lasers which operate in a continuous wave fashion (CW laser)
have their electromagnetic radiation modes oscillating randomly in the laser cavity,
with no fixed relationship between each other. This leads to a near-constant output

intensity with no laser pulses.
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2.1.2 Chirped Pulse Amplification (CPA)

For the fs ultrashort pulse laser oscillator usually operates at a higher pulse
repetition rate (i.e.~20-30MHz), the pulse energy is in the range of nJ which is too
low for the material processing, hence amplification to the pnJ-mJ level is necessary.
However, directly amplifying the ultrashort pulse would lead to damage of the
optical components inside the amplifier due to the high peak intensity level of the
pulses. In addition, the effect of non-linear self-focusing at ultrahigh peak powers
associated with these pulses creates filamentation damage inside optical materials.
The technique of Chirped Pulse Amplification(CPA) has been developed to avoid
this limitation, using the large bandwidth associated with fs pulses [18]. As
illustrated in Fig.2.2, which schematically shows the principle of CPA, there is a
pulse stretcher between the oscillator and amplifier, increasing the pulse duration by
a factor of 10°-10* times, using a dispersive delay line hence reducing the peak
power by this factor to avoid damage. Then, the stretched pulse can be safely
amplified, neatly avoiding non-linear effects which would otherwise lead to
component damage. Finally, in the compressor, the amplified long pulse containing
the full bandwidth can be recompressed back to its original pulse duration with ~ mJ

pulse energy.
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Fig. 2.2 Schematic diagram of chirped pulse amplification.[19]

2.1.3 Regenerative amplifier based on neodymium-doped

crystals

From above description, the CPA technique is considerably complex, which bring
the difficulty to reduce the size of the laser system. In addition, the tolerance of
alignment on stretcher and compressor are quite strict in CPA system maintaining,

which leads impractical operation in an industrial manufacturing environment.

Since recent investigations demonstrated that pulse duration in the range of several
picoseconds are well suited for the precise machining of metals [20, 21], ps laser

systems, which are much simpler and more cost effective, have been reported [22-27]
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and manufactured [28,29]. As based on neodymium-doped crystals, which allowed
direct diode pumping in the active medium to generate ps laser pulse. Moreover, due
to the longer pulse duration than fs, the pulse intensity is not sufficiently high. In
this case, CPA is not necessary to avoid any optical components damage inside the

amplifier, which cause the whole ps laser system more compact.

Fig.2.3 shows a schematic of a Nd:VAN regenerative amplifier, the main
components are the optical resonator formed by a series of high-reflective mirrors,
Nd:VAN crystal pumped by a diode laser and an electro-optical modulator (Pockels
cell). The picosecond seed oscillator generates pulses with MHz level repetition rate,
then the pulses are injected into the regenerative amplifier through a optical isolator
which consisted with a Faraday rotator and a half-wave plate(HWP). In combination
with a thin-film polarizer (TFP) and a quarter-wave plate (QWP), the Pockels cell
allows the injecting the laser pulses selected into the cavity of the amplifier. Finally,
after several round trips, the amplified pulses can be ejected from the resonator by
the same optical elements, the pulse picker here can be used to select the certain

repetition rate pulse train with user's requirement.

Nowadays, commercial picosecond lasers based on this oscillator amplifier system
can generate 10ps laser pulses with maximum Ep =~ 200uJ, e.g. High-Q 1C-355- 800,
the picosecond laser system employed for current research (which will be discussed

Jinglei Ouyang 15 PhD Thesis



UNIVERSITY OF

LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

in more detail in Chapter 3.1). The output repetition rate of the pulses is tuneable up

to 50 kHz.

%
7

TFP/ ﬂ / Pumplight

QWP == “
l Pockels- %O Nd:VAN Crystal ﬂ

Mode-locked picosecond
Nd:VAN seed socillator

Output

Faraday Pulse-Picker
Rotator

Reg. Amplifier

Cell

— /Pumplight “

Fig. 2.3 Schematic of the picosecond Nd:VAN oscillator amplifier.

2.2 Laser-material interactions mechanisms

The most fundamental difference between long pulse lasers and ultrashort systems
are the extremely high intensities that arise as a consequence of the ultrashort pulses.
The key differences between long pulse and ultrashort pulse laser material

interaction is summarized below.
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2.2.1 Long pulse regime

Micro-machining materials such as metals or semiconductors in the long-pulse
regime is a dynamic process where the material close to the surface of the
work-piece is heated, molten and finally vaporized within the duration of each pulse
[30,31] In this regime, laser pulses transfer most of their energy thermally by
melting the material. the ablation and material removal is accomplished through

melt expulsion mainly driven by the vapour pressure (see Fig.2.4).

The processing can be very unstable due to the complicated fluid dynamics of the
fluid phase. The heat diffusion is sometimes associated with the formation of surface
shock waves. While the amplitude of the shock waves varies with the material being
processed, it is generally true that the more energy is deposited in the
micromachining process, the stronger the associated shock waves. Additionally, the
resolidification of the melt can lead to irregular shapes of the crater, which cause

different mechanical properties from the original material.

For any given machining process, a balance has to be found between efficiency and
quality. For example by increasing the pulse energy, more material is ablated by
each pulse, making the process more efficient; however, this also produces more
recast material on the sidewalls of the machined structures and this reduces the

process quality.
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LONG PULSE
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EJECTED MOLTEN
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SURFACE DEBRIS ADJACENT STRUCTURES
RECAST LAYER SURFACE RIPPLES DUE
TO SHOCK WAVE

HEAY TRANSFER
1O SURROUNDING
MATERIAL

~ SHOCK WAVE

Fig. 2.4 Schematic of long pulse induced laser material ablation.[31]

2.2.2 Ultrashort pulse regime

In the ultrashort-pulse regime (see Fig.2.5), With ps/fs pulses, laser energy
absorption and lattice heating takes place on an ultrafast timescale so that heat
diffusion is negligible on this timescale. A thin, solid layer is transformed rapidly to
a solid state, high temperature plasma (well above the material melting point),
almost eliminating melt and removing the layer by direct vaporization away from
the surface [33,34]. Most of this is accomplished before the next laser pulse induced,
and there is rapid cooling due to the steep temperature gradient. In this case, the heat

diffusion is further reduced by the fact that a large amount of the absorbed laser
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energy is carried away by the direct vaporization. In contrast to the long pulse case,
the ablation and material removal become highly precise with nearly no heat affect

zone (HAZ).

In some semiconductors or dielectric materials, the intense energy transfer to the
electrons causes their separation from the bulk material, leaving behind ions which
repel each other and leave the bulk substrate material. This process is referred to as a

Coulomb explosion [35].

Another example of an energy transfer mechanism is multi-photon absorption,
which occurs in some dielectrics. Here, the high peak power of the ultrashort pulses
causes the laser photons to excite molecules within the target material to their higher

energy state.

In metals, each laser pulse locally heats electrons. Contrary to the light-weight
electrons, the heavier ion lattice of the material cannot absorb optical radiation
energy directly since they cannot follow the fast oscillations of the electromagnetic
field. However, by collisions with the energetic electrons, the ion lattice is also
heated up eventually. Due to the large mass difference between electrons and ions,
only a small energy portion can be transmitted by each electron-ion collision [36].
Thermodynamic equilibrium between the electron system and the lattice is only
reached after a time delay in the picoseconds range, after which the transferred
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energy vaporizes the material. when the duration of the laser pulse is shorter than
this time delay, it does not transfer its energy to the lattice directly. This reduces melt

formation and thermally induced stress and it leads to a better process quality.
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Fig. 2.5 Schematic of ultrashort pulse induced laser material ablation.[31]

Jinglei Ouyang 20 PhD Thesis



k&4 UNIVERSITY OF

)
\/ LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

2.3 Introduction to phase and polarization

An electromagnetic wave produced by laser radiation can be described as a
self-propagating, transverse oscillating wave of electric and magnetic fields. The
electric and magnetic fields both oscillate perpendicularly to the direction of wave
propagation and perpendicularly to each other. Each of these fields can be described

as a sinusoidal function, oscillating in both space and time.

2.3.1 Phase

If we plot the electric field along the axis of propagation of the laser beam at a given
time, there are places along the axis where the field is at a maximum amplitude (i.e.
a maximum positive field), places where it is zero and other places where the field is
at a minimum amplitude (i.e. a maximum negative field), forming a sinusoidal
function overall (Fig.2.6-a). These places along the axis of propagation represent
different phases of the wave [37]. In other words, the phase of an electromagnetic
wave can be defined as the location where the sinusoidal function has a given
amplitude value (Fig.2.6-b). The solid lines indicate the places where the field is at a
maximum +A, the dashed lines indicate the places where it is at a minimum -A.
Each of these places represents a phase of the wave. The concept of phase is
valuable in the context where a group of coherent electromagnetic waves travel
together in the same direction, as is the case in a laser beam. In such cases, it can be

useful to describe a phase front (also referred to as wavefront) as a surface defined
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by the locations in space where all the sinusoidal functions have the same amplitude.
In an undisturbed collimated laser beam, the phase front is generally a planar

surface.
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Fig. 2.6 Schematic showing a) amplitude of the electric field E of an electromagnetic wave
oscillates along the direction of propagation z; b) phases of the wave.

2.3.2 Polarization

Polarization is one important property of light. This vector nature of light and its
interactions with matter make many optical devices and optical system designs
possible. The polarization of electromagnetic waves is a property related to the
orientation in which electric field components oscillate. By definition, it is described
by specifying the orientation of the wave’s electric field at a point in space, over one

period of oscillation of the wave [37].

The output beam polarization of lasers is often linear polarization, and in some
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application it converted to circular polarization. Linear polarization is defined as the
wave’s electric field oriented in a single direction for the propagation; circular
polarization is defined as two plane waves of equal amplitude while differing in
phase by 90 during propagation. If the two electric field components vary in
amplitude with fixed phase difference, the electric field can rotate clockwise or
counter clockwise as the wave propagates, which is called elliptical polarization [38].
Fig.2.7 shows a schematic diagram of these different polarizations. Linear, elliptical
and circular polarizations are termed spatially homogeneous, so that the state of

these polarizations do not depend on the spatial location in the beam cross section.

Linear Circular (Right Hand) Elliptical (Right Hand)
Polarization Polarization Polarization

Fig. 2.7 Schematic diagram of different polarizations.[39]

Recently there has been an increasing interest in light beams with spatially varying
state of polarizations. For example, laser beams with cylindrical symmetry in
polarization, are termed cylindrical vector (CV) beams. The CV beams are

vector-beams obeying axial symmetry in both amplitude and phase [40]. Radial and
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azimuthal polarization are the extreme example of CV beams. Referring to Fig.2.8, a
beam of light has radial polarization, if at every position in the beam,
the polarization electric field vector points towards the centre of the beam. In this
case the beam is divided into segments, and the average polarization vector of each
segment is directed towards the beam centre. The orthogonal state to that of Radial
is termed azimuthal polarization, in which the polarization vector is tangential to the

circular beam. Note that the phase in these states is still planar.

If a laser is focused along the optic axis of a birefringent material, the radial and
azimuthal polarizations focus at different planes. A spatial filter can be used to select

the polarization of interest [41].

Azimuthal
polarisation

Radial
polarisation

Fig. 2.8 Schematic of radial and azimuthal polarization.
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2.3.2.1 Generation of CV beam

There are various methods which have been developed to generate CV beams since
1972 [42,43], depending on whether the generation methods involve amplifying

media. These methods can be categorized as active or passive.

Typically, active methods involve the use of laser intracavity devices that force the
laser to oscillate in CV modes. Intracavity devices can be an axial birefringent
component or axial dichroic component to provide mode discrimination against the

fundamental mode [42].

Passive methods convert the spatially homogeneous polarizations (typically linear or
circular polarization) into CV polarization outside the laser cavity by applying
birefringent or dichroic materials. For instance, a birefringent radial converter is a
device that has its local polarization transmission axis aligned along either the radial
or the azimuthal directions. When circularly polarized beam as input, the beam after
the converter will be either radially or azimuthally polarized, depending on the
handedness of the input beam [44]. However, the output also gains a spiral phase
factor e'?, hence, to obtain a true CV beam, a spiral phase element with the opposite
helical phase is needed to compensate phase to maintain planar wavefront of the

output beam.
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Another very popular and powerful passive method is using Spatial Light Modulator
(SLM). Despite its relatively high cost, SLM offers the flexibility and capability to
generate an almost arbitrary complex field distribution(detailed in Chapter 2.4). One
such example is shown in Fig. 2.9 [45,46]. In this setup, two SLMs were used. The
first SLM applied a spiral phase pattern which altered the input beam wavefront.
The second SLM combined with the waveplates was used to control the polarization,
where the degree of rotation is determined by the phase retardation of each pixel on
the SLM. Proper configuration of these two SLMs setup allows the input linear
polarization to be converted into any arbitrary polarization distribution, including
CV beams. Note that, the SLMs also enable dynamic control, hence the state of

polarization can be modulated in real-time.

The resulting beam has a structured | SLM2 x axis (horizontal)
/4 Plate

wavefront and polarization o
< — (459
I_ —

v axis (vertical)

- Horizontally polarized
2P ]j:t‘? incident beam from
(22.57) laser source <———

SLM1

Fig. 2.9 Schematic of the SLM Converter, which consists of two SLMs and two zero-order
waveplates.SLML1 instigates a phase pattern designed to structure the beam wavefronts. After
SLM1, the horizontal polarization pass through a half-waveplate with tilt angle of 22.5 ° . SLM2
and the quarter-waveplate with tilt angle of 45 ° are used to convert the incident linear
polarization into the desired state of polarization. [45]

Another methods for generating CV beams is a polarization converter plate, based
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on using spatially variant retardation axis arrangements. For instance, a half-wave
plate with continuously varying slow axis direction can be constructed in a silica
glass plate by using femtosecond laser imprinting [47] , which rotates the incident
linear polarization by the angle necessary to produce a radial or azimuthal
distribution of the electric field (see Fig.2.10). By using this method, the output

beam gains a planar wavefront without spatially variant phase, which is pure CV

beam.
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Fig. 2.10 Schematic drawings of nanogratings distribution in half-wave polarization converters
by Femtosecond laser imprinting, which convert linear incident polarization to radial or
azimuthal polarization. The pseudo color indicates direction of the slow axis.[48]

2.3.2.2 Applications of CV beam

Under very high-NA focusing with CV beams, the z component, can dominate the
total focal field distribution which determines the focal spot size. For radially

polarized incidence, it will contain a strong and narrower longitudinal component on
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the focal optical axis, while the radial component gains a donut shape with a zero
amplitude and no azimuthal component for this case [48].This unique focal
distribution of vector field consequently leads to a smaller spot size compared with
other polarizations, which has applications in high-resolution imaging, and can
improve spatial resolution in microellipsometry [44]. Moreover, due to the
polarization symmetry, the electric field at the focus of radially polarized beam has
an extremely strong z component. This property is very useful for 3D stable trapping

of metallic nano praticles[49].

Laser micro-machining is a fast growing application in industrial manufacturing and
widely used. The focused laser beam intensity profile and polarization state is an
important factor in this field. CV beam laser machining has been studied in several
research groups, and shown to increase the efficiency for high aspect ratio during
laser cutting [50] and drilling [51] of metal sheet when compared with linear or

circular polarization. This will be detailed in Section 2.6.

2.4 Spatial Light Modulator (SLM) technology

Spatial Light Modulator (SLM) is a powerful device based on liquid-crystal
technology for modulation of both phase and polarization of an incident beam of

light. They can be divided into electrically addressed SLM and optically addressed
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SLM; When optically addressed, they can be divided into reflective SLM and
transmissive SLM. In the experimental work of this thesis we used a phase only,
reflective type, Liquid-Crystal On Silicon (LCOS) SLM manufactured by

Hamamatsu Photonics (see Fig.2.11).

Fig. 2.11 Liquid-Crystal On Silicon (LCOS) SLM manufactured by Hamamatsu Photonics. [52]

This SLM has a parallel-aligned nematic liquid crystal layer covered by a protective
glass substrate with a coated transparent electrode. All these layers are attached to a
reflective silicon substrate (see Fig.2.12). The silicon substrate is a Charge-Coupled
Device (CCD) chip, having a two dimensional 20um size pixel array structure which
can electrically load data from the Computer Generated Holograms (CGHSs). Each
pixel is independently driven by an accurate voltage (related to grey levels in CGH).
Each pixel contains electric field E, which will lead to the changes in the refractive
index change (An) of the liquid crystal[53]. When the input light is reflected by the
silicon substrate while passing though the liquid crystal twice, the phase of the
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output will be modulated by the refractive index change of liquid crystal. With a
graphical user interface (i.e. monitor display) connected with the SLM, the
generated CGHs can be displayed on the monitor as a bitmap file with grey level
variation determining each pixel’s phase change Ag. As the CGHs are displayed as 8
bit, the bitmap has 2%=256 grey levels, hence the phase change A¢ can be
symbolized by the 0-255 grey levels. Fig.2.13 shows a typical phase modulation
characteristic, showing a high level of linearity between grey level and phase shift.

A phase shift of 2z radians or more as input grey level is increased can be achieved.

Transparent
Pixelated CCD structure electrode
(with M x N resolution) (e.g. ITO)
, Liquid
Mirror  ¢pystal Glass

The input light

CGH
(with M x N resolution)

—>

Electrical signal from the
connected computer

The output light

Voitage applied

Fig. 2.12 The basic structure of a SLM.[54]
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Fig. 2.13 The measured results from a Hamamatsu X-10468 series SLM showing a near linear
increase of the phase modulation with increasing the grey level (from 0 to 255).[55]

With choice of optical configuration, the SLM offers the flexibility and capability in
various applications, such as laser beam wavefront modification [56], polarization

control [46,57], aberration correction [58] and optical pulse shaping [59].

In wavefront (phase only) modification method, the incident laser beam should be
linearly polarized with the direction of electric vector parallel to the optical axis
(director) of the liquid crystal. In this case, the relative phase between each pixel of

the SLM shapes the wavefront of output beam without any polarization variation.
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For polarization modulation, the incident beam is linearly polarized with its
polarization direction at 45° to the director. In this orientation, due to the
birefringence properties of the liquid crystal, this configuration leads to the output
beam'’s polarization spatially controlled by each localized pixel of the SLM. By
combining the SLM with certain waveplates, the linearly incident beam can also be

converted to cylindrical vector beams.

2.5 Laser Induced Periodic Surface Structures (LIPSS)

When a focused laser beam irradiates on the material surface, by the a laser fluence
near or just above the ablation threshold, Laser Induced Periodic Surface Structures,
which are also called LIPSS, are produced. These kind of structures show self
aligning formations similar to ripples on a water surface, which was firstly reported
by Birnbaum [60] in 1965 on various semiconductor surfaces. Since then, further
experimental studies [61-64] suggest that LIPSS are a universal phenomenon
appearing for a wide range of wave length and pulse duration on a large variety of
materials. These can be generated by multiple pulse exposure with a static beam, but

also with a scanning beam (see Fig.2.14).
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Fig. 2.14 LIPSS formation by a) static spot, b) scanning beam from HighQ 10ps laser with
1064nm wavelength (black arrows indicated the polarization direction ).

The formation mechanism of this kind of ripple may be caused by modulation of the
deposited energy due to interference at the material interface between laser beam
and matter polarization associated with laser-induced surface excitation [65]. The
surface is modified during the pulse, determined by the electromagnetic field
interference patterns which are given by the so-called “general surface scattering”

model. Here, the wavelength of ripples are predicted to be [66]:

A=Al(n£sin® Eq.2.1

where 2 is the laser wavelength, n the refractive index of the irradiated material and
@ is the incidence angle of laser beam. This prediction was tested experimentally and
a good agreement between the theory and experiment was found. Although the
underlying mechanism responsible for the ripples formation remains controversial, it
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is widely accepted that the ripple orientation is dominated by the polarization state
of the incident laser beam, which has been verified by experiments [67]. For linearly
polarized laser beam, the classical ripples (with pitch ~ beam wavelength)
orientation induced on material surface is perpendicular to the irradiation beam
polarization. If the LIPSS induced by elliptically polarized laser beam, the ripple

orientation is determined by the major axis of the polarization ellipse.

2.5.1 Application of LIPSS

The property of LIPSS microstructure on material surfaces can modify their micro
or nano scale topographies. Hence, the generation of LIPSS in a single-process step
provides a simple way of surface structuring toward a control of optical, mechanical,

or chemical surface properties which can be used for various applications.

Colour effect due to the diffraction of light by periodic structures on metallic
surfaces has already been shown [68,69]. LIPSS generated by ultrashort pulses
produce coloured shapes on a metal surface by diffraction process, Dusser et al [70]
used a half wave plate to mechanically encode linear polarization to reproduce a
colourful image of the Dutch painter, Vincent van Gogh, scanned under white light.
This was achieved by suitable colorimetric calibration when controlling polarization

orientation of laser beam at each location. Thus control of the nanostructures with
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laser surface processing can achieve a pre-defined picture as in Fig.2.15. The SEM
images indicated the controlled nanostructures with two different orientations by

orthogonally polarized laser beam.

Fig. 2.15. Example of color effects obtained by controlled nanostructures with a femtosecond
laser beam on a 316L stainless steel sample.[70]

Beside the interesting structural colours, the induced surface structures on metals
can also alter surface wettability. Jiangyou et al [71] used a ps laser to fabricate large
area LIPSS on copper surface and the wettability of the surface was analyzed. With
suitable combinations of the laser processing parameters, some of these ripples

exhibited super hydrophobicity with a large contact angle up to 153.9 +3.2° (see
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Fig.2.16). It has been shown that after laser irradiation treatment, the distinctive
laser induced structure plays a significant role in the wetting behaviors. With this
work, it shows a possibility to modify the wetting behavior of common engineering

materials.

[nm]
350

300
| 250
200
150
100

0 1 2 3 4 [um]5

Fig. 2.16 Water droplets on the processed copper surface with high contact angle. a) SEM
micrograph of the laser irradiated copper surface; (b) the corresponding cross-sectional profile
obtained by AFM measurement; ¢) and d) optical image of water droplets on the prepared
sample.[71]

Within the ripples structure of LIPSS, the contact surface area after laser treatment,
is also increased which can be applied in energy storage devices. Storing and

delivering power relies on the amount of the electrochemically active material that
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can accumulate at the electrode/electrolyte. Recently, Alex et al [72] demonstrated
the preparation of micro-structured nickel metal electrodes by using ultrashort pulse
laser generated surface LIPSS. The electrochemical activity of the LIPPS nickel
metal cathodes were investigated in aqueous KOH using cyclic voltammetry. The
results of the voltammetry show that the formation of LIPPS yields a considerable
enhancement in the electrochemical activity of the nickel surface (see Fig.2.17). It
would be expected that maximising the accessible surface area of nickel cathodes
would create a larger area for active material accumulation, leading to improved

energy storage performance.
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Fig. 2.17 The surface of nickel metal foils was processed with the use of ultrashort pulse length,
low energy laser pulses. Cyclic voltammetry shows increased electrochemical activity of these
laser processed foils.[72]
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2.6 Introduction to laser drilling

One of the important and successful application of lasers, in industry has been in the
field of laser drilling. Laser drilling emerges as a viable and successful substitute for
holes less than 0.25mm in diameter that are otherwise difficult to drill mechanically
[73]. It is now widely recognized that ultrashort laser pulses possess unique
advantages than longer laser pulses in precision laser drilling, such as absence of
plasma shielding effect, a well-defined ablation threshold, and a minimization of
heat affected zones [74-78]. Industrial applications include the very precise drilling
of holes for fuel-injection nozzles [36], the processing of silicon wafers [79], airfoil
cooling holes in components of aircraft engines [80], or the precise machining of

medical stent devices [13,32].

2.6.1 Laser drilling technique

There are four principal techniques for laser drilling: single-pulse, percussion,
trepanning and helical drilling (see Fig.2.18). Single-pulse and percussion are
simpler and faster drilling methods since they use only the focused laser beam for
machining, without any further optics. The resulting hole is roughly the same
diameter as the laser beam spot size. However they do not provide the best hole
quality due to recast layer, tapering and bellow shape [73]. Trepanning and helical

drilling offer moved laser beam interacting with the work-piece which produce holes
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wider than the laser beam spot size. Trepanning is a standard technique for drilling
large holes, e.g. 500um, which would be considered as a percussion drilling process
followed by a cutting procedure. The advantages of trepanning are the consistency

and ability to drill shaped holes, which also reduces the hole's taper.

Helical drilling makes use of breaking up of the process into a multitude of ablation
steps in order to enhance the accuracy. Compared with trepanning, the beam path of
helical drilling is not limited to circular geometry, any shape can be formed by
suitable optical scanning system or movement of the work piece. The laser pulses
ablate the layers of material gradually so that the ablation front follows a helical path.
The recast layers deposited on the side walls can be removed by successive passes of
the beam, thus improving the end process quality. Although it is much more
expensive and time consuming than other drilling methods, helical drilling satisfies
the requirement of high accuracy and high machining quality [36]. It is also the only
option for drilling holes with a very high aspect-ratio (i.e. > 10). The hole quality
can also be further improved by using an assist gas during drilling to reduce
oxidation, or by drilling at reduced atmospheric pressure to facilitate ablation and

molten material ejection.

As a result, single-pulse drilling usually involves a large pulse energy and/or longer
pulse duration, which is not a very accurate process. Percussion drilling involves
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using a laser pulse train to gradually ablate deep holes. Trepanning consists of a
percussion drilling, followed by a cutting procedure. Helical drilling usually

involves low pulse energies and shorter pulses and produces the most accurate

structures.
single pulse percussion trepanning helical drilling
v 4 —4
v '

q

~

Fig. 2.18 Schematic showing the four most common techniques for laser drilling.[36]

2.6.2 Influence of parameters of laser drilling

For direct hole drilling, the quality of the laser beam, pulse duration, pulse repetition
rate and polarization effect are all important parameters [73,81,82]. Yet many issues
remain to be solved when high quality holes are to be drilled in various materials.

These include cracks, large taper size, unsatisfactory shape etc.
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2.6.2.1 Pulse duration

In general, when using long pulses (nanosecond time scale or above) for laser
drilling, significant heat diffusion occurs during the pulse between the melting point
and vaporization temperature after laser energy is coupled within the surface of the
absorbing material [81]. This leads to create a large bulk of liquefied material during
the processing, hence undesired growth of burr would emerge. On the contrary,
when a pulse duration is shorter than 10 picoseconds, thermal diffusion into the
surrounding material during the pulse is almost negligible, hence the melt depth can
be minimize to much less than a micron and can be reduced to the nanometer level

by decreasing the pulse duration to the fs timescale[36].

2.6.2.2 Repetition rate

When laser drilling at high repetition rate, with ultrashort pulses, particle shielding
and heat accumulation determine the drilling efficiency and quality [82]. Particle
shielding occurs when the time between subsequent pulses is so short that the
deposited heat cannot diffuse out of the irradiated zone, which can be considered a
"shield" resisting the pulse energy breakthrough, reduces the drilling efficiency.
Particle shielding effect can be counteracted by the heat accumulation when using
high pulse energy, but leads to poorer drilling quality caused by a tall rim on the
hole's edge. These two effects would limit the useful range of process parameters

and strongly depend on the size and geometry of the structures to be ablated.
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2.6.2.3 Polarization effect

The influence of polarization on micro-drilling has been experimentally
demonstrated in [4,51,83,84], showing that drilling high-aspect-ratio
(depth/diameter) microscopic holes in metal with linear polarized ultrashort-pulse
lasers produces anisotropic profiles. As the width of hole decreased with the material
removal through the processing piece, p-polarized and s-polarized radiation, show
different absorptivity due to the side wall angle (see Fig.2.19), resulting in changes
to the hole’s geometry and gradient. P-polarized radiation (parallel to the incident
plane) was more absorbed by the hole side wall while much more s-polarized
radiation(perpendicular to the incident plane) was reflected by the material[83]. This
is expected from the Fresnel equations for angular dependence of reflectivity of a
metal with polarization. This results in a distorted intensity profile, affecting the
shape of the hole when the beam reaches the exit. For instance, when linearly
polarized laser beam used in micro-drilling, there are two bulges located around the
remaining circular shape.(see Fig.2.20) To solve this distorted shape of hole, a
circularly polarized beam can be employed, averaging P and S components so that
the absorption in each region is nearly equal. However ripple formation on the
surface of the side wall by the distortion associated with circular polarization[84].
Besides this, the processing efficiency also needs to be considered when drilling at
high-aspect-ratio microscopic features. In this case, neither circular nor linear

polarized beam offers the desired result. To overcome these limitations, cylindrical
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polarization in micro-drilling has been studied in recent years [1,4,51], and reported
highest processing efficiency along with ideal quality of hole shape. Cylindrical
polarization (radial/azimuthal) have been already described in Chapter 2.3(see
Fig.2.8) These two CV beams result in temporally and spatially constant polarization
state at the beam cross-section which allows direction independent movement during

the processing [4].
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| @ -pol 2 2
(s-pol) Ll i ” —— p-polarization
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—
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Angle of direction (&) -
incidence 5 04
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Cut front, deep welding capillary,
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Fig. 2.19 Schematic of p, s polarization and their absorption coefficient versus incident angle on
mild steel.[4,51]
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Fig. 2.20 Geometry of exit holes during drilling showing the bulges orthogonal to the
orientation of the linearly polarized laser light is a) vertical and b) horizontal.

2.7 Introduction of laser beam shaping

Laser beam offer a highly directional and localized source of energy, which
facilitates materials modifications at precise locations. Hence, the control and
influence of laser beam shape, which defined as the irradiance distribution of the
light when it arrives at the material of interest, is an important factor in materials

processing [85].

Most lasers operate in the fundamental transverse electromagnetic mode of the
cavity (TEMOO), which is called as Gaussian beam mode, is the most common beam

shape used in material processing (see in Fig2.21-a). As a unique property, it
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remains a Gaussian shape throughout the beam path and when focused by a lens.
The Gaussian beam of given diameter also has the lowest divergence, which allows
for a small focused spot, which makes Gaussian beams ideal for micro-fabrication

applications.

Top-hat beam are also widely used for materials processing applications (see in
Fig2.21-b). Some optical elements are used as a beam shaper to transfer the
Gaussian mode to Top-hat mode. However, an excimer laser can directly produce a
Top-hat output with the appropriate cavity optics. With improved spatial uniformity,
Top-hat beams are beneficial for specific processes, such as heat treatment in laser
annealing [86], pulsed laser materials deposition [87] and welding applications with
improved weld quality [88]. However, unlike with Gaussians, Top-hat beams (which
have higher M?) do not maintain their shape with propagation, only generating the
uniform intensity distribution near the focal point or imaging location of the optical

system.

Furthermore, there are several non-conventional beam shapes which give advantages
over Gaussian or top-hat in some specific applications. For instance, Bessel beams
(non-diffractive) are used in optical manipulation [89], which allowed the
simultaneous trapping of several particles at the same time or the transport of 60um
microspheres over a distance of half a meter. In atom optics, Laguerre-Gaussian or
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optical vortex light beams have been successfully used for atom guiding [90,91].

Bessel beam is defined as a beam whose electric field is explicitly described by a

zero-order Bessel function of the first kind Jo [92]

E(r,¢,z) = A exp(ik,z)J, (K. r) Eq.2.2

where r and ¢ are transverse and polar coordinates, z is the coordinate in the
propagation direction, and k, and k; are the longitudinal and radial wave vectors.
More generally, the term Bessel beam could refer to higher order functions although
we ignore those here. Since the beam intensity is proportional to the square of the

electric field for a Bessel beam,

1(r,¢,2) oc J;(K,T) Eq.2.3

this beam does not appear as a single spot, but rather as a series of concentric

rings(see in Fig2.19-c).

When the Bessel beam in the far field, as the separation between the wave vectors
increases, the beam intensity in the central axis decreases and eventually attains a
null value. In this case, this beam can called as an annular beam, with
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doughnut-shaped beam, is a beam with an intensity distribution concentrated in a

ring with no on-axis intensity(see in Fig.2.19-d).

Annular beams can be generated by using apertures [93], an axicon or conical lens
element [94], SLM based methods [95] and optical fibers [96]. In this current
research, a SLM was used to generate the annular beam. An appropriate CGH can
easily produce a phase pattern in an SLM that corresponds to a diffractive axicon,
and as a result, the SLM will generate annular beams with user-defined wedge

angles. Details will describe in Chapter 6.
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Fig. 2.21 2D and 3D intensity distribution of a)Gaussian beam; b)Top-hat beam; c) Bessel beam;
d) annular beam.[92]
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A related structure to the annular beam is the so-called optical vortex (OV) beam.
An OV beam, which carries a orbital angular momentum(OAM), is defined as a
beam whose phase varies azimuthally along the direction of propagation. OV’s are
characterized by their topological charge (m), which corresponds to the number of
twists in the phase front within one wavelength. Due to the twisting of the phase
front, the phase in the beam center is multiply defined, giving rise to an optical
singularity that produces a vanishing amplitude at this point [97] giving the

appearance of an annulus in intensity.

It is important to note that the literature tends to take a general view to the term
“annular beam” and uses it to refer to any beam with a null intensity along the beam
axis. In this research we define the annular beam specifically for beam generate by

axicon phase CGH.(detailed in Chapter 6)
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Chapter 3 Experimental equipment
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3.1 High-Q picoseconds laser system

In this present research work, we used the custom designed Nd:VAN seeded
regenerative amplifier laser system (HighQ I1C-355-800) supplied by HighQ laser
GmbH[28]. It is a Class IV laser running at up to 50kHz repetition rate with output
wavelengths at 1064nm, 532nm, and 355nm, with pulse duration z =~ 10 ps and
maximum average power at 2W. It is an extremely compact and easy to use laser
system, which is principally comprised by three parts: laser head, laser controller

and closed cycle water-to-air cooling system.(see Fig.3.1)

As temporal pulse length is 10ps, and maximum pulse energy E, < 200uJ,
complicated chirped-pulse amplification (CPA) is not required in this laser system.
Based on the direct diode pumping, without any manipulation of pulse duration, the
laser system is stable and reliable. As shown in Fig.3.2, the laser head contains the
following subcomponents: a seed laser, a regenerative amplifier, a pulse picker and
the follow-up optical path for the output laser beam. The mode-locked seed
oscillator initially generates 10 ps pulses at MHz level repetition rate with diode
pumping; then the pulses train are injected into the regenerative amplifier through
the Faraday isolator; after that the amplified pulses can be selected by the pulse
picker. Moreover, the fundamental output wavelength of 1064nm can be
frequency-doubled and tripled by properly adjusting the relevant half wave plate (HWP),

generating 532nm and 355nm output, respectively. The system is remotely controlled
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by the computer software which can alter the laser output parameters by mouse
clicks and drags (see Fig.3.3). Moreover, the system can be externally controlled by
a TTL signal for the laser gating, which allows the option for high level

synchronization during laser processing.

(including power supply) Chiller

Fig. 3.1 high-Q IC-355-800 picosecond laser system layout.
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Fig. 3.2 (a) Schematic of the optical setup inside laser head and (b) The corresponding image of

laser head internals.
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Fig. 3.3 Graphical user interface (GUI) for the HighQ laser.

3.2 Spatial Light Modulator (SLM)

A Hamamatsu Photonics phase only spatial light modulator (X10468-03) was used
in this experimental work (see Fig.3.4). It is based on a pixelated liquid crystal
device whose mechanism has been described in Chapter 2, with a dielectric coating
providing > 95% reflectivity on the backplane for laser wavelength at 1064nm and
resolution of 800x600 pixels (each pixel equals 20um, which gives an incident

window size of 16x12 mm).
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-

Fig. 3.4 SLM in optical path, beam is directed onto the LCD where user defined CGHs are
displayed.

The X10468-03 is a parallel aligned nematic crystal device, in which the LC
molecules are aligned vertically along the optical axis, hence causing a phase change
to the light polarized along the molecular axis (director) , but leaving the light

polarization perpendicular to the director completely unaffected.

The SLM is attached to a controller unit and connected with a computer, the liquid
crystal display (LCD) acts as a secondary monitor screen of the computer. Using the
software provide by Hamamatsu, different computer generated holograms (CGH)
can be loaded on the LCD by applying a discrete voltage to individual pixels, each

voltage corresponding to a given grey level.
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3.3 S-waveplate

S-waveplate (RPC-1030-10-109, with operation wavelength at 1030 % 35nm,
manufactured from Altechna) is a space variant polarization converter based on the
nano-structuring imprint inside a fused silica substrate, which converts incident
Linear to Radial or Azimuthal polarization.(see Fig.3.5) The principle of the
S-waveplate was described in Chapter 2. For optical configuration, one aligns the
center of the S-waveplate with the optic axis of the incident laser beam and then
rotate the alignment mark on the substrate, parallel to incident linear polarization
orientation. In this case, the output will be radially polarized. If the incident linear
polarization is perpendicular to the alignment mark, the output will be azimuthally

polarized.

Fig. 3.5 S-waveplate (Altechna) used to convert incident linear polarization to Radial and
Azimuthal polarizations.
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3.4 Scanning Galvanometer system and multi-axis motion

control system

The Galvanometer scanning head used in the experimental work (Nutfield XLR8-10)
was employed to scan the laser beam at the test sample, mounted on the stage and
focused by a flat field f-theta lens. Fig.3.6 shows the schematic of Galvanometer
working principle, the system consists of 2 galvanometer scanners (X and Y), a flat
field f-theta lens (focal length f=100mm) and integrated driver electronics all

enclosed in a black metallic scan head.

Fig. 3.6 Schematic of Nutfield XLR8-10 scanning head working principle.[98]

Two dielectric mirrors (operating wavelength at 1064nm) attached on the
galvanometers provides the capability of deflecting optical beams in an X/Y
configuration for a range of laser applications. The synchronized actions of the two

galvanometer servo-controlled turning mirrors directs the laser beam to specific
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locations on the target material surface in both the X and Y directions through the
flat field lens producing an agile micro-machining system. The galvanometer can
scan up to 10°mm/s, with a resolution < 4um over a 60 x 60mm maximum scan field.
For this model there are no edge effects inside the working field because the laser

beam is always nearly perpendicular to the substrate top surface.

The Galvanometer system was controlled by the SCAPS-SAMIight software having
a user friendly interface. In the grid area, various geometrical shapes and texts can
be created or loaded from other files. The laser micro-structuring parameters such as
traverse speed, number of repeat scans, hatch spacing and hatch type can be

specified in this software (see Fig.3.7).
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Fig. 3.7 User interface of SCAPS- SAMLight scanning software.

In industrial processes, much larger machining fields are often required. For this
situation, the edge effect can be avoided by integrating the scanning head’s action
with motion control of the stage system. This is implemented by moving the high

resolution stage instead of scanning out of the working field.

To ensure high precision motion control, we used Aerotech stages (A3200 series)
and Nview HMI programming interface. The Aerotech stage can provide high
accuracy 5 axis movement (X-Y-Z three dimensional movement plus the

goniometers with angles tilted in U and V) with a resolution of 0.5um in all
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directions (see Fig.3.8). The working range of the stage gains 100x100mm in X,Y

axis and 15mm in Z axis, with maximum speed 500mm/s.

NView HMI (2.18)
Mo ]

Position ey oS
« Tracking

6N | 617 | G | GZ7 | 663 | G68 | F 3000000
6N | 67 | 631 | GM | 6% | 610 | E1%9000000 0000
M| 6109 630 | Gx No Tuarlers 3%

(b) m

Fig. 3.8 a) Aerotech 5 axis stage and (b) Windows graphical user interface (GUI).

4 3 3 I

This CNC stage was controlled by the Npaq driver and Nview GUI. Commands
were either entered directly into the software using the Nview programming
interface or loaded from any other CNC language. Movement of the stage can be
defined in two ways, as either absolute co-ordinates (with respect to the table origin)
or as relative co-ordinates (with respect to the last position); this allows for both
independent and directed axis movement. In addition it was possible to define values
for the traverse speed and vector speed (directed movement), acceleration and

deceleration and shutter control.
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3.5 Analysis equipment
3.5.1 Spiricon beam profiler

The laser beam profile can significantly affect the micromachining quality. In this
study, a Spiricon beam profiler (Model LBA-300,working wavelength
window:190nm-1100nm) was used to investigate the laser beam profile, both near
and far field. This LBA-PC beam profiler system consists of the following
equipment: a Spiricon LBA-PC frame grabber card, with software; a CCD camera
mounted on a laser beam sampler holding wedged fused silica pick-off and OD
filters for signal attenuation (see Fig.3.9). It provides all the essential features
needed for laser beam analysis. Some of these features are: high speed high
resolution false colour beam intensity profile displays in both 2D and 3D; numerical
beam profile analysis employing advanced proprietary calibration systems; both
whole beam and linear Gaussian fits to beam data; signal to noise ratio improvement
through averaging and background subtraction with statistical analysis of all
measured parameters. The detector area is 8x6 mm with a pixel spacing of 9.9x9.9
um. Some settings, such as camera gain, camera blooming effect and laser beam
attenuation, may affect overall accuracy. With all these parameters optimized, an

accuracy of 2% can be obtained.
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Fig. 3.9 Spiricon laser beam analyser system (left) and user interface of LBA-300 sofware (right)
with observed intensity profile from the HighQ laser system.

3.5.2 Microscope system

In this experimental work, most of the micro-machined features on the samples are
on the micron scale. The Leitz Wetzlar optical microscope attached with a Nikon
digital camera (DS-U2) provides 2D images of the surface condition before and after
treatment with the laser. The microscope has several available magnifications to
allow detailed inspection of the surface pre and post processing; these objective
lenses were: x5 (NA=0.1), x10 (NA=0.25) , x20 (NA=0.4), x50 (NA=0.75) and

<100 (NA=0.9) (see Fig.3.10).

Jinglei Ouyang 61 PhD Thesis



UNIVERSITY OF

LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

Fig. 3.10 Nikon microscopy system showing the microscope objectives. images are taken through
the top down camera and transferred to the PC Software.
The optical microscopy setup comprises three parts: optical microscope, digital
camera and Nikon post processing software. The use of a conventional microscope
allows the user to observe the surface by adjusting the focus and light to the required
conditions; then by switching to the Nikon software the user is able to operate the
digital camera to capture, save images and make basic measurements in the XY
plane (see Fig.3.11). It is calibrated regularly by measuring the company provided

standard samples.
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Fig. 3.11 User interface of Nikon camera software.

3.5.3 WYKO NT1100 white light interferometric microscope

The Nikon digital microscope can only obtain 2D information, hence, a WYKO
NT1100 interferometric microscope was employed to achieve the surface
topography in three dimensions. It is a non-contact optical profiler which provides
the XY plane with ~ 0.5 micron level resolution and vertical, Z resolution of a few
nanometres. This microscope connect with an advanced computer software, which
offers an analysis package, allows dissection and formatting the measured surface

data (see Fig.3.12).
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Fig. 3.12 WYKO NT1100 interferometric microscope.

Fig.3.13 gives its working schematic, a white light beam is passed through a beam
splitter, half of the beam is delivered to a reference surface and other half to the test
surface; the reflected light from both surface recombine to form interference fringes.
Due to the short coherence length of white light, interference pattern can only be
observed over a very shallow depth of field for each focus position. The microscope
objective scans vertically downward recording the interferograms at varying heights
on the test surface. The analysis package uses the computing algorithms to
demodulate the envelop of the fringes and extract vertical position corresponding to
the peak fringe signal for each point on the test surface, hence a completely 3D

surface morphology is obtained.
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Fig. 3.13 Optical schematic of WYKO interference microscope used for measurement of fine
surface structure.

When doing a measurement, the sample was put on the stage. By tuning the height
of the stage, interference fringes could be seen from the screen when sample surface
was in the focus position. After that, by executing scan action the sample surface
could be measured accurately. The software provides powerful measurement and
analysis capabilities, including surface height statistics. The system is calibrated at
periodic intervals by measuring against a standard sample provided with the

microscope.

Jinglei Ouyang 65 PhD Thesis



k&4 UNIVERSITY OF

</ LIVERPOOL

Tailored optical vector fields for ultrashort-pulse laser mirco-processing

3.5.4 Scanning Electron Microscope(SEM)

A Jeol (JSM 6610) scanning electron microscope (SEM) was utilized to provide
detailed surface images at high magnification up to >300k.(see Fig.3.14) The
accelerating voltage of this system can be varied between 0.3 — 30kV. The specimen
stage was a 5-axis eccentric goniometer with a maximum displacement of X =
125mm, Y = 100mm, Z = 80mm, T = -10 — 90<tilt) and R = 360 (rotation).
Samples were placed into a chamber before being evacuated to low pressure;
dielectric samples were taped to the sample holder using conductive tape to prevent
surface charging. An infrared miniscope attached to the side enabled viewing of the
sample whilst under high vacuum. Image was captured by the software package,
manual or automatic adjustment of the image focus, contrast, magnification and
illumination was possible. Attached externally to the Jeol SEM was an Inca X-act
EDX (Oxford instruments) analyzer; the EDX detector converts the energy of
individual x-rays into voltage signals of proportionate size. Results were
subsequently displayed using proprietary software as a series of peaks, which using

the inbuilt material library, can identify individual elements by x-ray energy.
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Fig. 3.14 Layout of Jeol JSM6610 SEM.
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A

Chapter 4 Generation of complex
cylindrical vector beams and application to
picosecond laser surface processing
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4.1 Introduction

Laser beams with a space-variant electric field orientation and amplitude are referred
to as Cylindrical vector beams [99] and have great potential for furthering
theoretical understanding of light waves and light-material interactions. Radial and
azimuthal polarization states are extreme examples of these vector states and can be
produced with specific laser cavity designs [100], a Spatial Light Modulator (SLM)
[46] or nano-structured waveplates [47]. Pure radial and azimuthal polarizations
have a Laguerre Gaussian (LG) ring intensity distribution with a polarization
singularity at the centre while pure vortex beams with any given polarization have a
LG intensity distribution with a phase singularity. The use of vector beams has
resulted in advances in applications such as microscopy [101], optical trapping [49]
and ultrarelativistic electron acceleration [102]. Since the z-component of a vector
beam is negligible when focusing with low NA optics, 2D vector fields result in a
fixed plane, orthogonal to the beam k-vector. A recent study on femtosecond laser
induced LIPSS structuring on Silicon using optical vortex beams by K K Anoop et al
[103] created with a liquid crystal g-plate showed a developing radial
micro-structure, highlighting the multi-pulse feedback mechanism responsible for
plasmon structuring. Also, the central zero intensity singularity expected of a
Laguerre Gaussian (LG) ring intensity mode was decorated with nano-particles. In
addition, K. Lou et al [104], using femtosecond laser vector fields, generated 2D

near wavelength micro-structures on a thin copper film on fused silica substrate.
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Here, an SLM was combined with an interferometric technique to add a spiral phase
and variable phase shift ¢y which controlled the detailed vector fields and hence
LIPPS structuring. Previously, Yang et al [46], using two Spatial Light Modulators
demonstrated the ability to dynamically modulate radial and azimuthal polarization
states in real time along with linearly polarized LG intensity profiles with a 532nm
wavelength picosecond laser, synchronized to the motion control system. The
resulting low frequency surface micro-structure LIPSS and patterns with pitch A

~0.5 um confirmed the purity of the desired 2D vector fields for surface patterning.

In this chapter, complex 2D vector fields was demostrated, generated by combining
a phase only SLM and nano-structured S-waveplate with a NIR picosecond laser
source to machine surface micro-patterns via plasmon structuring which highlights
the orthogonal local electric field structure [105,106]. OAM was then added with a
helical phase applied to the SLM. As the near field beam intensity profiles are
Laguerre Gaussian due to the phase/polarization singularities, detailed polarization
analysis of vector beams with and without Orbital Angular Momentum (OAM) are
analyzed around the focal point of a lens (far field) by translating a detector
consisting of a polarizer and CCD camera. This clarifies the effect of a vortex phase
on the propagating vector fields which induces a clear rotation of the vector field
around the lens focal plane and further supported by the observed Plasmon
structuring.
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Also, by altering linear polarization direction incident on the S-waveplate, complex
surface patterning was extended to a new level, creating remarkable logarithmic
spiral LIPPS which result from the field generated by a superposition of radial and
azimuthal polarizations. Logarithmic spirals (first described by Descartes and
admired by Bernoulli) often appear in nature, for example, the spiral arms of
galaxies, [107], the cloud formations observed from space in a cyclone and spiral

patterns in shells.

While more complex vector fields have been impressed on low power Gaussian
beams with 633nm [108] and 532nm [109] sources, the application to high power
picosecond laser surface plasmon structuring has been more limited and thus of
great interest in the search for precise surface patterning with a high degree of

complexity.
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4.2 Three-dimensional investigation of cylindrical vector

beam focal fields
4.2.1 Aim of the experiment

This experiment tried to investigate the tailoring of vector beams to shape the focal
fields. Polarization analyzed intensity profiles were used to detect the vector beams
with or without OAM focusing property, while laser induced plasmon structuring

help to visualize the vector fields in the focal region.

4.2.2 Experimenal details

The experimental setup is shown in Fig.4.1. A seeded ultrafast laser Regenerative
amplifier (High-Q 1C-355-800, Photonic Solutions) has a 10ps temporal pulse width,
1064nm wavelength, M= <1.3, 50kHz repetition rate and horizontal linear
polarization output. The laser beam is expanded with a x3 telescope (CVI) to a
diameter of 6mm, passes through an attenuator (A/2 plate and Glan-laser polarizer
with transmission axis horizontal), beam vector fields structured using a reflective
phase only SLM (Hamamatsu X10468-03) and an uncoated fused silica S-waveplate
(Altechna). With the SLM used as a mirror (fixed phase), and with incident linear
polarization, radial and azimuthal states were created by rotating the S waveplate
axis to @ = 0 and + 90° respectively while superposition vector fields could be

generated when the waveplate was set in the range -90° < 8 < +90°. OAM was
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added by applying a spiral phase (topological charge m =1), Computer Generated
Hologram (CGH) to the SLM(see Fig.4.1 CGH pattern attached next to the SLM). A
4-f correlator system [120] (Lens 1 and 2 in Fig.4.1, f; = f,=300mm) re-images
the resulting beam vector fields into the 10mm input aperture of a scanning galvo
(Nutfield XLR8-10) and focused with a flat field f-theta lens (f = 200mm). Polished
stainless steel samples, mounted on a precision 5-axis (X, y, z, A, U) motion control
system (A3200 Npaq system, Aerotech) were carefully positioned around focal field

of the lens.

Also, by having a 45° flip mirror, the transmitted radiation through lens L1
(f=300mm) was re-directed to the Spiricon camera via a wedged fused silica beam
splitter (45°) which acted as a polarization analyzer since the first surface was close
to the Brewster angle. The reflected beam is therefore vertically polarized.
Translation of the camera along the optic axis near the focal plane of lens L1
allowed spatial polarization analysis along the z-axis. This allowed measurement of
the vector fields confirming the effect (or otherwise) of OAM on both polarization

and intensity, prior to surface micro-structuring with the f-theta lens.
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Fig. 4.1 Experimental set up of High-Q picosecond laser micro-processing system.

In the experiments, a number of beam vector field configurations are produced by
tilting the S-waveplate optical axis to various angles. Henceforth, vector beams with
a radial, an azimuthal, or an intermediate tilted polarization (see Fig.4.2) are referred
to as RP, AP and IP beams respectively. A circularly polarized beam is also used in
some of the experiments, produced by replacing the S-waveplate with a
quarter-waveplate with its fast axis tilted to 45°. This is referred to as CP beam
henceforth. For comparison purposes, an orbital angular momentum is then added to
all these beams by using the SLM to induce an optical vortex phase wavefront with
a topological charge value of m=1, with the waveplate configured as before.
Henceforth, the radially, azimuthally, intermediately and circularly polarized beams
with an orbital angular momentum are referred to as RPOAM, APOAM, IPOAM
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and CPOAM respectively. For each vector field configuration, the collimated near
field beam (without focusing by Lens 1 in Fig.4.1) is analysed by placing the
polarizing filter and SPIRICON profiler (dotted components in Fig. 1) ~300mm
after the waveplate. The resulting collimated beam intensity profiles are show in
Fig.4.2. In all cases, the polarization purity was ~95%.(measured by rotating a
polarizing filter and recording the maximum and minimum transmitted power) In
theory, the beam intensity profiles of CV beams with vortex wavefront added
(Fig.4.2 d-f) should be the same with the one with planer wavefront (Fig.4.2 a-c),
which means OAM did not affect the intensity distribution in the near field. The

twist lobes showing in Fig.4.2 (d)-(f) may caused by the distortion from SLM.

Fig. 4.2 Collimated beam profiles: (a) RP beam. (b) AP beam. (c) IP beam, with polarization
vectors tilted at 45°. (d) RPOAM beam. (¢) APOAM beam. (f) IPOAM beam. Intensity in
arbitrary unit, transmission axis of polarizing filter oriented vertically. The insets show the

electric field sectors (shown as arrows) of each incident collimated vector beam.
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4.2.3 Polarization analysis at lens focal plane

A first method for analysing the focal fields consists in projecting the focused beam
through the polarizing filter onto the SPIRICON profiler, located in a range of places
along the optical axis of the focusing lens (see Fig.4.3). For practicality, a 300mm
lens (Lens 1 in Fig.4.1) rather than the f-theta lens used in subsequent
micro-structuring experiments. Fig.4.4 shows the measured intensity profiles when
translating the polarization analyzer/camera £10mm in the vicinity of the lens focal
plane and reveals a clear distinction between the vector beams with and without
orbital angular momentum. The far field RP, AP and IP beams produced with
incident linear vertical polarization on the S-waveplate and polarizer have a distinct
double-lobe intensity profile [Fig.4.4(a)-(c)] which rotates with the angle 8 and is
invariant as it propagates along the optic axis of the focusing lens apart from the
obvious scale factor, proportional to the distance away from the focal plane. On the
other hand, all the beams with orbital angular momentum have a twisted profile with
non-zero intensity at the centre [Fig.4.4(d)-(f)], which varies significantly along the
optic axis. These results highlight the complexity of the focal electric fields and the
remarkable effect of the presence of a vortex phase on the vector beams which leads
to rotation of the vector fields around the focal plane and inversion of the spiral
direction, on either side of the focal plane, which was quite unexpected. At the focal
plane, the intensity profile has an approximately elliptical shape with spiral arms,

indicated in the middle row [Z = 0, Fig.4.4(d)-(f)] with the long axis of the ellipse
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dependent on the incident polarization [i.e. horizontal or vertical when the incident
beam is radially or azimuthally polarized respectively, see Fig.4.4(d) and (e)
respectively]. A clockwise rotation of the waveplate also caused a clockwise rotation
of the ellipse axis, whereas the central peak intensity remains unchanged, which

implies a hybrid polarization state.

Collimated beam

Focusing lens
(f=300mm)

Z=-40mm
Z=-30mm
Z=-20mm
Z=-10mm
Z=0mm

Z=+10mm
Z=+20mm
Z=+30mm

Z=+40mm

Fig. 4.3 Schematic showing the focused beam captured by Spiricon camera at range of places
along the optical axis of the focusing lens, the focal plane of the lens is set at Z=0mm and the
dotted line indicated the camera position.
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10mm

Z=-

Z=0

+10mm

Z=

Fig. 4.4 Reflected intensity distributions measured when polarization analyzer was translated
near lens through focal plane, (a) RP (6 = 09, (b) AP (6 =909, (c) IP (6 = +459), (d) RPAOM,
(e) APAOM, (f) IPOAM.

For further clarity, Fig.4.5 shows the measured reflected intensity profiles measured
up to d = #0mm from the lens focal plane and stacked in an isometric view. The
beams without OAM have stationary vector fields with z, but the vector fields with
OAM show a non-zero intensity on axis and vector field rotation due to the spiral
phase. Thus, the observed profiles along the optic axis over distances much greater

than the Rayleigh length.( R ~6mm in this case)
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Fig. 4.5 More detailed polarization analysis along optic axis within 240mm of the far field, with
(@) RP, (b) AP, (c) IP, (d) RPOAM, (e) APOAM and (f) IPOAM.

The field distribution of the spiral phase mode Laguerre Gaussian LG(0,1)* can be
described by [110]:

E(r,¢) = E,\/pe %™ Eq.4.1
where r and ¢ are the cylindrical coordinates (where p=2r?/a}, wo is the spot
size of the Gaussian beam) and helicity depending on the + sign. Hence, intensity
distribution given by 1(r,¢)=EE=1,0e ", a ring intensity with zero intensity
(phase singularity) in the middle, plotted in Fig.4.6(a). In the case of a radially
polarized beam with the same intensity distribution passing through a polarizer, the
observed double lobe intensity pattern in Fig.4.2 can be understood simply.
Following Machavariani [110], the LG(0,1)" spiral phase mode can be represented

Jinglei Ouyang 79 PhD Thesis



k&4 UNIVERSITY OF

)
\/ LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

by a superposition of two orthogonal degenerate LG modes;

E, (r,4) = E,[pe " cos(g) Eq.4.2
E, (r,4) = Ejy/pe " sin(g) Eq.4.3

Radial polarization can thus be represented by radially oriented field vectors, given
at each point in the field given by:

E(r,§) = Ej\/pe "? cosge, + Eg\Jpe "*singe,  Eqaa
where a and g are the unit vectors in the x and y directions. Passing this beam
through a linear polarizer with the transmission axis in the x-direction yields an
electric field given by:

E(r,g) = E()\/;e"”2 COS¢€ o g (g o g =0  Eq45
and hence transmitted intensity distribution,

I(r,¢)=EE = 1,06 " cos® ¢ Eq.4.6
while the reflected intensity (relevant here) must have the angular term cos®¢ in
Eq. 4.6 replaced with sin*¢. This resulting 2D intensity distribution is plotted in
Fig.4.6(b) and compares very favorably with that observed in Figs.4.4(a) and
Fig.4.5(a) for radial polarization reflected from polarizer. This distribution is valid
for both near and far field as vector fields are stationary. For AP/IP states, the

intensity distribution requires only a simple rotation (90°/45°).
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Fig. 4.6 (a) LG(0,1)* radial polarized intensity distribution 2D, (b) 2D double lobe intensity
distribution calculated from Eq.4.6 when a radially polarized beam is reflected from a linear
polariser (transmission axis horizontal), (c) 3D intensity representation of (b).

In the case of polarization states with a helical phase added, this procedure applies
approximately when one compares the polarization analysis in the near field
(Fig.4.2). However, the far field profiles, Fig.4.4(d-f) are much more difficult to
calculate as the vector fields also rotate in the vicinity of the focal plane while

changing handedness on either side.

4.2.4 Imprinting and mapping of vectors fields via LIPSS

To better elucidate the focal field properties further, a second focal analysis method
is used: each vector beam in turn is used to micro-machine laser ablation spots (and
thus imprint its intensity and polarization distribution) on the polished stainless steel
sample placed in the focal region of the f-theta lens (Fig.4.1), via laser plasmon
structuring. Near threshold ablation on the metal results in the growth of
microscopic Laser Induced Periodic Surface Structures (LIPSS) within the ablation

spots. The finesse of these low frequency periodic micro-structures with period A ~
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A initially improves with exposure and develops orthogonally to the local electric
field vectors [111, 112]. This enables the analysis of the vector field landscape
unambiguously in the focal region, complementing the polarization measurements.
By translating the surface above and below the f-theta lens focal plane while
observing the LIPSS after laser exposure, the resulting plasmon patterns confirmed
the local vector field distributions. With the laser operating at 5kHz frequency, the
fluence focused at the sample surface was attenuated to F ~0.4J/cm=per pulse and
exposure set to N = 50 pulses/spot. After laser exposure, the ablation spots were

imaged with an SEM microscope.

Fig.4.7 shows SEM images of LIPSS patterns on the ablation spots structured with
RP and AP beams, from Z = +0.5mm above the focal plane, at the focal plane, Z =0,
and Z =-0.5 mm below the focal plane. The LIPPS, which have an annular structure
with zero intensity at centre, are very clear, maintaining their orientation, thus
stationary, independent of focus position. Radial polarization produces circular
LIPSS and azimuthal polarization produces radial LIPSS, entirely consistent with
polarization analysis in Fig.4.4. These patterns also confirm the polarization purity

to be excellent.
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Fig. 4.7 SEM images of stationary LIPSS patterns structured with RP and AP beams when
substrate translated through the focal plane (a) RP 0.5mm above focal plane, (b) at the focal
lane and (c) 0.5mm below the focal plane, (d) AP 0.5mm above focal plane, (¢) at the focal plane

and (f) 0.5mm below the focal plane.

Fig.4.8 shows the ablation spots produced around the focal plane when the RPOAM
and APOAM beams had a helical phase added with topological charge m = 1. The
SEM images now confirm that there is no singularity thus showing ablation at centre
consistent with a Gaussian-like intensity profile already observed in the polarization
measurements, [Fig.4.3(d) and (e)]. There may however be some distortions induced
due to steps in the vortex phase-map applied to the SLM. From Fig.4.8, clear spiral
LIPSS are produced just outside the central region but LIPSS finesse reduces at the
centre of the focal spots, which one might expect to be due to overexposure.

However, when significantly reducing fluence per spot, it remained difficult to
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produce clear LIPSS in the centre of the laser focal spots, consistent with the centre
being circularly polarized [110]. Furthermore, the incident RPOAM beam produced
a focal spot with LIPSS oriented in a radial pattern confirming that the focal field
was azimuthally polarized in these regions, and vice versa with azimuthal, consistent
with previous study by Allegre et al [45]. The addition of OAM thus appears to
transform the incident RPOAM beam to its orthogonal state (APOAM) at the focal
plane and vice versa. The spiral direction (right handed above) also reverses to left
handed below the focal plane, in accord with the spiral flip observed on the

polarization analysis.

Fig. 4.8 LIPSS formation with the RPOAM and APOAM beams when substrate translated
through the focal plane (a) RPOAM 0.5mm above focal plane, (b) at the focal lane and (c)
0.5mm below the focal plane, (d) APOAM 0.5mm above focal plane, (e) at the focal plane and (f)
0.5mm below the focal plane. The spiral structures reverse direction above and below the
Fourier plane consistent with polarization observations.
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4.2.5 Focal field analysis using Jones vector formalism

From section 4.2.3, the CV beams with various polarization were analysed by the
focal intensity profiles. Here a simple analytic model based on Jones vectors which
mathematically presents the focal filed polarization was used to complement the
experimental analysis above. For brevity, the focal fields are only expressed at two
specific points in the focal plane: at the optical axis (shown as Point O in Fig.4.9)
and at a location corresponding to the edge of the focal spots (Point A in Fig.4.9).
Thanks to cylindrical symmetry, the polarization properties at other points in the
focal plane can then be inferred from those at Points O and A. The focal fields are
expressed as Jones vectors noted Eo and Ea in a coordinate system designated
(0,X,Y), which is defined in Fig.4.9. The focal Jones vectors produced with
radially polarized incident beams (with or without orbital angular momentum) are

all summarized in Table 4.1.

When the incident radially polarized beam has no angular momentum, the resulting
focal Jones vector at Point O has a zero amplitude (Table 4.1) and the Jones vector at
Point A is oriented radially (i.e. along the axis X). All the places located at same
distance from the centre as Point A also have polarization vectors oriented radially
(i.e. away from the centre). This is shown in Fig.4.10(a). Note that the beams
without orbital angular momentum, produce a ring-shaped distribution (zero field

amplitude shown as a dot in the centre) since all the electric field vectors cancel each
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other out at the optical axis. On the other hand, when the incident beam has angular

momentum of m=1, the resulting focal Jones vectors have higher amplitude at Point

O than at Point A (see normalized vector amplitudes in Table 4.1). The polarization

is circular at Point O, whereas at Point A it is elliptical with a strong elongation

along the axis Y (see Table 4.1). In other words, the electric field vector at Point A is

mostly oriented azimuthally (i.e. tangentially from the centre). All the places located

at same distance from the centre as Point A also have polarization vectors mostly

oriented azimuthally, as shown in Fig.4.10 (b).

(a)

(b)

(c)

Incident beam
profile

Low NA
focusing lens

Focal plane +—

Focal spot
profile

Fig. 4.9 Schematics showing: (a) eight Jones vectors J; in an incident collimated beam profile;
(b) a side-view of the focused wavefront; (c) the reference coordinate system (O, X, Y) at the

Jinglei Ouyang

focal plane.
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Table 4.1 Jones vectors in the focal plane. The location of Points O and A in the
focal plane are shown in Fig.4.9.

Incident collimated Focal plane Jones vector Jones ve_ctor
. . - normalized

beam configuration position components (X; Y) .

amplitude

Radially polarized beam Point O Eo=(0;0) 0

without angular momentum _

RP Point A EA=0.57%(1; 0) ~0.57

Radially polarized beam Point O Eo= O,5><(ei% 2 1) ~0.71

with angular momentum

-RPOAM Point A Ea= (0.1e'Z : 0.4) ~0.41

(a) $~ (b) (d) _0

«*HQOG -1¢-O¢>
’Z{\\/\/ﬂ{)

Fig. 4.10 Schematics showing the focal electric field vectors (shown as arrows) produced by low
NA focusing of (a) RP beam; (b) RPOAM beam (topological charge of m=1); (c) AP beam and
(d) APOAM beam (topological charge of m=1).

The Jones vectors in Table 4.1 explain how the orbital angular momentum affects
the focal fields of radially polarized beams: “adding” angular momentum of m=1 to
a radially polarized beam converts the focal field from an annular distribution (i.e.
with zero intensity in the centre) to a near Gaussian distribution (with peak intensity
in the centre). Furthermore, the focal field has a hybrid state of polarization, circular
near the central peak and mostly azimuthal in the wings of the Gaussian profile.

Note that the focal fields of incident azimuthally polarized beams with orbital
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angular momentum were modelled in the same way and the results are consistent
with those described above: a near Gaussian profile is obtained with a hybrid
polarization state. Importantly, this Jones vector analysis clarifies the experimental
results in previous section, such as the elliptical intensity profiles in Fig.4.4 (which
is due to the hybrid polarization state with a partial inversion at the focal plane), or
the absence of clear LIPSS in the centre of the laser spots in Fig.4.8 (the circular
polarization prevents their formation). Furthermore, the partial inversion in the state
of polarization around the edges of the laser spot is a peculiar phenomenon with

implications for micromachining.

4.2.6 Discussion

In the early attempts, to achieve the aim of polarization analysis the CV beam with
various wavefront, only one SLM and without S-waveplate setup was tested.
However the output of the CV beams by this method gains distortion due to the
resolution limit from SLM when generating the vortex wavefront polarized beams.
To solve this limitation, a possible way is to apply two SLM setup method which
was mentioned in Chapter 2.3.2.1(see Fig.2.9). But the two SLM setup was much
more expensive than the setup combined SLM and S-waveplate. So in the further
experiment, the current setup with one SLM and S-waveplate was considered as a

proper solution and implemented through the research.
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From experimental results, two diagnostic techniques were used to characterize the
optical properties of these vector beams: one for analyzing the beam profile and
polarization using a Spiricon camera with polarizing beam splitter and the other for
analyzing intensity/polarization by imprinting LIPSS on a polished stainless steel

surface with multi-pulse low fluence exposure.

In polarization analysis at lens focal plane, here used a 300mm lens (Lens 1 in Fig.
4.1) rather than the f-theta lens used in experiments which increasing the beam spot
size and would be beneficial in intensity profile observation on SPIRICON carema.

With the help of polarizing filter, distinctive beam intensity distribution with various
polarization state after focusing has been observed. Radial and azimuthal
polarization states (and superpositions states) without OAM maintain a stationary
electric field distribution along the propagation axis and LG intensity with a
polarization singularity and intensity distribution scaling with distance from the
focal plane. On the other hand, the effect of adding a helical phase applied to the
SLM results in clear rotation of the vector fields with spiral direction inverting
above and below the focal plane. The results of measuring up to #0mm from the
lens Fourier plane reveals how the orbital angular momentum associated with a
vortex wavefront induces complex field landscapes, the apparent inversion in the
state of polarization around the edges of the spots is an unexpected phenomenon.
However, these far field profiles with adding OAM (m=1) are so much complex to

Jinglei Ouyang 89 PhD Thesis



k&4 UNIVERSITY OF

)
\/ LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

calculate as the vector fields also rotate in the vicinity of the focal plane.

In surface processing analysis, The wavelength-sized LIPSS typically develop
orthogonally to the local electric field vectors and thus enable to analyse the vector
field landscapes in the focal region with a better accuracy than the optical analysis
method above. For planar wavefront, LIPSS are produced with a high uniformity
within the ablation spots and indicate that the polarization state is maintained in all
observation planes, with no variation along the optical axis of the focusing lens. On
the other hand, the geometry of the laser spots with vortex wavefront, with deeper
ablation in the centre than around the edges, was consistent with a Gaussian-like
intensity profile. It can be seen that LIPSS have been produced around the edges, but
not in the centre of the focal spots. Further ablation experiments with various
fluence values showed that it was extremely difficult to produce clear LIPSS in the
centre of the laser focal spots, which can be concluded with the centre being
circularly polarized.These important experimental results demonstrate the variability
of the focal fields along the optic axis due to the addition of orbital angular
momentum. Cardano et al [108] previously investigated experimentally the effect of
spin to OAM conversion with a "g-plate™ and measured the detailed spatial vector
fields (via Stokes parameters) near the focal plane of a lens within one Rayleigh
range. Their results showed a clear vector field rotation as observed here by both
polarization analysis and surface micro-structures.
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4.3 Spiral LIPSS surface processing
4.3.1 Aim of experiment

Radial and Azimuthal polarizations are extreme examples of these interesting states
with ring intensity modes and polarization singularities. Their superpositions result
in electric fields displaying a logarithmic spirals. Here the ultrafast laser induced
periodic surface micro-structuring was used to elucidate and confirm these vector

fields when micro-structuring metal surfaces with picosecond laser exposure.

4.3.2 Experimental setup

The same picosecond laser processing setup in Fig.4.1 was used with the SLM
acting as a mirror while altering linear polarization direction incident on the

S-waveplate.

4.3.3 Results and discussion

With OAM removed while rotating the S-waveplate to intermediate angles, -90° < 6
< 90°, a series of unique, remarkable spiral Plasmon micro-patterns resulted at the
lens focal plane, Fig.4.11. By rotating the S-waveplate axis (angle &) relative to the
incident linear polarization, it was possible to generate plane wave radial (8 = 0°)
and azimuthal (€ = = 90°) polarizations and a series of highly interesting spirals at
intermediate angles. Orthogonal polarization states have a 66 = 90° hence Fig.4.11(a)

and (e), (b) and (f), (c) and (g), (d) and (h) correspond to orthogonal polarization

Jinglei Ouyang 91 PhD Thesis



UNIVERSITY OF

LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

states.

Fig. 4.11 SEM images of spiral plasmons from superposition states generated by altering
S-waveplate axis 8 (a) -67.5¢ (b) -45 ¢ (c) -22.5°¢, (d) 0 °(radial), (e) +22.5¢, (f) +45° (g)
+67.5 °and (h) +90 °(azimuthal).

The spiral geometry has been analyzed for €= 22.5° and 45° and found to fit closely
the logarithmic spiral function, r(¢)=ae*’ where a = 0.57 (with r in um) and k =
0.414 and 1.0 respectively. The constant k determines the spiral winding and thus

k =tan @ . The theoretical fits to these spirals are shown in Fig.4.12(a) and (b) which
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match the observed structures quite well. The fit to &= 22.5° looks even better. All
the spirals are logarithmic where the spiral separations along a given axis increase
with rotation. At any given point in the field, the tangent to the curve and a radial

line from the centre has a fixed angle.

It can be confirmed that the spiral micro-structures result from a superposition of the
radial and azimuthal vector field components. Such logarithmic spiral electric fields,
due to superpositions of radial and azimuthal polarizations were previously
predicted by F.Gori in 2001 [113]. Fig.4.12(c) also supports this idea which shows
the vector field in a geometrical model (when & = 45°) when summing radial and

azimuthal field components with equal amplitude at each location in the vector field.
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Fig. 4.12 Detail of SEM images at (a) 6 = 22.5 °and (b) 6 = 45 °with the theoretical fits to
logarithmic spirals (red curves) where a = 0.57 and k = 0.414 and 1.0 respectively, (c) a simple
geometric superposition of radial and azimuthal field components (with equal amplitude) at 6 =

-45 ¢ generating a spiral electrical field distribution whose field direction is orthogonal to the
plasmon spirals at every location in (b).

The ablation spots on the polished stainless steel would appears a complex surface
patterning with logarithmic spiral structure. These are the first observations of such
micro-structured spirals in experiment created by multi-pulse exposure with spiral

vector fields.
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A phase only SLM can also rotate linear polarization by combining the SLM with a
quarter waveplate (after SLM) with incident linear polarization set at 45° to the
SLM director. With quarter waveplate fast axis set at 45°, CGH’s with varying grey
levels then generate elliptical polarizations which are converted to linear
polarizations (after the quarter waveplate) whose orientation rotates with grey level.
When synchronized with motion control at the substrate, this allowed dynamic
complex plasmon structuring on stainless steel. Using this approach, Fig.4.13 shows
a 4x4 spot array representing a circulant matrix where the main diagonal was
micro-structured with radial polarization while the off axis elements were structured

with superposition states.

Exposure was set to N = 50 pulses/spot at a fluence F ~ 0.4J/cm=per pulse at 5kHz
repetition rate. Pre-saved grey level maps in the Hamamatsu software were run in
sequence with a delay of 200ms applied between exposures to allow CGH’s to
refresh completely. Trigger signals were generated by the RTC4 card controlling the

Galvo positioning and hence synchronization.
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Fig. 4.13 dynamic surface plasmon structuring representing 4x4 circulant matrix with radial
polarisation on the main diagonal. The various states of polarization were synchronized with

galvo motion on the surface.

Applications of these complex spiral structures and field distributions are envisaged.
For example, polymer moulds of these 40um diameter spirals, although having ~
1um pitch (and which have smaller nano-structures within) might well affect cell
interactions on surfaces if the pitch of these LIPSS could be reduced with shorter
wavelengths, which could be expected. The spots inscribed with different vector
states also represent a form of information encoding. If one dynamically rotates
incident linear polarization (possible with the SLM) while synchronizing motion on
a substrate [46], pre-determined patterns could be created at will. In the case of
utra-high intensity femtosecond pulses with these spiral electrical fields, particle
acceleration might be advanced. It is interesting to note that by starting with
patterned dielectric arrays of SiN nano-pillars in a Vogel spiral, near field coupling
of the incident radiation along the spiral arms was recently experimentally
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demonstrated and theoretically predicted [114].

4.4 Chapter summary

In this Chapter, using the S-waveplate, plane wave radial and azimuthal
polarizations and their superpositions, logarithmic spirals (RP, AP and IP
respectively) were created. These are stationary vector fields so that local
polarization direction is an invariant property as the beam propagates along the optic
axis of a low NA focusing lens. When focused, these states maintain a ring
(Laguerre-Gaussian) intensity distribution which scales linearly with distance from

the focal plane with zero intensity (polarization singularity) in the middle.

Surface Plasmon patterning with plane wave radial and azimuthal polarizations
confirmed that the directions of local electric field vectors were orthogonal to the
LIPPS directions. Complex logarithmic spiral Plasmon structures were created by
employing spiral polarized beams generated by altering linear polarization direction
incident on the S-waveplate axis, which could be altered from right to left handed
along with the degree of spiral. These are the first experimental observations of such
spiral vector fields, confirmed by multi-pulse exposure on a polished metal surface
with picosecond laser pulses. The spiral vector fields have been shown to result from

superpositions of radial and azimuthal polarizations with varying amplitudes and
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theoretically modeled with satisfactory results.

With the S-waveplate and SLM together, a vortex phase was applied with
topological charge m=1 adding orbital angular momentum to these beams,
non-stationary vector field results and beam propagation in the region around the
focal plane, shows a twisting profile with non-zero intensity at the centre. This
highlights the remarkable effect of the vortex phase on the vector beams leading to
rotation of the vector fields around the focal plane, changing direction on either side.
These conclusions were supported umambiguously by polarization/intensity analysis
around the focal plane and by imprinting complex LIPSS above and below the focal
plane on a polished surface, elucidating the three dimensional structure of these
polarization states when focusing with a low NA lens. At the focal plane, the
polarization near the centre appears to be circular, thus orbital angular momentum

can be converted to spin angular momentum.

By synchronizing state of polarization with motion control at the substrate, this
allowed dynamic complex plasmon structuring on stainless steel. Using this
approach, a 4x4 spot array with a range of polarizations representing a circulant
matrix was demonstrated. Such a matrix can be viewed as a form of information

encoding.
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A

Chapter 5 Ultrashort pulse laser
micro-drilling study by using cylindrical
vector beams
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5.1 Introduction

In the previous chapters, a Polarization Mode Converter setup has been introduced
and demonstrated how it can produce a radial or an azimuthal polarization state at
the focal plane of a low NA focusing optics. The Polarization Mode Converter was
studied both experimentally and theoretically, indicating that an inversion in the
state of polarization occurs, i.e. the state of polarization with OAM (m=1) at the

focal plane is orthogonal to that of the collimated beam before the focusing optic.

In this chapter, the Polarization Mode Converter is combined with high laser beam
fluence to micro-drill stainless steel and silicon wafer plates. Recent experimental
work [1,4,51] also investigates micro-machining with radial and azimuthal states of
polarization, suggesting that the potential benefits of using these states of
polarization are more subtle than predicted in early theoretical studies [4].
Depending on the material, processing parameters and aspect-ratio of the machined
structures, either a radial, an azimuthal or a circular polarization is most efficient. In
particular, Meier et al. demonstrated experimentally, using a nanosecond-pulse laser
source, that a radial polarization is usually more efficient than other modes at
drilling through 1-3mm thick brass and copper plates, whereas an azimuthal
polarization is more efficient at drilling mild steel plates of similar thicknesses[51].
M. Kraus et al. compared the efficiency of drilling 0.5-1mm thick steel plates with a

radially and an azimuthally polarized beam, using a picosecond-pulse laser source
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[1]. It was shown that the azimuthally polarized beam was more efficient at
micro-drilling high-aspect-ratio holes when the plate thickness was above 0.5mm.

The work presented in this chapter focuses on micro-machining 0.3-0.5mm thick
sample substrates using a picosecond-pulse laser source with the Polarization Mode
Converter described in earlier chapters. A comparative analysis of micro-machining
with radially, azimuthally, circularly and linearly polarized beams with or without
Orbital Angular Momentum(OAM) is carried out. In each case, the results are

compared between the various states of polarization.

Thanks to the dynamic nature of the SLM along with the S-wave plate, the state of
polarization can be programmed and modified to better suit an industrial process,
without requiring any mechanical rotation of the polarization optics. Hence,
compared with the other methods for producing cylindrical vector beams (CVBs)
used in the experimental work described above, the Polarization Mode Converter

allows further flexibility.

5.2 Micro-drilling
5.2.1 Aim of the experiment

During a laser micro-machining process such as helical drilling, multiple internal

reflections occur inside the holes. Polarization affects the laser-material energy
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coupling at each reflection. In this chapter, the tailored focal fields demonstrated in
chapter 4 are used for helical micro-drilling of stainless steel and silicon substrates
and results, in terms of quality and efficiency, compared with traditional polarization
states (circular and linear). This illustrates how the distinct machining properties

associated with each beam make it best suited for specific processes or materials.

5.2.2 Experimental setup and procedure

The experimental setup of this micro-drilling test used the High Q picosecond laser
system in Chapter 4, Fig.4.1. For the drilling experiments, samples are mounted on a
precision 5-axis motion control system allowing accurate positioning in the focal
plane of the f-theta lens. Having demonstrated the ability to manipulate vector
beams and shape the focal fields into various complex landscapes in Chapter 4, the
micromachining properties can be investigated by some of these vector beams (i.e.
RP, AP, RPOAM and APOAM beams). For comparison purposes, linearly and
circularly polarized Gaussian and "donut” beams (the latter are simply obtained by
inducing an orbital angular momentum of m=1 to the linearly or circularly polarized
Gaussian beams) also used. Trepanning drilling carried out on stainless steel 302
sheets (370um and 500um thick) and silicon wafers (500um thick) which are typical
substrates used in industrial micromachining. All the drilling tests use a pulse energy

2

of 80uJ (i.e. an average fluence of 11.3J/cm” at the focal plane) with a pulse
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repetition rate of 10kHz, and the beam is scanned (trepanned) along a circular path
with a 100pum diameter and a 20mm/s scan speed. Various laser exposure times were
as follows; 20s, 45s, 70s on 370um stainless steel sheet; 45s, 70s, 140s on 500um
stainless steel sheet and silicon wafer.These tests are repeated 10 times with each
vector beam to average the results. After laser drilling, all the results are analyzed

with an optical microscope.

5.2.3 Results and discussion

First, the results are assessed qualitatively by comparing the relative size, shape and
edge quality of the drilled holes. Figs.5.1, 5.2 and 5.3, which show typical holes
drilled in the silicon and steel substrates, highlight significant differences in the hole
geometry produced with AP and APOAM beams (i.e. with a annular and Gaussian
focal intensity profile respectively). This is especially visible with the exit holes,
which are larger and smoother in the latter case (see for example Fig.5.3-a and - b).
In fact, the APOAM beam produces holes which are more similar to those made
with the circularly polarized CP Gaussian beam (see exit holes, Fig.5.3-c). Note that
the linearly polarized (LP) beam produces the worst drilling quality, with a distorted

hole entrance and elliptical exit.
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Fig. 5.1 Optical micrographs showing drilling results on 370um Stainless Steel sheet with: (a)
AP, (b) APOAM, (c) CP and (d) LP beams at fluence ~11.3J/cm? and with ~20s laser exposure
duration. Top row shows the entrance and bottom row the exit.

Fig. 5.2 Optical micrographs showing drilling results on 500um Stainless Steel sheet with: (a)
AP, (b) APOAM, (c) CP and (d) LP beams at fluence~11.3J/cm? and with ~70s laser exposure
duration. Top row shows the hole entrance and bottom row the exit.
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Fig. 5.3 Optical micrographs showing drilling results on 500um Silicon wafer with: (a) AP, (b)
APOAM, (c) CP and (d) LP beams at fluence~11.3J/cm? and with ~140s laser exposure duration.
Top row shows the entrance and bottom row the exit.

Next, the drilling efficiency of the vector beams were evaluated by measuring the
diameter of the produced holes entrance and exit. The complete drilling results with
various exposure times are showing in table 5.1. As the linear polarization produces
elliptical exit holes, this led to less accurate results, hence this data are not included.
As seen, with the exposure time increasing, the exit hole's diameter, becomes larger,
as more material is machined away near the exit side. However, the entrance
diameters for a given polarization (and so intensity distribution) are almost
independent of exposure time since fluence is well above ablation threshold, so

entrance dimensions saturate certainly within < 20seconds.
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Table 5.1 Complete drilling results for the cylindrical vector beams with various
laser exposure time.

370um Stainless Steal
Entrance diameter(um)
Exposure | op | RPOAM | AP | APOAM | CP | CPOAM
duration(s)
20 | 170.336 | 162.984 | 170.476 | 162.468 | 162.348 | 171.812
45 | 171.492 | 164.676 | 171.364 | 164.468 | 163.383 | 172.816
70 | 172252 | 166272 | 172424 | 16658 | 164.226 | 174.261
Exit(um)
Exposure | oo |RPoAM | AP | APOAM | CP | CPOAM
duration(s)
20 94.116 | 96.872 | 86.064 | 98.404 | 97.940 | 86.832
45 104.68 | 106.868 | 96.876 | 110.880 | 109.548 | 96.084
70 | 100.068 | 111.688 | 103.736 | 115.416 | 114.228 | 104.864
500um Stainless Steal
Entrance(um)
Exposure | op | RPOAM | AP | APOAM | CP | CPOAM
duration(s)
45 | 171.676 | 164.780 | 171.596 | 164.937 | 163.508 | 172.632
70 17232 | 166.962 | 172.976 | 166.232 | 164.312 | 173.952
140 | 173748 | 167.134 | 173.968 | 167.95 | 16542 | 174.964
Exit(um)
Exposure | op | RPOAM | AP | APOAM | CP | CPOAM
duration(s)
45 82.888 | 94224 | 79.136 | 97.044 | 97.192 | 78.66
70 93964 | 106.608 | 89.32 | 109.296 | 107.424 | 91.73
140 | 101.084 | 113.416 | 97.448 | 115384 | 112508 | 99.704
500um Silicon wafer
Entrance(um)
Exposure | op | RPOAM | AP | APOAM | CP | CPOAM
duration(s)
45 | 139.036 | 123.708 | 138.304 | 123.08 | 12354 | 139.32
70 139.58 | 124.096 | 139.304 | 124.396 | 125.084 | 141.64
140 | 141.676 | 126.104 | 141604 | 12476 | 125388 | 143.324
Exit(um)
Exposure | op | RPOAM | AP | APOAM | CP | CPOAM
duration(s)
45 85508 | 97.084 | 78.896 | 97.504 | 97.724 | 80.736
70 87.132 | 106.284 | 80.148 | 108.908 | 107.024 | 81.748
140 | 88056 | 111.992 | 81.124 | 114172 | 112.864 | 84.952
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In order to compare the results more rigorously, the complete data for the 3
substrates were statistically analyzed on both faces. The results of the average
diameter of holes drilled in the silicon and stainless steel plates are plotted in Fig.5.4.

In addition, the difference value of each hole's entrance and exit plotted in Fig.5.5.

For further understanding the drilling hole's geometry, the best method is to
investigate the cross-sectional view of these holes and did trials in the early
experiment. However due to the hole diameter is very small, it is difficult to prepare
the cross-sectional view sample by the available laboratory device. So, this

experimental analysis is only based on the entrance and exit diameter in this thesis.

Looking at the results obtained in the 500um thick steel and 500um thick silicon
plates, the most noticeable feature is the similarity in the drilling characteristics of
the RPOAM, APOAM and CP beams, since they all produce comparable hole
geometries (~125um diameter entrance and ~112um diameter exit in silicon i.e. a
sidewall half-angle taper of only ~1.5<. On the other hand, the RP and AP beams
without angular momentum have broadly similar characteristics as the CPOAM
beam (producing holes of ~142um diameter entrance and ~84um diameter exit in
silicon i.e. a significantly larger half-angle taper of ~6.6<. These results can be
understood since the former set of beams all produces Gaussian like focal intensity
profiles, whereas the latter produce annular profiles with a lower peak intensity. In
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other words, the drilling properties in the 500um thick silicon and steel plates are

more influenced by the focal intensity distribution than the state of polarization.

Drilling result of entrance

180

170 +
£ 160 - =RP
=
g 150 mAP
£ u CPOAM
S 140 -
S mRPOAM
2 130 - 5 APOAM

mCP
120 +
110
370um Stainless Steel 500um Stainless Steel 500um Silicon Wafer
Drilling result of exit

120

115

110
£ mRP
3
T 100 m AP
°
g 95 m CPOAM
E 90 -+ B RPOAM
2 85 - = APOAM

80 mCp

75 A

70 -

370um Stainless Steel 500um Stainless Steel 500um Silicon Wafer

Fig. 5.4 Data graphs showing drilling hole diameter of entrance(top graph) and exit(bottom
graph) on 370um SS sheet(~20s exposure duration), 500um Stainless Steel sheet(~70s exposure
duration), 500um Silicon Wafer(-140s exposure duration) with various tailored laser beams.
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Difference value of hole's entrance and exit
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Fig. 5.5 Data graphs showing the difference value of hole’s entrance and exit in Fig.5.4.

Looking at the drilling results in the 370um thick stainless steel plate (Fig.5.4), it
can be seen that the distinction between the drilling properties of the annular beams
(i.e. RP, AP and CPOAM) and those of the Gaussian beams (i.e. RPOAM, APOAM
and CP) is less obvious than with the thicker plates. Within the set of annular beams,
there is a clear influence of polarization on the diameter of the exit holes. The RP
beam produces a ~10% larger exit diameter than the AP beam (~94pm versus
~86um). This is the result of the better coupling efficiency of radial polarization,
which mostly produces p-polarized internal reflections on the sidewalls during
drilling [4,115]. On the other hand, azimuthal polarization mostly produces
s-polarized internal reflections, with a higher reflectivity that leads to increased
losses through the hole exit aperture and thus a poorer coupling efficiency overall.
The CPOAM beam produces an intermediate exit hole diameter (~87um). This
results from the average of p- and s-polarized internal reflections during drilling
typically the same with circular polarization [116], thus an intermediate coupling
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efficiency between that of radial and azimuthal polarization.

Note that the RPOAM and APOAM beams induce a hybrid state of polarization at
the focal plane as demonstrated in chapter 4, and thus both produce exit holes with
fairly similar diameters, however it still can be seen that the exit holes produced by
APOAM is a little bit larger(~1-2%) than RPOAM from Table 5.1 in all case. This
can be also considered as most proportion of p-polarization produced by APOAM

when near the focal region due to the polarization inversion.

In summary, these results illustrate how the beam vector fields can be tailored to
specific applications requirements. By shaping the focal intensity profile and
polarization distribution, the machining properties can be optimized for a given
process or material. For example for an application requiring holes with reduced
taper in 500um thick silicon wafers (i.e. entrance and exit holes of similar diameter),
a drilling process with a APOAM would be most appropriate, since it produces the

lowest taper angle.
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5.3. Chapter summary

In this Chapter this 5, the Polarization Mode Converter was combined with high
laser beam fluence to micro-drill stainless steel and silicon wafer plates. Prior to
testing real-time processes, the results were compared in terms of quality and
efficiency, illustrateing how the distinct machining properties associated with each
static polarization and wavefront, make it best suited for specific processes or

materials.

From the whole drilling result, it shown that the laser beams with Gaussian like
focal intensity profiles (with OAM) gain much lower sidewall taper than the beams
with annular profiles (without OAM), which means drilling hole geometry is more
influenced by the focal intensity distribution than the state of polarization. On the
other hand, the laser beams carry with radial polarization on the focal plane
produced a larger exit diameter up to 10% than the azimuthally polarized beam. This
is the result of the better coupling efficiency of radial polarization on the material

side walls (P polarization)

All the results illustrate how tailored vector beams can be used to optimize laser
micro-processes. The great advantage of the method described here is its flexibility,

with an almost infinite range of optical field combinations.

Jinglei Ouyang 111 PhD Thesis



C&4 U N

IVERSITY OF
)
\/ LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing

A

Chapter 6 Investigation of advanced
annular beam in micro-processing
application
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6.1 Introduction

The use of interesting beam shape can make some specific laser micro-fabrication
more flexible. For example, the generation of different sized annular beams can be
used to obtain optical trepanning drilling, which is more efficient than the traditional
mechanical trepanning drilling [7,117,118]. Besides, this annular beam also
increased the processing efficiency in selective ablation for semiconductor materials.
By using the same setup in previous two chapters, annular beam with various
polarization can be obtained, which can be considered as another branch in optical

vector field control.

In this chapter, ultrafast laser micro-processing using diffractive annular beam
patterns is demonstrated. The annular beam was generated by diffractive axicon
computer generated holograms (CGHSs) using a SLM. The diameter of the annular
beam can be easily adjusted by varying the radius of the spatial period of the axicon
phase map. In addition, by combining a S-waveplate in the annular beam setup, the
output annular beam polarization can be modified. Micro-holes were drilled through
a 0.05mm thick stainless steel foil using the annular beams with various polarization
states. Surface processing of various polarized annular beams were also used to
produce aconcentric ring array, in which the rings had different polarizations, the
patterns give various colour when using diffraction of side light illumination.

Furthermore, these annular beams were used in selective ablation of Indium tin
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oxide coated on glass substrate(ITO/glass).This approach increased the processing

efficiency significantly over that of single beam processing.

6.2 Experimental and methodology

The experimental setup of annular beam micro-processing also used the High Q
picosecond laser system in Chapter 4, Fig.4.1.The SLM here applied diffractive

axicon CGHs to generate annular beams for the experiment.

Diffractiv eaxicon CGHs, also described as circular blazed gratings, were used to
create annular beams. As shown in Fig.6.1, the radius of the smallest ring in the
axicon is equal to the spatial period of the blazed grating, d. The blazed grating
creates a +1 order beam with a diffraction angle of $, while the axicon generates a

diffractive +1 order conical wave. According to the grating equation below[119]

d(sina + sing)=mA Eq.6.1
where d is the grating period or the radius of smallest ring in the axicon phase, « is
the input beam incidence angle, m is the diffraction order and A is the input beam

wavelength, when m =1,the +1order diffraction angle:

Brsing=(A/d)-sina Eq.6.2
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If keeping a small incident angle, the diffraction angle can be recognized by

B~(Ald) Eq.6.3

When the diffracted conical wave is focused by the f-theta lens, an annular focus is
created at the focal plane. As shown in Fig.6.2, the diameter (D) of the annular focus

can be calculated by

D=2r=2ftang =2t p=2f A/d Eq.6.4
where f is the focus of F-theta lens. Since the width of the annular focus is
comparable to the Oth order beam waist (2ag), the area of the annular (S) focus can

be calculated by

S~2w,Cc=2077D=4a,7f A/d Eq.6.5

where c is the circumference of the annular focus.
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Axicon phase hologram
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(@ Blazed grating hologram
3 d

Fig. 6.1 Diffractive axicon CGH (left) and blazed grating CGH(right).

S
>

Fig. 6.2 Annular focus created at the focal plane of the f -theta lens.

During experiments, pulse energy (Ep) were directly measured by an power meter.

Peak fluences (F) for a Gaussian beam single pulsecan be calculated by

F=2E, /(7)) £q.6.6

where wy is the radius of the Gaussian beam waist. From Eq.6.5 and Eq.6.6,when
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processing with single annular beams, the fluence in the ring of width 2wy is then,

F=Ed/QCaxf 1) Eq.6.7

6.3 The generation of single annular focus with various

polarizations and surface processing analysis

Surface ablation of a stainless steel sample using different sized annular beams
created by diffractive axicon CGHs is demonstrated in Fig.6.3. The laser intensity
distributions measured by the Spiricon beam profiler are presented in column (b).
Each ablation annular footprint shown in the column (c) was fabricated by 100
pulses at fluence F~ 0.3 J cm—2 (approximate 1.5 > ablation threshold). Note that a
small circular dot machined by the undiffracted Oth order beam was found in the
centre of annual rings, this is due to the diffraction efficiency of SLM is not 100%
which leads to the remnant Oth order and also distortion of ring shape. To prevent
the Oth order from damaging the sample, it is possible to physically block the Oth

order at the Fourier plane of the 4f optical system using a small target.

Table 6.1 showing the comparison between theoretical and measured diameter of the
annular beam (D) against the radius of the spatial period in the axicon CGH (d). As

plotted in Fig.6.4, the experimental data acquired from measuring the annular
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ablation footprint on the stainless steel sample reasonablely matches the theoretical
data calculated using Eq.6.4. Note that when d is smaller the disparity between the
theoretical and measured D is larger, this is due to the limitation of pixel resolution
on this SLM which cannot offer smooth gradient change in phase modulation (i.e.
when d=100, each 2n phase change present in only 5 pixels on SLM which cause
steeper gradient between each pixel). when the d is larger, due to less blazed rings

present in axicon, the annual rings are not quite round.

wrlpgg~a

wrg1Z~a

wrog] ~a

(a) (b) (c)
Fig. 6.3 Single annular beam processing—column (a): diffractive axicon CGHs with different
spatial period d; column (b): annular beams observed by the Spiricon beam profiler; column (c):

optical micrographs showing the annular ablation footprints on a stainless steel sample.
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Table 6.1 Comparison between theoretical and measured diameter of the annular

beam.
Spatial period ring in the | Theoretical diameter of the | Measured diameter of the
Axicon phase d (jum) annular ring D(jm) annular ring D(jum)
100 2128 2247.4
200 1064 1089.1
400 532 542.3
600 354.6 360.4
800 266 271.2
1000 212.8 213.1
1200 177.3 176.4
1400 152 149.3
1600 133 129.1
1800 118.2 112.3
2000 106.4 100.1
2500
g ¢
= 2000
£
5
S 1500
c
&
% 1000 & @ theoretical
S diameter
2
g 500 #
5 ..
o * % o X measured
0 T T T il ? ‘ diameter
0 500 1000 1500 2000 2500
Spatial period of the axicon phase (um)

Fig. 6.4 Graph of comparison between theoretical and measured diameters of annular ring.
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By adding a S-waveplate after the SLM, the annular output beam polarization can be
modified to have linear, azimuthal, or radial polarization. This is shown
convincingly below in Fig.6.5-Fig.6.7. The intensity beam profiles measured by a
Spiricon camera combined with a polarizing filter transmission axis oriented
vertically. The azimuthally and radially polarized annular beams present a two lobe
shape which are oriented orthogonally, to be expected when an annular beam with
these polarization states are analysed.These results are consistent with thoseobserved
in Chapter 4 with ring mode radial and azimuthal states. The results of surface
structuring also show that the LIPSS directionsin the annular rings in column

confirm these polarization states unambiguously.

Fig. 6.5 Linearly polarized annular beam analysis, a) magnified LIPSS pattern from b) footprint
of ablation on polished stainless steel surface; c) Spiricon camera beam profile shows the
intensity distrubution after the polarizing filter.
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Fig. 6.6 Radially polarized annular beam analysis, a) magnified LIPSS pattern from b) footprint
of ablation on polished stainless steel surface; ¢) Spiricon camera beam profile shows the
intensity distrubution after the polarizing filter.

Fig. 6.7 Azimuthally polarized annular beam analysis, a) magnified LIPSS pattern from b)
footprint of ablation on polished stainless steel surface; c) Spiricon camera beam profile shows
the intensity distrubution after the polarizing filter.
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Then The annular beams were used to drill holes with different polarization state
through a 0.05mm thick stainless steel foil, using optical trepanning drilling [15, 16].
The laser beam was focused on the upper surface of the stainless steel foil. Since the
thickness of the stainless steel foil (~50um) is comparable to the depth of focus of
the f -theta lens, there is no need to adjust the focal position when the laser is drilling
through the foil. No processing gases were used during the experiment. As shown in
Fig.6.8, drilling through the foil sample with 4 different polarized annular beams
(d=1200um, D=170um ),was performed with 10000 pulses(5kHz, in 2 second ) at a
fluence of F ~ 0.8 J cm™. Fig.6.8 shows the observed entrance and exit hole
diameters for comparison, one can see that the linear polarized annular beam gives
the worst drilling result with elliptical entrance/exit holes. From Fig.6.9, as the radial
polarized annular beam gives a P-polarization at the drilled hole wall all around the
ring, hence higher absorption coefficient, it gives the largest exit diameter
(D=185um). In contrast, azmuthally polarized annular beam gives S-polarization at
drilled hole wall around the ring, the absorption coefficient is lower, which gives a

smaller exit(D~=~175um).

In addition, comparing with annular beam drilling, when using single Gaussian
beam with the same fluence (F = 0.8 J cm™) to machine this stainless steel foil by
mechanical trepanning drilling, the processing time will take at least 30 second.
Hence the processing speed for annular beam is 15 times faster than single Gaussian
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beam in this case.
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Fig. 6.8 Microscope images of comparison between radially (R), azimuthally (A),linearly (L),
circularly (C) polarized annular of drilling entrance and exit on stainless steel foil.
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Fig. 6.9 Graph of comparison between radially (R), azimuthally (A),linearly (L), circularly (C)
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6.4 Complex surface patterning on polished stainless steel

By synchronizing these two parameters with laser gating, a complex LIPSS ring
pattern can be achieved.Fig.6.10-Fig.6.12 show several concentric rings produced by
linearly, azimuthally and radially polarized annular beams by adjusting the axicon
spatial period d on polished Stainless Steel sample. The polarization states of these
beam are also easily visualized using low-angle side illumination. After cleaning,
these concentric rings were observed by the microscope with side light illumination
(white light, unpolarized) at grazing incidence. Due to the diffractive property of
LIPSS [70], only the areas where LIPSS are perpendicular to the axis of illumination
reflected the low angle light. Therefore, each pattern shows the part of the geometry
that reflected the illumination through diffraction of the LIPSS. Rotating the axis of

illumination by 90° reveals the remainder of the geometry.
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Fig. 6.10 Concentric rings LIPSS machined by linearly polarized annular beams at side light
illumination(blue arrow indicated the direction of incidentside light); magnified image shows

the LIPSS direction.

Fig. 6.11 Concentric rings LIPSS machined by radially polarized annular beams at side light
illumination(blue arrow indicated the direction of incident side light); magnified image shows
the LIPSS direction.
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Fig. 6.12 Concentric rings LIPSS machined by azimuthally polarized annular beams at side
light illumination(blue arrow indicated the direction of incident side light); magnified image
shows the LIPSS direction.

Linear polarization shows a high contrast, expected when light is diffracted from the
LIPSS when oriented 90° to incident light direction (Fig.6.10, top left). With radial
polarization the diffracted light is mainly at +£45°, appearing in those regions where
the LIPSS are parallel to the incident light (Fig.6.11). The results with azimuthal

polarization (Fig.6.12), as expected are opposite to those with radial one.
Using this approach, a 4x6 concentric rings array were generated, and also at two

orthogonal side light illumination (see Fig.6.13). All these arrays show the

uniformed diffractive patterns.
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Fig. 6.13 4x6 concentric rings array were produced by linearly, radially, azimuhally polarized
annular beam at two orthogonal side light illumination (blue arrow indicated the direction of
incident side light ).

The polarization of annular beam can be easily changed by rotating the S-waveplate
transmission axis, when synchronizing polarization with motion control and axicon
CGHis, this allowed dynamic complex plasmon structuring on the substrate. Fig.6.14
shows the concentric rings with mixed radially and azimuthally polarized annular
beam. This special illumination property gives a potential application in the security
data coding, follow the side light direction radial annular rings would appear bright
stripes and dark stripes for azimuthal annular rings. For the bright stripe can contain

digital code 1, dark stripe can contain digital code 0. Side illumination on concentric
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rings can be read by a sensor which would recognize the 0,1 digital code. Using this
approach, a 4x6 concentric rings array were generated at two orthogonal side light
illumination in Fig.6.15. Due to only the areas where LIPSS are perpendicular to the
axis of illumination reflected the low angle light, in Fig.6.15, the bright segments in
left image will appear dark shadow in right image by orthogonal side light

illumination.

Fig. 6.14 Concentric rings LIPSS machined by mixed radially and azimuthally polarized
annular beams at side light illumination(blue arrow indicated the direction of incident side
light); magnified image shows the LIPSS direction.

Fig. 6.15 4x6 concentric rings array were produced by mixed radially and azimuthally polarized
annular beams at side light illumination(blue arrow indicated the direction of incident side
light).
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6.5 Surface processingon ITO

Transparent Conductive Oxides (TCO) materials are electrically conducting and
transparent to visible light have undergone continuous development. Indium Tin
Oxide (Sn-doped In,0O3), also known as ITO, is a commonly used TCO material. has
become very popular with manufacturers due to its excellent conductivity, wide

optical transmission and stability in most environments.

In semiconductor manufacturing there is a requirement to be able to fabricate large
numbers of devices in short time. For the selective ablation on ITO substrate, if a
wider track of removal area is required on ITO, the traditional method would scan
the Gaussian beam over several overlapping tracks to achieve the required width.
Here then is an advantage of using the annular beam, as the diameter of the annular
ring can be adjusted by the Axicon CGH to achieve the required width, hence only

one scanned track is needed which reduces the processing time.

Fig.6.16 and Fig.6.17 show a comparison between annular beam and single
Gaussian beam for material removal on ITO sample to produce a ~210um track in
5mm length, used same fluence F= 0.9J/cm? and scanning speed 10mm/s in both
case. The experimental results were observed by WYKO NT1100 white light
interferometric microscope. An annular beam with 210um diameter was used to

ablate the ITO surface with a single scan in 0.5 second, the processing result is
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nearly perfect in the ablated area with smooth finish (Fig.6.16). On the right-hand
side, a single Gaussian beam(~30um beam width) did the multi-scan with a 15um
hatch, hence there were 15 small tracks combined together to achieve 210um track
width, finished the process in 7.5 second (Fig.6.17). The ablated track by single
Gaussian beam multiple scan clearly shows the tips structure in each overlapping
scanning path, this is due to the overlapping hatch distance 15um still a little bit
wider. To solve this issue, it need reduce the value of overlapping hatch, which cause
more scan numbers and deduction of processing efficiency. Hence the annular beam

shows the advantage of process in higher quality and efficiency in this case.

Using the same approach, a complex pattern were produced by annular beam
selective ablation on ITO/glass(see Fig.6.18). The cross-section of each slot in
ablation area gain the fairly same width (~215um) and depth (~20um), which offers
a good uniformity in this pattern. This surface analysis of WYKO interferometer

shows high quality ablation avoiding damage to the substrate.

Jinglei Ouyang 130 PhD Thesis



UNIVERSITY OF

LIVERPOOL Tailored optical vector fields for ultrashort-pulse laser mirco-processing
451 £ 567
400 0

-232

OT T T T T 0 X T et N | T Ll T T 1

-1 um

LS N S N B B S N S S e B G S S SN S S B N N SN S B S L I ot o diomm e e |

T
0 S0 100 150 200 250 300 350 400 450

Fig. 6.16 interferometric microscope image shows ITO sample machined by Annular beam with
single scans (top); cross-sectional profile of track analysis in Y axis(bottom).
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Fig. 6.17 interferometric microscope image shows ITO sample machined by single Gaussian
beam with 15 scans (top); cross-sectional profile of track analysis in Y axis(bottom).
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Fig. 6.18 WYKO interferometer analysis of selective ablated pattern machined by Annular beam.

6.7 Chapter summary

In this Chapter, ultrafast laser micro-processing using annular beams generated by
diffractive axicon patterns is demonstrated. The diameter of the annular beam is
adjustable by controlling the spatial period of axicon CGHs, which would be
considered as an advanced beam shaping technique in order to improve the

processing efficiency and flexibility.

By combining a S-waveplate in the annular beam setup, the output annular beam
polarization was modified. Micro-holes were drilled through a 0.05mm thick

stainless steel foil using the annular beams with various polarization states. Due to
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the advantage of annular property, and avoiding high laser output attenuation the
processing speed could be at least 15 times faster than with the normal Gaussian
beam. In addition, as the annular beam with radial polarization gives a
P-polarization at the drilled hole wall all around the ring, hence higher absorption
coefficient, it gives the largest exit diameter in the drilling result. This is also
consistant with the drilling results which shows the significant advantage of using

radial polarization in laser micro-processing.

The polarization of annular beam can be easily changed by rotating the S-waveplate
transmission axis while the diameter of the annular ring is determined by Axicon
dimension, d set by the CGH. By synchronizing these two parameters with laser
gating, a complex concentric LIPSS ring pattern can be achieved. Due to the
diffractive property of LIPSS, each pattern gives a different light and shade
appearance. Follow the side light illumination radial annular rings would appear as
bright stripes and dark stripes for azimuthal annular rings. This unique technique has
a potential application in the security data coding. For instance, the bright stripe can
represent digital code 1 and dark stripe for code 0. Then side illumination on a series

of concentric rings can be read by a sensor if the proper setup is used.

Adjustable diameter annular beam was also used in selective ablation on ITO /glass
substrate, Scanning the annular beam with appropriate fluence was much more
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satisfactory than using a Gaussian being which required severe attenuation to avoid
substrate damage. For Gaussian beam, traditional method needs many overlapping
scanns to achieve the required width, while only one scanned track is needed for
annular beam by adjusting the diameter equal the track width while using much
higher pulse energy. The processing result is nearly perfect for annular beam
increasing the processing speed by factor of 15 Using this approach, complex,
high speed patterning of ITO on glass can be achieved while showing a high quality

finish and avoiding damage to the substrate.
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Chapter 7 Conclusions and
recommendation for future work
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7.1 Conclusions

In this thesis, novel optical setups were designed to control the phase and
polarization of ultrashort-pulse laser beams to create complex vector optical fields.
This was achieved by using a phase only spatial light modulator and nano-structured
S waveplate and combining these with a high repetition rate picosecond laser system

operating at 1064nm.

In Chapter 4, the factors of generating highly advanced vector laser beams has been
elucidated. Plane wave radial and azimuthal polarizations and their superpositions,
logarithmic spirals (RP, AP and IP respectively) were created, which carried
stationary vector fields so that local polarization direction is an invariant property as
the beam propagates along the optic axis of a low NA focusing lens. when a vortex
phase was applied with topological charge m=1 adding orbital angular momentum to
these beams, non-stationary vector field results and beam propagation in the region
around the focal plane, shows a twisting profile with non-zero intensity at the centre.
Surface processing of LIPSS pattern by these tailored beams confirmed this
phenomenon and theoretical Jones vector analysis gives a proper explanation.
Complex logarithmic spiral LIPSS structures were created, which are the first
experimental observations of such spiral vector fields, and theoretically modelled

with satisfactory results.
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In Chapter 5, it has shown how tailoring vector beams enables to accurately control
the focal fields of ultrashort-pulse laser beams and influence their micromachining
properties. The resultant vector beams were used for micro-drilling, showing how
the intensity profile and state of polarization in the focal plane influence the
processing speed and quality. For instance, the laser beams carry with radial
polarization on the focal plane produced a larger exit diameter up to 10% than the
azimuthally polarized beam. In addition, the polarized beams with vortex wavefront
(Gaussian like intensity distribution) produced a lower taper of the hole's geometry
than the planar wavefront (donut like intensity distribution). These results illustrate
how tailored vector beams can be used to optimize laser micro-processes. The great
advantage of the method described here is its flexibility, with an almost infinite
range of optical field combinations which helps identify the optimized operating

parameters in various applications.

In Chapter 6, ultrafast laser micro-processing using annular beams generated by
diffractive axicon patterns is demonstrated, which would be considered as an
advanced beam shaping technique in order to improve the processing efficiency and
flexibility. Results shown the annular beam with radial polarization gives the largest
exit diameter in the drilling through 0.05 thick stainless steel foil, which is also
consistant with the drilling results in Chapter 5. A complex concentric LIPSS ring

patterns were achieved by synchronizing annular beam's diameter and polarization
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state. This unique technique has a potential application in the security data coding.
Adjustable diameter annular beam was also used in selective ablation on ITO /glass
substrate, Scanning the annular beam with appropriate fluence was much more
satisfactory than using a Gaussian being and also increasing the processing speed by
factor of 15. Using this approach, complex, high speed patterning of ITO on glass
can be achieved while showing a high quality finish and avoiding damage to the

substrate.

7.2 Recommendation for future work

The following recommendations for further research have arisen from the work in

this thesis:

7.2.1 Optical aberration correction

In the experimental results, slight optical aberrations affected the quality of laser
micro-processing. For example, the laser beam was not a perfect Gaussian (M? ~1.3),
so that a higher beam quality laser source would reduce this source of wavefront
aberration. In addition, optical aberration due to the flatness of the SLM used in the

experiments induced residual phase distortions.
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When a OAM applied by the SLM, the vortex phase produced a singularity at the
optical axis, the pixels of the SLM that were very close to this central phase
singularity induced significant diffraction effect, this affected the focusing properties
of the CVBs and polarization purity as well. Future work could look at using a
second SLM in the set-up, which induces a corrective phase pattern designed to

compensate the residual phase aberrations on the first SLM.

When generated the annular beam by CGH axicon, the gradient change of grey level
in a blazed grating is limited by the SLM pixel number, which cannot provide a full
phase modulation in a single spatial period. This affected the diffraction efficiency
of axicon phase hologram which leads to the remnant Oth order in the centre of
annular ring and also distortion of ring shape. A potential future work could use a
SLM with higher pixel resolution to improve the diffraction efficiency of axicon
phase, hence a better ring shape. In addition, using a small target properly located at
the Fourier plane of the 4f optical system to physically block the Oth order would be

recommended.

7.2.2 Industrial processing with CVBs

In a laser micro-processing setup, the focal intensity distribution (i.e. the size and

shape of the focused laser spot) and state of polarization are of great importance as it
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impacts on the quality and efficiency of the process. As described in this thesis,
CVBs have specific properties which influence the micro-drilling results. Various
industries require production of high-aspect-ratio structures such as vias or channels,
advanced helical drilling can be applied by using appropriate CVBs to optimize the
coupling of laser beam energy. Synchronizing the motion of the work piece, this
allows adjustment of focal position during processing which could improve the

energy penetration, hence higher process efficiency and quality could be achievable.

7.2.3 Cylindrical vector beams in high NA focusing applications

In this thesis research, all the experiments are based on the low NA focusing of CV
beams, the further research work can be explored in the high NA focusing of CV
beams. As described in the literature review, the radially polarized beams focused
with high numerical aperture optics lead to strong longitudinal electric fields, which
would be implemented in many applications, including particle acceleration, high
capacity optical recording, near-field microscopy, optical trapping of metallic

particles, and second-harmonic generation.

7.2.4 Parallel processing using multiple annular beams

As described in Chapter 6, the generation of different sized annular beams can be
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used to obtain optical trepanning drilling, which is more efficient than the traditional
mechanical trepanning drilling. For further improvement of processing efficiency,
multiple annular beams with arbitrary arrangement can be achievable by
superimposing an axicon CGH and a grating and lenses algorithm calculated
multi-beam CGH. In theory, if the laser source has higher enough power, by using
this approach, the full laser output can be fully used without any attenuation which

is ideal in a real industrial situation.

7.25 Surface LIPSS pattern in information encoding

application

The optical diffractive property of LIPSS could be a key feature in a secure data
encoding application. The unique designed LIPSS patterns, difficult to copy, may
have great potential in the security marking industry for high value products,
especially as complex polarizations were synchronized with scanning on a material
surface. With such a highly flexible, real time laser polarization state encoding, each
product can contain individual, unique LIPSS patterns difficult to counterfeit. Future
work could develop this data encoding further and demonstrate decoding using an

appropriate optical sensor technique.
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