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Abstract

The use of a laser as a machining tool in micro manufacturing has several distinct
advantages, including high speed non-contact processing, high accuracy,
repeatability, and reproducibility, excellent control flexibility, and no restrictions on the
types of materials that can be machined. Possibilities for further improvement of laser
material processing are still in progress and facing challenges. There are limitations
that prevent laser micro-machining from improving performance and expanding the
range of manufacturing applications for this technology, such as the poor removal rate
of ultrashort pulse processing and the tapering effect at side walls of microstructures.
Therefore, the primary goal of the thesis is to address these important issues, thus, to
advance this technology, i.e. achieving quality and process efficiency improvements in

machining of various materials.

The research focuses on implementation and investigation of generic solutions to
improve quality of fabricated products and process efficiency, as well as demonstration
of the laser micro-machining capabilities in various industrial applications. Firstly, a
refractive beam shaper was deployed to attain top-hat intensity profile at the focus
position of a hanosecond pulsed laser source for micro-machining of blind structure.
The top-hat processing was able to reduce taper in range from 4% to 15% and surface
roughness in range from 15% to 21% for different scanning strategies. Advantages of
top-hat profile over Gaussian profile also presented at various machining conditions.
Secondly, MHz burst mode of ultrashort laser pulses was proven to scale-up material
removal rate in laser micro-machining of stainless steel and copper. Specifically,

material removal rate was increased by 2 to 6.5 times when machining copper and by



5.7 to 16.3 times when machining stainless steel. This technique allows the laser power
to be fully utilised while laser fluence is kept closely to optimum level. The advantages
of MHz burst mode in removal rate consequently led to the improvement of surface
quality in some cases due to less required number of scanning layer in comparison to
single mode. Thirdly, a novel fabrication process, called precession laser machining,
was investigated and employed to produced THz devices. The use of this technology
was able to reduce taper angle at the sidewall by 3 times (from 4.1° to 1.6°) and 6
times (from 11.5° to 1.9°) in producing through structure on 300 um and 600 pm
thickness, respectively, when compared with conventional laser machining process.
The performance of fabricated THz devices satisfied all requirements with 1% error.
Fourthly, the precession laser machining was investigated systematically to study its
capabilities and limitations. The results showed that it was possible to drill hole with
zero or even negative taper angle on 0.6 mm and 1 mm Nickel alloy substrate for hole
diameter from 100 um to 500 pm. It was not possible to achieve zero tapering when
drilling on 2 mm substrate thickness. However, there still is a significant reduction in
hole’s taper angle when machining on 2 mm substrate, where aspect ratios were up to
20:1. The precession beam is clipped at the hole entrance when beam is refocused
downward that indirectly limits the machining capability of this technique on thick

substrate.

In summary, the obtained results clearly demonstrated the capability of employed
technologies in enhancing the material removal rate and quality of microstructures. In
addition, the limitations of these technologies were also discussed and clarified. The
research advances the knowledge in laser-based manufacturing technology and

contributes to broaden the use of this technology in industrial applications.
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CHAPTER 1

INTRODUCTION




1.1. Motivation

The rapid advances in technologies have been changing our lives significantly in the
last several decades. Personal devices have been getting more compact and
sophisticated by integrating multiple functionalities. This trend has been driving
manufacturing companies to design and implement different novel manufacturing
solutions to address unceasing growing needs from different markets. Lasers as a
processing tool are one of the manufacturing technologies that has been attracting a
lot of interest from companies and researchers. It is applied successfully in various
application areas, including surface engineering, microfluidic, biotechnology,
nanotechnology, energy, defence, etc. This is evident from the number of publications
on various laser related topics that were approximately 6.5 million (up to 2022) in which
2 million belongs to laser engineering topic, have been increasing every year while the

laser acronym was coined in 1957 [1, 2].

The applications of lasers in materials processing has been constantly increasing for
more than six decades since their invention. Lasers, along with the development of
many interrelated enabling technologies, have been offering novel solutions for both
additive and subtractive manufacturing that are becoming viable alternatives to other
conventional and unconventional machining processes, especially at micro-scale,
such as mechanical micro-machining and micro-drilling, electro-discharge machining
(EDM), electro-chemical machining (ECM) or even photolithography. The key
advantages that laser micro-machining offers are relatively fast and non-contact
processing, no limitation regarding the processable materials, achievable high
precision, reconfigurability and relatively easy to operate [3]. Nowadays, the

advancement in laser system technologies offer a higher process controllability and



also flexibility, and thus many different operations, such as cutting, drilling, engraving
texturing and structuring can be integrated into a single processing setup. Ultrashort
lasers can deliver athermal material processing that is highly desirable in many
applications where any negative thermal effects have to be minimised and thus to
achieve a higher dimensional and geometrical accuracy and surface integrity.
Nevertheless, despite these distinct and very attractive advantages, laser micro-
machining still presents some inherent limitations in machining of micro-structures and
therefore constrains its micro-manufacturing applications. A critical issue in laser micro
processing, especially short and ultrashort laser processing, is much lower removal
rate compared to some alternative machining technologies, e.g. mechanical micro-
milling and ECM. This consequently impacts the capabilities of this technology, e.g., a
limited machinable thickness or long processing times. Therefore, it is not surprising
that these open issues have attracted a significant research interest, especially
focused on increasing the material removal rates, and thus to be able to achieve a

viable micro-machining in the context of different application areas.

An obvious solution to improve the removal rates in laser micro-processing is to
increase the average power of employed laser sources. The constant advances in
industrial photonics led to the development high power laser source with pulse
frequencies up to GHz. For example, ultrashort laser sources with pulse duration of
less than several tens of picoseconds can have an average power from few hundred
watts to nearly one kilowatt [4-7]. However, increasing in laser power does not always
result in a linear improvement of material removal rates. The laser-material interactions
are a complex phenomena that involves heating, melting, spallation and phase

explosion of materials [8]. As a consequence, there are some typical side effects, such



as material redeposition, plasma and particle shielding or heat accumulation, that
normally occur during strong ablation and they can impact the machining process
significantly, both in positive and negative ways. In addition, the increase of laser
power, e.g. the increase of pulse energy usually leads to poorer quality of micro-
structures including edge definitions, surface roughness and cleanness of machined
areas. Furthermore, a higher laser intensity leads to a higher wear and degradation of
optical components in beam delivery sub-systems. This raises an important question,
especially how to deploy effectively high-power laser sources and maximise the
achievable removal rates while maintaining, or even improving, the quality of produced

micro-structures.

Another challenge in laser micro-machining is associated with the properties of emitted
laser irradiation. The majority of laser sources produce a beam with a Gaussian energy
distribution. The Gaussian beams offer a peak intensity at the centre of the irradiated
area and thus results in a relatively non-uniform processing. This limits the achievable
surface quality in laser micro-machining. Another negative side effect, referred to as a
tapering effect, on the sidewall of machined micro-structures introduces other
processing constraints. This indirectly affects the achievable geometrical accuracy and
the scale of this negative effect is close to the laser beam spot size. Many
investigations have been focused on developing different micro processing techniques
to eliminate this negative side effect. However, majority of them have attempted only
to improve the process in specific applications and cannot be applied in general to
broaden the laser micro-machining applications. Therefore, the development of

generic solutions that can be widely applied to minimise tapering effect and, thus, to



improve the accuracy of laser micro-machining/micro-drilling are required and are

highly desirable.

The various open issues in laser micro-machining that were outlined so far, represent
the challenges and opportunities that motivate this research. Addressing these
challenges can increase the laser processing efficiency and thus to broaden the micro
manufacturing applications of this technology. This also promises, indirectly, to make
laser material processing more sustainable and environmentally friendly. This is very
important, currently and in foreseeable future, and can drive the broader use of this

micro-manufacturing technology in different industrial sectors.

1.2. Research aims and objectives

Considering the open issues and challenges in laser micro-machining discussed in the
motivation, the overall aim of this PhD research is to advance this technology and
achieve, both, quality and process efficiency improvements in producing
components/products in different materials. Furthermore, the improvement of the laser
micro-processing technology should be achieved with solutions as generic as possible
to enable its boarder use in industrial applications. Specifically, different
approaches/methods for altering the beam energy distribution, optimising the pulse
train energy levels and temporal distributions, and realising complex relative
movements between laser beam and workpiece are considered to improve of the laser
micro-machining process. The aims of this PhD research are achieved through the

following specific objectives:

e Objective 1: Investigate systematically the effects of a top-hat energy

distribution of laser beams together with different scanning strategies on the



structural quality and process efficiency in laser micro-machining of silicon
wafers. The quality of micro-structures, i.e. HAZ, geometrical accuracy, surface
roughness, and ablation efficiency are analysed and compared with what is
achievable through processing with Gaussian beams.

e Objective 2: Investigate systematically the effects of heat accumulation,
plasma shielding and other factors on achievable removal rates in MHz burst
mode processing of metals. Especially, the burst mode is used to split the pulse
energy into sub-pulses and thus to utilise fully the available average power and
improve the process efficiency.

e Objective 3: Investigate a novel laser micro-machining process, called laser
precession processing, for fabricating complex “through” microstructures. The
technology was deployed to overcome some inherent limitations of laser micro-
machining in producing cross-shaped, free standing THz bandpass filters. The
advantages of laser presession micro-machining over alternative technologies,
i.e. photolithography, are analysed by assessing accuracy and functional
performance of fabricated devices.

e Objective 4: Investigate and optimise the precession laser machining process
for drilling advanced aerospace materials. The influence and significance of key
process parameters in precession laser drilling of micro-holes are investigated
systematically. Furthermore, their effects on a key quality factor, i.e. hole taper

angles, are assessed.

1.3. Thesis organization

This thesis was structured into seven chapters. Chapters 1 and 2 introduces the

motivation and objectives of this PhD research and reviews the respective state-of-the-



art in the relevant fields. Chapters 3 and 4 are focused on improving the laser

micromachining process for producing “blind” structures while Chapters 5 and 6 report

research on improving the laser micro-drilling process. Finally, Chapter 7 concludes

the thesis. A list of references is provided at the end of each chapter for a convenience

in going through the thesis. The order and specific contents of each chapter are

described below.

Chapter 1 introduces the motivation of this research together with its overall
aim and objectives and introduces the thesis structure.

Chapter 2 presents the general background in laser micro machining and its
applications. A comprehensive review of relevant research in laser micro-
machining and micro-drilling is also provided together with an overview of
different approaches and methods used for improving process efficiency and
processing quality.

Chapter 3 presents an investigation into the effects of top-hat laser beam and
scanning strategies on quality of microstructure produced on silicon wafer. A
typical nanosecond laser source with Gaussian beam was converted into a top-
hat one by employing a refractive field mapping beam shaper and
microstructures produced using different machining strategies were analysed.
The improvements in process efficiency and machining quality, i.e. taper angle,
surface roughness and HAZ, were analysed and discussed.

Chapter 4 reports a solution for achieving a removal rates’ scalability in
ultrashort laser micro machining of metals using a MHz burst mode. The
performance and limitations in MHz burst mode processing were analysed and

discussed and thus to assess its advantages and limitations. Also, a novel



methodology was proposed and implemented in this chapter to investigate the
MHz burst mode machining and quantify the contributions of different factors to
the overall process performance.

e Chapter 5 presents a novel fabrication process, called laser precession
machining, to address some key limitations in laser micro processing, i.e. the
tapering effect on the side walls of produced microstructures. The capability of
this process was demonstrated through the fabrication of THz bandpass filters
and an analysis of their functional performance was conducted. The results
show the potential of laser precession machining in machining complex through
microstructures.

e Chapter 6 reports an investigation of the laser precession machining process
and its application for producing micro holes onto advanced aerospace
materials. The effects of three key process parameters and the hole aspect ratio
are analysed and discussed. The capabilities and limitations of laser precession
machining for producing high aspect-ratio micro holes were studied.

e Chapter 7 presents the general conclusions and a summary of the main
contributions to knowledge of this research and discusses some potential future
research directions.

A flowchart is presented at the end of this chapter to visualize the thesis structure

including key aspects that are covered in the thesis.
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This chapter presents an overview of laser technology and its applications in the
manufacturing industry. A review of the most recent research in laser material
processing, particularly micro-machining/micro-drilling, is also included to provide an

understanding of the technology's present advancements and limits.

2.1. Laser-material interactions

2.1.1. LASER

Laser is an acronym that stands for “Light Amplifications by Stimulated Emission of
Radiation”. It was first invented and developed by Theodore H. Maiman in 1960 and it
is considered to be one of the most significant inventions in 20™ century together with
the invention of transistor and computer [1, 2]. A basic structure of a laser source
consists of an active medium which is pumped by an energy source (typically light
source or electrical current). Thus, the electron energy level of atoms of the active
medium is excited from the ground state energy level of E; to metastable state energy
level of E2>. When the lifetime of the metastable state is over, the electron returns to the
ground state and emit one photon with energy level equal to E> - E1. This photon
creates a chain reaction of the other atoms to produce photons by similar mechanism.
In this way, the number of emitted photons increases exponentially. A part of the
spontaneous emission escapes from the active medium and results in laser light [3].
The light emission from a laser source has unique properties that distinguishes laser
light to any other light source such as high temporal and spatial coherences,
monochromaticity, high directionality, i.e. low divergence, and high brightness, i.e. high

emission per unit area [4]. Due to these unique properties, the application of laser can
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be found in various fields and including manufacturing, communication, medical

treatment, aerospace, metrology, etc. [5-9].

Different perspectives can be used to categorise lasers. The most common method for
categorising laser sources is in terms of the active medium, which is essential for
producing photon emission. Fig. 2.1 is an illustration of a category of some common
industrial laser sources. A laser source's active medium might be in a gaseous, solid,

or liquid form and have a variety of chemical compositions.
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Figure 2.1. The category of laser for material processing based on active medium [3].

Other than categorizing laser based on the native of active medium, laser source can
also be classified based on the output power, wavelength, output laser mode and
application. Current laser sources are able to deliver output power from milliwatts to

multi-kilowatts which allows a wide range of applications [10-13]. The wavelength of
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laser light can be ultraviolet, visible light, near and far infrared, etc., and advancements
in laser technology allows to produce different wavelengths in same laser source [14-
16]. Laser operation mode can be either continuous wave (CW) or pulsed. CW lasers
result in high continuous power which is advantageous in achieving high removal rate
in some subtractive machining applications, e.g. laser cutting of thick materials, or in
additive manufacturing [17-19]. Whilst pulsed lasers have more flexibility in controlling
the delivering energy and laser-material interaction time, thus, they are typically used
to produce high quality structures [16]. There are different applications for laser

sources which is briefly presented in Table 2.1.

Table 2.1. Typical applications of laser sources [4]

Laser source Applications

He-Ne Light pointer, length/velocity measurement, alignment device
Ruby Metrology, medical application, inorganic material processing
Nd:glass Length and velocity measurement

Diode Semiconductor processing, biomedical applications, welding

Carbon dioxide | Material processing, cutting, joining, atomic fusion

Nd:YAG Material processing, joining, analytical technique
Dye Isotope separation, pollution detection

Argon ion Medical applications

Excimer Material processing, medical applications
Copper Isotope separation

Krypton ion Laser light show
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Laser provides excellent versatility as a tool for numerous machining operations. This
makes laser an innovative solution compared to traditional machining tools such as
lathes, milling or drilling machining which are designed to perform a particular job. In
the manufacturing sector, the capacity of laser technology to provide high processing
speed, accuracy, and quality is appealing. As a result, material processing with lasers

has continuously advanced since the introduction of the laser.

2.1.2. Laser-material interactions

The capability of selective removal of material is crucial factor in providing high quality
manufacturing at micro scale. Therefore, pulsed lasers are preferable in fabrication of
microstructures due to their flexibility in controlling of material removal over CW lasers.
In this context, this section focuses on the interaction between laser pulses and solid

materials.

There are different physical phenomena that involve in the interaction between the
laser irradiation and material surface and they can be classified into absorption,
reflection, scattering and transmission [20]. However, only the absorption of laser
irradiation contributes to any modification of material [21]. The absorbed energy from
laser beam is affected by different factors that belongs to both laser beam and material
properties such as laser wavelength and material temperature [22]. The shorter
wavelengths of laser emission provide more energetic photons which are easier to be
absorbed by electrons than light with longer wavelengths [23]. Whilst, higher
temperature of the material leads to an increase of phonon population, thus, electron-
phonon energy exchanges are more likely to happen rather than oscillation and

radiation of electrons [22, 24]. Consequently, higher temperature of material surface
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results in an increase of absorption and a decrease of reflection. Effects of
polarisations and incident angle of the laser beam are also significant to the absorptivity
of material where there is a large difference between absorptivity of material to s-
polarised and p-polarised beam [25]. Another significant factor is the surface
roughness of substrate that can create multiple reflection and absorption to enhance

the absorptivity of the bulk material [26].

Generally, the absorption of laser energy is transferred into thermal energy and,
consequently, leads to heating, melting and vaporisation of material. In particular,
when a laser beam irradiates to a metal surface, free electrons absorb energy from
photons and oscillates in the electric field of the laser beam [27]. The energy from free
electrons is subsequently transferred into lattice of atoms and causes vibration of the
lattice system due to electron-phonon coupling [28]. The electron-phonon coupling
relaxation time depends on material properties and it is normally from several to tens
of picosecond for metal-based materials [29]. The relative difference in time scale
between laser pulse duration and electron-phonon coupling relaxation time is critical
factor that defines the material removal mechanism. For nanosecond and longer
pulses which are extremely longer than the material relaxation time, the kinetic energy
from vibration of lattice system is transferred into heat and break the bond between
atoms and, consequently, liberates material from bulk substrate [30]. This is called
thermal ablation process, i.e. photothermal ablation, which is based on conventional
heat conduction, melting, vaporisation, ionisation of material [31]. The removal

mechanism of thermal ablation process is illustrated in Fig. 2.2a.

The thermal mechanism is distinct from athermal, i.e. photochemical, mechanism

which occurs during ultrashort pulse ablation (Fig. 2.2b) [32]. Specifically, when laser
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pulse is shorter than the electron-phonon relaxation time, i.e. typically less than ten
picoseconds, and the pulse energy is extremely high, the electron excitations caused
by laser photon directly lead to the breaking of the atomic and molecular bonds before
electron-phonon coupling happen and introduce high pressure (GHz scale) [33, 34].
Consequently, the ablation takes place before the vibrational energy of the lattice
system transfer into heat. Thus, this process can be considered to be non-thermal and

it is usually referred as “cold ablation”.
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Figure 2.2. Diagram of Laser-Matter interactions with (a) short pulse and (b) ultrashort

pulse [35].

Removal of material by laser pulse is characterised by ablation threshold fluence,
where fluence is a measure of laser energy per unit area and it is normally expressed
in J/cm2. Ablation of material only occurs when laser fluence is higher than the
threshold fluence. This threshold depends on properties of laser emission such as
wavelength, pulse duration, number of pulse per spot and material physical properties
such as thermal conductivity and surface roughness [36, 37]. There are different

methodologies to practically define ablation threshold in short and ultrashort laser
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processing of a material [38]. However, the most popular empirical method based on
geometrical of the ablated region which was developed by Liu and it is widely used

today [39].

2.2. Laser micro-machining platform

2.2.1. Critical components of a laser micro-machining system

Configuration of a laser processing system for micro-machining purposes comprises a
number of sub-systems and modules which typically are laser sources, beam delivery
sub-systems, workpiece holding devices, gas assisting system, process monitoring
and control centre, and power supply system [40]. Fig. 2.3 represents an example of

the key sub-systems and components in a laser platform for micro-machining.

Monitoring and

Laser beam control centre
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—  Oscillator — Collimator Modular holding devices | |
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Pul ick B . .. |
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7 Scan head High resolution cameras
™ Focus lens Confocal probe
—»  Beam shaper

Figure 2.3. Schematic diagram of key components in a laser system.
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Laser source plays a role to produce energetic tool, i.e. laser beam, to machine
material. While beam delivery system precisely guides, modifies and transforms laser
beam into desirable shape and position. On the laser propagation, mirrors are used to
change laser beam direction to pass through other optic elements. Collimator is used
to reduce the divergence of output beam, thus, to improve the beam quality at the focus
position. The beam expander can modify the beam diameter to produce various
focused beam spot sizes and indirectly alter the processing fluence. Polarisation plates
are used to manipulate the phase of emitted photons to results in different
polarisations. Typically, a haft-wave plate is integrated onto beam propagation to
provide p- and s- linear polarisations, while a quarter-wave plate is used to provide
circular polarisation of the laser beam. Majority of laser sources produce a single
Gaussian output beam. However, other beam shapes such as top-hat, airy disc, Bessel
or annular, can be attained using beam shaper [41]. Furthermore, advancements in
beam shaping technique allow to transform a single laser beam into multiple beams to
accelerate the processing time [42]. Scan head normally consists of a set of motorised
mirrors to move laser beam optically by deflecting the beam in XY plane to the
desirable position. Modern galvanometer scanner can move laser beam up to 20 m/s
when combined with F-theta lens [43]. Laser beam for material processing needs to
be focused by a lens to reduce beam diameter, thus, to achieve high enough energy
density to machine material. The focusing lens also plays an important role in defining
working volume of the laser system based on lens’s properties, e.g. focal length and

field of view.

State-of-the-art laser systems normally consist of 3-axis or 5-axis mechanical stages

to realise complex movement and to fabricate 3D structures [44]. The achievable
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accuracy of the modern mechanical stages can be better than 1 um with minimum
resolution down to 0.25 um [45]. Automated mechanical axes together with scan head
create great flexibility in manipulation of laser beam for micro-machining purpose.
Workpiece holding devices are used to implement various machining configurations of
a multi-process manufacturing systems [40]. The investigation sub-system is
integrated into the laser system for monitoring the manufacturing process and
component calibration. Finally, all of the components in laser system are monitored
and controlled by a computational centre which allows to design and implement

manufacturing processes [3].

2.2.2. Laser beam characterisation

In order to induce any material modification, the laser beam must be focused to a
minimum spot to raise energy density to such a desirable level. Additionally, properties
of the laser beam at focus position, i.e. beam waist, directly affect the quality and
efficiency of the machining process. Therefore, the focusing region of a laser beam is
critical in processing of material. This section introduces some basic laser parameters
which are important in understanding and designing of a laser micro-machining
process. Fig. 2.4 describes the key spatial parameters of a laser beam at focus position
where w, is beam radius at the minimum spot, 6 is the full beam divergence angle,
and zy is Rayleigh length of the focused beam. Rayleigh length is defined as the
distance from beam waist at which beam cross-sectional area doubles along
propagation direction [46]. Depth of focus (DOF) of a focused beam is twice of Rayleigh

length about the beam waist.
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Figure 2.4. Basic parameters of a focused Gaussian beam.

The beam waist diameter d and radius w, are calculated based on quality factor of

the beam M?, wavelength of laser light 1, focal length of focusing lens D; and input

beam diameter d,, by following equation:

4M? Dy (2.1)
d=2w, = s
The Rayleigh length is:
_w§ (2.2)
A TVE

Hence, the depth of focus DOF can be defined as:

2nwg 8M2ADf (2.3)

DOF = 22p = = —

The beam diameter at distance z from beam waist along propagation is defined as:
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(2.4)

Average fluence F and peak fluence Fp., Of a laser pulse are determined by pulse

energy Ep, and the irradiated area, thus, these fluences at beam waist are:

F— Ep (2.5)
A
2E, 2.6
Frea = 2F == (
0

The laser pulse energy Ep is calculated based on laser average output power P and

pulse repetition rate f by following equation:

P 2.7)
Ep = 7

The peak power of a laser pulse Py, is calculated based on the pulse energy E, and

the pulse duration t:

E 2.8
Ppear = TP ( )

2.2.3. Beam shaping technology

Gaussian is the most popular spatial shape of laser emission for modern laser systems
due to its consistency in beam propagation path. However, such intensity profile is not
always a beneficial for machining process, therefore, the beam needs to be
transformed into other shapes in many applications [47]. Beam shaping solutions
normally require integrating an optical sub-system, called beam shaper, onto laser

propagation to attain tailored beam profile. Beam shaper technologies fall into two main
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categories: multifaceted beam integrators and field mapping employing diffractive or
refractive optical elements [48]. Some types of multifaceted beam integrator can be
listed as spatial light modulator (SLM) and multiplane light conversion (MPLC) [49].
These techniques mainly focus on splitting and combining of laser beams to customise
the beam into complex shapes (e.g. square shape, star shape) using a set micro-lens
arrays and binary masks [49, 50]. The advantages of multifaceted beam integrators
technique are highly automated and great flexibility in controlling 2D shape of laser
beam. However, splitting and combining beams can cause destructive interference and
damage beam coherence [51]. The field mapping approach remaps the energy of the
Gaussian beam under controlled manner to attain desirable profile using complex optic
elements [52]. Diffractive field mapper can be used to transform Gaussian beam into
top-hat beam with squared shape, thus, to be beneficial in machining of micro channels
[53]. A wide range of beam configuration can be obtained by diffractive optical
elements, but the key shortcoming of this technique is large decrease in beam intensity
and efficiency due the diffraction. Refractive optical field mapping with high
transmittance is suitable for high-power laser beam [54]. The key characteristic of
refractive field mapping beam shapers is that they accurately introduce and further
compensate for wavefront aberration to change the laser beam profile in a controlled
manner. As a result, the output beam is highly collimated with low divergence and the
beam consistency is not compromised [55]. Furthermore, the beam shapers based on
refractive field mapping have relatively simple design that make them easier to be

integrated onto beam propagation [56].
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2.2.4. Burst mode of ultrashort pulsed laser systems

The advancements in ultrashort laser technology allow to achieve such high output
power and high frequency to upscale the process efficiency of the ultrashort pulsed
laser processing [11, 57]. This motivates the development of the accompany
technologies including high-speed scanning devices and burst regime of pulses [58].
In recent years, ultrashort pulsed laser sources have emerged and is producing bursts
of pulses with temporal distance between pulses in the nanosecond and picosecond
scales which equivalent to intra-burst frequency of MHz to GHz scale [59, 60].
Furthermore, advanced laser systems allow great flexibility to adjust of number of
pulses per burst and the temporal separation between pulses [61]. A method
employing active fibre loop on a fibre chirped pulse amplification system was
developed to achieve 72 nanojoule burst of ultrashort pulses with intra-burst frequency
of 2.65 GHz and burst repetition rate of 500 kHz [62]. Lasers operated in burst mode
can be advantageous to approach GHz frequency and microjoule level pulse energies
without demanding average power at kilowatts scale, which is beneficial in some
applications [63]. In a recent study, an all-fibre laser system was able to achieve 1.2
GHz burst mode of 473 fs pulses at relatively high average power up to 108 watts [60].
This is very potential tool in micro-machining, frequency metrology and bioimaging due
to the capability to achieve high average power and high repetition rate at the same
time. Burst-in-burst regime, i.e. biburst, was also developed which is a combination of
GHz and MHz burst modes in one system with capability to customise the number of
pulses per burst for both GHz and MHz burst [64]. Specifically, a pulse within a 65 MHz

burst was able to be divided further up to 25 pulses with 4.88 GHz intraburst frequency.
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This regime was proven to improve the throughput and fabrication quality in some

materials by taking the advantages of both MHz and GHz burst regimes [65].

2.2.5. State-of-the-art precession laser beam

The capability to manipulate the laser beam is essential to enhance the accuracy of
the fabrication process, especially, in eliminating of tapering effect in micro-drilling.
This is the main limitation of conventional beam delivery system which normally
employing stationary beam with linear mechanical movement or 2D galvanometer
scanning. Orbiting the laser beam following precession movement is an attractive
solution to achieve zero or negative tapering at sidewall in manufacturing of through
structures, and this technique has been developing in the last few years [66]. Table 2.2
summarises the key technical specifications of four commercial precession laser
micro-machining systems (numbered from 1 to 4) for micro-drilling and cutting
applications. The common feature of these models is the precession motion of the
laser beam that has high rotary speed (from 30000 to 48000 rpm) and ability to adjust
beam incident angle and focus position. In general, the system number 2, 3 and 4
consist of three linear mechanical axes (X, Y and Z) and two optical axes which are
responsible to vary beam incident angle and rotary speed of precession beam. The
linear movements in these systems are done by mechanical axes, thus, the
dimensional accuracy depends strongly on the mechanical stages. In contrast, the
system number 1 consists of 5 mechanical axes (X, Y, Z and A, B) and 4 optical axes
that are able to control beam incident angle, focus position and to scan the precession
beam in XY plane using scan head. Thus, the dimensional accuracy of system 1

depends on the scan head rather than the mechanical stages. In addition, the system
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1 has less freedom in changing beam incident angle but large working field compared

to the others due to the ability to scan the precession beam optically.

Table 2.2. Summary of some available precession laser machining systems. Data was

collected from companies’ websites.

Supplier LASEA Scanlab Aerotech Novanta
Model LS-Precess precSYS AGV5D Precession
(Number) (1) (2) (3) Elephant 2 (4)
Wavelengths (nm) 343, 515, 1030 515, 515-532, 515-532,
1030 -1064 1030 -1064 1020 -1080
1500 - 2100
Maximum input beam size (mm) 6 2.5 2.8 N.A.
Spot size (um) 35-50 8.2-20 7-15 10-30
Maximum input power (W) 100 50 100 N.A.
Maximum pulse energy (W) N.A. 300 400 N.A.
Maximum rotary speed (rpm) 30,000 39,000 48,000 36,000
Polarisation Linear, circular Circular Linear, circular Linear, circular
Incident angle (degree) 2-4 +7.5 +9 N.A.
Dynamic focus range (mm) No +1 +1 +1
Effective focal length (mm) 50, 100 25 N.A. 60, 120
(lens dependent)
Number of axis 5 mechanical axes | 3 mechanical axes | 3 mechanical axes | 3 mechanical axes
4 optical axes 2 optical axes 2 optical axes 2 optical axes
Working distance (mm) 60-110 N.A. 4 N.A.
(lens dependent)
Working field (mm) 25 x 25 mm? 2.5 mm diameter 2 mm diameter N.A.
squared area circular area circular area

2.3. Laser processing of materials

2.3.1. Laser micro-machining

Laser micro-machining process is classified as non-microelectromechanical system
(non-MEMS) together with micro EDM, mechanical micro-cutting, micro-embossing
and micro injection moulding, etc., to distinguish with MEMS or lithography-based
technologies (Fig. 2.5) [67]. This process can be defined as a machining process is
done using laser which involves removal or modification of material leading to a
functional surface or a 3D structure, and the feature dimensions are less than 1 mm

[68]. Specifically, laser beam is irradiated to the workpiece surface to selectively ablate
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material under a control manner and the process can be further divided into micro-
milling, micro-drilling, or scribing, etc. The processing parameters in laser micro-
machining can be divided into two categories: laser beam properties and machining
strategies. While the quality of a laser micro-machining process is typically assessed
by different factors such as surface roughness, geometrical and dimensional
accuracies, tapering at sidewall, HAZ, burr and spatter formation, recast layer and

redeposition, thermal stress and micro cracks, and removal rate [69].
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Figure 2.5. Classification of micro manufacturing techniques [67].

The first group of programmable parameters belongs to the laser beam which typically
are wavelength, pulse energy, pulse duration, pulse repetition rate, fluence, temporal
and spatial shapes and polarisation [50, 70, 71]. Gaussian beam is the most popular
shape that is widely use in laser systems nowadays due to its self-consistent field

distribution along the propagation path and minimum beam distortion when passing
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through optics elements in beam delivery system [72, 73]. However, Gaussian
distribution presents a peak intensity at the centre and lower intensity at outer part of
the irradiated area. Consequently, it results in non-uniform processing and higher HAZ
(Fig. 2.6a). Top-hat intensity profile with more even energy distribution of the irradiated
area is an option to overcome the inherent shortcomings of Gaussian beam
processing, e.g. minimising HAZ, more even ablation and increasing the productivity
(Fig. 2.6b) [74, 75]. Other than Gaussian and top-hat beam, higher order of Gaussian
beam, i.e. TEMmn, and Bessel beam are also employed in laser micro-drilling and

scribing of thin film [76, 77].
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Figure 2.6. The effect of laser beam intensity distribution on HAZ and ablated shape:

(a) Gaussian beam and (b) Top-hat beam [48].

Pulse energy and fluence are two of the most important parameters in designing a
laser micro-machining process which directly impact the fabrication quality and
efficiency. Therefore, these factors have been investigated by many studies [78-80].
Pulse energy is a measure of total laser emission over the pulse duration, while fluence

refers to the energy density over an irradiated area of an incident pulse, thus, they are
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interrelated. Generally, higher laser fluence leads to larger volumetric removal rate of
material which is defined by the rate of ablated volume over machining time. This is
evidenced by higher laser ablated depth per pulse for higher fluence (Fig 2.7a) [81].
However, the energetic efficiency is actually lowered when fluence exceeds the
optimum level. This results in a decrease in specific removal rate (rate of ablated
volume over irradiated energy) (Fig. 2.7b and 2.7c) [82, 83]. In particular, the
relationship between specific removal rate and fluence in ultrashort pulse processing

is described by equation:

Q..|Q..
o <

1 6 F,
2 Fy Fip

where: § is energy penetration depth; F, - pulse fluence and F;;,- ablation threshold. A
comprehensive study from Hodgson et al reported the maximum specific removal rate
for 22 popular metal based materials achieved by ultrashort pulse processing with
ultraviolet and infrared wavelengths [84]. The results showed that the most efficient
ablations take place at fluence less than 2 J/cm? for all investigated materials which is
much lower than achievable fluence level of modern laser systems. The efficient

utilisation of high-power laser sources in micro-machining is made difficult by this issue.

Studies have been conducted to optimize the ablation rate of high-power laser sources,
i.e. high pulse energy, by different techniques such as using MHz and GHz burst
modes and applying novel scanning strategies [85-87]. Butkus et al investigated the
influence of burst mode at 62.5 MHz and 5 GHz intraburst frequencies in percussion
drilling on Invar foil with ultrashort pulses [61]. The MHz burst mode was able to
significantly improve process efficiency for both thin (20 um) and thick samples (250

um). While GHz burst mode, when compared to standard kHz processing, produced

29



higher removal rates for thin substrates and lower removal rates for thick substrates.
Lickschat et al proposed a combination of MHz burst of picosecond pulses and GHz
burst of femtosecond pulses to benefit from both regimes in fabrication of 3D structure
[88]. Specifically, MHz burst was used to enhance the process efficiency in the primary
process, while GHz burst was deployed as a secondary process to smoothen the
surface fabricated by MHz burst. Adding GHz burst as a secondary process was able
to reduce surface roughness significantly from 0.25 — 0.31 pum to 0.13 pum and minimize
defects from MHz burst processing such as micro cone structures. Another research
also revealed that the advantages of MHz burst to improve material removal rate is
more presentative for pulse duration less than 1 picosecond in than pulse duration of
10 picosecond [59]. Incubation effect in GHz burst of femtosecond pulses was
investigated by Gaudiuso et al and the results show that the threshold fluence of
stainless steel decreases with the increase of number of sub-pulses constituting the
GHz burst [89]. It is well proven that burst mode is an attractive solution to scale-up
the removal rate by keeping laser fluence close to optimum level and taking the
advantages of side effects such as incubation and heat accumulation [90]. However,
other machining conditions such as machining strategy have not been investigated in
the burst mode of laser processing even though these factors play important roles in

removal of material.
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Figure 2.7. Influence of laser fluence on ablation rates of typical metalic materials: (a)
Ablation rate (mm/pulse) as a function of fluence for pulse duration from 100 fs to 4500
fs [91]; (b) Response of specific removal rate (AV/AE) (um3/ud) to the increase of
Fluence/Ablation threshold ratio [28]; and (c) Effect of pulse fluence on energy-specific-
ablation-volume (ESAV) (mm?3/J) and material removal rate (MRR) (mms3/min) on

Nickel super alloy [86].
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Heat accumulation is an important side effect during laser ablation in both thermal and
athermal processing [92]. A large amount of residual heat during laser ablation can
lead to negative effect such as large HAZ, melting and redeposition of material even
in ablation with ultrashort pulses. A study from Lickschat et al showed that
accumulation of residual heat with other side effects, i.e. plasma formation and
interaction between subsequent pulses, impact significantly the ablated volume per
pulse in the burst mode processing of stainless steel [59]. The influence of heat
accumulation also presents in obtained surface roughness of microstructure.
Specifically, lower surface roughness was observed at higher heat accumulation
temperature at medium and high scanning speed (greater than 0.1 m/s) [93]. Metzner
et al developed a model that considered heat accumulation to simulate laser ablation
of chromium alloy with a burst of ultrashort pulses [94]. This study provided numerical
simulation of the beneficial role that heat accumulation plays in improving material
removal rates. However, the simulation only took temperature into account as the
primary reason for ablation caused by residual heat, but other crucial elements like
redeposition and plasma shielding were not considered. The contribution of heat
accumulation to removal rate of both conventional and burst laser processing is difficult

to be quantified due to the complex of laser-material interaction.

The second aspect in controlling laser micro-machining process is machining strategy
which usually refers to the relative movements between laser beam and workpiece and
these movements can be either 2D or 3D [95]. The laser beam is moved over the
defined region to selectively ablate the material when the machining area is larger than
the beam spot size, resulting in the production of microstructures. These movements

are normally done optically and mechanically using scanning mirror in XY plane and
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mechanical stages, respectively [96, 97]. In some state-of-the-art systems, the optical
and mechanical motions can be synchronised to machined complex 3D shaped in
some applications such as laser turning of symmetrical parts to improve the process
efficiency [98]. An example of scanning strategy and different laser beam trajectories
in laser micro-milling are presented in Fig. 2.8a and 2.8b. Designing a machining
strategy for pulsed laser processing involves different factors such as beam spot size,
pulse-to-pulse distance, scanning speed, step-over between scanning lines and

direction of scanning vectors, etc.

1 23495 6 7.8 9

Figure 2.8. (a) Schematic illustration of scanning strategy for laser micro-milling of 3D
structure where a is step-over between adjacent scanning lines, b is pulse-to-pulse

distance, Ox and Oy are overlap distances in x and y direction respectively; (b) Different
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laser beam trajectories for laser micro-milling: (1) Random hatching and profile cut
along the border, (2) Profile cut only, (3) Random hatching only and (4) Random
hatching with enhanced profile cut to produce vertical sidewall; (c) lllustration of
traditional 2D scanning strategy (1) and novel interlaced scanning strategy where AH,
AS and AlL is hatch distance, pulse distance and interlaced distance, respectively [99-

101].

Pulse distance and beam diameter define the overlap between adjacent pulses and
this impact the ablation depth directly. Study of Umer et al shows that overlap is the
most important factor in response of ablation depth per layer in laser micro-milling of
alumina (Fig. 2.9a). The higher overlap level and laser intensity normally result in larger
ablation depth due to higher accumulated fluence over an area which is depicted in
Fig. 2.9b [93]. However, the high overlap level usually leads to excessive heat
accumulation, thus, some negative side effect such as melting and redeposition of
material can predominate and result in lower fabrication quality, especially in thermal
ablation mechanism. Fig. 2.9c depicts that low overlap level (12.5%) results better
surface roughness than high overlap level (85%) when machining steel with IR laser
[102]. A novel strategy which interlaced laser beam scanning method was proposed
and investigated by Wlodarczyk et al on thick borosilicate glass (Fig. 2.8c) [101]. The
removal rate was able to increase more than 4 times and 1.3 times for picosecond
processing and femtosecond processing, respectively, when altering from
conventional strategy to interlaced strategy. Also, the improvement is removal rate was
not in expense of the surface quality. Zemaitis et al developed a theoretical model that
based on equation 2.9 to predict ablation efficiency for laser machining of rectangular

cavity on copper substrate [103]. Their model takes in to account the decrease in
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ablation threshold and saturation of the ablation depth when number of pulses per spot

increases, thus, it can be used to examine the influence of scanning strategy and to

optimize the ablation rate.
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Figure 2.9. Influence of overlap level in laser micro-machining of alumina with short
pulses: (a) Significance of different parameters for ablated depth per layer; and (b)

Effect of overlap and laser intensity on ablated depth per layer [102, 104].

In addition, laser micro-machining is layer-based process where material is removed
layer-by-layer. Therefore, the scanning direction between layers and refocusing of

laser beam after a number of layers also play an important role in quality of
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microstructures, e.g. surface roughness, and process efficiency. Scanning strategy
with parallel lines to the lamination direction for the first layer and 45 degree increment
in lines direction for the following layers was able to produce minimum surface

roughness compared to other strategies, e.g. strategy with identical layers [105].

2.3.2. Laser micro-drilling

Laser micro-drilling can be considered as a particular application of laser micro-
machining for high aspect-ratio through structures on materials [106]. The produced
micro-structures are usually through circular holes but they can also be more complex
shape rather than circular, e.g. squared holes or cross-shaped holes with the size of
the features from one micron to several hundred of microns [107, 108]. The advantages
of laser micro-drilling over other technologies such as EDM, ECM and electron beam
machining (EBM) that it can produce holes on wide range of materials, high
productivity, high accuracy, repeatability, and reproducibility [108]. Laser micro-drilling,
in particular, can fabricate holes with diameter of less than 10 um [109]. This is much
smaller than the minimum achievable diameter of conventional and EDM micro-drilling
which is in the hundreds of micrometer range [110]. Furthermore, micro-drilling using
laser beam can be deployed on both conductive and non-conductive material (e.g.,
metals, polymers, and ceramics). Hence, there is no limitation in machinable material
as EDM technology. An essential issue of conventional drilling technology is tool wear,
especially, when machining of high strength materials which increase the machining
cost and reduce accuracy of the process. This phenomenon is completely avoided with
laser micro-drilling due to non-contact property [111]. Therefore, laser micro-drilling is
an attractive solution to produce mass production of micro-holes [112]. Some typical

drilling techniques of pulsed laser can be listed as Fig. 2.10:
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e Single pulse drilling: Drilling by a single pulse. This technique usually employs
a single short to long pulse (ns to ps) to drill holes on thick substrate and process
throughput is the priority [113].

e Percussion drilling: Drilling by sending multiple pulses to the sample position.
This technique is deployed when hole diameter equal to the laser beam spot
size [114].

e Trepanning drilling: Laser beam is used to penetrate the substrate first and then
cutting along hole profile. This process is normally used when hole diameter is
larger than beam spot size [115].

e Helical drilling: Laser beam is moved along hole profile with spiral trajectory into
the substrate until hole is penetrated [116]. Similar to trepanning, helical drilling
is deployed when hole diameter is larger than beam spot size. However, this
process can be performed at higher scanning speed to avoid excessive local
heat accumulation, thus, to improve quality and accuracy of fabricated holes.

e Precession drilling (or 5-axis drilling): Drilling with precession movement of laser
beam. This technique allows laser beam approach substrate surface at a

precise incident angle, thus, to produce hole with zero taper angle [117].

Drilling duration & Precision

;
N

(c)

(a) (b)

Figure 2.10. Typical laser drilling techniques: (a) Single pulse drilling, (b) Percussion

drilling, (c) Trepanning, (d) Helical drilling and (e) Precession drilling [118].
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Similar to laser micro-machining, the laser parameters and drilling strategies have the
most impact on laser micro-drilling. Thus, optimising the processing parameters is an
important approach to improve the quality of drilled holes and process throughput [51].
The important controllable parameters in laser micro-drilling are pulse energy, pulse
duration, number of pulses, beam quality, wavelength, focus position, polarisation, and
beam incident angle, etc. Whilst, the characterisation of laser micro-drilling process is
presented by sidewall taper angle, circularity of entrance and exit, HAZ, recast
thickness, micro cracks, spatter formation, aspect ratio and process efficiency [119].
Fig. 2.11 is a summary of the significance of different laser processing parameters on

characterisation of laser micro-drilling.
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Figure 2.11. Percentage of contribution of laser processing parameters for different
guality factors including material removal rate (MRR), taper angle, hole circularity, heat

affect zone (HAZ), thickness of recast layer, and spatter area [106]
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Previous studies showed that shorter pulse duration (us scale) and lower pulse energy
lead to smaller hole diameters at both entrance and exit when drilling with percussion
strategy on metallic materials [114]. Furthermore, average taper angle is reduced when
drilling with higher number of pulses. However, drilling with long pulses (us) and high
pulse energy (up to 2J) results in thick recast layer and barrel shape inside drilled
holes. The increase of hole diameter with the increase of pulse energy and number of
pulses is also true for laser micro-drilling with nanosecond pulses [120]. Ultrashort laser
processing with femtoseconds to picoseconds pulse durations are used to drill holes
with high quality, however, the material removal rate is much lower than short and long

pulses [121]. Fig. 2.12 depicts hole opening machined with different pulse duration

ranged from short to ultrashort.

Figure 2.12. Laser drilling on steel sample at laser wavelength of 780 nm with different

pulse durations: (a) 3.3 ns, (b) 80 ps and (c) 200 fs [122].

Tapering effect at the sidewall of micro holes is a major drawback of the laser micro-
drilling which causes difference between entrance and exit diameters of drilled holes.
The formation of taper angle is due to the discrepancy in intensity distribution of
Gaussian beam and the drop in absorptivity at the sidewall when incident angle of laser
beam to the sidewall increases [123]. This effect has gained a lot of attention from

researchers to reduce and even eliminate sidewall taper angle, thus, to improve
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accuracy of the laser micro-drilling process. As the main cause of taper angle is from
Gaussian shape of laser beam, modification of this shape is a straight solution [124].
Top-hat beam shows clear advantages in reducing taper angle and improve hole
circularity in drilling high aspect ratio holes with femtosecond pulses (Fig. 2.13).
However, it can be seen that top-hat processing results in lower depth of hole

compared to Gaussian processing when same number of pulses is performed.

Gaussian

b . ”. .
1000 Pulses 2000 Pulses 5000 Pulses 7500 Pulses

Figure 2.13. Cross-sectional view of hole drilled by percussion with Top-hat beam and

Gaussian beam with different number of 500 fs pulses [48]

A novel machining route was designed and implemented by Nasrollahi et al to drilled
from two side of the substrate to improve the accuracy of micro holes on silicon nitride
[125]. The difference between entrance and exit diameter was eliminated. However,
tapering effect still exist even it was improved significantly. In addition, this solution
requires complex setup and calibration process, and machining time is double
compared to laser drilling from one side. Laser micro-drilling with ultrasonic assistance

was also proven to reduce taper angle, thus, to reduce the difference between entrance
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and exit of micro holes in laser drilling with millisecond pulses [113]. In addition, the
employment of ultrasonic assistance also reduces recast layer thickness and micro
cracks at hole edge and improve hole circularity in comparison to normal laser micro-
drilling [115, 126]. A combination of continuous wave and nanosecond pulse to drill
holes on thick substrate was proposed by Jia et al [127]. Specifically, drilling efficiency
was improved when nanosecond pulses were employed as a material removal
assistance at the centre of processing area. However, the quality of drilled hole was
not improved and was mainly affected by the continuous wave laser. Gas can be used
as an assisted factor to enhance removal of material in laser micro-drilling of thick
substrate [106]. A recent study from Marimuthu et al was successful to produce hole
with high aspect ratio of 20 on 10 mm thick substrate using trepanning with different
assisted gas [128]. Negative taper angle was achieved when pulse energy was
increase. Furthermore, the use of nitrogen and argon to assist drilling process helped
to significantly reduce number of pulses to break through the 10 mm substrate

compared to the process with oxygen.

Another approach to reduce tapering effect in laser drilling of micro holes is introducing
special motions of laser beam, thus, to improve ablation efficiency at the sidewall.
Specifically, laser beam approach machining surface at a predefined incident angle is
beneficial to effectively ablate material at the sidewall when hole depth increases and,
consequently, reduce taper angle. This concept can be achieved through precession
motion of the laser beam [129]. Fig. 2.14 illustrates how precession movement of laser
beam improve taper angle at the sidewall in laser micro-drilling. The capability of tilted
beam and precession beam was demonstrated successfully to minimise tapering effect

and achieving vertical sidewall for trepanning and helical drilling in some studies [130,
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131]. However, the application of tilted beam was limited to drilling of circular holes for
current studies. In addition, the influence of parameters in drilling process have not

been systematically investigated and optimized yet.

Laser beam
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Figure 2.14. lllustration of relative movement of laser beam to the workpiece and its
influence on taper angle: (a) Machining with laser beam normal to the top surface, (b)
Machining with precession movement of laser beam, (c) ablation profile of laser beam
normal to the top surface, and (d) ablation profile of laser beam with an incident angle

[117, 118].
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2.4. Summary of open research issues

Applications of laser micro-machining are becoming increasingly popular in both

research and industries. The advancement in laser technology that enables such high-

power laser sources necessitates the development of adequate machining procedures

to optimize their capabilities, hence broadening the applications of laser micro-

machining. The carried-out literature review provides an update on recent research

and achievements in laser micro-machining technology, as well as some obstacles and

limitations in enhancing quality and process efficiency. Specific open research issues

are identified and summarised below:

The capability of top-hat beam was predominantly demonstrated on micro-
drilling of high aspect-ratio holes and scribing of thin films. The dimension of
these structures was close to beam spot size, thus, the effect of top-hat beam
was clear. However, micro-machining of big structures in comparison to the size
of the beam spot, e.g. rectangular shape cavity, should be viewed as a different
process that calls for optimization of both processing strategies and process
parameters in order to achieve improvement in processing performance.

The majority of the research focused on demonstrating capability of MHz burst
mode in improving material removal rate at relatively low number of pulses per
burst. The impact of burst mode with large number of pulses per burst, i.e. tens
to hundreds, with high burst energy on ablation process has not been explored.
In addition, the effects of heat accumulation, plasma shielding and other factors
on specific removal rate of burst processing has not been studied systematically

to conclude their contribution to the overall efficiency.
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The capability of precession laser machining to improve geometrical accuracy
of microstructure is undeniable. However, until yet, capability demonstration of
this technology has been limited to drilling of low aspect-ratio circular holes and
cutting of parts. There is lack of demonstration for industrial application to prove
its competitiveness with other high-accuracy technology such as
photolithography. In addition, the limitations of this technology have not been
well identified, thus, to optimize the process and to realise further development.
Precession laser machining introduces unconventional processing parameters
such as incident angle of the precession beam, position of different focuses and
angular speed. Furthermore, other typical factors in laser micro-machining, e.g.
scanning speed and scanning strategy, have different effects on quality and
efficiency of micro fabrication process when compared to standard laser
processing. The impact of these unconventional, as well as the change in
influence of conventional parameters, has not been systematically investigated.

This leads to lack of understanding underlying mechanism of the technology.
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Abstract

The uniform energy distribution of top-hat laser beams is a very attractive property that
can offer some advantages compared to Gaussian beams. Especially, the desired
intensity distribution can be achieved at the laser spot through energy redistribution
across the beam spatial profile and, thus, to minimize and even eliminate some
inherent shortcomings in laser micro-processing. This paper reports an empirical study
that investigates the effects of top-hat beam processing in micro-structuring and
compares the results with those obtainable with a conventional Gaussian beam. In
particular, a refractive field mapping beam shaper was used to obtain a top-hat profile
and the effects of different scanning strategies, pulse energy settings, and
accumulated fluence, i.e., hatch and pulse distances, were investigated. In general,
the top-hat laser processing led to improvements in surface and structuring quality.
Especially, the taper angle was reduced while the surface roughness and edge
definition were also improved compared to structures produced with Gaussian beams.
A further decrease of the taper angle was achieved by combining hatching with some
outlining beam passes. The scanning strategies with only outlining beam passes led
to very high ablation rates but in expense of structuring quality. Improvements in
surface roughness were obtained with a wide range of pulse energies and pulse and

hatch distances when top-hat laser processing was used.

Keywords: beam shapers; top-hat laser beam; gaussian laser beam; micro-

structuring; pulse energy; hatch distance; pulse distance
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3.1. Introduction

Direct laser micro-structuring is an attractive solution for fabricating micro-scale
features due to advantages offered in overcoming some material and dimensional
limitations of conventional machining methods. In particular, the inherent capabilities
of laser structuring, such as non-contact processing, relatively high ablation rates at
micro-scale, good accuracy, and repeatability, makes it a very attractive proposition
compared with other competing micro-processing technologies, e.g., mechanical
machining and lithography.

Currently, the majority of commercially available laser micro-processing systems
employs Gaussian beams (TEMoo) due to their intensity profile and their consistency
along propagation direction. This makes Gaussian beams much easier to use and
calibrate. However, their spatial intensity distribution leads to an energy waste at the
“tails” of the beam profiles as the intensity is lower than ablation thresholds and is just
sufficient to melt/heat the material. Thus, this increases the heat affected zone (HAZ)
while decreasing the processing efficiency of delivered pulse energies. Therefore, an
energy redistribution across the beam spatial profile through the use of beam shapers
can minimize and even avoid the pulse tail and, thus, achieving the desired intensity
distribution at the laser spot [1]. In particular, Gaussian spatial intensity can be
transformed into top-hat, donut, or reverse Gaussian distribution by employing beam
shapers.

In this context, a uniform spatial intensity, i.e., a top-hat beam profile, can improve the
processing condition at the laser spot and lead to higher geometrical accuracy and
repeatability, lower surface roughness, and higher laser micro-structuring quality in

general. Especially, the top-hat intensity profiles can minimize the recast area, i.e., the

57



splashes of material at the edges of the structures by reducing HAZ, as most of the
energy in the irradiance is over the ablation threshold. In addition, the top-hat beam is
expected to improve the resulting surface roughness and reduce taper angles due to
the sharp intensity gradient at the pulse tails.

Thus, the objective of this research is the investigation of effects of top-hat beams in
laser micro-structuring and compare the resulting structures with those achievable with
Gaussian beams. The quality of the structures is studied in terms of HAZ, geometrical
accuracy, i.e., taper angle, and surface roughness, while the processing efficiency is
considered, too. In addition, the effects of different scanning strategy on structure

quality and processing efficiency are analyzed in this research.

3.2. Literature Review of Laser Beam Shaping Application

3.2.1. Gaussian Beam Processing

Gaussian beams have high peak power and if a suitable wavelength is selected any
materials can be processed with acceptable quality of resulting structures. Gaussian
beams are self-consistent and, thus, the intensity profile is maintained at the same
level along the propagation direction and practically beam waist and lens focal plane
can be considered coincidental [2]. These attractive properties make them reliable and
easy to use and therefore they are widely deployed in many laser processing
applications [3]. However, Gaussian distribution partly contributes to the inherent
shortcoming of laser micro-machining processes such as tapering effects at side walls
and HAZ on the machined parts [4, 5]. The tapering effects are present after most of
laser processing applications with Gaussian beams, e.g., drilling [6, 7] or micro-

structuring (trenches, 3D structures) [8, 9]. Such draft angles at side walls affect the
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geometric accuracy of produced structures and also can impact the functional
performance.

The tapering effects of structures can be explained with non-uniform energy
distribution of a Gaussian beam that entails non-uniform ablation. The high peak power
of Gaussian profiles leads to high ablation rates within only a small area at the center
of the beam spots and lower ablation rates (or no ablation) at their surroundings. Thus,
it is not possible to have uniform laser-material interactions across the beam spots.
This leads to non-uniform laser ablation and formations of recasts when a structures’
depth increases, i.e., due to difficulties in evacuating the ablated material, especially
in percussion drilling [7]. In addition, there are some other negative side effects in
Gaussian beam processing on produced structures such as increased roughness.

At the same time, the demand together with requirements for high accuracy machining
are constantly increasing. Furthermore, there is a consistent trend for miniaturization
of new and existing devices that drives the advances in laser micro-machining. Efforts
to achieve high geometrical accuracy, especially to minimize the tapering effect on side
walls of structures fabricated by laser micro-machining, was the focus of many
investigations, and different approaches to address this issue were suggested by
researchers [10-14]. The main difficulties with these solutions are either the high
accuracy requirements for the movements of mechanical stages, or their low
repeatability and also their applicability for only specific structures. Laser micro-drilling
of holes under flowing water was tried by Wee et al. and compared to those produced
in air [15]. Water acted as a coolant and also removed the debris from the processed

area and, thus, cleaner holes were produced with smaller draft angles.
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3.2.2. Laser Beam Shaping Technology

Beam shapers was considered as an effective generic solution for minimizing the
tapering effect because it did not require complex multi-axis processing strategies and
at the same time it was relatively easy to integrate into existing laser processing
systems. In addition, it was judged that the beam shaping technology led to
improvements in laser processing efficiency [16] and quality of produced structures,
too.

The latest beam shaping solutions fall into two main groups [1, 17-22], i.e., multifaceted
beam integrators based on reflective phase elements and field mapping employing
diffractive and refractive optical element. The multifaceted beam integrators can be of
different types, e.g., micro-lens arrays, spatial light modulator (SLM), or multi-plane
light conversion (MPLC). By employing MPLC based light modulators, laser light can
be split and recombined to create different complex shapes such as linearly polarized
(LP) modes [23, 24]. A combination of MPLC based light modulators with binary masks
was deployed successfully to create complex laser beam shapes [25]. Hafner et al.
used liquid crystal on silicon for spatial light modulation (LCoS-SLM) and acousto-optic
beam shaping (AOS) to generate flat-top laser profiles that employed them for accurate
laser micro-machining [24]. The main shortcoming of beam shapers that involve laser
beam splitting and recombining is that they affect the beam consistency and process
efficiency and, thus, can be significant drawbacks in laser micro-machining.

At the same time, the field mapping technology employs complex surface optic
elements to remap the energy distribution of Gaussian beams in a controlled manner
and, thus, achieving a variety of desirable profiles, e.g., such as donut, Airy, top-hat,

or reverse Gaussian. There are different types of field mapping beam shapers, e.qg.,
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single optic field mappers and dual optic field mappers [26]. An important advantage
of the field mapping technology is that it can deliver collimated and low divergence
output beams [27]. In this way, the beam consistency can be maintained along the
propagation direction and, thus, achieving high quality beam profiles at a given
plane/distance.

Two types of optical elements are used in field mapping solutions, i.e., refractive optic
elements (ROEs) and diffractive optic elements (DOEs). DOEs are typically thin and
light weight and therefore the diffractive field mapping has a lower resistance to laser
light and can also lead to energy losses [28]. At the same time, small optical elements
allow compact beam shapers to be designed that are very suitable for integration in
relatively small laser processing systems. The main disadvantage of DOE based field
mapping is that resulting beam is very sensitive to any misalignments and the input
quality of Gaussian beams. In particular, it was reported that a laser processing system
with an integrated DOE based beam shaper to produce a flat-top beam required any
angular and liner misalignments between beam and shaper axes to be less than 140
grad and 25 pm, respectively [29]. This makes the installation and calibration
procedures of DOE based field mapping solutions very time consuming and
cumbersome.

The other field mapping solution employs ROEs to deflect each pixel on an input plane
at a specific angle and, thus, creating a given profile at the image plane [28, 30]. Some
advantages of the refractive field mapping are its high transmission efficiency, a
relatively simple design that make them easier to manufacture and also ROE based
shaper are easier to integrate into existing laser processing systems [31]. In addition,

it is important to stress that ROE based beam shapers have a bigger depth of focus,
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almost the same as that of Gaussian beams. This makes the setting up of any laser
micro-processing operation much easier and at the same time it is a critical
requirement in any 3D laser machining. In addition, refractive beam shapers are
recommended when a beam spot size of less than 100 um have be achieved in the

focal plane [32].

3.2.3. Application of Top-hat Beams in Laser Micro-machining

The beam shaping technology can be applied to obtain different beam profiles, e.g.,
such as Bessel, donut (or annular), and top-hat beams, and, thus, addressing specific
laser processing requirements [33-37]. The use of top-hat profiles to improve the
resulting surface roughness and tapering, has gained a significant attention due to the
uniform energy distribution and more efficient processing [38]. Especially, the top-hat
laser micro-processing offers important advantages in micro-hole drilling [39], micro-
channel scribing [40], and micro-structuring in general. Coutts et al. used nanosecond
laser with top-hat profile to drill micro-holes on brass and ceramics substrates [41].
Their research has shown a significant improvement in holes’ quality, especially in
drilling brass plates compared to a conventional Gaussian profile. In another
investigation, a square top-hat beam was used to scribe 150 nm thin films of indium tin
oxide using both refractive and diffractive beam shapers [42, 43]. The uniform energy
profile of the square top-hat beam allowed for a smaller pulse overlap to be used and
this led to nine-fold increase in the scribing speed compared to Gaussian beam
processing while achieving a similar quality. In general, the reported studies provided
clear evidence about the potential improvements that top-hat processing can offer in
laser micro-machining, particularly, in minimizing the side wall taper and surface

roughness while improving the processing efficiency.
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The beneficial properties of top-hat laser beams were predominantly deployed in
drilling micro-holes and also in scribing micro-channels. The sizes of machined holes
and channels in these investigations were similar to that of the beam spot size and,
thus, the effect of the uniform energy profile in the processing area can be seen clearly.
However, micro-machining of large structures in regards to the beam spot size should
be considered a different process that requires optimization both in processing
strategies and process parameters in order to obtain improvements in processing
performance [44]. Thus, it is important to investigate what improvements top-hat laser
machining can offer when the technology is used for producing relatively large
structures. In this context, this research is an attempt to address the gap in our
knowledge about the capabilities that top-hat processing offers in laser micro-

machining.

3.3. Methodology

3.3.1. Material

Silicon (Si) wafers with thickness of 500 um and average surface roughness of
approximately 27 nm were used in this empirical study. Laser structuring of silicon
gives less recast and debris when compared with those resulting after processing of
metal substrates, in particular around the structure edge. Therefore, the structures are
usually much better defined and, thus, the measurement uncertainty can be minimized
when inspecting them. So, the use of Si wafers provides a better condition to assess
the effects of investigated beam intensity profiles. In addition, Si wafers are commonly
used in a wide range of industrial applications, e.g., solar cells [45] and electronics

circuits.

63



3.3.2. Laser Source and Beam Delivery System

The structuring experiments were carried out on LS5 LASEA system that integrates a
MOPA-based Yb fiber laser with a nominal wavelength of approximately 1064 nm,
average power up to 50 W and beam quality factor M? < 1.3. The pulse duration can
be varied from 15 to 220 ns with a maximum pulse energy of 0.71 mJ. A nanosecond
laser has been employed because it is widely used by industry for micro-structuring
because it offers acceptable trade-offs between processing efficiency and a structures’
quality. The beam movements were controlled with a Rhothor RTA XY scan head with
a positional resolution better than 8 prad, repeatability less than 15 prad, and scanning
speed up to 2400 mm/s.

A telecentric lens with focal length of 100 mm was integrated in the laser setup that
provided a spot size of approximately 50 um at focal plane and depth of focus of
approximately 2.6 mm. The relatively large depth of focus ensures that the top-hat
profile is achieved within the effective ablation range of the lens. Furthermore, the
beam profile changes, continuously, between top-hat, donut, and Airy profiles along
the propagation direction [46]. Therefore, more than one top-hat profile may be
obtained within the depth of focus and, thus, such beam delivery setups provide more
flexibility. The use of a telecentric lens was essential in this research because the
capabilities of a top-hat beam shaper was assessed for performing laser micro-
processing operations. Especially, a constant beam path length from the lens to the
workpiece surface was maintained and, thus, to have a consistent laser intensity profile

at the focal plane, i.e., to keep top-hat profile at the beam waist.
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3.3.3. Top-hat Beam Shaper

The refractive field mapping method was employed to change the beam intensity
profile from Gaussian to top-hat. This method was selected while taking into account
advantages and disadvantages of different beam shaping technologies discussed in
Section 2.2 and also the relatively easy integration of ROE based shapers into laser
processing systems. An important advantage of the refractive field mapping method is
that a top-hat beam can be achieved with a minimum energy loss and misalignment
when compared with other methods such as beam truncation with an aperture or using
an array of micro-lenses [21]. In addition, the sensitivity of the intensity profile to the
shaper’s position along the beam path is much less compared with the diffractive field
mapping method and this is an important consideration when retrofitting a shaper into
existing laser processing systems.

A Focal-rShaper 9 1064 shaper with an optimum wavelength in the range from 1020
to 1100 nm was integrated into the beam delivery system before the XY scan head.
The installation and calibration process of the Focal-1r Shaper plays a very important
role in obtaining good quality beam profile at the lens focal plane. Any small
misalignment can contribute to low quality of the top-hat profile at the focal plane.
Therefore, a precise alignment procedure was employed to correct the position of the
beam shaper stand and, thus, to align it to the beam propagating direction.

The beam profile at the different planes along the propagation direction was measured
employing WinCamD-LCM-1" CMOS beam profiler. The input Gaussian beam was
transformed into Airy profile, first, after passing through Focal-rShaper as a result of
refractive field mapping. Then, through Fourier transformation the intensity profile was

converted from Airy to top-hat at the focal plane as shown in Fig. 3.1. This is in
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agreement with the theoretical Fourier transformation of Airy intensity profiles along

the propagation direction [32, 47]. The top-hat profile shown in Fig. 3.1 is also the best

top-hat that can be achieved within depth of focus of the lens. It is important to note

that the laser power could decrease because of beam shaper integration into the beam

delivery system. Therefore, the laser power was also measured after the focusing lens

with laser power meter (Gentec UNO Laser Power Meter). The drop of laser power

was compensated by increasing the average power and, thus, maintaining constant

power levels during the experiments in this research. The spot sizes of both Gaussian

and top-hat beams were kept approximately 50 um at the focal plane.
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3.3.4. Design of Experiment

Three sets of experiments were conducted to investigate the capabilities of top-hat
laser processing and compare them with the structuring results achievable with

Gaussian beam.

3.3.4.1. Structuring with Different Processing Strategies

The structuring quality in this research was assessed based on resulting surface
roughness, the tapering effect on the structures’ side wall, HAZ, and edge definition.
Arrays of square pockets with dimension of 1.5 by 1.5 mm? were produced with
Gaussian and top-hat beams on Si wafers by applying the process settings in Table
3.1. The pulse distance (P4) was maintained the same, 10 um, by adjusting pulse
frequency (f) and/or scanning speed (v) by using the following equation:

Pq = v/f (1)
The optimal hatch and pulse distances to achieve a good surface quality was
determined after conducting some initial structuring trials. Three scanning strategies
as depicted in Fig. 3.2 were considered in producing the pockets layer by layer, i.e.:
(a) Hatching with 45-degree angular shift between layers;
(b) Reduction outlining from outside to inside;
(c) A combination of hatching and five outlining passes after each layer.
The laser delays were optimized to achieve the best possible structuring quality [9].
Five pockets were produced with each strategy and the processing parameters in
Table 3.1 and the average results were analyzed in this research. These parameters
were chosen based on some initial trials. The focal plane is kept at the workpiece

surface throughout the experiments.
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7
)

Figure 3.2. Laser scanning strategies: (a) hatching with 15 um step over between the

(b) (c

passes and 45 degrees shifts between the layers; (b) reduction outlining with 15 pum

step over between the passes; and (c) a combination of (a) and (b).

Table 3.1. Laser processing parameters.

Parameter Unit Vilu
Power W 22.5
Pulse energy mJ 0.15
Pulse duration ns 65
Frequency kHz 150
Scanning speed mm/s 1500
Number of layer 30

3.3.4.2. Structuring with Varying Hatching and Pulse Distances

The effects of top-hat profile on ablation rates, specially the pocket depth, and the
resulting surface roughness on pocket bottoms were investigated by varying pulse and
hatching distances. In particular, the pulse distance was varied in the range from 5 to
14.3 um by increasing the scanning speed from 750 to 2150 mm/s while keeping the
pulse frequency constant at 150 kHz. This helps to avoid the effect of frequency
variation which is outside the scope of this study. At the same time, the hatching
distance was varied from 5 to 25 pm with an increment of 5 um as shown in Table 3.2.

The structures were fabricated with the hatching (a) strategy, especially with only
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hatching passes, while other parameters were kept the same as given in Table 3.1.
Both Gaussian and top-hat beams were used to compare the results. Five pockets
were produced with each process setting and the average results were analyzed. A

full list of conducted experiments is presented in Appendix 1.

Table 3.2. Pulse and hatching distances and pulse energies used in the second and

third sets of experiments.

Scanning Speed
(mm/s)
Equivalent pulse
distance (um)
Hatching
distance (um)

PU'SFmeJ”)ergy 0.040 0.081 0.120 0.161 0.200 0.238  0.256

750 950 1150 1350 1550 1750 1950 2150

500 6.33 7.67 9.00 10.33 11.67 13.00 14.33

5,10, 15, 20,25

3.3.4.3. Structuring with Varying Pulse Energies

Arrays of square pockets were produced with Gaussian and top-hat beams while pulse
energies were varied in the range from 0.04 to 0.256 mJ. Especially, the pulse energies
were varied by changing laser power settings while the pulse frequency was kept
constant at 150 kHz. This set of experiments were conducted again with the first
structuring strategy and also the process settings in Table 3.1 were used with a hatch
distance of 15 uym. As in other experiments, five pockets were produced with each

process setting and the average results were analyzed.

3.3.5. Inspection

The structured Si wafers were cleaned in an ultrasonic bath and then inspected with a
focus variation microscope system (Alicona G5) and a scanning electron microscope

(SEM) system (JEOL JCM-6000). All pockets in the three sets of experiments were
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scanned with the same resolution settings to obtain their 3D profiles by Alicona G5.
The surface roughness was measured over a square area of 700 by 700 um? at the
center of the pockets’ bottom that was smaller than the minimum required by the
standard to measure the true roughness. However, the objective of this research was
to compare the structuring performance of top-hat and Gaussian beams and therefore
it was more important to keep measurement conditions identical.

The roughness was measured at the centers of fabricated structures to avoid any
negative effects near the pockets’ edges, especially due to the side walls’ tapering,
recasts, or beam deflection effect, which can lead to a lower surface quality. Such side
effects may prevent judging correctly about the true effects of these two different beam
profiles. The taper angles were considered the deviations of the side wall profiles from

the normal to the structured planar surface.

3.4. Results and Discussion

3.4.1. Structuring with Different Processing Strategies

3.4.1.1. Quality of Structures

The inspection results from structures produced with three different processing
strategies are provided in Table 3.3. In general, the use of the top-hat beam led to
lower surface roughness, i.e., Sa. In particular, the improvements in surface quality
compared with that achieved with the Gaussian beam were 15% and 21% in case of
the hatching (a) and hatching with outlining (c) strategies, respectively. There was only
a small increase of surface roughness (3%) when the top-hat beam with the reduction
outlining strategy (b) was used to produce the pockets. The uniform intensity

distribution of the top-hat beam, especially the much reduce energy tail, led to a more
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even material ablation within the beam spot area and also there was less recast around
the processed area. In addition, the drop of peak power when the Gaussian profile was
transformed into a top-hat one while keeping the pulse energy the same led to a
reduction of the average surface roughness. Roughness was improved with all three
processing strategies while the average depth of the pocket decreased only marginally,
in the range from 0.5% to 1.6%. This marginal decrease of the ablation rate can be
compensated easily with small increases of pulse energy that should not have any
impact on resulting roughness.

With both beam profiles, there was a tendency surface roughness to increase closer
to pockets’ walls. This can be explained with the changes in the evacuation conditions
for the ablated material and also due to some beam shadowing effects closer to the
walls. Recast formation along the walls together with some processing debris could

also be contributing to the high roughness.

Table 3.3. Inspection results of the structures produced with three processing

strategies.
Gaussian Top-hat
Processing Roughness Taper Roughness
Depth Depth  Taper angle
strategy Sa angle Sa
pm pm Degree pm pm Degree
(@) 1.05 £ 0.05 187 15.19+2.02 0.89+0.02 184 12.92 + 0.85
(b) 2.62 £ 0.09 175 16.92+1.61 2.69+0.08 174 16.22 + 1.86
(b) 1.12+0.05 186 3.02+0.46 0.89+0.02 185 6.09 + 1.85
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The tapering effect in laser micro-processing is a major shortcoming, thus, minimizing
and eliminating it is a challenge. The results in Table 3.3 clearly show that the top-hat
processing had a beneficial effect on the taper angle along the pockets’ side walls. In
particular, the taper angle was reduced by 2.3° (14.9%) and 0.7° (4.1%) in case of the
hatching (a) and reduction outlining (b) strategies, respectively. However, the hatching
with outlining (c) strategy with Gaussian beam led to a significantly smaller tapering
effect along the side wall, i.e., approximately 50% less that the taper angle obtained
with the top-hat profile. This could be explained with the high peak power of the
Gaussian beam that led to higher ablation rates at the center of the beam spot. This
led to a better material removal along the side walls, especially after the outlining
passes along the walls.

The edge definition is also an important factor affecting the structuring quality that
should be considered when comparing the pockets produced with both beam intensity
profiles and the considered three processing strategies. Fig. 3.3 depicts the edge
quality achieved with both beam profiles and three processing strategies. The effect
on HAZ cannot be seen clearly and the recast formations at the edges are quite similar
for the structures produced with both beam profiles. As expected, distinctly cleaner and
sharper edges were created with strategy (c) due to the additional outlining passes and
the corrugated effect along the side wall (as shown in Fig. 3.3a, 3.3b, 3.3d and 3.3e)

was eliminated.
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Figure 3.3. SEM images of the pocket edges produced with Gaussian (top) and top-
hat (bottom) beams and the three strategies, respectively: Hatching (a) and (d),
reduction outlining (b) and (e), and hatching with outlining (c) and (f).

The sharpness of pocket corners was again strongly dependent on scanning strategy.
Much better definition of the corner was achieved with hatching (a) and hatching with
outlining (c) strategies compared with the reduction outlining one (b) as shown in Fig.
3.4. The relatively poor corner definition resulting after strategy (b) can be attributed to
some dynamic effects of the scan head at high speed when sharp changes in the beam
movement directions are required. The effects of the top-hat processing on structuring
quality are not as well pronounced as those on surface integrity. Especially, this is the
case because such effects are highly dependent on the quality of the top-hat beam.
The laser system used to conduct the experiments was not designed to integrate a
beam shaper. Therefore, the quality of the top-hat beam achieved on this system might

be affected by the employed manual procedures to retrofit and then to calibration the
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beam shaper. The beam shaper may work better on laser system, which is designed

to install beam shaper, thus, to give better top-hat beam.

Figure 3.4. The sharpness of pocket corners achieved with Gaussian (top) and top-
hat (bottom) beams and the three strategies, respectively: Hatching (a) and (d),
reduction outlining (b) and (e), and hatching with outlining (c) and (f).

The three investigated scanning strategies in this research had a clear impact on
structure quality but also on their morphology. Cross-sectional views of the structures
produced with the top-hat beam with these three strategies are presented in Fig. 3.5.
The best side walls in regard to the taper angle and the sharpness of the bottom
corners were achieved with strategy (c) as was discussed above. In addition, the
reduction outlining (b) strategy led to a significant deviation from the nominal pocket
profile. In particular, the central part of the pocket was deeper as shown in Fig. 3.5
because of the heat accumulation effect that led to high ablation rates there. This
phenomenon occurs when laser passes are too close to each other. In addition, when

outlining square trajectories become smaller at the center part, the scanner cannot
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reach the designated speed. Thereby, the actual overlap in center area is greater than
the outer area. This partly contributed to higher ablation rate at center of the structure.
However, it can be minimized by increasing pulse and hatching distances at central of
the pocket. The accuracy of the pockets was much better when hatching (a) and

hatching with outlining (c) strategies were used as shown in Fig. 3.5.

12.92°
(a)
ks.zz“
(b)

f
\/noo

© ‘K/ 6.09° (

Figure 3.5. Representative cross sections of pockets produced with top-hat beam

Profile extraction line

(pulse energy 0.15 mJ, hatch distance 15 um, pulse distance 10 um, and frequency
150 kHz) and the three strategies, respectively: (a) hatching, (b) reduction outlining,

and (c) hatching and outlining.

3.4.1.2. Process Efficiency

The ablation rates were assessed based on the actual thickness of each processed
layer and, thus, to compare the impact of beam profiles and also the respective three
processing strategies (see Table 3.4). The ablation rates achieved with the top-hat
beam were nearly equal (98% to 99.5%) to those achieved with Gaussian beam when
the same pulse energy of 0.15 mJ was applied. The drop of peak power when

structuring with top-hat beam led only to marginal reduction in ablation rates.
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Theoretically, the lower peak power of top-hat beams should lead to some reductions
of ablation rates. However, at the same time the top-hat profile leads to bigger beam
spot area with fluence levels higher than the ablation threshold compared to Gaussian
one. Thus, larger overlaps of effective ablation areas can be achieved with the top-hat
beam when pulse and hatch distances are similar as shown in Fig. 3.6. Consequently,
the heat accumulation phenomena affects a bigger area in case of top-hat processing
where decreases ablation threshold [48] and, thus, leads to a better ablation efficiency.
This compensates to larger extend the decrease of ablation rates in top-hat processing
due to the drop of pulse peak intensity. It is evident from the experimental results that
the heat accumulation effect can bring an important advantage in laser micro-
processing, especially improvements in ablation rates can be achieved without

sacrificing either structuring or surface quality.

Overlap of effective ablation areas

Pulse distance Pulse distance

Ablation
threshold

(a) (b)

Figure 3.6. Overlaps of effective ablation areas achievable with Gaussian (a) and

top-hat (b) beams with similar pulse and hatch distances.
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Hatching with outlining (c) strategy led to the best taper angle and good average
surface roughness (see Table 3.4). As stated in Section 4.1.1, outlining passes
reduced the tapering effect but this was in expense of processing efficiency as they
were additional to the hatching ones. It is important to note that the structuring
efficiency, the achievable ablation rates, of silicon wafers is relatively good compare
with some metals, e.g., stainless steel or copper-based alloys. Therefore, only five
outlining passes were necessary after the hatching ones for each layer. However, if a
material with lower ablation rates is used, e.g., stainless steel, the processing time will
increase even further as more outlining passes will be required when hatching with
outlining (c) strategy is employed. At the same time, this increase of processing time
can be minimized due to bigger effective ablation areas achievable with top-hat profiles
and also by increasing the pulse distance, e.g., by increasing the scanning speed and
hatch distance. Therefore, the use of top-hat beams can expand the parameters’
domain that should be considered when optimizing the process, especially by taking

into account the trade-offs between processing efficiency and structuring quality.

Table 3.4. Ablation rates and processing times achievable with the investigated 3

processing strategies.

Ablation Rate Processing
Scanning (um/layer) Time
Strategy Gaussian Top-hat (30 I[?]/ers)
(@) 6.23 6.13 10.7
(b) 5.83 5.80 3.7
(c) 6.20 6.17 12.23

When the reduction outlining (b) strategy was used, the ablation depth per layer was
lower, i.e., 94%—-95% lower, compared with other two strategies but at the same time

the processing efficiency increased approximately three times even though the total
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beam path lengths were equal across the three strategies. The increase of processing
time can be explained with the employed laser delays during the hatching passes that
are necessary for achieving a good structuring accuracy while they are not necessary
for the outlining passes in (b) strategy. However, as discussed before this high
processing efficiency achieved with the reduction outlining strategy was in expense of
structuring quality as discussed in Section 4.1.1. Thus, again it can be reiterated that
there is a potential for further improvements of processing efficiency when top-hat
beams are used by developing new structuring strategies that can combine the
capabilities of hatching and outlining passes while taking into account the trade-offs

associated with quality.

3.4.2. Structuring with Varying Hatching and Pulse Distances

The effects of varying pulse and hatching distances with the hatching (a) strategy on
resulting surface roughness and ablation rates were investigated. Contour plots that
depicts the roughness levels achieved across the considered pulse and hatching
distances with both beam profiles are given in Fig. 3.7. The highest roughness was
obtained when the pulse distance was in the range from 10.5 to 14.5 ym while the
hatch distance was higher than 15 ym for both beam profiles. However, it should be
mentioned that the increase of roughness with these process settings was less in case
of the top-hat beam. The high roughness can be explained with relatively small pulse
overlaps at these settings and as consequence of this the processing was not uniform
while the heat accumulation was the relatively low, that also led to low processing
efficiency. At the same time, the other extreme, i.e., too small pulse distances of less
than 6 pym, also led to high roughness with both beam profiles. In this case, the heat

accumulation was too much and led to more debris and recasts in the processed area.
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Overall, the top-hat beam provided a lower roughness than the processing with
Gaussian beam for most of investigated process settings. Thus, if a given roughness
should be achieved, the processing with top-hat beam will offer more flexibility,
especially processing with higher pulse and hatch distances, and, thus, a higher
processing efficiency. Likewise, it should be stated that roughness lower than 0.8 um
was achieved with top-hat beam when the pockets were produced with pulse and hatch
distances in the range from 13 to 14.5 pm and from 10 to 15 ym, respectively, while
such lower roughness was not achieved with Gaussian beam. It is important to note
that the hatch areas in Fig. 3.7 depict regions where the accumulated laser fluence
increased to such a level in the conducted experiments that it was sufficient to

penetrate the workpiece.

1 5 KREEEEILILELR 4
ot stetetatetatitass L
oo e e e tetatetes
KKK KKEKL
10 SRR
RIS
S esasateteteseses
RRRIIRKKLL
SSSIERES
RIS,
Hatch
; Roughness
distance g
(um) .5 scale bar
25 Sa
(um)
15 SN
S
SIS
RRKEIEKS 2
10 e 8
%% % 0‘0‘ 0’0‘0’0
&% %
6% %

XKL
RIS
9%

55
oo
K
o0 %
9% %

<5
25
<X
<5
QS
<X

% TR
RRRIIIRRRN
RRIEERRRKS
oo oot esetatotorereses

XS 9598

CRRKA
CXXRRRX
5 2!

5 6.33 7.67 9.00 10.33 11.67 13.00 14.33

Pulse distance (um)

Figure 3.7 Roughness contour plots of pockets produced with top-hat and Gaussian
beams and considered hatch and pulse distances (pulse length 65 ns, frequency 150
kHz, and pulse energy 1.5 mJ).
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3.4.3. Structuring with Varying Pulse Energies

The effects of varying pulse energies on structuring performance with both beam
profiles were investigated, too. Especially, the impact of increasing pulse energies in
the range from 0.04 to 0.256 mJ on resulting roughness and structuring efficiency is
depicted in Fig. 3.8. Two distinct processing regimes were identified when the effects
of pulse energy on surface roughness were analyzed. The first regime was present
when laser intensity was not sufficient and melting and boiling dominated in the
interaction area. The second one was triggered when the intensity reached the
required level for consistent ablation that led to a linear increase of material removal
with the increase of pulse energy. The surface roughness was the highest, i.e., Sa of
1.7 um, at the lowest pulse energy of 0.04 mJ, dropped to 0.9 um at 0.08 mJ and then
increased almost linearly to reach Sa of 1.6 ym at 0.256 mJ when the structuring was
carried out with Gaussian beam.

A different surface response in regard to the resulting roughness was observed when
the structuring was performed with a top-hat beam and the same range of pulse
energies were investigated. Especially, roughness was Sa of 2.83 ym at the lowest
pulse energy setting of 0.04 mJ and then initially increased to peak with Sa of 3.81 ym
at Ep = 0.08 mJ. Next, roughness dropped to the lowest Sa value of 0.9 ym at 0.12 mJ
and then again increased almost linearly to Sa of 1.6 at the highest pulse energy setting
of 0.256 mJ. At the low pulse energy settings (first processing regime), the laser
intensity was only sufficient for melting or partly boiling the substrate material that can
explain the higher resulting roughness. The transition from first to second regime led

to the lowest roughness that was achieved at different pulse energy levels for the two
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considered beam profiles, especially at lower setting for the Gaussian beam of 0.08

mJ while pulse energy of 0.12 mJ was required for the top-hat one.
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Figure 3.8. The effects of varying pulse energy on surface roughness and
processing efficiency achievable with Gaussian and top-hat beams (pulse length 65

ns, frequency 150 kHz, pulse distance 10 um, and hatch distance 15 um).

The ablation rates at the lowest pulse energy settings of 0.04 mJ were zero for both
Gaussian and top-hat beam. When the pulse energy increased to 0.08 mJ, there was
some ablation with both Gaussian and top-hat beams, especially 3.44 and 1.65

pm/layer, respectively. The processing efficiency of the top-hat beam was less than
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half of that achieved with Gaussian beam while the Sa roughness values reached the
two extremes, i.e., the highest (3.81 ym) and the lowest (0.89 um), respectively. The
high roughness values achieved with the top-hat beam can be explained with the
relatively low peak power that was not sufficient to have a stable ablation process and
therefore led to some recasts and melted material in the processed areas.

At the same time, when the pulse energy excessed 0.12 mJ, the structures fabricated
with the top-hat beam had consistently a better surface roughness compared to that
achieved with Gaussian beam. In particular, the improvements in surface roughness
varied in the range of 1%—-2% at 0.256 mJ to almost 20% at 0.2 mJ when the pulse
energy was varied from 0.12 mJ to 0.256 mJ. The average roughness improvement in
this pulse energy range was 9.5%. Regarding the processing efficiency, the ablation
rates achieved with the top-hat beam was 89% at 0.12 mJ to 97% at 0.238 mJ of the
respective ones obtained with Gaussian beam. Thus, it can be stated that the ablation
rates of top-hat beam were getting close to those achieved with Gaussian beam when
pulse energy was increased. Thus, taking into account the bigger parameter domain
that should be considered in optimizing the top-hat structuring process it should be
possible to achieve a better surface roughness with a comparable processing

efficiency to that achieved with Gaussian beam.

3.5. Conclusion

The paper reports an investigation into the effects of beam intensity profiles and
scanning strategies in laser micro-structuring. The resulting surface and structuring
guality together with processing efficiency were compared when the other process

parameters were kept the same. The result shows that the top-hat processing can lead
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to improvements both in surface roughness and structuring quality. Especially, the top-
hat processing resulted into a decrease of the taper angle on the side walls of the
structures in the range from 4% to 15% when only hatching and reduction outlining
strategies were used. The tapering effect was smaller with Gaussian beam only when
hatching with additional outlining passes were used. However, it is worth stressing that
the improvements in surface roughness and the tapper angle achieved with the top-
hat beam were not in expense of processing efficiency. In particular, the ablation rates
were nearly the same with both beam intensity profiles or just marginally worst with the
top-hat beam. The hatching strategy with some additional outlining passes resulted in
a very good surface roughness and the lowest taper angle along the side walls with
both beam profiles. The use of only outlining passes improved the processing
efficiency almost three times but this was in expense of surface and structuring quality.
The effects of top-hat structuring when varying pulse energy and hatch and pulse
distances were also investigated. The top-hat structuring led to a better surface and
structuring quality when pulse energy higher than 0.12 mJ were used while the
processing efficiency was almost the same. The dependence of surface quality on set
hatch and pulse distances showed that a better surface quality in a bigger parameters’
domain can be achieved with a top-hat beam. In addition, a given pre-defined surface
roughness can always be achieved with a better processing efficiency when the

structuring is performed with a top-hat beam.
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Abstract

The average power of ultrashort laser source has been increasing continuously and
therefore solutions are required to employ fully these technology advances for
improving the ablation efficiency in laser micro-processing. The use of burst mode
processing is one of the solutions that has attracted a significant research and
industrial interest in the last decade. A novel empirical methodology is proposed and
implemented in this research to assess the MHz burst mode impact on the specific
removal rate (SRR) and processing efficiency in ultrashort laser micro-machining.
Especially, the capability of the MHz burst mode processing is investigated to scale up
SRRs achievable on copper and stainless steel while utilising fully the available
maximum pulse energy and average laser power. The results showed that the MHz
burst mode offer a significant SRR scalability potential that can be attributed to
beneficial near optimum fluence level and other side effects such as heat
accumulation. Also, it is evidenced from the obtained results that the surface quality
attained with the burst mode processing was comparable to that achieved with the
single pulse processing and even better at some specific process settings. Thus, the
obtained SRR improvements were not in expense of the surface quality and the MHz
bust mode processing represents a promising solution to employ fully the constantly

increasing average power in ultrashort laser processing operations.
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surface quality.

4.1. Introduction

Over the last decade, the rapid development in laser technology enabled the
development of higher power ultrashort pulsed laser sources that can meet the
requirements of micro-machining processes. In particular, a higher process efficiency
and/or material removal rates have been achieved by employing such lasers [1, 2].
Generally, a higher pulse energy (i.e. pulse fluence) leads to higher removal rates,
which is usually quantified with the removed volume per processing time or feeds [3,
4]. In contrast, specific removal rate (SRR) is commonly used to judge about the
ablation efficiency of ultrashort pulse lasers. In reality, this process parameter is

dependent on the pulse fluence and can be calculated using the following equation [5]:

SRR—dV—l 0 lz(
“4E 2 F "

b

Fin

where: § is energy penetration depth; F, - pulse fluence and F;;- ablation threshold.
As can be judge from Eg. (1) and also some other reported studies [6-8], a relatively
high ultrashort pulse fluence (ten times higher than the ablation threshold) reduces the
specific removal rate, i.e. the removal volume per unit energy. This is attributed to the

significant pulse energy losses into heat diffusion and ionisation instead of using it
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only for material sublimation [9]. At the same time, when ultrashort pulse fluence much
higher than the ablation threshold is used, this lead to some negative side effects, i.e.
melting and re-solidification of material, which can reduce the overall process efficiency
[10]. To address these limitations, burst mode processing has been investigated as
one of potential solutions to attain a higher processing flexibility and control during the
laser irradiation. By applying the burst mode processing, a single ultrashort pulse can
be split into a train of smaller sub-pulses and thus each of them can have a fluence
closer to the optimum value [11, 12]. In this way, it can be extrapolated, theoretically,
that the maximum available output power could be utilised while maintaining SRR of a
single pulse at its optimum value. In addition, the use of burst mode allows a higher
repetition frequency between sub-pulses that can be up to MHz and GHz scales. As a
result, different advantages associated with the burst mode processing were reported,
i.e. significant improvement in removal rate and surface quality simultaneously,

especially in the case of GHz bursts [13-15].

Over the last few years, many studies have investigated the capabilities of the burst
mode regime for ultrashort laser micro-processing. For instance, its benefits in the laser
machining processes have been demonstrated for different type of materials, such as
metals, ceramics and transparent materials [16-18]. Jaeggi et al. reported that the
removal rates achieved with 3 sub-pulses burst mode processing of aluminium and

copper were higher than those obtained with a single pulse within a certain fluence
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range; while, the 2 sub-pulses burst mode did not show any advantages over the single
pulse processing [19]. This phenomenon can be attributed to the shielding effect and
the material redeposition on the surface [9, 20]. Similar results were also reported by
other researchers, especially confirming the high efficiency achievable with 3 sub-
pulses burst mode on copper and stainless steel [21]. However, delivering a train of
sub-pulses with a temporal distance of nanoseconds led to SRR reduction in the case
of gold and silver regardless of the number of sub-pulses compared to the single pulse

processing [21].

Applying a femtosecond MHz burst mode for welding of glass was reported in another
study [22]. It was shown that the burst mode did not have a positive effect on enlarging
the heat affected zone (HAZ) into the longitudinal dimension, which is desirable in
welding of glass. However, the HAZ increase in the vertical dimension was reported to
create a longer filamentation inside the glass with the same delivered energy as the
single pulse welding. The use of Bessel beam in the MHz burst mode was reported in
another study, especially to drill micro-hole onto a thin AF32 glass with the objective
to increase the drilling speed [23]. However, the burst mode led to strong thermal side
effects that induced cracks at the edges of micro-holes, although the sub-pulse energy
in the burst was less than that used in the single pulse drilling. In addition, the fluence
level and temporal distance between sub-pulses strongly affected the laser-material

interactions and consequently the process efficiency and the hole quality. The laser
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wavelength was another important parameter that influenced the performance in the
burst mode processing. In particular, the use of the burst mode with an infrared laser
showed clear advantages over a green laser processing in regard to the removal rate
achieved on metals and semiconductors [19, 24]. Though, the energy penetration

depth in the green laser regime was greater than that achieved with the infrared laser.

Different effects can be obtained by varying the temporal distance between the sub-
pulses. In ultrashort laser micro-machining, GHz burst mode was used not only to
increase the material removal rate but also to improve the quality of the machined
structures [16, 25]. More specifically, surface roughness was significantly reduced
when the GHz burst mode was used as a post-processing step to clean the surface,
e.g. to remove micro-scale recasts and micro cone structures from the machined
surface [26]. The GHz burst of femtosecond pulses also resulted in cleaner entrance
when drilling micro-holes onto invar foils, however when applying on thick substrates
the process efficient was impacted dramatically [27]. On the contrary, the MHz burst
mode processing improved the removal rate, because it led to an increase of the heat
accumulation [28]. However, this removal rate improvement came at the expense of
the surface quality. Especially, the micro-structures fabricated using the MHz burst
mode led to a significant residual heat and thus the overall quality was similar to that
achieved in nanosecond laser processing [29]. Nevertheless, the MHz burst mode

processing with a temporal sub-pulse distance of few nanoseconds had be employed
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in some applications to smoothen surfaces at low fluence level [30]. Combinations of
GHz and MHz burst mode processing were proposed as a potential solution to benefit
from the advantages offered by both processes [31-34]. Although, the reported results
showed that there were no efficiency gains in comparison to the single pulse mode,
the surface roughness was improved and did not depend on the number of processed

layers.

The conducted literature review led to the conclusion that the influence of the burst
mode was strongly dependant on the specific application and how its effects were
investigated. Some researchers argued that the burst mode performance should be
compared with that of a single pulse processing, i.e. with the same pulse energy, and
a similar intensity per area [16, 21]. At the same time, the burst mode delivers a train
of sub-pulses and therefore its impact on the processing performance comes mainly
from the optimum fluence level applied and the change in ablation mechanism, i.e. the
incubation effect led to the ablation threshold decrease and heat accumulation due to
high repetition rate. Though, few studies employed the burst mode to reduce the sub-
pulse fluence to near optimum levels for a given material and hence to increase the

removal rate [11, 35].

So, it could be stated that the removal rate improvements can be attributed to different
factors, especially the set sub-pulse fluence, the induced incubation effects and the

heat accumulation due to multiple sub-pulses within a single pulse/burst. The impact
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of the heat accumulation on removal rates has been reported to be significant, because
it could either raise the surface temperature to the material vaporization point or lead
indirectly to material redeposition due to the residual heat [36-38]. However, the effects
of heat accumulation, plasma shielding and other factors on the overall specific
removal rate have not been studied systematically, while this is very important for
assessing and judging conclusively about their contributions. In addition, the increase
of sub-pulses in a burst from tens to hundreds, especially when a relatively high pulse
energies are available at certain frequencies, has not be studied, i.e. the number of
sub-pulses in the reported investigations was limited to less than 30. Also, the negative
effects of plasma shielding on ablation process have not been studied, especially,
when pulse-to-pulse and sub-pulse shielding are simultaneously present as it is the
case in burst mode applied. Especially, laser induced plasma plume can have a
significant impact by blocking/shielding the energy of subsequent pulses and sub-

pulses in a burst and thus to reduce the ablation efficiency [39, 40].

This research reports a systematic investigation into the impact of the heat
accumulation and other factors on achievable removal rates in MHz burst mode
processing. Especially, the benefits and some intrinsic side effects were studied in
MHz burst mode processing and the achieved performance were compared with the
single pulse one. In this way, the improvements in the machining performance have

been quantified and the achievable SRR scalability with the MHz burst mode
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processing is discussed. The next section describes the empirical methodology
employed in this research and then the obtained results are discussed, and

conclusions are made.

4.2. Materials and methodology

4.2.1. Laser source and burst mode generation

The experiments were carried out on LASEA LS-4 workstation that integrates a diode-
pumped ultrashort laser source Yuja from Amplitude Systems with an average power
of 10 W and can provide a tuneable pulse duration from less than 500 fs to 10 ps. The
laser source has a central wavelength of 1030 um and beam quality M? is better than
1.2. The maximum pulse energy after the focusing lens was 90 puJ at a frequency of
100 kHz in the utilised laser system. The final output beam had a diameter of 30 um at
the focus plane and a circular polarisation. The burst mode of the laser source is
generated through oscillator at 40 MHz and a pulse picker as shown in Fig. 4.1a. This
results in a minimum temporal distance of 25 ns between sub-pulses in the burst mode
(equivalent to intra-burst frequency f;5 = 40 MHz). Therefore, the maximum number of
sub-pulses per burst can be up to 400. The pulse/burst energy is set when the burst
mode is triggered. This means that the energy of a single pulse and the respected
burst are the same and equal to the number of sub-pulses per burst (N,) multiplied by
the sub-pulse energy (Fig. 4.1a and 4.1b), theoretically. In fact, the energy distribution

across the sub-pulses is not even, due the gain saturation effect of amplifiers [41].
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However, this is an intrinsic property of the laser source and its impact on experimental
results can be considered marginal and thus could be ignored. Therefore, it is assumed

in this research that the burst energy was distributed equally between the sub-pulses.

10 ps - 100 kHz
)
SP .
. N=1 ¢* Pulse distance
Oscillator I :
.
I 1 i
o % | BM Hatch distance
Pulse Picker %D h A N=2
g L )
2 : : : Single pulse/burst 1mm
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Amplifier a i ! \\
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ATV VI (@ @¢
External Modulator o :
25 ns — 40 MHz 1 mm
Time

(a) (b) (c)

Figure 4.1. The burst mode processing: (a) schematic of the burst mode generation;
(b) the energy distribution in single pulse (SP) and burst mode (BM); and (c) the

machining strategy used to process pockets.

4.2.2. Specific removal rates

The aim of this research was to investigate the scalability achievable with the burst
mode processing at high average laser power. Therefore, the maximum available laser
power of 10 W was deployed in all experimental trials, i.e. pulse frequency (f,) was
fixed at 100 kHz while the pulse and the burst energy (E) 90 pJ. This represents a peak

fluence of 25.5 J/cm? per single pulse and per burst, too, that was calculated as follows:
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where: R is the radius of laser spot at the focal plane. The number of sub-pulses per
burst was varied from 2 to 400 hundred and the results were compared with those
obtained with a single pulse. The pulse overlap was varied from approximately 33% to
99% by varying the scanning speed in the range from 2000 mm/s to 20 mm/s and was

calculated using the following equation:

A 3)
%O0verlap = 2 x 100%

where: A is the intersection area between two pulses (or bursts). The area A was
calculated based on the relative spatial distance between two pulses (or bursts) and

the laser spot size using the following equation:

d ’ d?
Y S | _ 2 _
A = 2R“cos <2R) d (R 2 @

where: d is the pulse (or burst) spatial distance calculated based on the used scanning
velocity and pulse frequency, i.e. d = v/f,; and R - the radius of the laser spot. In fact,
there is a certain special distance between sub-pulses in a burst, too, due to the
constant beam motion. However, this value is much small (the maximum sub-pulse
distance is 50 nm at scanning speed (v) of 2000 mm/s and intra-burst frequency (f;)

of 40 MHz and, thus, has been considered neglectable in this study.

100



The removal rate was also investigated for four different pulse durations within the
laser source available range, i.e. 500 fs, 1 ps, 5 ps and 10 ps, to investigate the effects
of different laser-material interaction times on the processing performance in burst
mode. A summary of various process parameters used in this experimental study are
givenin Table 4.1. A high purity copper (99%) and stainless-steel grade 316 substrates
were chosen to conduct the experiment due to the significant difference in their thermal

conductivity and also their wide use in many industrial applications.

Table 4.1. Summary of various process parameters varied in this research.

Various Parameters
Scanning speed 20 | 60 | 100 | 140 | 200 | 400 | 800 | 1200 | 1600 | 2000
[mm/s]
Overlap level [%)] 99 (98|96 |95 |93 |87 |73 |60 47 33
Pulse duration [ps] 0.5,1,5and 10
Number of sub- 1,2, 3,5, 10, 15, 20, 50, 100, 200 and 400
pulses/burst

Squared pockets with an area of 1 x 1 mm? were ablated onto copper and stainless
steel substrates employing single mode and burst mode processing with process
settings in Table 4.1. A full list of conducted experiments is presented in Appendix 2.
The distinctly different thermal conductivity of the two materials allowed the incubation
effects in the burst mode processing to be investigated. The machining strategies
utilised in the experiments together with its respective variables are provided in Fig.

4.1c. The pulse distance was varied from 0.2 um to 20 um by controlling the scanning
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speed, while the hatch distance (D;) was maintained the same, 10 um, and ten layers

were ablated from each of the pockets.

The measurement of the ablated pockets was carried out with Alicona G5 system
employing the its VolumeMeasurement module [42, 43]. The ablated volume (V) was
measured by fitting a reference plane on the top of the calibrated 3D form of the
sample’s surface and then the removed volume below this plane was calculated as
depicted in Fig. 4.2. Five measurements were taken on a representative crater and a
pocket to assess the uncertainty associated with the measurement procedure.
Especially, the Type A measurement uncertainties of obtained volumetric data about
ablated craters and pockets was determined to be 3 and 106x103 pm3, which

represents 0.73 and 0.14% of the mean values, respectively [44].

SRR was calculated by using Eq (4). This quantifying approach was considered to offer
a basis for a fair assessment of the achievable processing scalability with different
number of sub-pulses in a burst in comparison to the results obtained with the single

pulse processing.

Va Va
SRR = = 5
EXNppar EX Np, X Nyme X Nigyer
Va s
£ x 1000/ 1000/ 1 /]
d Dy, 5)
where: V, is the ablated volume; NI, — the total delivered pulses; N}, — the number

pulses per line; N, —the number of lines and N4, — the number of layers.
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Figure 4.2 The measurement of ablated volumes using Alicona G5 system: (a) an

ablated pocket and (b) a single shot crater.

4.2.3. Heat accumulation and other effects

A method for analysing heat accumulation and other effects such as the material
redeposition and plasma shielding in the burst mode processing, especially how to
determine their advantageous and negative effects on SRRs under varying machining
conditions, is proposed in this section. The method analyses the contributions of main

factors affecting the removal rates and the proposed approach is presented in Fig. 4.3.

The overall SRRs achievable employing single pulse (SRR;b..) and burst mode
(SRREM ) processing are considered to include the material ablated directly with the
delivered pulse/burst energy and also additional volumes as a result of the heat
accumulation, both in single pulse and burst mode processing. The processing

condition in such single shot machining can be considered representative of single
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pulse one without any heat accumulation impact and pulse-to-pulse plasma shielding.
At the same time a single burst can be considered as burst mode processing with heat
accumulation effect on SRRs just due to the sub-pulse train. Especially, this is the heat
accumulation effect just due to intra-burst frequency that leads to incubation effects
and reduction of ablation threshold, consequently, that is discussed later. At the same
time, the plasma shielding due to the sub-pulse trains can be considered as an inherent
property in the burst mode processing. This is because the temporal distance and the
energy distribution between sub-pulses are fixed (for a certain number of sub-pulse)
while the spatial sub-pulse distance is neglectable. This material removal mechanism
is considered as a direct laser ablation in the analysis and is distinguished from the
overall heat accumulation effects due to the trains of pulses and bursts deployed during
the whole machining process. Therefore, by comparing SRRs calculated based on a
single shot crater with those for the whole process, it will be possible to assess the
impact of various factors leading to heat accumulation and thus to judge about the
ablation efficiency. The respective volumes of removed material are calculated

employing the measurements and the SRR calculation described in Section 2.2.

In the single pulse processing, SRRs due to the direct laser ablation (SRR*®P) is
calculated based on the volume ablated with a single pulse. The contribution of the
heat accumulation (SRR;},) is attributed to the incubation effects due to the delivery of

a pulse train per spot that leads to a decrease of ablation threshold and residual heat,
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and thus further material removal [45]. Therefore, SRR;}, can be estimated based on

the difference between SRR;>, ., and SRR,
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Figure 4.3. Methodology for analysing the contributions of the main factors affecting

the material removal in single pulse (top) and the burst mode (bottom) processing.

In the burst mode processing, SRR due to the direct laser ablation (SRREM) is the sum

of the SRR achievable when sub-pulses with near optimum fluence levels are used
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and SRR due to the intra-burst frequency and the resulting from this incubation effects.
Similarly, to the single pulse processing, SRR3Mis calculated based on the volume
ablated with a single burst. In this case, the contribution of the heat accumulation
(SRREM) is again attributed to the incubation effects as more than one burst is delivered
per spot and ultimately leads to residual heat and further material removal. So, SRREY

can be estimated based on the difference between SRREZY . and SRREM,

It is important to state that there are some assumptions in the proposed method about
other factors that can affect the removal rates. For example, the effects from any
changes of absorption coefficient can be considered neglectable compared to those

directly associated with the heat accumulation.

There are three possible cases that should be considered in assessing the heat
accumulation and other effects in calculating SRRs. Especially, the following three

cases should be considered in burst mode processing:

1. SRREM , > SRRBM
Hence, SRREY > 0, and SRREY = SRREM , — SRRBM
The heat accumulation has a beneficial influence over the negative effects
of the pulse-to-pulse plasma shielding and redeposition effects and leads to
SRR improvements.

2. SRREM . = SRRBM

Hence, SRREM =0
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The heat accumulation does not have any positive impact. In this case it can
be assumed that the plasma shielding and material redeposition offset any
contributions from the heat accumulation.

3. SRREM ., < SRRBM
Hence, SRREM < 0
Any positive impact of the heat accumulation on the material removal
process is offset by plasma shielding and material redeposition due to an

excessive accumulated fluence and residual heat.

4.2.4. Surface roughness

A comparison of surface quality achievable with single pulse and MHz burst mode
processing while using the same experiments, i.e. the pockets ablated with the
processing parameters in Table 4.1 and the same number of layers, was conducted.
Generally, the increase of ablated layers leads to a lower surface quality due to
changes of surface morphology after each layer. The formation of some other surface
structures such as pin holes or micro cone shapes can also be expected after layer-
based processing. Taking this into account, the use of MHz burst mode processing
can be beneficial as less layers would be required to achieve the same depth as that
in the single pulse processing, i.e. due to the expected higher SRR, and thus the

surface quality can be improved, too.
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Therefore, similar pockets to those produced with the burst mode processing and 10
ablation layers were machined with the single pulse mode but with different numbers
of layers, defined experimentally to achieve the same depth. The surface roughness
was measured at the bottom of the ablated pockets and the obtained results were
compared. SEM images were taken using Jeol JCM6000 system at 15 kV acceleration

voltage and magnification of 220 times.

4.3. Results and Discussion

4.3.1. Ablation threshold

The ablation threshold for 500 fs pulses was determined when performing single pulse
and burst mode processing using Liu’s method [46], while the number of sub-pulses
was varied from 2 to 400. The measured radiuses of the craters to calculate the
ablation threshold as a function of the burst sub-pulse number is provided in Fig. 4.4.
The ablation threshold attained for copper with the burst mode processing was higher
than that achieved with the single pulse when the processing was conducted with up
to 10 sub-pulses. Only when more than 10 sub-pulses per burst were applied, the
ablation threshold of copper was lower than that for the single pulse process. In
contrast, the ablation threshold in the case of stainless steel was lower for all the burst
regimes in comparison to the single pulse processing. This reduction was attributed to
the incubation effect, which was more pronounced in the MHz burst mode processing

of stainless steel because its low thermal conductivity (14 - 16.3 WmK-t) compared
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with copper (386 WmK1) [47, 48]. Thus, more residual heat was retained locally and
partly contributed to the achieved material sublimation rate. This also can explain why
a stainless steel ablation was present even at 400 sub-pulses per burst whilst any

noticeable ablation on copper occurred only below 100 sub-pulses.
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Figure 4.4. R? of craters as a function of fluence (top) and the ablation threshold

fluence (Fwun) changes when the MHz burst mode was applied with different numbers of
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sub-pulses and pulse duration of 500 fs (bottom) to process: (a) and (c) Copper and

(b) and (d) 316 stainless steel.

Note: The burst mode ablation threshold was quantified taking into account the total

fluence of a single burst rather than the fluence of a sub-pulse.

A closer look at ablated craters after single pulse and burst mode processing of copper
and stainless steel is provided in Fig. 4.5. Even though the total delivered energy was
the same, the crater depth dramatically increased as the number of sub-pulses
increased from 1 to 20 and from 1 to 50 on copper and stainless steel, respectively.
The maximum depth of the single-burst crater was obtained at 10 and 20 sub-pulse
per burst for copper and stainless steel, respectively. It is worth noting that in case of
copper the increase of the ablation threshold when the number of sub-pulses was less
than 10 did not result in lowering the removal rates for the single-burst craters (see Fig.
4.5). Therefore, the most likely reason for this phenomenon is the heat accumulation
the train of sub-pulses as it can compensate the increase of the ablation threshold and
even to improve further SRRs. However, the ablation efficiency was reduced
significantly when the number of sub-pulses increased beyond 20 and 50 for copper
and stainless steel, respectively. This is because sub-pulse fluence was much lower
than ablation threshold and the heat incubation was not sufficient to impact the ablation

performance.
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Figure 4.5. 3D surface scans and cross-sectional profiles of craters produced with

single pulse and burst mode processing and pulse duration of 500 fs while varying the

number of sub-pulses for copper (top) and stain less steel (bottom).

Note: Craters’ cross-sectional profile was further magnified and the respective aspect

ratios provided in the figure.

4.3.2. Specific removal rates

4.3.2.1. Copper

SRRs achieved on copper as a function of pulse distances in single pulse and burst
mode processing while using four different pulse durations are presented in Fig. 4.6.

The ablation rates obtained with single pulse processing are highlighted in red. The
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removal rates were significantly improved when MHz burst mode processing was
applied with varying number of sub-pulses, but this was not the case across all pulse
distances investigated in this research. In general, the interdependences of SRRs on
pulse/burst distances were changing across the following three ranges: i) smaller pulse
distances in the range from 0.2 um to 1 pm; ii) intermediate pulse distances (from 1
pMm to 4 um) presented in Fig. 4.6b, 4.6d, 4.6f and 4.6h; and iii) higher pulse distances
(greater than 4 um) presented in Fig. 4.6a, 4.6¢, 4.6e and 4.6g. In the 1st range, where
the pulse/burst overlap was more than 96%, the single pulse mode resulted in better
SRRs compared to the results obtained with any burst mode processing across all four
pulse durations. It can be stated that the accumulated fluence from a single pulse train
led to a less residual heat and plasma shielding due to much lower pulse frequency,
and thus to less redeposition of material and hence a cleaner ablation. In addition, the
plasma plume had a noticeable impact at intra-burst frequency (40 MHz) as the sub-
pulse energy was absorbed by plasma plume and led to a reduced ablation efficiency.
At the same time, SRRs increased quickly with the increase of the pulse distance for
both single pulse and burst mode processing except for 10 ps in a single mode, where

SRR was relatively stable.

The 2" range of pulse distances covered the processing condition where the pulse
overlaps were from 87 to 95%. In this range, SRRs for most burst mode regimes

increased dramatically with the decrease of the pulse overlaps and exceeded SRRs
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achieved with the single mode when the pulse distance was higher than 1.4 pm. Thus,
beneficial processing conditions were created that facilitated the material
removal/ejection from the ablation area and therefore less material redeposition and
cleaner ablation was obtained when the distance between the bursts increased. Also,
it should be noted that plasma shielding effect tended to decrease when pulse/burst
distance increased. And, this had an evident impact that made the benefits of
processing at near optimum fluence more pronounced and led to the SRR increase.
The SRRs achieved with the single pulse processing reached their maximum values
(see Table 4.2) and decreased marginally when the pulse distance increased across
all four pulse durations. Comparing the results obtained with the different pulse
durations, bursts with number of sub-pulses from 3 to 20 resulted in higher removal
rates for 500 fs and 1 ps pulses. At the same time, higher SRRs were achieved even
with 100 sub-pulses per burst at 5 ps and 10 ps pulse durations when compared with

the results obtained with the single pulse processing.

Finally, the 3" range covered pulsed distances where the pulse overlaps was less than
87%, i.e. the pulse distances were higher than 4 um. In this case, the advantages of
the burst mode were more pronounced as shown in Fig.4.6a, 4.6c, 4.6e and 4.6g and
SRRs kept increased significantly to reach their maximum values. They were higher
than those obtained with the single pulse and the burst mode with the number of sub-

pulses from 3 to 50 (in case of 500 fs and 1ps pulses) and from 3 to 100 (for 5 ps and
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10 ps pulses). Specifically, SRRs achieved with the burst mode reached the maximum
values of 3.7 um3/uJ, 4 pum3/ud, 5.4 pm3/ud and 4.6 um3/pJ for 500 fs, 1 ps, 5 ps and
10 ps pulse durations, respectively (see Table 4.2). These maximum SRRs were
achieved at 15 sub-pulses, especially when the processing was performed with near
optimum fluence levels of 1.7 J/cm? for 500 fs and 1 ps pulses. These results are very
close to what has been reported by other researchers [49]. And, it was evident from
the results in Table 4.2 that the optimum fluence level tended to decrease to
approximately 1.3 J/cm? that was achieved at 20 sub-pulses with the longer durations
of 5 and 10 ps. In addition, it is important to note that SRRs plateaued and were not
anymore dependent on the increase of the pulse distances, when they became higher
than 4 um and 8 pum. Especially, this was achieved when the pulse overlaps were less
than 87% and 73% for the pulse durations of 500 fs and 1 ps and 5 and 10 ps,
respectively. This indicated that the negative side effects, such as plasma shielding
and redeposition of material, had declined and became steady in this range of pulse

distances.

The observed changes of SRRs across the three ranges of pulse distances are in good
agreement with the results reported in another investigation [50]. The maximum SRRs
were achieved with the burst mode when a relatively higher number of sub-pulses, i.e.
from 15 to 50 sub-pulses, across the investigated pulse distances and pulse durations

was used and thus to benefit fully from the available maximum pulse energy of 90 puJ
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in this study. In addition, the maximum SRR in machining micro-structures on copper
substrates was attained at different number of sub-pulses per burst compared to the
results obtained with the single burst of 10 sub-pulses. This indicates that the
performance improvements in the MHz burst mode processing can be achieved at
specific machining conditions in regard to the accumulated fluence and sub-pulses’
fluence levels. Therefore, it is important to investigate these conditions systematically
and thus to identify the respective limits and thus to benefit fully from the capabilities
that the burst mode processing offers. Also, the similarities of the copper response to
burst mode processing with 500 fs and 1 ps and 5 ps and 10 ps pulse durations should

be noted.

Table 4.2. Maximum SRRs achieved on copper with single pulse and burst mode

processing at four different pulse durations.

Pulse  Regime Maximum  Number  Sub-pulse Pulse Overlap
duration SRR of sub- fluence distance level
(Um3/pd) pulses (J/lecm?) (um) (%)
500 fs  Single pulse 1.8 1 25.5 2 93
Burst mode 3.7 15 1.7 16 47
1ps Single pulse 1.6 1 25.5 1 96
Burst mode 4.0 15 1.7 16 47
5ps Single pulse 1.2 1 25.5 0.6 98
Burst mode 5.4 20 1.3 20 33
10 ps Single pulse 0.7 1 25.5 0.6 98
Burst mode 4.57 20 1.3 20 33
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SRRs achieved with pulse/burst distances up to 20 um and pulse durations of 500 fs,
1 ps, 5 ps and 10 ps, respectively; (b), (d), (f) and (h) a closer look at SRRs achieved
with pulse/burst distances of less than 4 pum for 500 fs, 1 ps, 5 ps and 10 ps,

respectively.

Note: 1p denotes one sub-pulse per burst which denote a single pulse processing while
2p,3p, ..., 400p — a burst mode processing with an increasing sub-pulse number per

burst.

4.3.2.2. Stainless steel

SRRs as a function of the pulse/burst distances in the single pulse and burst mode
processing of stainless steel (grade 316) at the same four pulse durations are shown
in Fig. 4.7. It can be immediately noted that the advantages of the burst mode

processing over the single pulse one are more pronounced compared to copper.

The dependences of SRRs on stainless steel in the burst mode processing with varying
pulse distances (or overlap) were changing across the following two ranges. The first
range includes pulse distances from 0.2 um to 4 um while the second one those in
excess of 4 um. Within the first range, SRRs achieved with the single pulse processing
reached its maximum values and then plateaued with any further pulse distance
increases at all four pulse durations. Again, there were similarity in the material

response to SRRs achieved at pulse durations of 500 fs and 1 ps and pulse duration
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of 5 ps and 10 ps, respectively. The single pulse processing resulted in higher SRRs
at 500 fs and 1 ps (maximum value around 1 um3/uJ) pulse durations compared to
relatively low values obtained at 5 ps and 10 ps (maximum SRRs from 0.3 to 0.4
um3/ud) across all pulse distances investigated in this research (Table 4.3). The SRRs
achieved with the burst mode with the sub-pulse number in the range from 50 to 200
were higher than those achieved with the single pulse process, even at the lowest
pulse-to-pulse distance of 0.2 um, across all four pulse durations (Fig. 4.7b, 4.7d, 4.7f
and 4.7h). The sub-pulse fluence at 50 to 200 sub-pulses per burst was in the range
from 0.1 to 0.5 J/cm?. This low fluence level led to a less pronounced plasma shielding
at high overlap levels (more than 98% for pulse-to-pulse distances lower than 0.2 um)
and thus the ablation process was more efficient. An efficient ablation with the single
pulse processing was achieved only when the pulse distances was greater than 0.6
pum and SRRSs were higher compared with the values obtains with burst distances up
to 1.4 um at 500 fs and 1 ps pulse durations. SRRs achieved with the burst mode
increased dramatically when pulse/burst distances were higher than 1.4 um and then
plateaued when they exceeded 4 um, due to the reduction of plasma shielding.
However, the SRR increase was not always steady as there were some sudden
fluctuations, e.g. when the number of sub-pulses in the burst were 50, 100, 200, 300
and 400. This can be attributed to some alterations in the surface morphology, which

led to sudden change in the absorption coefficient and therefore SRRs were affected
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strongly. Despite such SRR uncertainties at some burst mode processing conditions,
the advantages over the single pulse processing were dominant on stainless steel
across all four pulse durations. The optimum fluence level was 0.5 J/cm? that was
achieved with 50 sub-pulses per burst while the maximum SRRs across the four pulse
durations were in the range from 4.9 um3/pJ to 5.7 um3/uJ (see Table 4.3). An efficient
ablation was achieved even with 300 or 400 sub-pulses per burst when the sub-pulse
fluence was much lower than the ablation threshold. This can be explained with the
heat incubation affects that are discussed in the next section. Contrary to what was
observed for copper, the pulse duration did not affect the optimum fluence on stainless
steel, as the maximum SRRs were achieved with the same fluence across all four
pulse durations. In addition, the highest SRRs on stainless steel were attained with

500 fs pulses, while for copper it was with 5 ps ones.

Table 4.3. Maximum SRRS achieved on stainless steel with single pulse and burst

mode processing at four different pulse durations.

Pulse Regime Maximum  Number  Sub-pulse Pulse Overlap
duration SRR of sub- fluence distance level
(Um3/pd) pulses (Ilcm?) (um) (%)
500 fs  Single pulse 1.0 1 25.5 1 96
Burst mode 5.7 50 0.5 12 60
1ps Single pulse 0.9 1 25.5 1 96
Burst mode 5.5 50 0.5 12 60
5 ps Single pulse 04 1 25.5 1 96
Burst mode 5.2 50 0.5 12 60
10 ps Single pulse 0.3 1 25.5 0.2 99
Burst mode 4.9 50 0.5 12 60
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(e) and (g) SRRs at 500 fs, 1 ps, 5 ps and 10 ps, respectively; (b), (d), (f) and (h) a
closer look of SRRs achieved with pulse/burst distances of less than 4 um at 500 fs, 1
ps, 5 ps and 10 ps, respectively.

4.3.3. Heat accumulation effects

As discussed in Section 3.2, there were some similarities in the two materials’ SRR
response at 500 fs and 1 ps and 5ps and 10 ps pulse durations when the effects of the
increasing pulse/burst distances were analysed. Therefore, a further investigation was
conducted only at two pulse durations, i.e. 500 fs and 5 ps. In addition, the analysis
was carried out for only four pulse/burst distances, i.e 1.4 um, 4 um, 12 pum and 20 pm,
which covered the three and two specific processing ranges for copper and stainless
steel, respectively, as discussed previously. The heat accumulation influence was
studied for both, single pulse and burst mode processing with numbers of sub-pulses

increasing from 2 to 400.

4.3.3.1 Copper

Fig. 4.8 depicts SRRs obtained on copper with four different pulse distances while the
number of sub-pulses per burst had been increasing. These SRRs were then
compared with calculated ones from a single spot crater with an increasing number of
sub-pulses. In case of 500 fs processing on copper (Fig. 4.8a), SRRs calculated based
on the ablated pockets were higher than the values achieved for the reference single
crater with one (single pulse) and two sub-pulses per burst. The other burst mode

121



regimes led to lower SRRs compared to those achieved on the single crater across all
four analysed pulse distances. It should be noted that the negative side effects from
the plasma shielding and the material redepositing when processing pockets were
dominant over any positive ones from the heat accumulation. Especially, the heat
accumulation had a positive impact only in the single pulse and burst mode processing
of copper with only two sub-pulses. The maximum SRR of 6.2 um?®/uJ was achieved

with a single burst of 10 sub-pulses.

As expected, the positive influence of the heat accumulation was more pronounced
with 5 ps pulses on copper (Fig. 4.8b). SRRs achieved on the ablated pockets were
slightly higher than those calculated for the single crater with the number of sub-pulses
less than 3 and the pulse distance of less than 4 um. However, SRRs on copper
increased significantly when the number of sub-pulses exceeded 50, especially for
pulse distances higher than 4 um. For example, SRR2M , of 5.2 um3/uJ and SRREM of
1 um3/uJd were achieved with 50 sub-pulses per burst and 20 um pulse/burst distance.
Therefore, this significant SRR increase on copper can be attributed explicitly to the
heat accumulation effect, i.e. the increase of SRREY to 4.2 um3/uJ. Especially, this big
difference in SRR achieved with a single burst can be attributed not only to heat
accumulation but also the declining negative effects of plasma shielding when the sub-

pulse energy decreased.
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4.3.3.2 Stainless steel

The plasma shielding in 500 fs processing led to predominantly negative effects on
stainless steel (Fig. 4.8c and 4.8d). There were not significant differences between
SRRs achieved on ablated pockets when compared with the single crater results
obtained with up to 4 sub-pulses for both investigated pulse durations (SRRZM , =
SRRBM). The processing conditions in this case can be considered to strike a balance
between the advantages associate with the heat accumulation on SRRs and the
negative ones due to the plasma shielding and material redepositing effects. When the
number of sub-pulses increased and was in the range from 5 to 100, the plasma
shielding and material redeposition started to dominate due to the plasma excitation
by subsequent sub-pulses [51]. Therefore, SRRs attained on processed pockets were
much lower than those achieved on the single spot crater. The positive impact of the
residual heat on stainless steel could only be observed when the number of sub-pulses
exceeded 200 and 100 at 500 fs and 5 ps pulse durations, respectively. Similar to the
copper response at 5 ps pulse duration, the positive influence of heat accumulation in
burst mode processing of stainless steel started to become noticeable when the

number of sub-pulses per burst exceeded 100.

In addition, the SRR results obtained on stainless steel and also on copper at different
processing conditions (see Fig. 4.8) revealed that SRRs increased with the increase

of the pulse/burst distance, i.e. when the respective overlap levels decreased. Also, it
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was confirmed that SRRs increased when the number of sub-pulses used led to a near
optimum fluence as discussed in the previous section. This is indicative of some
interdependences between the pulse/burst overlap level and the optimum number of
sub-pulses on both materials. Thus, it can be stated that relatively low pulse/burst
overlap levels require a higher number of sub-pulses to attain the maximum SRR

values.

4.3.4. Surface roughness

The effects on surface roughness were investigated at only two pulse durations. i.e.
500 fs and 5 ps, due to the discussed similarity between SRRs achieved with 1 ps and
10 ps pulses, respectively, in Section 3.2. Three different scanning speeds, i.e. 500
mm/s, 1000 mm/s and 1500 mm/s, were investigated that led to pulse distances of 5
pm, 10 um and 15 um, respectively. In addition, two burst settings of 15 and 50 sub-
pulses were selected for the conducted experiments on copper and stainless steel,
respectively, because one of the highest SRRs were achieved with them (see Section
3.2). Also, it is important to note that it was necessary to ablate more than 10 layers
when the single pulse processing was used, as presented in Table 4.4, and thus to
achieve a similar depth with the two processing regimes as shown in Fig. 4.9a and

4.9b.
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Table 4.4. The number of layers required to achieve similar pocket depths with the

selected two pulse durations and three scanning speeds.

Scanning Regime Number of layers
speed 500 fs 5 ps
(mm/s) Copper | Stainless | Copper | Stainless
steel steel
500 Single pulse 20 30 30 58
Burst mode 10 10 10 10
1000 Single pulse 27 77 53 195
Burst mode 10 10 10 10
1500 Single pulse 30 90 75 240
Burst mode 10 10 10 10

Fig. 4.9c and 4.9d present the surface roughness measurements on copper and
stainless steel after undergoing processing with the two pulse durations. The
respective surface morphologies achieved with the two processing modes are shown
in Fig. 4.10. A marginally lower surface roughness was achieved on copper with the
500 fs burst mode processing at 500 mm/s and 1000 mm/s, whilst the surface quality
was similar at 1500 mm/s as shown in Fig. 4.9c. The difference in surface quality was
more pronounced at 5 ps processing of copper. The roughness values obtained with
the burst mode were two times higher than those achieved with the single pulse
processing at the lower scanning speed of 500 mm/s. Nevertheless, the burst mode
resulted in a significantly smaller roughness at the higher scanning speeds of 1000

and 1500 mm/s.
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Figure 4.9. The surface roughness results: (a) and (b) representative cross-sectional
profiles of ablated pockets with a similar depth but achieved with different numbers of
lasers when the two processing modes were used on copper and stainless steel with
500 fs pulse duration and 1000 mm/s scanning speed; and (c) and (d) surface
roughness (Sa) measurements at the bottom of the ablated pockets produced with the
two processing modes and the two pulse durations on copper and stainless steel,

respectively.

Based on the results obtained on stainless steel, the pulse duration had a clear
influence on surface quality (see Fig. 4.9d). In particular, a significant increase in

surface roughness was observed when the pulse duration increased from 500 fs to 5
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ps in the single pulse processing whilst the roughness differences were marginal on
the pockets produced with the burst mode processing at the investigated two pulse
durations. The MHz burst mode did not lead to any improvements in surface roughness
across all three scanning speeds at 500 fs pulse duration. Whereas, the burst mode
with 5 ps pulses had a significant positive impact on surface quality across all
investigated scanning speeds. The biggest reduction of surface roughness achieved
with the burst mode in comparison to that obtained with the single pulse processing
was observed at 1000 mm/s, i.e. 10 um pulse distance, with 5 ps pulses, i.e. a
reduction from 13 um to 5 um was achieved. It should be stressed that having a
significantly smaller number of ablated layers in the burst mode, i.e. especially when
processing stainless steel, did not only lead to a better surface quality, but also reduced
the overall processing time, substantially. Considering the industry requirements for a
viable ultrashort laser processing, especially higher SRRs, the use of the MHz burst

mode can help to broaden the industrial applications of this technology.
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Figure 4.10. SEM micrographs taken at the bottom surfaces of ablated pockets with
the investigated two pulse durations and three scanning speeds on copper (left) and
stainless steel (right). It is important to note that the depth of the pockets was kept the
same but different number of layers was used to achieve this with the two processing
regimes.

129



Note: The numbers with the white colour denote the surface roughness (um). Scale

bar: 100 pm.

The surface morphology of ablated pockets are shown in Fig. 4.10. The burst mode
processing minimised and also eliminated the micro pinhole formation, especially, on
copper with both pulse durations. However, the higher ablation rate achieved with the
burst mode led to the appearance of a different surface morphology, i.e. some line-like
patterns. This reflects the scanning path used to process the last layer, and the same
patterns were also observed on stainless steel. The effect of heat accumulation in the
burst mode was more pronounced on stainless steel. There was a clear redepositing
of an ablated material that led to the formation non-uniform micro-structures at the
bottom surface of the pockets. Again, this can be explained with the lower thermal

conductivity of stainless steel compared to copper.

4.4. Conclusions

The capability of the MHz burst mode processing was investigated in this research as
a means to increase SRRs achievable in laser micro-machining on copper and
stainless steel while utilising fully the available maximum pulse energy. Specifically,
the experiments were conducted with a relatively high pulse fluence, i.e. 25.5 J/cm?,
and four different pulse durations, i.e. from 500 fs to 10 ps. The results showed that
the MHz burst mode processing has clear advantages in regard to achievable SRRs

and thus to utilise fully the available average power. These removal rate improvements
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can be explained with the near optimum fluence levels of sub-pulses and beneficial
heat accumulation effects in the burst mode compared to those in the single pulse
processing. Especially, high SRRs were achieved with a relatively higher number of
sub-pulses per burst, e.g. 15 to 20 and 20 to 50 on copper and stainless steel,
respectively. However, the results also showed that the ablation efficiency
improvements achievable with the burst mode can only be obtained under some
specific processing conditions. Sustained high SRRs with the burst mode were
achieved when the pulse overlap was relatively small, i.e. less than 87%. Especially,
the highest SRRs achieved on copper and stainless steel were 5.4 um3/uJ (with 20
sub-pulses, 33% pulse overlap and 5 ps pulse duration) and 5.7 um3/uJ (at 50 sub-
pulse, 60% pulse overlap and 500 fs pulse duration), respectively. There were
similarities in the SRR dependence on the number of sub-pulses per burst when
relatively low and high pulse durations, i.e. 500 fs and 1 ps, and 5 and 10 ps,

respectively, were used.

In addition, a novel empirical approach is implemented in this research to assess the
heat accumulation effects on SRRs in the burst mode processing. In general, the heat
accumulation effects were predominantly advantageous both at relatively small (from
1 to 3) or high (above 100) number of sub-pulses per burst. The results clearly show
the potential of the MHz mode processing for improving SRRs and reducing the

machining time in ultrashort laser machining and structuring. In addition, it is worth
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noting that the surface quality attained with the burst mode processing was comparable
to that achieved with the single mode and even better with some specific process
settings. Thus, it can be concluded that the obtained SRR improvements were not in
expense of the surface quality and thus it will be possible to benefit fully from the
constantly increasing pulse energies and average power in ultrashort laser processing

operations.
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Abstract

The laser micro-machining technology is an attractive alternative to conventional
photoresist-based technologies for manufacturing terahertz (THz) cross-shaped mesh
filters. It can address some limitations related to filter's quality, process complexity, unit
cost and available materials. However, there are also open issues associated with the
laser micro-machining technology that have to be addressed. In particular, some
intrinsic characteristics of laser micro-machined structures, i.e. the side-wall tapering,
that impact both achievable geometrical and dimensional accuracy and the filters’
performance. This research proposes a novel fabrication process, called laser
precession machining, that addresses some of the key laser micro-machining
limitations in producing THz mesh filters. It employs an ultrafast laser and a “precess”
module to vary the beam incident angle and thus to minimise the taper angle on the
sidewalls of the filters’ cross-shaped through holes. A significant reduction of this
negative tapering effect was achieved on micro-structures produced with this new
method that led to a significant improvement of filters’ performance. The filters’
performance was compared with the simulation results and they were in good
agreement. X-ray photoelectron spectroscopy (XPS) analysis was carried out to
analyse the effects of laser precession machining on the composition of copper

substrates as a potential factor affecting the filters’ performance.
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5.1. Introduction

The interests in developing and implementing terahertz (THz) technology have been
growing consistently in the last decade with a wide range of applications offering
unigque capabilities [1]. The THz emission frequency covers the gap between the
microwave and infrared radiation in the electromagnetic spectrum, ranging from 0.1 to
10 THz that is equivalent to wavelength from 3 mm to 30 pm and exists in non-ionizing
form [2, 3]. Applications of the terahertz radiation can be found in various areas, such
as biomedical imaging, cancer detection, food and water inspection, radars, security
and astronomy [4-9]. One of the key components in many THz communication systems
are the frequency restricting components that act as filters in selecting one or more
target frequency bands [10, 11]. A typical example of such components are the
frequency selective surfaces which are formed of two-dimensional arrays of through
structures onto a thin substrate, also known as mesh filters [12]. One popular through
structure of the THz mesh filters are cross-shaped holes with critical dimensions such
as length, width and periodicity [13, 14]. Consequently, the performance of cross-
shaped THz mesh filters is very sensitive to their geometrical accuracy [15]. Therefore,
the technologies used for their manufacture normally require a very high accuracy and

repeatability [16].
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Photolithography that employs SU-8 photoresist has been used to manufacture THz
components and frequency selective surfaces [17, 18]. This technology typically
produces components with a very high geometrical accuracy, especially in regard to
the taper angle on the micro-structures’ sidewall, that affects the mesh filters’
performance. This is an important prerequisite for achieving a good mesh filter’s
performance, i.e. transmitting only the selected frequencies with minimum insertion
losses, as these THz device’s characteristics are very sensitive to any dimensional
variations. However, photolithography also has some intrinsic shortcomings, in
particular it can only process photoresist materials with their limited mechanical,
thermal and electrical properties. SU-8 is an epoxy-based photoresist with Young’s
modulus in range of 2.92 to 4.95 GPa that is far lower when compared with metallic
substrates [19]. In addition, SU-8 has a high electrical resistivity and therefore the
photoresist-based manufacturing technologies for producing THz devices have to

include a metallisation step.

There are other manufacturing technologies of producing frequency selective surfaces
such as electron-beam lithography, nanoimprint lithography, deep reactive ion etching
and inkjet printing [20-22]. These technologies again require an additional metallisation
step, as with the case of photolithography. Hard substrates are usually required to
reinforce the mesh filters fabricated with them. Another common limitation of these

technologies is that they are capital intensive and therefore are mostly viable for
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relatively large batch sizes while the unit costs are still relatively high due to the use of

clean room manufacturing technologies.

In this context, laser-based micro machining offers unique advantages compared to
photoresist-based manufacturing technologies, especially for producing THz
frequency selective surfaces. It is a direct write and non-contact process and can be
used to structure almost any material [23]. Therefore, the researchers have started
looking at employing this technology for fabricating THz communication components

[24-28].

Table 5.1. A comparison of manufacturing capabilities of laser-based and

photoresist-based micro-manufacturing technologies [29].

Manufacturing solutions Photoresist-based Laser-based
Geometrical complexity 2.5D 3D
Requirement for secondary Mask production; No

processes Coatings

Assembly operations Required No

Material requirements Photoresists No limitations
Vulnerability to design changes High Low
Environment impact Chemical usage No
Process flexibility Low High

Table 5.1 compares the capabilities of photoresist-based technologies against laser-
based ones for producing THz devices. It can be clearly seen that laser-based micro-
machining systems offer important advantages and also flexibility in their manufacture.
The achievable accuracy with state-of-the-art laser micro-machining systems can be
better than 4 um and thus is becoming comparable to what can be attained employing
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photolithography [30]. The production costs can be reduced, too, with the use of laser
direct fabrication of THz devices as it will be possible to avoid post-processing steps.
The attractive capabilities of laser micro-machining systems, such as non-contact 3D
processing and abilities to structure directly metallic substrates, can also underpin the

development of novel THz device’s designs.

However, the laser micro-machining technology still has some inherent limitations that
can affect the manufacturing process and thus the performance of THz mesh filters. In
particular, the tapering effect on structure’s sidewalls is a challenge that limits the
achievable geometrical and dimensional accuracy in producing through structures [31,
32] and thus the achievable aspect-ratios in producing the functional features of THz
mesh filters. Most of the THz mesh filters fabricated by laser micro-machining so far
were produced using relatively thin substrates (a thickness of less than 50 um) [33, 34]
and therefore the tapering effect had a relatively small impact on their dimensional
accuracy. The thermal side effects, such as the heat affected zone and the formation
of recasts around the features, have been the other issues that have affected
negatively the achievable accuracy when micro structures have to be produced [35].
Furthermore, laser micro-machining systems are more suitable for producing small
batches of components. However, in general, it is a scalable technology that with some
process setting up automation can be made suitable for a serial manufacture, too. For

example, this can be achieved by developing specialised work-holding devices [36]
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and capitalising on the latest advances in ultra-short pulse technology, both on
constantly increasing the average power of femtosecond laser sources and optical

solutions for beam splitting and shaping [37].

Taking into account the advantages and limitations of laser-based micro-machining,
this research reports a feasibility study in the use of this technology for producing THz
devices, especially THz mesh filters. The specific objective is to investigate the
capabilities of a novel laser micro-machining technology, called precession laser
micro-machining, for producing cross-shaped, free-stranding THz mesh filters out of
metal materials directly without requiring any dielectric substrates. We also choose to
demonstrate the capability of lasing processing by machining a ‘thick’ mesh filter
structure [10] which presents additional fabrication challenges. In particular, a
precession module was integrated into a reconfigurable workstation to control the
incident angle of the laser beam. In this way, it was possible to control the beam
incident angle and thus to minimise and potentially eliminate the negative tapering
effect on accuracy of microstructures. The feasibility study was conducted by
manufacturing THz mesh filters with different dimensions and aspect-ratios for their
critical features, and thus to demonstrate the capabilities of this novel laser micro-
machining process. As a reference for comparison purposes, another recently reported
approach for minimising the tapering effect, called two-side laser micro-machining

[38], was employed to fabricate the same THz mesh filters. The geometrical and
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dimensional accuracy together with the respective performance of produced filters
were analysed and conclusions made about the capabilities of the proposed

manufacturing approach.

5.2. Materials and methods

5.2.1. Cross-shaped terahertz mesh filters

Two designs of terahertz mesh filters were used to investigate the manufacturing
capabilities of the proposed laser precession micro-machining method. Both filters
were designed to allow frequency of 0.3 THz (300 GHz) to pass through them. The
first mesh filter design (Design 1) is a single-pole filter that transmits only one peak
frequency, while the second mesh filter design (Design 2) is a two-pole filter with
increased frequency selectivity. The difference in their required transmission
performance leads to differences in the dimensions of these two filter designs. In
general, the functional feature of the two filters are arrays of cross-shaped through
holes with dimensions as shown in Fig. 5.1. The sidewalls of the cross-shaped holes
are normal to the mesh filter surface. In particular, Design 1 includes an array of 14x14
cross-shaped holes that cover a square area of 8.65 mm x 8.65 mm, while Design 2
is an array of 28x28 holes that covers an area of 26.21 mm x 26.21 mm. The designed
thickness of the two THz mesh filters is also different, 300 and 670 um for the single-

pole and the two-pole filters, respectively. Taking into account the sizes of the cross-
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shaped holes and the thicknesses of the substrates, the aspect-ratios that have to be

achieved are 1:4.76 and 1:2.18 for Design 1 and Design 2, respectively.

(a)

(b)
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Figure 5.1 The two THz mesh filter designs: (a) Design 1 and (b) Design 2.

Note: the dimensions of cross-shaped holes are given in micrometers and P is the

hole’s preriodicity, L — the hole’s length, w — the hole’s width, R — the fillets’ radiusm at

the hole’s corners and t — the thickness.

99.9% purity copper was chosen as a substrate material. Copper has a very low

resistivity and therefore the need for any coatings will be minimised or even eliminated.

Additionally, the copper substrates are sufficiently rigid and therefore no reinforcement

is required, too. This is another advantage of THz filters machined from copper

substrates compared to the photoresist-based manufacturing approaches as any risks
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from damage during storage, transportation and installation can be reduced and even

fully eliminated.

5.2.2. Laser micro-machining system

Rotary beam at 30,000 rpm

. . Ris5to 7.5 mm
A/4 Plate !
Diode-pumped Ultrafast Laser i
Average power - 10W . | LS-Shape | ! LS-Precess —__Central axis
Wavelength - 1030 nm : Module ' Module
Pulse energy -100 ) \
/
4 XYscan [ i
[ R - head /
. 2 .,
----- I 100 mm /
| Telecentric Lens
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Fume

Copper plate Extractor

X

»
»

y Precession of laser beam

XY Mechanical stages

Figure 5.2. A schematic representation of the laser micro-machining setup.

Note: R is the beam offset from the central axis.

The THz mesh filters were fabricated using a LASEA LS-4 workstation that integrates
a sub-picosecond laser source, YUJA from Amplitude Systemes, with wavelength of
1030 nm and pulse duration of 390 femtoseconds for athermal/”’cold” processing. A
schematic representation of the laser micro-machining setup is provided in Fig. 5.2.
The maximum average laser power after the focusing lens was 8W and thus the pulse
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energy was 80 uJ at a repetition rate of 100 kHz. By using the maximum average power
available, the highest possible material removal rate was used to minimise the
processing time. An ultrafast laser processing was preferred in this research in order
to produce mesh filters with high dimensional accuracy and quality [39]. A quarter
waveplate was integrated into the beam delivery sub-system to carry out the machining
with a circularly polarised beam and thus to achieve an even ablation at the focal plane

[40].

The beam delivery sub-system consists of two modules, i.e. LS-shape and LS-precess.
The LS-shape module is used to condition the beam and control basic laser beam
properties, in particular the laser power and beam diameter. The LS-precess module
is critical for realising a precession laser processing. Especially, the module allows a
parallel offset and rotation of the laser beam about the beam central axis with a
maximum speed of 30,000 rpm (more details are provided in Section 2.3). The laser
beam is then steered with X and Y deflectors before the focusing telecentric lens with
focal length of 100 mm and thus to achieve beam spot size of approximately 30 ym at
the focal plane. The workpiece is placed on a stack of X and Y direct-drive linear stages
with accuracy of 1 ym and repeatability of £0.4 um. Each individual cross-shaped
hole was machined by using only the X and Y beam deflectors while the mechanical
stages were used to reposition the beam for machining the arrays of holes. Therefore,

the accuracy and repeatability of the stages was important in ensuring the required
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periodicity between cross-shaped holes. A fume extractor was used to evacuate any
debris from laser-material interaction area and thus to minimise the contamination of

the machined copper substrates.

5.2.3. Precession laser machining

The LS-precess module allows a beam offset in the range from 5 to 7.5 mm while the
beam remains parallel to the original central axis [41]. Then, the laser beam is rotated
at high speed (up to 30,000 rpm) to create a donut ring with a diameter from 10 to 15
mm after the LS-precess module. The precession movement of the laser beam after
the focusing lens is created by focusing the donut ring with a telecentric lens as
depicted in Fig. 5.3. When the beam is offset and parallel to its central axis, the angle
between the approaching beam and the first surface of the telecentric lens is no longer
normal. Consequently, the output beam approaches the workpiece surface with a
controllable attack angle (Fig. 5.3a). The attack angle with the used LS-precess
module can be varied from 2.9 to 4.3 degree and depends on the size of the donut ring
before the focusing lens. However, there is another constraint associated with the scan
head aperture, especially the maximum diameter of the donut ring is limited by the
aperture size (20 mm in the used experimental setup). Therefore, the diameter of the
donut ring was kept at 12 mm approximately and thus to maximize the attack angle
while avoiding any potential clipping of the rotating laser beam at the scan head

aperture. This resulted in a beam attack angle of 3.46 degree after the telecentric lens.
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The advantages of using an incident beam that is not anymore normal to the focal
plane and at the same time rotates at high speed are to ablate the material at the holes’
sidewall more efficiently. This is very important when high aspect ratio structures have
to be produced and the evacuation of the ablated material becomes much more
difficult. Using this technique, through structures with vertical sidewalls or even a

negative taper angle can be produced as shown in Fig. 5.3b.

/-i Beam deflectors

1% Surface of a
telecentric lens

Shifted rotating
laser beam

Central axis

FRB
Workpiece

Focal length

~ FIB

A 4

Figure 5.3. A schematic representation of laser beam precession movements: (a) the
precession movement of the laser beam created by focusing the rotating beam, (b)
zero or negative tapering effect achievable with a precession laser beam.

Note: FIB - the focus of the “individual” laser beam at the focal plane of the telecentric

lens; FRB — the intersection point of the rotating beam that is along the central axis.
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The cross-shaped holes of the THz filters were fabricated by employing a precession
laser beam. The scanning speed of the laser beam is synchronised with its rotational
speed and therefore has to be reduced significantly compared to the speeds normally
used when a precession movement is not required. Especially, the scanning speed
should be less than 50 mm/s during precession processing and thus to achieve a
sufficient overlapping between the beam loops and so to ablate the material efficiently
along the structure profiles. This is the main limitation of the precession laser
processing technology. However, it is feasible to increase the scanning speed by
increasing simultaneously the beam rotational speed as there is a linear

interdependence between them.

A layer-based machining strategy was used to produce the cross-shaped holes. Two
different scanning speeds were used to achieve an efficient material removal and
produce holes with smooth edges. In particular, by trials, two scanning speeds were
selected, 20.5 and 12 mm/s, and the resulting beam paths are presented in Fig. 5.4.
Nine passes with the faster scanning speed were required to achieve good overlaps
between the pulses and the beam loops and to machine the copper substrates,
efficiently, and remove most of the material. Then, additional four finishing passes with
the lower speed were necessary to clean the holes’ edges/kerfs and also to reduce
further the taper angle on the sidewalls. The use of the slower scanning regime allowed

the striation effects at the holes’ edges to be eliminated, especially by reducing the
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distance between the precession beam loops. Thus, it was possible to produce cutting

kerfs with straight and well-defined edges by employing two scanning regimes.

In addition, the initial trials had shown that the scanning direction of the precession
laser beam affected the edge quality. Therefore, the outer part of the precession loops
was along the edges of the holes as shown in Fig. 5.4a and 5.4b and as a result
structures with well-defined and smooth edges were produced. Finally, the conducted
trials have also shown that the cross-sectional profile of the holes should be outlined
three times per layer to facilitate a proper material evacuation with the increase of the
hole’s depth. Especially, the holes’ kerfs were widened by conducing three outlining
cuts per layer with a step-over distance between them of 50 um as shown in Fig. 5.4c

and 5.4d and Fig. 5.5a and 5.5c.

20.5 mm/s

Laser spot

(b)

‘Q‘v‘uv‘uv‘vi

Figure 5.4. The beam paths for the two different scanning speeds: (a) a single pass

with the faster scanning speed, 20.5 mm/s; (b) a single pass with the slower scanning
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speed, 12 mm/s; (c) multiple passes with the faster scanning speed; and (d) multiple

passes with the slower scanning speed.

So, the precession machining strategy implemented for producing the two filter designs
required three outlining cuts and each of them included nine passes with the higher
scanning speed and four more with the lower speed, hence thirteen passes per cut
and thirty-nine ones in total for each layer. FIB was kept at the top surface of the
substrate at the start of the machining cycles and then moved down 100 um at each
layer. Three layers were required for the Design 1 filter while six layers were necessary

to produce the Design 2 as showed in Fig. 5.5b and 5.5d.

=
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Figure 5.5. The layer-based machining strategies used to produce the cross-shaped
holes: (a) and (c) the three cutting paths with a step-over of 50 um used to machine

each layer of the single-pole and two-pole filters, respectively; (b) and (d) the layers
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per cut with their 4 slow and 9 fast passes required in machining the holes of the single-

pole and two-pole filters, respectively.

The final step of the fabrication process was the cleaning of the samples in an
ultrasonic bath with acetone for 10 minutes. This step was necessary in order to
remove any debris inside the cross-shaped holes that can affect the performance of

THz filters.

5.2.4. Two-side laser machining

As it was stated, the two THz filter designs were also fabricated using the two-side
laser processing method proposed by Nasrollahi et al. [38]. The samples fabricated
with this method were used as references and their performance was compared with
the filters produced using the precession machining regime. Again, an ultrafast
(femtosecond) laser source was used to produce the filters while the same circular
polarization, 100 mm telecentric focusing lens and mechanical stages as those used
in implementing the precession machining method were utilised. Especially, a
mechanical rotary stage with accuracy of 29 pyrad was employed to rotate the
workpiece at 180 degree as required by the two-side method. Trials were conducted
to find a suitable processing window for machining the filter holes with a comparable
edge definition and dimensional accuracy to those achieved with the precession
method. The maximum pulse energy was set at 80 uJ and achieve an accumulated

fluence of 8.2 J/cm?2. In addition, a hatching strategy with a step-over distance of 10
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pMm was deployed to produce the holes. The pulse repetition rate was kept the same,
100 kHz, as in the precession method while the maximum possible scanning speed,

2000 mm/s, was used in order to minimise the processing time.

5.2.5. Measurements

5.2.5.1. Dimensional measurements

Dimensional analysis was carried out by using a focus variation microscope, ALICONA
G5. The critical dimensions of the two filter designs were analysed. In particular, the
length and width of the cross-shaped holes, the taper angle at the sidewalls and the

holes’ periodicity (the distance between holes) were measured.

The dimensions of cross-shaped holes were measured at nine different places over
the machined areas and the average values were used to analyse the accuracy and
repeatability achieved in the laser machining operations. The three-dimensional
profiles/morphology of the cross-shaped holes was reconstructed by conducting focus

variation measurements and thus to establish the taper angle on the holes’ sidewall.

The thickness and the surface roughness of as-received substrates before the laser
machining operation were also measured as they are factors affecting the performance

of THz filters. The results of these measurements are provided in Table 5.2.

156



Table 5.2: The as-received thickness and surface roughness of the substrates used to

produce the filters with the two laser micro-machining methods.

THz mesh filter design Design 1 Design 2

Samplel Sample2 Sample3 Sample4

Method Two-side Precession  Two-side Precession
True thickness (um) 290-320 280-310 640-660 650-670
Surface roughness S, (um) 0.817 0.641 0.501 0.879

Notes: the thickness of the substrates was measured with a calliper while their surface
roughness with the Alicona G5 system

5.2.5.2. Performance measurements and simulations

The functionality of the THz mesh filters was assessed with a free space Quasi-Optic
system that employs a vector network analyzer (VNA), illustrated in Fig. 5.6. It covers
the range of 220 GHz to 325 GHz in this measurement [10, 42]. The performance of
THz mesh filters was assessed by measuring S-parameters that characterize their
reflection and transmission in the frequency domain [43]. In particular, the S11
parameter designates the impedance matching of the filter while the S21 parameter
assesses the insertion loss of the signal when it passes through the frequency selective
component. These parameters are measured in decibels [dB]. An ideal THz mesh filter

should transmit a wave signal at 300 GHz with a zero insertion loss.

The filters’ performance was simulated by using the CST MICROWAVE STUDIO®

software [44]. The electric and magnetic walls were chosen to be the opposite
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boundary pairs in order to model the unit cell. The resonant frequency of the unit cell
was calculated by employing the full Floqguet modal expansion and periodic
boundaries. The efficient electric conductivity was calculated and included into the
simulation [45]:

0o
=i

where g, is theoretical electric conductivity of smooth surface material (5.87x107 S/m)

and Ky is surface roughness correction factor.
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Figure 5.6. A schematic representation of a frequency selective components with
respective S11 and S21 parameters (Left) and a schematic diagram of the free space

Quasi-Optic system used to assess the THz mesh filter's performance (Right).
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5.2.5.3. X-ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Fisher
Scientific K-alpha* spectrometer. Samples were analysed using 100 um spot mode of
a micro-focused monochromatic Al x-ray source (14 W). The data was recorded at
pass energies of 150 eV for the survey scans and 40 eV for the high resolution scan
with 1 eV and 0.1 eV step sizes, respectively. Data analysis was performed in
CasaXPS using a Shirley type background and Scofield cross sections, with an energy

dependence of -0.6.

5.3. Results and discussions

5.3.1. Dimensional accuracy

Four samples of the THz mesh filters were fabricated by employing the two laser micro-
machining approaches, i.e. two-side and precession laser micro-machining, described
in Section 2. Sample 1 (S1) and S2 are single-pole filters, while S3 and S4 are two-
pole ones. The two-side laser machining approach was employed to produce S1 and

S3 while S2 and S4 were produced with the precession laser machining method.

Representative images of the two prototype mesh filters are provided in Fig. 5.7. In
general, the ultrafast laser processing of copper substrates results in relatively clean
structures with well-defined edges, i.e. neither observable re-cast at the edges nor

apparent surface contaminations.
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Figure 5.7. Representative images of the two THz filter designs produced employing

the precession method: (a) Design 1 (Single-pole) and (b) Design 2 (Two-pole).

5.3.1.1. Taper angle analysis

The precession laser machining method led to better results with regard to the
geometrical accuracy of the cross-shaped holes. Table 5.3 provides the measurement
results, showing the reduction of the tapering effect at the sidewall in comparison to
the two-side method. The average taper angle was reduced 2.6 times from 4.1 degree
to 1.6 degree for the single-pole filter (Design 1). A bigger reduction of the taper angle
was achieved for the two-pole filter, i.e. from 11.5 degree to 1.9 degree (6.1 times). In
addition, it is important to note that this improvement was not at the expense of total
machining time in spite of the fact that the precession machining process was not
optimised. Especially, the machining times of S1 and S2 were the same while there

was an increase of only 2 hours for S4 in comparison to S3.
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Table 5.3: Average taper angles at the sidewalls of the two THz mesh filter designs

with the machining times

THz mesh filter designs Design 1 Design 2
S1 S2 S3 S4
Method Two-side Precession  Two-side  Precession
Taper angle [deg.] 4.1 1.6 115 1.9
Total machining time [hr] 6 6 24 26

The edge definition and the morphology of the holes produced with the two methods
is depicted in Fig. 5.8. The sidewalls can be clearly seen in the front and back views
for the holes produced with the two-side method (Fig. 5.8a and 5.8b). In contrast, the
entrances (front view) were cleaner and very sharp exits (back view) were achieved
on the cross-shaped holes produced with the precession laser machining method (Fig.

5.8e and 5.8f).

One of the advantages of the precession laser processing comes from the use of
multiple cuts and the layer-based machining strategy. The outlining cuts in laser micro-
machining have a proven positive effect on the resulting edge quality [31]. In addition,
the beam precession loops in the four slow passes not only led to a further material
ablation, but also helped to smooth the hole’s edges. It is also important to stress that
the holes were produced from one side only and the three outlining cuts with the slow
and fast scanning speeds were sufficient to evacuate all ablated material efficiently.

There were not visible debris or recasts at the hole’s entrances. As a result, a very
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good edge definition at the hole’s exits were achieved and there were no evidence of
a heat effected zone around them. The constructed sidewalls and extracted profiles of
S1 and S2 with the focus variation method (Fig. 5.8c, 5.8d, 5.8g and 5.8h) depict a
clean and well-defined sidewall for the holes produced with the precession laser

machining method.

Front view Back view Profile extraction line

Two-side

Precession

Figure 5.8. The cross-shaped holes of the single-pole filter fabricated by the two
methods. The first row depicts a hole produced with the two-side method while the
second one with the precession method, in particular: (a) and (e) the front views; (b)
and (f) the back views; the reconstructed sidewalls in (c) and (g), and extracted profiles

in (d) and (h).
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The taper angle reduction is much more pronounced on the cross-shaped holes of the
two-pole filters because the thickness of the copper substrates are more than twice
higher than those used in the single pole ones. Fig. 5.9a and 5.9b depict clearly the
sidewalls in the front and back views and the high taper angle and the narrowing effect
in the middle of the through holes produced with the two-side method. In addition, the
extracted profile in Fig. 5.9d shows that the taper angle increases with the increase of
the depth. This results in large dimensional deviations of the hole’s length and width

and also a large geometrical deviation from the nominal vertical sidewalls.

In contrast, there are no apparent tapering effect on the sidewalls of the entrance and
exit (Fig. 5.9e and 5.9f) of the hole machined with the precession method. This is
similar to what was achieved for the holes of the single-pole filters. In fact, the taper
angle decreased more than 6 times for the THz mesh filter fabricated with the
precession laser beam. Furthermore, the precession method produced holes with
straight walls and a consistent taper angle throughout their full depth. These is a clear
evidence of the attained efficient material removal with the multiple cuts and the layer-
based machining strategy. This is also evident from the uniform ablation that was

maintained with the increase of the hole depth.
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Figure 5.9. The cross-shaped holes of the two-pole filter fabricated with the two
methods. The first row depicts a hole produced with the two-side method while the
second one with the precession method, in particular: (a) and (e) the front views; (b)
and (f) the back views; the reconstructed sidewalls in (c) and (g), and extracted profiles
in (d) and (h).

Fig. 5.10 shows the cross-shaped hole’s morphology obtained with by two-side
method. The narrowing of the hole at the middle is an inherent issue associated with
the two-side method. This is the result of the tapering effect that is common for any
structure machined with a normal incident beam. This effect can be almost fully
eliminated when the structurers are machined with a precession beam which leads to

a significant increase of their accuracy, both dimensional and geometrical. It is worth
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stating that the taper angle could even be eliminated through a further optimisation of

the precession machining process.
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Figure 5.10. A comparison of hole’s morphologies obtained with the two laser
machining methods: (a) the narrowing effect in the two-side method; and (b) the
straight vertical cuts along the hole profile produced with the precession method that

define the sidewalls.

5.3.1.2. Dimensions in XY plane

Table 5.4 and Table 5.5 provide the dimensional measurements in both X and Y
directions that includes the hole’s length, width and periodicity of all samples. It can be

seen in Table 5.4 that length and width of the S1 holes are generally bigger than those

165



of S2in Xand Y, and also on both sides of the single-pole filter. The average deviations
from the nominal dimensions on the front side were from 29 um to 52 um for S1 and
from -1 um to 31 um for S2. In the case of S1, there was a slight increase of the size
of the cross-shaped holes due to the relatively high aspect ratio of almost 1:5. In
general, the deviations are more pronounced on the front side in comparison with the
dimensional measurements obtained on the back side of the single-pole filters

produced with both methods.

The results obtained on S3 and S4 were different, and they are provided in Table 5.5.
The deviations from the nominals were higher for the two-pole filter fabricated with the
precession method compared to those on the S3 filter produced with the two-side one.
In particular, the average deviation from the nominal values were in the range from 84
pm to 101 um on the entrance side and from 45 um to 48 um on the exit side of S4.
While on S3 fabricated with the two-side method, the deviations were smaller on both
sides, especially from -10 pm to 23 pm and -10 pum to 24 um on the front and the back
sides, respectively. However, the better accuracy in XY plane achieved with the two-
side method did not lead to a smaller taper angle (as discussed in Section 4.1.1) or
more importantly to a better filter’s performance. This will be discussed in Section 3.2.
In general, the variation of S2 and S4 dimensions were smaller on the exit side in
comparison with the values obtained on the entrance side of the filters produced with

the precession method.
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The sources of errors in the two-side method were discussed in details in another
research [38]. The deviation between measurements and the nominals of the filters
fabricated with the precession method can be attributed to several reasons. First, the
ellipticity of the laser beam played a role and has led to deviations of the dimensions
in X and Y plane. In fact, the maximum difference between the biggest and smallest
diameter of the laser beam was 10 pum during the machining process. This difference
can be reduced by calibrating the laser beam and/or compensating this error by making
adjustments in the machining strategy in X and Y directions. The second reason is the
larger divergence of the focused precession beam than that of the “conventional” laser
beam. Therefore, the precession beam is more sensitive to variations of the focal
distance, e.g. due to any flatness deviations of the substrates used to produce the
filters. The negative effects associated with this error source can be minimised by
improving the quality of as-received workpieces and by employing appropriate holding
devices during the machining process. The third reason is non-optimized machining
strategy and processing parameters that were used to produce the filters with the
precession method. In particular, the negative effects of multiple cuts and passes on
dimensional accuracy in the layer-based machining strategy can be minimised by
optimising the process and by introducing compensations to the X and Y dimensions.
In addition, the errors associated with the used telecentric lens to focus the precession

laser beam should be investigated and taken into account in optimizing the process.
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Finally, the repeatability of beam deflectors and the uncertainty associated with the

measurements also contributed to the obtained deviations from the nominals.

The periodicity deviations from the nominal values of S1 and S2 are in the range from
0.7 to 1.3 um and they were less than those on S3 and S4 (from 1.3 to 1.7 pum). This
can be explained with the smaller number of cross-shaped holes and thus the
machining fields of S1 and S2 are smaller and less prepositional movements with the
mechanical stages are required. Consequently, the accumulated errors as a result of
these repositioning movements are smaller. At the same time, the better periodicity
obtained with the precession method can be explained with the machining of the filters
from one side only and thus avoiding the alignment error in the two-side method. It
should also be noted that the cleaner and better-defined edges obtained with the
precession method have reduced the uncertainty in the conducted dimensional

measurements.
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Table 5.4. Dimensional measurements of the single-pole THz mesh filters (S1 and

S2) produced with the two machining methods.

Dimensional Nominal Average Value Average deviations from nominals and
measurements dimension [um] standard deviation of measurements [um]
s [um] S1 S2 S1 S2
Technique Two- Precessio Two-side Precession
side n

Front Length X 525 554 539 29+4.4 14+2.2
side Length Y 525 577 556 52+3.3 31+37
Width X 62.5 108 62 45+29 -1+3.0

Width Y 62.5 111 77 49+57 14+6.2

Back Length X 525 557 520 32+3.8 5+22
side Length Y 525 561 523 36+2.2 -2+3.3
Width X 62.5 93 56 31+3.7 7114

Width Y 62.5 81 64 19+1.8 1+38
Periodicity X 625 625 625 1.3+£1.7 0.7+0.8
Periodicity Y 625 626 626 1.2+1.3 1.2+£1.0

Table 5.5. Dimensional measurements of the two-pole THz mesh filters (S3 and S4)

produced with the two machining methods.

Nominal Average Value Average deviations from nominals and
Dimension dimensions [um] standard deviation of measurements [um]
measurements [um] S3 sS4 S3 sS4
Technique Two-  Precession Two-side Precession
side

Front Length X 562 585 647 23+3.1 85+8.6
side Length Y 562 552 662 -10+ 4.4 100 £ 4.7
Wwidth X 308 329 392 21+23 84 +£9.6
Width Y 308 298 409 -10 £ 4.7 101+ 3.6
Back Length X 562 586 607 24+2.6 45+6.3
side Length Y 562 552 610 -10+3.5 48 +6.1
Wwidth X 308 330 353 22+20 45+ 6.6
Width Y 308 296 355 -12+4.0 47+4.9
Periodicity X 950 951 951 15+19 15+18
Periodicity Y 950 950 951 17+22 13+15

Note: The positive values and negative values denote that the measured dimensions

are larger or smaller than the nominal values, respectively.
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5.3.2. Performance of THz mesh filters

The ultimate assessment and comparison of THz mesh filters produced with the two-
side and the precession methods can be obtained by analyzing their functional
performance, i.e. the S-parameters obtained with the free space Quasi-Optic system.
In particular, measurement results obtained at two orientations of S2, S3 and S4 were
analysed. Firstly, the filters were measured at their original orientation. Then, the filters
were rotated by 90 degree to repeat the measurements. The filter's performance was

analysed and recorded, again.

Fig. 5.11 shows the measurement results of single-pole filters fabricated with the two
different machining methods. It can be seen in Fig. 5.11a that the S1 filter fabricated
with the two-side method provide a single pole (S11 parameter) but the peak of the
resonance frequency was shifted to the right of the simulation ones. Fig. 5.11b depicts
a closer look at the S21 parameter that assesses the insertion loss of the filter, in
particular the minimum loss of the S1 filter was 3.9 dB. The high-than-expected
insertion loss can be attributed to the low dimensional accuracy achieved by the two-
side method, especially, the narrowing effects in the middle of the S1 cross-shaped
holes. In contrast, the performance of the S2 filter was much better, especially the
single pole frequency (S11) was sharply defined as shown in Fig. 5.11c. The
resonance frequency was slightly shifted to the lower frequencies in comparison to the

simulation results. The offset was around 3 GHz that was equivalent to 1% error. The
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closer look at the S21 parameter in Fig. 5.11d shows a minimum insertion loss of 0.8

dB when the filter was measured at its original reference orientation. The bandwidth

was also closer to the S2 simulation results.
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Figure 5.11. The performance characteristics of single-pole filters: (a) S11 and S21

parameters of the S1 filter; (b) the closer look at the S21 parameter of the S1 filter; (c)

the S11 and S21 parameters of the S2 filter; (d) a closer look at the S21 parameter of

the S2 filter.
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The performance of the two-pole filters is depicted in Fig. 5.12. Again, the performance
of the filter fabricated with the two-side method (S3) was not satisfactory due to the
large deviations from the nominal dimensions. The S11 measurements did not show
two well defined poles and there was a significant shift of 10 GHz to the higher
frequency as shown in Fig. 5.12a. The minimum insertion loss was 4.6 dB and the
bandwidth was much smaller than the simulation results (Fig. 5.12b). On the other
hand, the S11 and S21 characteristics of the S4 filter were in good agreement with the
simulation results as depicted in Fig. 5.12c. The two poles of the 2nd-order filter can
be clearly seen and one of the poles coincides exactly with the simulated frequency of
300 GHz. The S21 measurements showed a minimum loss of 0.8 dB for both S4
orientations (Fig. 5.12d). In addition, the S4 bandwidth was very close to the simulation

results but was slightly shifted to the lower frequencies.

It can be clearly seen that the S2 and S4 filters provided similar results with their two
different orientation that indicates a consistent performance. The shifting of frequency
(S11) can be attributed to the difference between designed and actual thickness of
the filter [12]. Other factors discussed in Section 3.1.2 can affect the performance of
the THz mesh filters, too, such as the flatness of the substrates, some oxidation of
copper as a result of the laser-material interactions in not controlled environment which

will be discussed next.
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Figure 5.12. The performance characteristics of two-pole filters: (a) S11 and S21
parameters of the S3 filter; (b) the closer look at the S21 parameter of the S3 filter; (c)
the S11 and S21 parameters of the S4 filter; (d) a closer look at the S21 parameter of

the S4 filter.

5.3.3. Oxidation and XPS analysis

An investigation of potential side-effects due to the laser machining process of copper
substrates in not controlled environment was conducted as this may have negative

effects on filters’ performance. An XPS analysis of the front side surface (unprocessed
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area) and the sidewall surface (processed area) of the cross-shaped holes machined
with the precession method was conducted to look for potential changes in surface
chemistry, especially copper oxidation. The XPS spectra in Fig. 5.13 and extracted
atomic concentration in Table 6 show the presence of Cu 2p which signify the formation
of copper oxides at both front side and sidewall surface [46]. The high-resolution
normalized XPS spectra of Cu 2p (3/2 and 1/2) are depicted in Fig. 5.13c. The
contribution of copper (1) oxide (Cu20) was more pronounced on the unprocessed area
(the front side surface) with a peak position at around 933 eV, which indicates the
formation of a native oxide layer onto the surface due to its exposure to ambient air.
On the other hand, the processed area (the sidewall surface) had significant
contributions of both copper (I) oxide (Cu20) and copper (1) oxide (CuO) components,
which can be validated with the satellite features at 943 eV and the broader peak
shape. This is in good agreement with the indirect ratio of oxygen/copper, which can

be used to judge about the surface’s oxidation level [47].

Table 5.6. The composition of a copper substrate after precession laser machining

Atomic concentration of found elements (%)

Analysed area

Cu 2p (3/2) O1s Cl1ls Ca2p Si 2p
Front side 1.79 12.30 81.51 0.62 3.78
Sidewall 1.28 11.53 83.39 1.50 2.30

In particular, this ratio increased from 6.87 to 9.01 (calculated from Table 5.6) when

the material was subjected to laser machining. Therefore, it can be concluded that the
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heat accumulation during laser precession processing of copper led to some material
oxidation and this is in spite of the use of ultrashort pulses. The formation of copper
oxide is undesirable and can affect the THz filter's performance because this is a non-
conductive compound. Thus, the copper oxidation could contribute to the higher-than-
expected insertion loss of THz filters produced by the precession laser machining
method. This negative side effect can be minimised and even eliminated by conducting

the laser processing in control environments.
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Figure 5.13. The XPS analysis of a two-pole filter after precession machining: (a) XPS

spectra of front side surface (unprocessed area); (b) XPS spectra of sidewall surface
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(processed area); (c) High-resolution normalized spectra of Cu 2p as obtained for front

side surface (red) and sidewall surface (green).

The analysis also showed high concentration of carbon compared to copper and
oxygen. The deposition of carbon can be partly the result of contamination during the
cleaning process and partly due to absorption of organic compounds in an ambient
environment [48, 49]. Traces of other elements such as calcium and silicon were also
identified, which could be due to some other sources of contamination, e.g.
fingerprints. However, the contribution of carbon and other elements was minor and

hence should not have a significant impact on the filters’ functionality.

5.4. Conclusions

This study investigates a manufacturing route for producing THz mesh filters that
employed a novel laser micro-machining technology, especially by machining directly
relatively thick copper substrates. The method proposed in this research is called laser
precession machining and it can be considered an alternative to photoresist-based
fabrication technologies. Two different designs of cross-shaped THz mesh filters with
thickness of 300 um and 670 pum were successfully fabricated by laser precession
machining of copper substrates. The drawback of conventional laser micro-machining
processes, i.e. the tapering effect on sidewalls, was overcome by controlling the
incident/attack angle of the precession process and implementing an appropriate

machining strategy. In particular, the material along the cross-shaped holes of the
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filters was ablated efficiently by employing a layer-based machining strategy with
multiple cuts and passes at each layer and thus to reduce the taper angle on the
sidewalls. In this way, it was possible to reduce the taper angle by 3 times (from 4.1 to
1.6 degree) and 6 times (from 11.5 degree to 1.9 degree) in producing the through
cross-shaped holes of single-pole and two-pole filters, respectively, compared to the
reference two-side method. It is important to note that this was not achieved at the
expense of the machining times, which were comparable for the two methods.
However, there were some relatively large dimensional deviations of the cross-shaped
holes in the XY plane for the THz filters fabricated with the precession method. These
can be attributed to the ellipticity of the laser beam, the sensitivity of the precession
beam to any focal distance variations and the non-optimized laser precession
machining process that was utilised. This shortcoming can be minimised or even
eliminated by optimizing the precession machining process and by introducing some

compensations to the XY dimensions in the machining strategy.

Nevertheless, the performance of the THz mesh filters that were produced had clearly
demonstrated the process potential in spite of employing a sub-optimal machining
strategy. The S-parameters, i.e. S11 and S21, of the single-pole filter were very closed
to the simulation results, with only 3 GHz offset that is equivalent to 1% error. The two-
pole filter provided two clear reflection zeros (transmission poles) while one of them

was at the designed frequency of 300 GHz. The insertion loss of the filters was 0.8 dB.
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The loss in the transmission was mostly due to some deviations from the nominal
dimensions of the machined cross-shaped holes and the formation of copper oxide at
sidewall during the laser precession process. However, it is important to reiterate that
this was a feasibility study and a thorough process optimisation can address the

accuracy issues and improve the performance of THz mesh filters further.

Acknowledgement

XPS data collection was performed at the EPSRC National Facility for XPS
(‘HarwellXPS’), operated by Cardiff University and UCL, under contract No. PR16195.
The use of the 1.1 THz vector network analyser was funded by the EPSRC Strategic
Equipment grant EP/P020615/1. Authors would like to thank Professor Michael
Lancaster (University of Birmingham) for his supervision and doctor Stephen Hanham

(University of Birmingham) for his help in measurements of the samples.

178



References

10.

11.

Siegel, P.H., THz technology: An overview, in Terahertz Sensing Technology:
Volume 1: Electronic Devices and Advanced Systems Technology. 2003, World
Scientific. p. 1-44.

Pawar, A.Y., Sonawane, D.D., Erande, K.B., and Derle, D.V., Terahertz
technology and its applications. Drug invention today, 2013. 5(2): p. 157-163.
Cherkasova, O.P., Serdyukov, D.S., Ratushnyak, A.S., Nemova, E.F., Kozlov,
E.N., Shidlovskii, Y.V., Zaytsev, K.l., and Tuchin, V.V., Effects of Terahertz
Radiation on Living Cells: a Review. Optics and Spectroscopy, 2020. 128(6): p.
855-866.

Ren, A., Zahid, A., Fan, D., Yang, X., Imran, M.A., Alomainy, A., and Abbasi,
Q.H., State-of-the-art in terahertz sensing for food and water security—A
comprehensive review. Trends in Food Science & Technology, 2019. 85: p.
241-251.

Nagashima, T., Tani, M., and Hangyo, M., Polarization-sensitive THz-TDS and
its application to anisotropy sensing. Journal of Infrared, Millimeter, and
Terahertz Waves, 2013. 34(11): p. 740-775.

Wang, K., Sun, D.-W., and Pu, H., Emerging non-destructive terahertz
spectroscopic imaging technique: Principle and applications in the agri-food
industry. Trends in Food Science & Technology, 2017. 67: p. 93-105.
Guerboukha, H., Nallappan, K., and Skorobogatiy, M., Toward real-time
terahertz imaging. Advances in Optics and Photonics, 2018. 10(4): p. 843-938.
Lindley-Hatcher, H., Stantchev, R.l.,, Chen, X., Hernandez-Serrano, A.l.,
Hardwicke, J., and Pickwell-MacPherson, E., Real time THz imaging—
opportunities and challenges for skin cancer detection. Applied Physics Letters,
2021. 118(23).

Zaytsev, K.l., Dolganova, I.N., Chernomyrdin, N.V., Katyba, G.M., Gavdush,
A.A., Cherkasova, O.P., Komandin, G.A., Shchedrina, M.A., Khodan, A.N.,
Ponomarev, D.S., Reshetov, |.V., Karasik, V.E., Skorobogatiy, M., Kurlov, V.N.,
and Tuchin, V.V., The progress and perspectives of terahertz technology for
diagnosis of neoplasms: a review. Journal of Optics, 2020. 22(1).

Wang, Y., Yang, B., Tian, Y., Donnan, R.S., and Lancaster, M.J.,
Micromachined thick mesh filters for millimeter-wave and terahertz applications.
IEEE Transactions on Terahertz Science and Technology, 2014. 4(2): p. 247-
253.

Gavdush, A.A., Chernomyrdin, N.V., Lavrukhin, D.V., Cao, Y., Komandin, G.A.,
Spektor, L.E., Perov, A.N., Dolganova, I.N., Katyba, G.M., Kurlov, V.N.,
Ponomarev, D.S., Skorobogatiy, M., Reshetov, 1.V., and Zaytsev, K.I., Proof of
concept for continuously-tunable terahertz bandpass filter based on a gradient
metal-hole array. Opt Express, 2020. 28(18): p. 26228-26238.

179



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Melo, A.M., Gobbi, A.L., Piazzetta, M.H., and Da Silva, A.M., Cross-shaped
terahertz metal mesh filters: Historical review and results. Advances in Optical
Technologies, 2012. 2012.

Demirhan, Y., Alaboz, H., Ozyuzer, L., Nebioglu, M.A., Takan, T., Altan, H., and
Sabah, C., Metal mesh filters based on Ti, ITO and Cu thin films for terahertz
waves. Optical and Quantum Electronics, 2016. 48(2): p. 170.

Porterfield, D.W., Hesler, J., Densing, R., Mueller, E., Crowe, T., and Weikle,
R., Resonant metal-mesh bandpass filters for the far infrared. Applied Optics,
1994. 33(25): p. 6046-6052.

Ferraro, A., Zografopoulos, D.C., Caputo, R., and Beccherelli, R., Broad-and
narrow-line terahertz filtering in frequency-selective surfaces patterned on thin
low-loss polymer substrates. IEEE Journal of selected topics in quantum
electronics, 2017. 23(4): p. 1-8.

Wang, Q., Gao, B., Raglione, M., Wang, H., Li, B., Toor, F., Arnold, M.A., and
Ding, H., Design, fabrication, and modulation of THz bandpass metamaterials.
Laser & Photonics Reviews, 2019. 13(11): p. 1900071.

Yang, H., Dhayalan, Y., Shang, X., Lancaster, M.J., Liu, B., Wang, H., Henry,
M., and Huggard, P.G., WR-3 waveguide bandpass filters fabricated using high
precision CNC machining and SU-8 photoresist technology. IEEE Transactions
on Terahertz Science and Technology, 2018. 8(1): p. 100-107.

Ao, T., Xu, X., Gu, Y., Chen, Z., Jiang, Y., Li, X., Lian, Y., Wang, F., He, Q., and
Chen, Z., Terahertz band-pass filters based on fishnet metamaterials fabricated
on free-standing SiNx membrane. Optics Communications, 2017. 405: p. 22-
28.

Chung, S. and Park, S., Effects of temperature on mechanical properties of SU-
8 photoresist material. Journal of Mechanical Science and Technology, 2013.
27(9): p. 2701-2707.

Puscasu, |., Boreman, G., Tiberio, R., Spencer, D., and Krchnavek, R.,
Comparison of infrared frequency selective surfaces fabricated by direct-write
electron-beam and bilayer nanoimprint lithographies. Journal of Vacuum
Science & Technology B: Microelectronics and Nanometer Structures
Processing, Measurement, and Phenomena, 2000. 18(6): p. 3578-3581.
Dickie, R., Cahill, R., Fusco, V., Gamble, H.S., and Mitchell, N., THz Frequency
Selective Surface Filters for Earth Observation Remote Sensing Instruments.
IEEE Transactions on Terahertz Science and Technology, 2011. 1(2): p. 450-
461.

Sushko, O., Pigeon, M., Donnan, R.S., Kreouzis, T., Parini, C.G., and Dubrovka,
R., Comparative Study of Sub-THz FSS Filters Fabricated by Inkjet Printing,
Microprecision Material Printing, and Photolithography. IEEE Transactions on
Terahertz Science and Technology, 2017. 7(2): p. 184-190.

180



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Piqué, A., Auyeung, R.C., Kim, H., Charipar, N.A., and Mathews, S.A., Laser
3D micro-manufacturing. Journal of Physics D: Applied Physics, 2016. 49(22):
p. 223001.

Voisiat, B., IndrisiGnas, S., Sniaukas, R., Minkevigius, L., Kasalynas, |., and
Raciukaitis, G. Laser processing for precise fabrication of the THz optics. in
Laser Applications in Microelectronic and Optoelectronic Manufacturing
(LAMOM) XXII. 2017. International Society for Optics and Photonics.

Voisiat, B., Biciunas, A., Kasalynas, |., and Raciukaitis, G., Band-pass filters for
THz spectral range fabricated by laser ablation. Applied Physics A, 2011.
104(3): p. 953-958.

Shang, X., Penchev, P., Guo, C., Lancaster, M.J., Dimov, S., Dong, Y., Favre,
M., Billod, M., and De Rijk, E., W-Band Waveguide Filters Fabricated by Laser
Micromachining and 3-D Printing. IEEE Transactions on Microwave Theory and
Techniques, 2016. 64(8): p. 2572-2580.

Manikandan, E., Sreeja, B.S., Radha, S., Duraiselvam, M., Gupta, A., and
Prabhu, S. Microfabrication of terahertz frequency-selective surface by short-
and ultrashort laser ablation. 2018. SPIE.

Born, N., Gente, R., Al-Naib, I., and Koch, M., Laser beam machined free-
standing terahertz metamaterials. Electronics Letters, 2015. 51(13): p. 1012-
1014.

Penchev, P., Shang, X., Dimov, S., and Lancaster, M., Novel manufacturing
route for scale up production of terahertz technology devices. Journal of Micro
and Nano-Manufacturing, 2016. 4(2): p. 021002.

Bhaduri, D., Penchev, P., Dimov, S., and Soo, S.L., An investigation of
accuracy, repeatability and reproducibility of laser micromachining systems.
Measurement, 2016. 88: p. 248-261.

Le, H., Penchev, P., Henrottin, A., Bruneel, D., Nasrollahi, V., Ramos-de-
Campos, J.A., and Dimov, S., Effects of Top-hat Laser Beam Processing and
Scanning Strategies in Laser Micro-Structuring. Micromachines, 2020. 11(2): p.
221.

Fornaroli, C., Holtkamp, J., and Gillner, A., Laser-Beam Helical Drilling of High
Quality Micro Holes. Physics Procedia, 2013. 41: p. 661-669.

Esakkimuthu, M., Suseela, S.B., Sankararajan, R., Gupta, A., Rana, G., and
Prabhu, S., Laser patterning of thin film copper and ITO on flexible substrates
for terahertz antenna applications. Journal of Laser Micro Nanoengineering,
2017. 12(3): p. 313-321.

Lin, Y., Yao, H., Ju, X., Chen, Y., Zhong, S., and Wang, X., Free-standing
double-layer terahertz band-pass filters fabricated by femtosecond laser micro-
machining. Optics Express, 2017. 25(21): p. 25125-25134.

181



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Faisal, N., Zindani, D., Kumar, K., and Bhowmik, S., Laser micromachining of
engineering materials—a review. Micro and Nano Machining of Engineering
Materials, 2019: p. 121-136.

Penchev, P., Dimov, S., Bhaduri, D., and Soo, S.L., Generic integration tools for
reconfigurable laser micromachining systems. Journal of Manufacturing
Systems, 2016. 38: p. 27-45.

Martin, P.E., Estival, S., Dijoux, M., de Campos, J.A.R., Kupisiewicz, A., and
Braunschweig, R. High-power femtosecond laser cutting and drilling combining
beam-shaping and beam-splitting. in Laser Beam Shaping XVIII. 2018.
International Society for Optics and Photonics.

Nasrollahi, V., Penchev, P., Dimov, S., Korner, L., Leach, R., and Kim, K., Two-
Side Laser Processing Method for Producing High Aspect Ratio Microholes.
Journal of Micro and Nano-Manufacturing, 2017. 5(4): p. 041006.

Petkov, P., Dimov, S., Minev, R., and Pham, D.T., Laser milling: pulse duration
effects on surface integrity. Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture, 2008. 222(1): p. 35-45.
Nolte, S., Momma, C., Kamlage, G., Ostendorf, A., Fallnich, C., von
Alvensleben, F., and Welling, H., Polarization effects in ultrashort-pulse laser
drilling. Applied Physics A, 1999. 68(5): p. 563-567.

Estival, S., Martin, P.-e., and Kupisiewicz, A., Machining device. 2019, US
Patents.

Ridler, N., Clarke, R., Salter, M., and Wilson, A. Traceability to national
standards for S-parameter measurements in waveguide at frequencies from
140 GHz to 220 GHz. in 2010 76th ARFTG Microwave Measurement
Conference. 2010. IEEE.

Horibe, M. and Kishikawa, R., Metrological traceability in waveguide S-
parameter measurements at 1.0 THz band. IEEE Transactions on
Instrumentation and Measurement, 2013. 62(6): p. 1814-1820.

Jayawardene, M. and Vardaxoglou, Y., 3-D EM Simulation of Infinite Periodic
Arrays and Finite Frequency Selective Horns.

Hammerstad, E. and Jensen, O. Accurate models for microstrip computer-aided
design. in 1980 IEEE MTT-S International Microwave Symposium Digest. 1980.
IEEE.

Long, J., Zhong, M., Fan, P., Gong, D., and Zhang, H., Wettability conversion
of ultrafast laser structured copper surface. Journal of Laser Applications, 2015.
27(S2): p. S29107.

Giannuzzi, G., Gaudiuso, C., Di Mundo, R., Mirenghi, L., Fraggelakis, F., Kling,
R., Lugara, P.M., and Ancona, A., Short and long term surface chemistry and
wetting behaviour of stainless steel with 1D and 2D periodic structures induced
by bursts of femtosecond laser pulses. Applied Surface Science, 2019. 494: p.
1055-1065.

182



48.

49.

Yang, Z., Tian, Y., Zhao, Y., and Yang, C., Study on the Fabrication of Super-
Hydrophobic Surface on Inconel Alloy via Nanosecond Laser Ablation. Materials
(Basel), 2019. 12(2).

Gaddam, A., Sharma, H., Karkantonis, T., and Dimov, S., Anti-icing properties
of femtosecond laser-induced nano and multiscale topographies. Applied
Surface Science, 2021. 552.

183



CHAPTER 6

INVESTIGATION OF PRECESSION LASER
MACHINING OF MICRO-HOLES ON
AEROSPACE MATERIAL

Hoang Le !, Vahid Nasrollahi *, Themistoklis Karkantonis 1,

Pavel Penchev !, Sundar Marimuthu 2 and Stefan Dimov !

! Department of Mechanical Engineering, University of Birmingham, Birmingham B15
2TT, UK

2 The Manufacturing Technology Centre Ltd, Coventry, CV7 9JU, UK

This research was published as a full-length article at Journal of Laser Applications.

Le, H., Nasrollahi, V., Karkantonis, T., Penchev, P., Marimuthu, S., Crozier, M. and
Dimov, S. (2023). Investigation of precession laser machining of microholes in
aerospace  material.  Journal of Laser  Applications 35, 012028

https://doi.org/10.2351/7.0000903

184


https://doi.org/10.2351/7.0000903

Author Contributions

Hoang Le

(First Author)

Conceptualization, Methodology, Experiment, Formal
analysis, Investigation, Validation, Writing—original

draft, Writing—review & editing,

V. Nasrollahi

Methodology, Validation

T. Karkantonis

Writing—review & editing

P. Penchev Writing—review & editing
S. Marimuthu Investigation, Writing—review & editing
S. Dimov Conceptualization, Project administration, Writing—

review & editing

185



Abstract

Sidewall tapering is one of the main limitations in ultrashort pulse (USP) laser
machining and is associated with the beam shape and self-limiting effect. Laser
processing with a precession beam is a potential solution to overcome this limitation.
A study into the effects of precession parameters on the taper angle in micro-hole
drilling of Nickel alloy is reported in this paper. The effects of three key precession
parameters, i.e. incident angle, relative distance between the focuses of the precession
and individual beams and scanning speed have been investigated in detail.
Experiments were performed to drill through holes with aspect ratios up to 20:1 and
diameters ranging from 100 um to 500 um over 0.6 mm to 2 mm thick Nickel alloy
substrates. Experiment results showed that all the considered parameters/factors were
significant and affected the hole tapering in different ways. In addition, there were
important interaction effects between two of the factors, i.e. incident angle and focus
position, in some cases. The optimal parameters to minimise tapering effect are
suggested and the mechanism is discussed in detail. The precession laser machining
showed clear advantages in overcoming the limitations to associated with the
conventional USP laser machining. Fabricating micro-holes with high geometrical
accuracy, i.e. with straight side walls and zero taper angles, is feasible with the use of
precession beam. The results clearly show the potential of precession laser processing

and the capabilities that the technology can offer for a range of laser micro-machining
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applications in different industries, such as microelectronics, automotive and

aerospace.

Keywords: Precession, Ultrashort Pulse Laser, Micro-hole, Optimization, Nickel

Alloys.

6.1. Introduction

The use of laser micro-machining technology for hole drilling has widely been known
in manufacturing industry, especially, when quality and accuracy are the main
requirements [1]. Typical applications of laser micro-drilling can be found in numerous
fields such as microfluidic, biomedical, and microelectronic devices or automotive and
aerospace components [2-5]. Generally, key technical requirements in laser micro-
drilling are the hole’s aspect ratio, geometrical and dimensional accuracy and the
overall process efficiency. Also, the quality of laser drilled micro-holes can be impacted
by the heat affected zone and redepositions of material that typically appear at
entrance of the holes [6]. At the same time, the process efficiency is mainly assessed
either by the material removal rate or machining time. Due to constant advancements
in laser technology and beam delivery sub-systems, different approaches/methods
have been developed and deployed to improve the laser micro-drilling process.
Especially, there are two main approaches to improve the laser micro-machining
process, i.e. through changes of laser beam properties (e.g. energy, shape and pulse

duration) or relative movements between laser beam and workpiece. In case of pulsed
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lasers, micro-drilling can be performed with various pulse durations, from ultrashort to
short or long pulse widths. Short and long laser pulses with widths from sub-
nanosecond to millisecond, usually used for achieving high removal rates at the
expense of machining quality [7, 8], like thermal damage. On the contrary, USP lasers
are preferred when high quality holes are required because the ablation mechanism is
almost athermal and the heat affected zone would be minimal [9, 10]. Changing the
beam spatial profile through beam shaping is also a potential solution for minimising
any negative tapering effects in micro holes that are laser drilled [11]. Apart from the
Gaussian beam profile that is widely used, a top-hat (or flat-top) beam is used for
improving the processing quality and efficiency, i.e. for reducing the taper angles and
increasing material removal rates [12]. In addition, it should be noted that the beam
polarisation, pulse repetition rates and fluence levels are also process variables that

affect the laser micro-drilling operations [13].

The second approach widely used to improve the micro drilling process is through the
introduction of a beam motion and thus to achieve more efficient and precise ablation.
Especially, relative movements between beam and workpiece are employed in laser
micro-drilling that are usually implemented through scanning strategies and by varying
the incident/attacking angle of the laser beam. Typical scanning strategies used for
laser micro-drilling operations are single pulse drilling, hatching, percussion, helical

drilling and trepanning [6, 14-16]. Single pulse drilling and percussion drilling are
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generally employed when a hole diameter equal to the beam spot size is required,
whereas the other strategies are applied for hole diameters larger than the beam spot
size. The helical drilling and trepanning strategies are used to distribute laser energy
evenly along the hole contour and thus to ablate material only in those areas rather
than to ablate all material within the holes as it is the case in hatching ones. As a result,
these drilling strategies can reduce the taper angle with the increase of the hole depth
and can minimise the machining time. Despite the different scanning strategies were
studied and applied on USP laser micro-machining, these solution still cannot eliminate
completely the tapering effect in laser micro-drilling or micro-milling and thus to enable
the manufacture of vertical wall due to the inherent properties of Gaussian laser beams

[17, 18].

The tapering effect is mostly attributed to the increase in the size of laser-material
interaction zone, at the side wall, and the self-limiting effect leading to drop of fluence
levels and low ablation efficiency, consequently [19, 20]. Therefore, a rational solution
to overcome this issue is to increase the ablation efficiency, i.e. the laser fluence, at
the side walls of micro-holes. However, to achieve this, the laser beam should not be
normal to the substrate surface anymore and instead should be approaching at a given
incident angle, for example the beam can perform relative precession movements in
regard to the workpiece [21]. Such precession movements can be performed by either

the workpiece or the beam. The latter is preferable because it can offer a higher
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flexibility and can be executed more efficiently. Currently, there are commercial laser
systems on the market that offer such capabilities, i.e. beam precession movements
for improving micro-drilling and cutting processes [22-26]. There are some common
key parameters in such precession processing systems, such as incident angle, linear
and rotary speed of the precession beam together with its focusing position. However,
the role and significance of these parameters and their interactions in precession
micro-drilling have not been investigated systematically and thus there is a significant

knowledge gap in this topic.

Therefore, this study investigates the underlying mechanism of the precession laser
processing with the objective to understand the laser micro-drilling process in more
details. The influence of key precession parameters are investigated systematically
and their effects on laser micro-drilling process are analysed. A popular aerospace
alloy, i.e. nickel-based super alloy C263, has been selected to carry out this empirical
research and thus the results are of a specific interest to aerospace applications of
micro-drilling process. However, C263 is an alloy and has similar mechanism with other
metal-based materials in laser ablation, therefore, the conclusions made could be
considered more generic, especially about the precession micro-drilling capabilities,

and can inform other potential applications of this technology [27-29].
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6.2. Methodology and materials

6.2.1. Laser micro-machining system

The research reported in this study was carried out on LASEA LS-4 laser processing
workstation that integrates a diode-pumped pulsed laser source with pulse duration of
approximately 500 fs at central wavelength of 1030 nm. The athermal ablation
mechanism of this USP laser source allows laser processing with almost negligible
negative side effects and therefore the effects of different parameters on quality of
produced micro-structures can be seen clearer. The same pulse energy at the
workpiece, i.e. 60 pJ at a frequency of 100 kHz, was used in all experiments. The laser
pulse energy was controlled based on applied frequency and laser power after the
focusing lens measured by a power meter. The beam had a circular polarisation and
was focused through a telecentric lens with focal distance of 100 mm onto a spot size
of 30 (measured by camera-based beam profiler) um and the peak fluence was 16.98
Jicm? at the focal plane. A simplified diagram of the laser processing workstation is

provided in Fig. 6.1.

The precession movements of the laser beam after the focusing lens are produced by
a module, called LS-Precess, which is integrated into the beam delivery sub-system
between the beam conditioning module and the XY scan head. The precession laser
machining principals are described in details in [30, 31]. The rotary speed of the

precession beam after the focusing lens can be varied from 0 to 3141 rad/s. However,
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only the maximum rotary speed was used in this experimental study to achieve the

highest possible machining efficiency on this laser processing workstation.

A/4 Plate
Diode-pumped \
Beam
Ultrafast Laser Conditioning |— LS-Precess \
Wavelength - 1030 nm on UI |.c;n|ng Module
Pulse energy -100 pl ?I | N
I
|
| : L XY Scan
: I I Head
R - __ _|
100 mm
Telecentric Lens
Precession
Control Unit laser beam
| Workpiece

—————————————— XYZ Mechanical Stages

Figure 6.1. Diagram of the laser processing workstation with its key components.

The two important precession parameters investigated in this research are illustrated
in Fig. 6.2. The first key parameter is the incident angle of the laser beam, which is
defined by the angle between the beam and the central axis of the focusing lens. The
incident angle can be varied on the LS4-workstation in the range from 2.86 to 4.27
degree by changing the diameter of the precession beam before the focusing lens with
the LS-Precess module, as shown in Fig. 6.2a and 6.2b [30]. However, there was a
clipping of the precession beam at the entrance of the scan head when the incident

angle was greater than 3.56 degree. Thus, to avoid the significant drop of laser power

192



and the deterioration of beam quality after the focusing lens, the incident angle was

varied from 2.86 to 3.56 degree, only.

If Focusing Lens LJ If Focusing Lens LJ
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Figure 6.2. An lllustration of the precession laser beam in interaction with material
while varying key processing parameters: (a) small incident angle; (b) large incident

angle; (c) small FPB-FIB distance, and (d) large FPB-FIB distance.

Note: FPB refers to the Focus of the Precession Beam while FIB is the Focus of the

Individual Beam.
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The interdependence between the incident angle and the diameter of the precession
beam is depicted in Fig. 6.3. This functional dependence can potentially affect the
drilling process when relatively thick substrates are machined using bigger incident
angles while the precession beam is translated downward. Consequently, the beam
could be partially blocked by the structure edge and therefore the design of an

appropriate machining strategy is essential for a successful micro-drilling operation.

The second key parameter investigated in this study is the distance between the Focus
of the Precession Beam (FPB) and the Focus of the Individual Beam (FIB) (Fig. 6.2c
and 6.2d). FPB is the point along the focusing lens axis where the precession beam
has the smallest diameter while FIB is the beam focus where the laser fluence reaches
the highest value. Therefore, the FPB-FIB distance plays an important role in achieving
the required dimensional accuracy together with a higher ablation efficiency. It is
possible to vary the FPB-FIB distance from 400 to 900 um, approximately, on the LS4
workstation and its variation does not affect the precession beam diameter. However,
a reduction of laser power was observed when the FPB-FIB distance had been

increasing.
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Figure 6.3. Measured diameters of the precession beam with three different incident
angles at different positions along the focusing lens axis. Precession beam diameters
were measured experimentally by machining straight lines on a silicon wafer with a
single pass at different FPB positions. The beam diameter is determined by the width

of machined lines.

The third key parameter investigated in this research was the linear scanning speed of
the precession beam. The precession beam path is a combination of its circular and
linear scanning motion that leads to a spiral trajectory. As the beam rotational speed
is usually kept at its maximum value, the scanning speed is an essential factor for
controlling the overlap level between laser pulses. Thus, the resulting trepanning
strategy allows the removal rate together with the edge definition of micro-structures
[32] to be controlled. The effects of scanning speed on the beam path and the pulse

overlap level is depicted in Fig. 6.4.
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Figure 6.4. The laser beam paths with different scanning speeds when FIB is at the

top surface of the workpiece.

6.2.2. Materials

The precession laser micro-drilling was investigated and optimised for a Nickel-based
super alloy, i.e. C263, that is well known for its high strength and excellent resistance
to oxidation under extreme working conditions [33, 34]. These properties make C263
an ideal material for producing different components for turbine applications, e.g. in
aerospace and powerplants [35]. Laser micro-drilling is a desirable solution to
manufacture feature, such as cooling holes on turbine blades. Especially, the high
precision and accuracy that can be achieved with precession laser processing can
offer performance and quality improvements of such functional features for turbine
applications. Nickel-based super alloy C263 plate with thicknesses from 0.6 mm to 2

mm was used in the experiments of this research.
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6.2.3. Design of experiment (DoE)

6.2.3.1. Machining strategies

The precession drilling strategies were investigated on the machining of holes with
three diameters, i.e. 100 pm, 250 pm and 500 pm, on C263 plates with three
thicknesses, 0.6 mm, 1 mm, and 2 mm. Different precession drilling strategies were
required to produce those holes on the samples due to differences in their diameters
and sample thickness (or holes’ aspect ratio). Therefore, initial trials were conducted

to identify suitable strategies and define the parameter range for this research.

The precession drilling strategies for different hole diameters and substrate
thicknesses were designed to be as simple as possible for execution and the
differences between them to be minimal in order to minimise their influence on the
machining results. Therefore, a family of outlining strategies was employed to machine
the holes with different diameters as depicted in Fig. 6.5. The laser beam spot size
was taken into account in adjusting the outlining diameters with the objective to
machine holes as close as possible to the target dimensions. In general, the thicker
samples required a high number of FPB adjustments, referred to layers of outlining
passes in this research, for refocus the precession laser beam and thus to maintain an
efficient laser ablation at a higher hole depth. Especially, as it was already stated,

plates with three thicknesses were used, i.e. 0.6, 1 and 2 mm, and their holes were
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produced with one layer (Layer 1), three layers (Layers 1 to 3) and 5 layers (Layers 1

to 5), respectively.

Hole diameters

100 pm 250 pm 500 um
Relative FPB position /" L
to the surface — Lt Tl
—a RN - ™
Layer1 +500 pm ——— T —— ) ]
\\ ’,. \\ l!
Layer2  +200 um Tt .-
Top surface Owpm . TETTT
Layer 3 -100 pm \ }
Layerd -400 pm Y
Layer5 -1000 pm Precession beam movement by XY galvo-scanner

Figure 6.5. Top: the family of precession strategies used to drill micro-holes with
different diameters in the plates with three thicknesses. Bottom: the paths of the
individual beam (black line) and the precession beam (red dashed line) when drilling
holes with different diameters: (a) 100 um, (b) 250 um and (c) 500 um. Note: The beam
spot size in figures (a)-(c) are the same for different diameters in reality. The difference

in spot size in figure is for illustration purpose.
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The number of passes per layer in the outlining strategies was kept the same, 500
passes for each layer. The respective paths of the precession beam when machining
different diameters are illustrated in Fig. 6.5a-c. The relative offset positions of different
layers from the top surface of the plates are also provided in Fig. 6.5. Especially, the
offset of the first layer or FPB in the outlining strategies was at 500 pm above the
samples and thus FIB was close to the plate top surface. In this way, there was an
efficient laser ablation at the 15t layer, and thus the production of micro-holes with clean

openings.

6.2.3.2. Full factorial experimental design

The three independent parameters investigated in this study were the incident angle,
the FPB-FIB distance and the scanning speed. A full factorial experimental design was
used to analyse the effects of these key precession processing parameters and their
interactions on the taper angle of the drilled holes together with their respective quality.
The parameter ranges and their levels were narrowed down based on some initial
drilling trials that produced successfully holes with acceptable quality. Especially, the
maximum range of incident angles available on the LS4 workstation, i.e. from 2.86 to
3.56 degree, was used. At the same time, the FPB-FIB distance in the range from 400
and 600 um and scanning speeds up to 40 mm/s were identified as an effective
processing domain for precession drilling of the holes. A further increase of the FPB-

FIB distance led to a significant power drop of the output beam. The parameter domain
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considered in this study is provided in Table 6.1. In addition, for a reference, holes
were produced by conventional laser micro-machining, i.e. helical drilling, to compare
and quantify the advantages of the precession laser processing. In the conventional
laser drilling, the laser beam was kept normal to the plate surface with the use of a
telecentric focusing lens and the beam was moved with the scanning head, only. A
strategy with hatch distance of 5 um was deployed to remove all of the material inside
the holes. Scanning speed was set to be 1000 mm/s and pulse frequency of 100 kHz.
A similar layer arrangement and pulse energy to precession machining was used in
the conventional laser machining. Each layer was repeated 100 times before laser was

refocused to the next layer.

Table 6.1. The precession drilling parameters together with their respective three

levels as used in the full factorial experiments

Factors Unit Value

Level Level Level

1 2 3
Incident angle Degree 2.86 3.22 356
FPB-FIB distance pum 400 500 600
Speed mm/s 10 25 40

No. of experiment with precession beam 243

No. of experiment with conventional beam 9

Total No. of experiment 252
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6.2.4. Measurement and data analysis

The important output results from the conducted study were the taper angles of the
produced micro-holes. The angles were calculated based on the difference between
entrance and exit diameters of the drilled holes. The measurements of the hole
entrances and exits were conducted on Alicona G5 system with x20 magnification.
Scanning electron microscopy (SEM) images of the holes were taken, too, by using a
JCM6000 system. Finally, X-ray computed tomography was used to analyse the
machined sample with 5.1 pum resolution, 100 kV voltage and 10 pA current. The
experimental results were analysed with the Minitab statistics software to determine
the effects of considered three process variables together with their interacts on taper

angles of produced holes.

6.3. Results and discussion

6.3.1. The effects of key parameters

Taper angles obtained on the drilled holes are reported in Table 6.2 together with taper
angles attained with the reference process, i.e. employing conventional laser micro-
machining. The smallest taper angles obtained for each hole diameter and substrate
thickness are highlighted in grey. Note that the smallest taper angle in this research is

the one closest to zero and not the one which has the absolute smallest value.
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It is clear from the obtained results that the investigated key parameters, i.e. substrate
thicknesses and hole diameters, had different effects. Fig. 6.6 presents how the taper
angle responded to these parameter variations. Pareto charts were also used to
quantify the relative importance of these key parameters and their interaction effects
on resulting taper angles based on their standardised effects (see Fig. 6.6). The
reference line to analyse the factors’ effects was drawn using Lenth’s method in Minitab

with a significance level of 0.05 [36].
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Table 6.2. Taper angles attained in the experiments

Order Incident FPB-  Speed Nickel alloy C265 substrate thickness [mm]
[Daenggrfe] [iln?] el 0.6 ! 2

Hole diameter [um] Hole diameter [um] Hole diameter [um]

100 250 500 100 250 500 100 250 500

1 2.86 400 10 130 147 095 055 054 021 161 146 166
2 2.86 400 25 179 168 155 056 069 073 172 176 227
3 2.86 400 40 222 223 357 072 077 165 195 205 297
4 2.86 500 10 091 083 036 031 031 000 175 153 158
5 2.86 500 25 155 142 111 029 034 114 188 186 221
6 2.86 500 40 177 206 374 061 044 155 199 231 283
7 2.86 600 10 081 089 008 013 048 0.02 198 159 1.40
8 2.86 600 25 111 088 1.06 024 043 196 202 187 185
9 2.86 600 40 147 111 431 046 044 185 214 228 235
10 3.22 400 10 112 143 075 036 046 050 189 146 1.57
11 3.22 400 25 150 192 123 057 058 075 188 166 1.80
12 3.22 400 40 192 245 380 070 065 201 205 194 246
13 3.22 500 10 083 133 027 023 031 012 198 134 148
14 3.22 500 25 122 159 112 020 034 101 218 155 175
15 3.22 500 40 155 202 404 041 042 226 225 194 238
16 3.22 600 10 0.87 085 -0.06 0.01 006 -003 187 124 1.28
17 3.22 600 25 097 099 093 010 022 1.08 215 143 154
18 3.22 600 40 118 159 431 045 019 240 229 174 228
19 3.56 400 10 168 120 060 042 069 030 190 122 159
20 3.56 400 25 154 131 090 055 077 162 214 158 188
21 3.56 400 40 205 190 335 066 088 221 225 192 245
22 3.56 500 10 1.14 093 -020 0.22 013 026 178 128 1.56
23 3.56 500 25 112 065 087 027 030 148 208 166 1.70
24 3.56 500 40 164 154 394 032 040 259 227 182 233
25 3.56 600 10 094 041 -0213 000 0.16 -0.07 196 1.11 1.23
26 3.56 600 25 111 059 079 014 022 055 220 154 1.58
27 3.56 600 40 139 107 336 024 042 268 235 176 220
Conventional laser drilling 251 234 281 250 293 329 241 277 322
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Figure 6.6. The mean values of taper angles (degree) in regard to the parameter
changes in precession drilling holes with diameters ranging from 100 um to 500 um on

three substrate thicknesses: (a)-(c) 0.6 mm thickness, (d)-(f) 1 mm thickness and (g)-



6.3.1.1. The effects of incident angle

Fig. 6.6a, 6.6d and 6.6g depicts the effects of incident angle on the taper angle of
micro-holes drilled into 0.6 mm, 1 mm, and 2 mm substrates, respectively. It can be
seen that the increase of incident angle led to a small/marginal decrease of taper angle
in most of the cases. A bigger incident angle led to a bigger attacking angle in regard
to the hole axis and side wall, too. Consequently, the laser beam spot area is reduced
while fluence increases which resulted in a more efficient ablation and a smaller taper
angles can be achieved along the hole’s side walls [37]. However, this is not the case
for 100 ym hole drilled onto the 2 mm substrate, where the holes’ aspect ratio was
20:1, and the increase of incident angle led to a higher average taper angle. In this
case, the precession beam was partially clipping the hole’s entrance when larger
incident angle was applied, especially, when FPB was moved downward with a small
entrance of just 100 um. Especially, it can be seen in Fig. 6.3 that the precession beam
diameter was larger than 100 pum at more than 500 um offset from the FPB position.
This led to clipping of the precession beam at 100 um entrance when FPB was more
than 500 um below the substrate top surface. In case of 250 um hole onto 1 mm and
2 mm thickness and 500 um hole onto 2 mm thickness, the response of taper angle
mean value stabilised at the medium incident angle of 3.22 degree, thus, any further
increases led to only marginal improvements. Nevertheless, incident angle was found

to be a statistically significant factor for all hole diameters except for 500 pum holes
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drilled into the 1 mm substrate (see Fig. 6.7f), where only scanning speed had a
significant influence. However, the significance of incident angle was much less than

that of scanning speed and the FPB-FIB distance.
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Figure 6.7. Pareto charts on the significance of the investigated three factors, i.e.
incident angle (A), the FPB-FIB distance (B) and scanning speed (C) when drilling
holes onto: (a) - (c) 0.6 mm substrate, (d) - (f) 1 mm substrate, and (g) - (i) 2 mm

substrate.

6.3.1.2. The effects of FPB-FIP distance

The effects of the FPB-FIB distance on taper angle are presented in Fig. 6.6b, 6.6e

and 6.6h. Specifically, the mean value of resulting taper angles decreased with the
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increase of the FPB-FIB distance and reached a minimum value at the FPB-FIB
distance of 600 um for most of the investigated diameters and substrate thicknesses.
Positioning FPB at 500 um above the substrate surface for the 1t layer led to FIB
position of 100 um, 0 and -100 um, respectively, when the FPB-FIB distance was
varied from 400 to 600 um. The ablation efficiency declined with the increase of hole
aspect ratios as can be expected and this could be attributed also to the processing
with an offset from FIB. This was more pronounced when FIB was positioned at 100
um, i.e. FPB-FIB distance of 400 um. Focusing the beam below the substrate surface
(-100 um) improved the ablation response and material removal when the hole depths
increased, especially when there was no beam refocusing (machining of 0.6 mm
substrates). Thus, it can be stated that some beneficial effects on taper angle was

achieved, indirectly.

Furthermore, the relationship between taper angle and the FPB-FIB distance were
close to linear compared to the effects of incident angle. In contrast, 100 um holes
drilled on 2 mm substrate showed an opposite effect on taper angle, especially the
larger FPB-FIB distance led to a higher tapering effect (Fig. 6.6h). At the same time,
the mean value of taper angle was almost unaffected by the FPB-FIB distance when

drilling 500 pum holes onto 1 mm substrates (Fig. 6.6e and 6.7f).

The Pareto chart (Fig. 6.7a, 6.7b, 6.7d and 6.7e) showed that the FPB-FIB distance

was the most important factor when drilling 100 um and 250 pum holes onto 0.6 mm
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and 1 mm substrates. The interaction effect of incident angle and the FPB-FIB distance
(AB) was also significant in drilling 100 um holes onto 2 mm substrates and 250 um

holes onto 1 mm and 2 mm substrates (Fig. 6.7e, 6.7g and 6.7h).

Fig. 6.8 shows the X-ray cross-sectional views of drilled holes onto the substrates with
different thicknesses. It is operant that the precession machining with an USP laser
produces holes with almost no evidence of any abnormal material redeposition inside
the holes. The obtained side walls were straight and consistent across the holes drilled
onto 0.6 mm and 1 mm substrates and thus a better geometrical accuracy was
achieved compared with the conventional drilling process. Whilst, the holes drilled onto
2 mm substrates exhibited a sudden reduction in the holes’ diameter near their exits
(Fig. 6.8g, 6.8h and 6.8i). This is due to the reduced ablation efficiency with the depth
increase and hence the increase of aspect ratio. Although the beam was translated
down into the material to assist the material removal, this also led to a partial clipping
of the laser beam as discussed in Section 3.1.1. However, the precession drilling still
led to clear improvements when compared with the results obtained with the
conventional laser drilling (Fig. 6.8] and 6.8Kk). In addition, the FPB-FIB distance did not

affect the entrance diameter of the hole.
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Figure 6.8. X-ray cross-sectional views of holes produced by precession (green
dashed line) and conventional (red dashed line) drilling onto the substrates with three
thicknesses and varying FPB-FIB distances: (a)-(c): 100 um holes onto 0.6 mm
substrate; (d)-(f) 250 um holes on 1 mm substrate; (g)-(i) 250 um holes on 2 mm
substrate; (j) and (k): 250 um holes on 1 mm and 2 mm substrates, respectively. All
holes were drilled with incident angle of 3.22 degree and scanning speed of 10 mm/s.

Corresponding taper angle of each hole is showed in top left corner of each image.
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6.3.1.3. The effects of scanning speed

The effects of scanning speed on taper angle were the most pronounced among the
investigated three factors. Consistent trends were observed for the three hole
diameters and substrate thicknesses used in the research. Fig. 6.6c, 6.6f and 6.6i
shows that the increase of scanning speed led to higher mean values of taper angle in
all cases. This effect on taper angle was opposite to the general trend attained when
increasing, both, incident angle and the FPB-FIP distance. This can be attributed to
the interdependence between accumulated fluence and scanning speed. Especially, a
higher speed at a constant repetition rate (100 kHz) resulted in lower pulse overlap
level and less accumulated pulse energy when the same scanning strategies were
executed. It is worth noting that the effect of scanning speed on taper angle was the

most linear one among the investigated three precession drilling parameters.

Furthermore, the effect of scanning speed was much more pronounced in the case of
500 um holes across all three substrate thicknesses. Fig 6.5a-c show that the beam
paths in case of 100 um and 250 pum hole diameters were much closer to each other
compared to 500 um hole. In fact, the employed beam paths covered almost entirely
the hole’s area (100% of hole’s area) and all material inside the holes was removed in
the case of 100 and 250 um holes (Fig. 6.9a and 6.9b). At the same time, the beam
paths covered much smaller percentage of hole’s area (39% of hole’s area) and

removed only outer material of 500 ym holes and left a “core” inside (Fig. 6.9c). In

210



addition, the beam passes in the layers for the smaller diameter holes required a
shorter scanning time. As a result, this led to some heat accumulation and its impact
on the ablation process was less affected by the varying scanning speed when
machining smaller holes. Contrarily, the larger holes required a longer time for each
beam pass in the layers and thus there was more time for heat conduction into the
material to take place. Consequently, the effect of scanning speed on ablation
efficiency was much higher and therefore led to a significant increase of taper angle.
Especially, the steep increase of taper angle from approximately 0.25 to 3.8 degree
with the increase of scanning speed from 10 to 40 mm/s, respectively, on 0.6 mm
substrate (see Fig. 6.6c¢) is another strong evidence of the heat conduction impact on

the ablation process and consequently on taper angle.

Figure 6.9. The hole’s opening produced by employed strategies for different

diameters: (a) 100 pum, (b) 250 pm and (c) 500 um.

Scanning speed was one of the most significant factors in five cases (Fig. 6.7c, 6.7f,
6.7g, 6.7h and 6.7i) and was always into the top two most important factor across the

three hole diameters and substrate thicknesses. In addition, it can be seen from Fig.
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6.6 and Fig. 6.7 that the impact of speed on 100 um and 250 um diameter were quite
similar for all three substrate thicknesses. At the same time, the influence of scanning
speed strongly dominated the effects of other two factors in drilling 500 um holes.
Especially, scanning speed was the only factor that had a significant impact on tapering
effect when drilling 500 um hole onto 1 mm substrates (Fig. 6.7f). In addition, the
interaction effect of scanning speed and incident angle (AC) was found to be significant

only in drilling 100 um hole onto 0.6 mm substrate.
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Figure 6.10. Entrances and exits of 250 um holes produced by precession drilling while
the FPB-FIB distance fixed at 600 um and different scanning speeds and incident

angles on 2 mm substrate (green dashed line). Entrances and exits of 250 um and 500
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pum holes drilled onto 2 mm substrate with the conventional laser drilling process (red

dashed line).

Some examples depicting the effects of scanning speed and incident angle on holes’
entrances and exits are presented in Fig. 6.10. Scanning speed did not have a
noticeable effect on hole entrances. The scanning speeds investigated in this research
were sufficient to achieve the accumulated fluence necessary for producing holes with
clean entrances, even at the highest scanning speed of 40 mm/s. However, a clear
reduction of exit diameters can be seen when the speed increased from 10 mm/s to
40 mm/s regardless of incident angles. At the same time, the effect of incident angle
on taper angle was confirmed, i.e. when the increase of incident angle led to larger exit
diameters (see Fig. 6.10), while the hole entrances were also affected. Especially,
incident angle of 3.56 degree led to a better edge definition and slightly bigger entrance
than incident angle of 2.86 degree. In general, the dimensional accuracy and circularity
of holes produced by precession drilling was better than those produced with the

conventional laser drilling process.

6.3.2. Process optimisation

The optimal parameters for precession drilling holes with a minimised taper angle onto
the C263 substrates with three different thicknesses are provided in Table 6.3. The
minimum taper angles for all three hole diameters and substrate thicknesses were

achieved at scanning speed of 10 mm/s. This underlines the importance of speed, i.e.
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the pulse overlap levels in precession laser machining, on improving the ablation

efficiency due to the higher heat accumulation at the low speed.

Table 6.3. The optimum values of investigated precession drilling parameters for
producing micro-holes with a minimum taper angle onto the C263 substrates with the

three different thicknesses.

Thickness Target Optimum key parameters Obtained

[mm] hole  Incident FPB- Speed  taper
diameter  angle FIB [mm/s] angle
[um]  [Degree] [um]

0.6 100 2.86 600 10 0.81
250 3.56 600 10 0.41
500 3.22 600 10 -0.06
1 100 3.56 600 10 0.00
250 3.22 600 10 0.06
500 3.56 600 10 -0.07
2 100 2.86 400 10 1.61
250 3.56 600 10 1.11
500 3.56 600 10 1.23

The higher FPB-FIB distances of 600 um were also important for attaining a minimum
taper angle. At the same time, higher incident angles are beneficial in precession
drilling bigger holes, while the machining of smaller ones requires a carefully
consideration of the trade-offs between incident angle and the interaction effects
between other parameters. Fig. 6.11 shows the entrances and exits of the holes
machined with the optimal precession parameters. The impact of the substrate
thickness is very well pronounced in case of 100 um holes, where the exit diameter
decreased significantly with the thickness increase from 1 mm to 2 mm, and the

precession drilling process managed to penetrate only barely 2 mm substrate. Thus,
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the high aspect ratios in drilling thicker substrates are still a challenge even when
precession laser machining is employed. Based on the conducted empirical study, the
substrate thickness of 1 mm can be considered the upper limit for achieving a zero-

taper angle with the precession drilling process.

Hole diameter

Substrate thickness

Figure 6.11. The holes’ entrances and exits when the minimum taper angles were
achieved by the precession drilling process on the three investigated substrate

thicknesses.

6.4. Conclusion

The results reported in this study provides an insight into capabilities and limitations of
precession laser machining, both in general about the effects of key precession

processing parameters on dimensional and geometrical accuracy of micro-holes and
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also about one specific application, i.e. drilling of Nickel alloy C263. The precession
drilling of holes with diameters from 100 to 500 um onto substrates with thicknesses
up to 2 mm, aspect ratios up to 20:1, were investigated. The effects of three key
parameters, i.e. incident angle, FPB-FIB distance and scanning speed, in precession
laser drilling were analysed. The taper angle of the micro-holes was used as a key
output quality factor to determine the effects of the investigated three parameters. The
results showed that all three parameters affected the precession drilling process but to

different extends.

Generally, the increase of incident angle and the FPB-FIB distance led to a taper angle
reduction in most of the cases. In contrast, the increase of scanning speed entailed a
taper angle increase. However, the precession drilling process was affected by a beam
clipping at the hole entrance when machining high aspect ratio hole or thicker
substrates. This beam clipping affected the ablation efficiency with the increase of the
hole depth and led to a taper angle increase. Nonetheless, it was possible to
precession drill holes with nearly zero or even a negative taper angle onto 0.6 mm and
1 mm substrates, which was impossible to achieve employing the conventional laser
drilling process. Also, a significant reduction of holes’ taper angle was achieved on 2
mm substrates, where the aspect ratios were up to 20:1, compared with the

conventional laser drilling.
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In summary, the precession drilling process has demonstrated clear advantages in
producing micro-holes with a higher dimensional and geometrical accuracy when
optimised processing strategies were applied. Moreover, the precession machining
setups can be developed further to avoid any beam clipping and consequent power
dropping, and thus to use fully the attractive processing capabilities offered by this

machining method.
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CHAPTER 7

CONTRIBUTIONS, CONCLUSIONS AND
FUTURE RESEARCH
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This chapter summaries the key contributions to knowledge claimed in the conducted
research together with main conclusions and the key findings. Also, future research

directions are discussed in the chapter.

7.1. Contributions to knowledge

Different approaches/methods for altering the beam energy distribution, optimising the
pulse train energy levels and temporal distributions, and realising complex relative
movements between laser beam and workpiece were investigated to fulfil the overall
aim and specific objectives of this PhD research. Specifically, the research presented
in Chapters 3 to 6 reports advances in laser micro-machining technology to achieve
both, quality and process efficiency improvements in producing components/products
in different materials. The main objectives of the research were achieved and the

contributions to knowledge claimed in this PhD research are as follow:

1. A nanosecond pulsed laser micro-machining setup with integrated refractive
beam shaping device was investigated to fabricate micro-structures on silicon
wafers with a top-hat beam intensity profile. The surface integrity, structuring
guality and process efficiency attained by altering the beam profiles while
varying machining conditions were analysed and compared with those achieved
with Gaussian beam.

2. MHz burst mode processing was investigated as a tool for achieving material
removal rates scalability in ultrashort laser machining of different materials. The
advantages and limitations MHz burst mode were analysed over various

machining conditions. In addition, a novel methodology was proposed to assess
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the effects of heat accumulation, plasma shielding and material redeposition on
processing efficiency.

. A novel ultrashort laser manufacturing process, called precession laser
machining, is implemented to address a key limitation of laser micro-
machining/micro-drilling, i.e. the tapering effect at sidewall of fabricated micro-
structures. The impact of this machining process on the taper angle was studied
and successfully demonstrated on copper plates used as cross-shaped THz
bandpass filters. The dimensional and geometrical accuracy of fabricated
structures and the functional performance of the manufactured THz filters was
investigated to validate this manufacturing route.

. A further investigation of ultrashort laser precession machining was carried out
to understand the underlying mechanism in details and the effects of key
processing parameters in drilling micro-holes. The influence of three key
parameters on dimensional and geometrical accuracy of machined micro-holes
was investigated systematically through an empirical study on an aerospace
material. The attained results provided an insight into the capabilities and

limitations of this micro-drilling technology.

7.2. Conclusions

The existence of inherent shortcomings and the prospects for further improvements of

laser micro-machining technology motivated this PhD research. The research led to

advances of this technology in achieving both, quality and processing efficiency

improvements in producing components/products in different materials. Therefore, it

can be concluded that the aim together with the four main objectives of this PhD

research are achieved and the respective research results to support this claim are
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reported in Chapters 3 to 6. Three different technologies, i.e. refractive beam shaping,
MHz burst mode processing and laser precession machining, were investigated
systematically to improve the process efficiency and quality of machined micro-

structures.

Firstly, the capabilities and limitations of top-hat beam processing when machining
micro-structures onto silicon wafers were investigated and compared with those
achieved with Gaussian beam processing. Different machining conditions were
considered to assess the advantages and limitations of top-hat beam machining
(Chapter 3). The main findings of this research are:

e The top-hat beam processing can reduce the tapering effect at sidewalls of the
produced micro-structures by adjusting the machining strategies compared to
that achieved with Gaussian beam. Especially, combining hatching and outlining
passes in the machining strategy minimises the taper angles compared to
hatching or reduction outlining passes, only.

e The improvements in geometrical accuracy are not in expense of process
efficiency, especially the ablation rates achieved are nearly the same with top-
hat and Gaussian beam processing on silicon wafers. In addition, the surface
roughness of produced structures with the top-hat beam are better when
hatching and a combination of hatching and outlining passes are included in the
machining strategies.

e The machining of microstructures with a top-hat beam can be carried out with a
higher pulse energy without reducing the structuring quality and surface integrity

and thus the available average laser power can be utilised better.

224



Secondly, the scalability of ultrashort laser processing with the use of the MHz burst

mode was clearly demonstrated in micro machining of metals. The side effects

associated with the burst mode processing, such as heat accumulation, material

redeposition and plasma shielding, were also systematically analysed and quantified

(Chapter 4). The main findings of this research are:

MHz burst mode processing has clear advantages in regard to processing
efficiency in ultrashort laser processing of copper and stainless steel. Especially,
the available laser power can be fully utilised while maintaining the pulse fluence
close to the optimum level while increasing the beneficial heat accumulation
effect.

High processing efficiency is achieved at relatively high number of sub-pulses
per burst compared to the published research so far. Specifically, the maximum
specific removal rates (SRRs) were obtained at 15 to 20 and 20 to 50 sub-pulses
per burst on copper and stainless steel, respectively, while the reported results
so far referred to SRRs achieved with up to 10 sub-pulses. It is important to
stress that the reported ablation efficiency improvements in the MHz burst mode
machining can be attained only at specific machining conditions. SRRs
achieved with the burst mode was higher than single pulse mode machining
only when the overlap level between the bursts was less than 87%.

There are similarities in the dependence of SRRs on the number of sub-pulses
per burst at lower pulse durations, i.e. 500 fs and 1 ps, and higher durations, i.e.

5 and 10 ps, investigated in this research.
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¢ A novel methodology is proposed to assess the heat accumulation effects on

SRRs when small (from 1 to 3) and high (above 100) numbers of sub-pulses
per burst are applied.

The improvements in processing efficiency are not in expense of an inferior
surface roughness of produced micro-structures. Especially, the burst mode
machining achieved a similar surface roughness compared with the single pulse

one of the same micro-structures.

Thirdly, the capabilities and limitations of precession laser machining were studied in

detail to explain the underlying mechanism and the effects of different processing

parameters on quality of fabricated micro-structures. The improvements in dimensional

and geometrical accuracy achievable with this laser machining technology were

demonstrated in specific industrial applications, i.e. the fabrication of THz devices and

drilling micro-holes onto aerospace materials (Chapter 5 and 6). The main findings of

these research are:

Precession laser machining can significantly reduce and almost eliminates the
tapering effect on sidewall of micro-structures by controlling the attacking angle
of the laser beam to achieve an efficient ablation at the sidewalls. The taper
angle can be reduced three to six times compared to the two-side machining
method and such improvements will not be in expense of machining time in
fabrication of THz mesh filter.

There can be significant dimensional deviations of the produced “through”
structures in X and Y directions if the effects of the precession beam quality, i.e.
the beam ellipticity and its sensitivity to variations focal distance, are not

compensated.
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The functional performance of fabricated THz bandpass filters was excellent
with clear transmission poles and acceptable frequency deviations from
simulation results. The insertion loss was less than 1 dB and thus satisfied the
requirements.

There can be some side effects, i.e. oxidation of both the structure top surface
and also at its sidewalls, from the precession process in spite of the ultrashort
laser processing. The formation of copper oxides can be attributed to some heat
accumulation due to the accumulated fluence during the precession laser
machining. This also contributed to some insertion loss of THz signals.

All three key parameters, i.e. incident angle, FPB-FIB distance and scanning
speed, have a significant impact on taper angle of micro-holes when drilling on
Nickel alloy substrate. More specifically, an increase of incident angle and FPB-
FIB distance led to a decrease of the taper angle in most of cases while an
increase of scanning speed led to an increase of the taper angle. Effects of the
scanning speed are the most significant among the three investigated
parameters.

Some clipping of the precession beam at the hole entrance can occur when
machining high aspect-ratio holes. This can negatively affect the ablation
efficiency with the increase of hole depths and result in an increase of the taper
angle.

The optimisation of precession laser machining can improve the machining
accuracy significantly and holes with zero and negative taper angles can be
achieved in drilling micro holes with higher aspect ratios. Especially, high

aspect-ratio holes (20:1) was successfully produced onto 2 mm substrates.
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Precession laser processing can be applied in micro-machining/micro-drilling

aerospace materials.

7.3. Future research

The opportunities for further development of the laser micro-machining process are

wide ranging and this research is focused on only three of its enabling technologies.

The research reported in this PhD thesis suggests some prospective research

directions and they are outlined below:

Top-hat beam and burst mode machining share some similarities in the
approach employed to improving the processing efficiency, especially through
the use of pulse fluence closer to the optimum levels compared to that
achievable with the original Gaussian beam. Therefore, it can be possible to
combine these two approaches and thus to achieve some synergistic
improvements in laser micro processing. In short, a use of a top-hat beam in
MHz burst mode machining could lead to further improvements in processing
efficiency and quality of micro-structures.

The empirical methodology proposed in Chapter 4 to analyse the effects of heat
accumulation and plasma shielding in MHz burst mode processing was limited
due to the available measurement setup. A higher resolution measurement
instrument, e.g. atomic force microscopy (AFM), that allows to measure the
ablation of a sub-pulse can help to investigate the influence of plasma shielding
and incubation effect within a burst in burst mode processing.

The results in Chapter 6 showed that the layer-based machining strategies have

important role to play in improving the quality of the machined micro-structures.
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Therefore, the effects of scanning strategies with varying numbers of layers
should be investigated and optimised further. An optimisation scanning strategy
can further improve the process efficiency and quality of produced micro-
structures.

The effects of considered key processing parameters in laser precession
machining can be investigated further with more levels while the parameter
ranges could be broadened. Also, other laser parameters such as frequency
and pulse energy should be investigated, too, to understand better their effects
in precession laser processing. In this way, the effects of a broader parameters’
domain associated with this technology can be quantified, and the technology
optimised further. The collected data can be used to develop Al-based
predictive models for process optimisation.

Precession laser machining was mainly employed to fabricate structures on
planar surface in this research. However, this technology can be used in
combination with multi-axis machining strategies to produce 3D micro-
structures on 3D surfaces. This is completely feasible with the capabilities that
the current control technologies can offer. This will further broaden the

application areas of this technology in different industrial sectors.
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Appendix

Appendix 1 — Design of experiment in Chapter 3

Three sets of experiments

Set 1 — Structuring with different processing strategies

Fixed parameters:

Parameter Unit Value
Power W 22.5
Pulse energy mJ 0.15
Pulse duration ns 65
Frequency kHz 150
Scanning speed mm/s 1500
Number of layer N/A 30
Pulse distance um 10
Hatch distance pum 15
List of experiment:
Standard order Beam profile Strategy
1 Gaussian a
2 Gaussian b
3 Gaussian C
4 Top-hat a
5 Top-hat b
6 Top-hat C
Set 2 — Structuring with varying hatching and pulse distance
Fixed parameters:
Parameter Unit Value
Power W 22.5
Pulse energy mJ 0.15
Pulse duration ns 65
Frequency kHz 150
Number of layer N/A 30
Strategy N/A a

List of experiment:

Standard order Beam profile Hatch distance Pulse distance
[um] [um]
1 Gaussian 5 5
2 Gaussian 5 6.33
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3 Gaussian 5 7.67
4 Gaussian 5 9

5 Gaussian 5 10.33
6 Gaussian 5 11.67
7 Gaussian 5 13
8 Gaussian 5 14.33
9 Gaussian 10 5
10 Gaussian 10 6.33
11 Gaussian 10 7.67
12 Gaussian 10 9
13 Gaussian 10 10.33
14 Gaussian 10 11.67
15 Gaussian 10 13
16 Gaussian 10 14.33
17 Gaussian 15 5
18 Gaussian 15 6.33
19 Gaussian 15 7.67
20 Gaussian 15 9
21 Gaussian 15 10.33
22 Gaussian 15 11.67
23 Gaussian 15 13
24 Gaussian 15 14.33
25 Gaussian 20 5
26 Gaussian 20 6.33
27 Gaussian 20 7.67
28 Gaussian 20 9
29 Gaussian 20 10.33
30 Gaussian 20 11.67
31 Gaussian 20 13
32 Gaussian 20 14.33
33 Gaussian 25 5
34 Gaussian 25 6.33
35 Gaussian 25 7.67
36 Gaussian 25 9
37 Gaussian 25 10.33
38 Gaussian 25 11.67
39 Gaussian 25 13
40 Gaussian 25 14.33
41 Top-hat 5 5
42 Top-hat 5 6.33
43 Top-hat 5 7.67
44 Top-hat 5 9
45 Top-hat 5 10.33
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46 Top-hat 5 11.67
47 Top-hat 5 13
48 Top-hat 5 14.33
49 Top-hat 10 5
50 Top-hat 10 6.33
51 Top-hat 10 7.67
52 Top-hat 10 9
53 Top-hat 10 10.33
54 Top-hat 10 11.67
55 Top-hat 10 13
56 Top-hat 10 14.33
57 Top-hat 15 5
58 Top-hat 15 6.33
59 Top-hat 15 7.67
60 Top-hat 15 9
61 Top-hat 15 10.33
62 Top-hat 15 11.67
63 Top-hat 15 13
64 Top-hat 15 14.33
65 Top-hat 20 5
66 Top-hat 20 6.33
67 Top-hat 20 7.67
68 Top-hat 20 9
69 Top-hat 20 10.33
70 Top-hat 20 11.67
71 Top-hat 20 13
72 Top-hat 20 14.33
73 Top-hat 25 5
74 Top-hat 25 6.33
75 Top-hat 25 7.67
76 Top-hat 25 9
77 Top-hat 25 10.33
78 Top-hat 25 11.67
79 Top-hat 25 13
80 Top-hat 25 14.33
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Set 3 — Structuring with varying pulse energy

Fixed parameters:

Parameter Unit Value
Pulse duration ns 65
Frequency kHz 150

Scanning speed mm/s 1500
Number of layer N/A 30

Strategy N/A a

Pulse distance um 10
Hatch distance um 15

List of experiment:

Standard order

Beam profile

Pulse energy [mJ]

1 Gaussian 0.04
2 Gaussian 0.081
3 Gaussian 0.12
4 Gaussian 0.161
5 Gaussian 0.2
6 Gaussian 0.238
7 Gaussian 0.256
8 Top-hat 0.04
9 Top-hat 0.081
10 Top-hat 0.12
11 Top-hat 0.161
12 Top-hat 0.2
13 Top-hat 0.238
14 Top-hat 0.256
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Appendix 2 — Design of experiment in Chapter 4

Set 1 — Influence of burst mode under different conditions

Fixed parameters

Parameter Unit Value
Power W 10
Pulse energy [N} 90
Pulse duration fs 500
Frequency kHz 100
Intra-burst frequency MHz 40
Beam spot size um 30
Number of layer N/A 10

List of experiment

Acronym and Unit:

SO: Standard Order [N/A] NoS: Number of Sub-pulse [N/A]
PD: Pulse Duration [picosecond] SS: Scanning Speed [mm/s]
SO | PD | NoS SS SO | PD NoS SS SO | PD | NoS SS
1 0.5 1 20 23 | 0.5 3 100 45 | 0.5 10 200
2 0.5 1 60 24 | 0.5 3 140 46 | 0.5 10 400
3 0.5 1 100 25 | 05 3 200 47 | 0.5 10 800
4 0.5 1 140 26 | 0.5 3 400 48 | 0.5 10 1200
5 0.5 1 200 27 | 05 3 800 49 | 0.5 10 1600
6 0.5 1 400 28 | 0.5 3 1200 50 | 0.5 10 2000
7 0.5 1 800 29 | 05 3 1600 51 | 0.5 15 20
8 0.5 1 1200 30 | 0.5 3 2000 52 | 0.5 15 60
9 0.5 1 1600 31 | 05 5 20 53 | 0.5 15 100
10 | 0.5 1 2000 32 | 05 5 60 54 | 0.5 15 140
11 | 0.5 2 20 33 | 0.5 5 100 55 | 0.5 15 200
12 | 0.5 2 60 34 | 05 5 140 56 | 0.5 15 400
13 | 0.5 2 100 35 | 0.5 5 200 57 | 0.5 15 800
14 | 0.5 2 140 36 | 0.5 5 400 58 | 0.5 15 1200
15 | 0.5 2 200 37 | 05 5 800 59 | 0.5 15 1600
16 | 0.5 2 400 38 | 0.5 5 1200 60 | 0.5 15 2000
17 | 0.5 2 800 39 | 05 5 1600 61 | 05 20 20
18 | 0.5 2 1200 40 | 0.5 5 2000 62 | 0.5 20 60
19 | 0.5 2 1600 41 | 0.5 10 20 63 | 0.5 20 100
20 | 0.5 2 2000 42 | 0.5 10 60 64 | 0.5 20 140
21 | 0.5 3 20 43 | 0.5 10 100 65 | 0.5 20 200
22 | 0.5 3 60 44 | 0.5 10 140 66 | 0.5 20 400
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SO | PD | NoS SS
67 | 0.5 20 800
68 | 0.5 20 1200
69 | 0.5 20 1600
70 | 0.5 20 | 2000
71 | 0.5 50 20
72 | 0.5 50 60
73 | 0.5 50 100
74 | 0.5 50 140
75 | 0.5 50 200
76 | 0.5 50 400
77 | 0.5 50 800
78 | 0.5 50 1200
79 | 0.5 50 1600
80 | 0.5 50 | 2000
81 | 0.5 | 100 20
82 | 0.5 | 100 60
83 | 0.5 | 100 100
84 | 0.5 | 100 140
8 | 0.5 | 100 | 200
86 | 0.5 | 100 | 400
87 | 0.5 | 100 | 800
88 | 0.5 | 100 | 1200
89 | 0.5 | 100 | 1600
90 | 0.5 | 100 | 2000
91 | 0.5 | 200 20
92 | 0.5 | 200 60
93 | 0.5 | 200 100
94 | 0.5 | 200 140
95 | 0.5 | 200 | 200
96 | 0.5 | 200 | 400
97 | 0.5 | 200 | 800
98 | 0.5 | 200 | 1200
99 | 0.5 | 200 | 1600
100 | 0.5 | 200 | 2000
101 | 0.5 | 400 20
102 | 0.5 | 400 60
103 | 0.5 | 400 100
104 | 0.5 | 400 140
105 | 0.5 | 400 | 200
106 | 0.5 | 400 | 400
107 | 0.5 | 400 | 800
108 | 0.5 | 400 | 1200

SO | PD | NoS SS SO | PD | NoS SS
109 | 0.5 | 400 | 1600 151 1 10 20
110 | 0.5 | 400 | 2000 152 | 1 10 60
111 1 1 20 153 | 1 10 100
112 | 1 1 60 154 | 1 10 140
113 | 1 1 100 155| 1 10 200
114 | 1 1 140 156 | 1 10 400
115| 1 1 200 157 | 1 10 800
116 | 1 1 400 158 | 1 10 1200
117 | 1 1 800 159 | 1 10 1600
118 | 1 1 1200 160 | 1 10 | 2000
119 | 1 1 1600 161 | 1 15 20
120 | 1 1 2000 162 | 1 15 60
121 | 1 2 20 163 | 1 15 100
122 | 1 2 60 164 | 1 15 140
123 | 1 2 100 165 | 1 15 200
124 | 1 2 140 166 | 1 15 400
125 | 1 2 200 167 | 1 15 800
126 | 1 2 400 168 | 1 15 1200
127 | 1 2 800 169 | 1 15 1600
128 | 1 2 1200 170 | 1 15 2000
129 | 1 2 1600 171 | 1 20 20
130 | 1 2 2000 172 | 1 20 60
131 1 3 20 173 | 1 20 100
132 | 1 3 60 174 | 1 20 140
133 | 1 3 100 175 | 1 20 200
134 | 1 3 140 176 | 1 20 400
135| 1 3 200 177 | 1 20 800
136 | 1 3 400 178 | 1 20 1200
137 | 1 3 800 179 | 1 20 1600
138 | 1 3 1200 180 | 1 20 | 2000
139 | 1 3 1600 181 | 1 50 20
140 | 1 3 2000 182 | 1 50 60
141 | 1 5 20 183 | 1 50 100
142 | 1 5 60 184 | 1 50 140
143 | 1 5 100 185 | 1 50 200
144 | 1 5 140 186 | 1 50 400
145 | 1 5 200 187 | 1 50 800
146 | 1 5 400 188 | 1 50 1200
147 | 1 5 800 189 | 1 50 1600
148 | 1 5 1200 190 | 1 50 | 2000
149 | 1 5 1600 191 | 1 100 20
150 | 1 5 2000 192 | 1 100 60
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SO | PD | NoS SS

319 | 5 200 | 1600
320 5 200 | 2000
321 | 5 400 20

322 | 5 400 60

323 | 5 400 | 100
324 | 5 400 | 140
325| 5 400 | 200
326 | 5 400 | 400
327 | 5 400 | 800
328 | 5 400 | 1200
329 | 5 400 | 1600
330 5 400 | 2000
331 | 10 1 20

332 | 10 1 60

333 | 10 1 100
334 | 10 1 140
335 | 10 1 200
336 | 10 1 400
337 | 10 1 800
338 | 10 1 1200
339 | 10 1 1600
340 | 10 1 2000
341 | 10 2 20

342 | 10 2 60

343 | 10 2 100
344 | 10 2 140
345 | 10 2 200
346 | 10 2 400
347 | 10 2 800
348 | 10 2 1200
349 | 10 2 1600
350 | 10 2 2000
351 | 10 3 20

352 | 10 3 60

353 | 10 3 100
354 | 10 3 140
355 | 10 3 200
356 | 10 3 400
357 | 10 3 800
358 | 10 3 1200
359 | 10 3 1600
360 | 10 3 2000

SO | PD | NoS SS SO | PD | NoS SS

361 | 10 5 20 403 | 10 50 100
362 | 10 5 60 404 | 10 50 140
363 | 10 5 100 405 | 10 50 200
364 | 10 5 140 406 | 10 50 400
365 | 10 5 200 407 | 10 50 800
366 | 10 5 400 408 | 10 50 1200
367 | 10 5 800 409 | 10 50 1600
368 | 10 5 1200 410 | 10 50 | 2000
369 | 10 5 1600 411 | 10 | 100 20

370 | 10 5 2000 412 | 10 | 100 60

371 10 10 20 413 | 10 | 100 100
372 | 10 10 60 414 | 10 | 100 140
373 | 10 10 100 415 | 10 | 100 | 200
374 | 10 10 140 416 | 10 | 100 | 400
375 | 10 10 200 417 | 10 | 100 | 800
376 | 10 10 400 418 | 10 | 100 | 1200
377 | 10 10 800 419 | 10 | 100 | 1600
378 | 10 10 1200 420 | 10 | 100 | 2000
379 | 10 10 1600 421 | 10 | 200 20

380 | 10 10 | 2000 422 | 10 | 200 60

381 | 10 15 20 423 | 10 | 200 100
382 | 10 15 60 424 | 10 | 200 140
383 | 10 15 100 425 | 10 | 200 | 200
384 | 10 15 140 426 | 10 | 200 | 400
385 | 10 15 200 427 | 10 | 200 | 800
386 | 10 15 400 428 | 10 | 200 | 1200
387 | 10 15 800 429 | 10 | 200 | 1600
388 | 10 15 1200 430 | 10 | 200 | 2000
389 | 10 15 1600 431 | 10 | 400 20

390 | 10 15 2000 432 | 10 | 400 60

391 | 10 20 20 433 | 10 | 400 100
392 | 10 20 60 434 | 10 | 400 140
393 | 10 20 100 435 | 10 | 400 | 200
394 | 10 20 140 436 | 10 | 400 | 400
395 | 10 20 200 437 | 10 | 400 | 800
396 | 10 20 400 438 | 10 | 400 | 1200
397 | 10 20 800 439 | 10 | 400 | 1600
398 | 10 20 1200 440 | 10 | 400 | 2000
399 | 10 20 1600

400 | 10 20 | 2000

401 | 10 50 20

402 | 10 50 60
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Set 2 — Influence of burst mode to surface quality

Fixed parameters

Parameter Unit Value
Power W 10
Pulse energy uJ 90
Frequency kHz 100
Intra-burst frequency MHz 40
Beam spot size gm 30
List of experiments
Experiment on Copper
SO PD [fs] NoS SS [mm/s] Number of
layer
1 500 1 500 27
2 500 1 1000 27
3 500 1 1500 27
4 500 15 500 10
5 500 15 1000 10
6 500 15 1500 10
7 5000 1 500 27
8 5000 1 1000 27
9 5000 1 1500 27
10 5000 15 500 10
11 5000 15 1000 10
12 5000 15 1500 10
Experiment on Stainless Steel
SO PD [fs] NoS SS [mm/s] Number of
layer
1 500 1 500 77
2 500 1 1000 77
3 500 1 1500 77
4 500 50 500 10
5 500 50 1000 10
6 500 50 1500 10
7 5000 1 500 77
8 5000 1 1000 77
9 5000 1 1500 77
10 5000 50 500 10
11 5000 50 1000 10
12 5000 50 1500 10
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