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ABSTRACT

A novel approach in the field of pulsed laser ablation of thin films is discussed,
namely thin films having controlled variations in chemical composition irradiated with a
beam of constant parameters. The method proposed in this thesis could be incorporated
in the development of new materials where the machining capabilities would be assessed
as a function of composition, thus potentially replacing a difficult-to-machine material.
Moreover, a different perspective of the same process could lead to new insights or a
deeper understanding of any beam-workpiece interaction in general and material removal

by pulsed laser ablation in particular.

Nowadays lasers are used in a variety of industries, where materials’ processing
holds the highest market share (35%), overcoming even the communication industry
(33%). Laser processing of materials (e.g. cutting or drilling in semiconductor
manufacturing) is regarded as a non-conventional machining method which eliminates
the problem of tool wear, minimises the damage to the workpiece and requires no special
atmosphere or chemicals to be efficient. Extensive theoretical and empirical work has
been carried out to understand laser-material interaction. The most common approach to
study the laser ablation is to vary processing parameters (such as wavelength, pulse
duration or pulse energy) and investigate the material response, which can be, for
example, geometry of the ablated region (i.e. crater) temperature measurement or

characterisation of laser-produced plasma.

This study focuses instead on ternary thin film material libraries (copper,
aluminium, nickel, and zirconium) irradiated with a beam of constant parameters (30-55

ns pulse length, 1064 nm wavelength). As reference, experiments on pure films and their



corresponding binary alloys were carried out. Thin films with a thickness in the range of
1 um were deposited on Si wafers using magnetron sputtering technique and characterised
prior to laser ablation in terms of chemical composition, reflectivity and surface/ sub-

surface morphology.

First, the study of pure Cu and Al thin films revealed similarities in terms of laser-
ablated morphology compared to Ni. The different crater morphologies were attributed
to the combined effects of laser scattering at the surface, thermal diffusivity of the metals
and the presence of a thermal barrier between the thin film and the substrate. A
preferential lateral heat transfer for the Ni films compared to the more common vertical

one in Cu and Al was identified.

Second, binary films (Cu-Ni, Ni-Al and Cu-Al) were used to investigate the
contributions of chemical composition variations in crater geometry and morphology, for
both smooth and structured films. The results showed that the microstructure of the target
material had a major influence on the crater shape and morphology, while the material
properties had minimal contribution, noticeable only in the absence of variation in film
morphology. When the film had a relatively homogenous structure and surface
morphology, the change in thermal properties caused solely by the chemical composition

were less significant.

Finally, the study of the ternary compositional gradients irradiated with constant
laser parameters extends upon the findings of the pure and binary films, and represents,
to the author’s knowledge, the first work of this type. A second film with compositional
gradient (copper, aluminium and zirconium) was analysed to confirm that the variations
in crater geometry and morphology were not typical to only Cu, Al, Ni and their

corresponding alloys. Similarities between the two samples both prior to and after laser



ablation were discussed. Moreover, due to the higher reflectivity of the zirconium ternary
alloy, crater morphology was representative of how boiling occurs revealing that
microstructures on the surface acted like ignition centres which eventually could be

responsible for the variations in crater geometry observed throughout this work.
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Although the acronym "loser" (Light Oscillation by Stimulated Emission of Radiation)
more accurately describes the process of light generation in a laser, the acronym "laser"
(Light Amplification by Stimulated Emission of Radiation) was historically adopted for

obvious reasons! (-Alphan Sennaroglu)

The world is only as meaningful to us as the beings that inhabit it. (-Xe ra)
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1 INTRODUCTION

1.1 MOTIVATION

Thin film material libraries are samples with gradients in chemical composition,
usually investigated using time-efficient characterisation techniques. This field of
research is called high-throughput screening (or characterisation) and it has been used by
material scientists to discover or optimise materials for a specific application [1]. The
technique has been successfully applied for alloy discovery and optimization, alloy
design, the study of local stress in thin films, phase diagrams and composition-structure-
property relationships and determining experimental enthalpies of formation of [2-7]. It
would be of interest to extend the application of high-throughput characterisation into the
discovery of new materials from the machining perspective in order to replace difficult-
to-machine materials. It would be beneficial, for example, if three alloys with desired
properties were found but one of them prove easier-to-machine compared to the others;
this material would be further used for the particular application, decreasing the final

production costs.

Laser based technologies are gaining ground in the manufacturing industry as non-
conventional machining processes, as they allow precise machining of micron and
submicron features in otherwise difficult to machine materials (e.g. ceramics,
semiconductors). Ever since the first demonstration of a functioning laser in 1960 [8,9],
extensive research has been carried out to understand laser beam interaction with a

material [10] and thus to develop new applications [11]. The realisation that a high



amount of energy could be spatially and temporally confined in such a way to create
changes in the material (e.g. surface modification by melting or removal of material by
vaporisation) led to a wide variety of fields where laser technology is used as a
complementary tool or, often, preferred with respect to previously used techniques.
Nowadays lasers are used in a various range of devices and with various purposes: in
medicine (e.g. laser eye surgery), bar scanners, storage devices, measuring distances etc.
The laser market for the year 2017 given in Figure 1.1 shows the areas in which lasers are
used nowadays. Material processing (e.g. cutting, drilling, patterning and machining in

general) is the dominant field, overcoming even the communications industry.

Laser segments 2017
Total laser sales: $12.3 billion

Displays
2.7%

Optical storage 1.4%

Instrumentation & sensors Printing 0.6%

6.5%
Lithography
L Materials

processing

Medical & Aesthetic
7.3% 34.8%
R&D & military
7.3%

Communication
32.5%

Source: Strategies Unlimited

Figure 1.1 Laser market segments in 2017 (adapted from [12]).

Lasers are preferable to conventional machining methods because of several
advantages: no tool wear, minimal damage to the workpiece and no special atmosphere
requirements (such as higher temperatures or vacuum). The present work focuses on the
laser as a micro-processing tool, which finds applications such as micro-electronics

packaging, semiconductor manufacturing, data storage devices, medical devices,



communication and computer peripherals as the need to fabricate high accuracy features

on a very small scale increases.

Despite the advantages of laser micromachining over other conventional or non-
conventional methods [13,14], the complex phenomena occurring when a material is
irradiated with a pulsed laser makes the exact outcome difficult to predict [15,16].
Considering the broad area of materials processing, with the sub-categories shown in
Figure 1.2, numerous studies (detailed below) focused on gaining a better understanding
of laser removal by pulsed laser ablation (PLA), because there are many laser parameters
and material properties which affect the material response when irradiated with a laser

beam.

Industrial laser applications 2017

Additive manufacturing 4% Other 2%

Non-metal processing 6%

Fine metal

processing 8% Cutting 35%

Semiconductors/
displays 14%

; [
Marking 15% Weld/braze 16%

Source: Strategies Unlimited

Figure 1.2 Industrial laser applications for 2017 [12].

Extensive theoretical and empirical studies alike have been dedicated to
investigating phenomena occurring during PLA, each considering various physical

parameters of the laser beam and target material [17-23]. Some of these models are



accompanied by experimental investigations of the dynamics involved, studied by either
time resolved techniques [24-26], imaging of the process with fast ICCD (intensified
charge-coupled device) cameras [18,27], time-of-flight measurements [17,27] or analysis
of the plume expansion [28,29]. Only a few studies have focused on the geometry of the

ablated craters and the changes of the subsurface [30,31].

Although previous studies cover a wide range of materials (e.g. pure metals
[32,33], alloys [34,35], semiconductors [36,37] and optically transparent materials [38]),
the approach used is generally the same, i.e. to study the laser-material interaction for
targets of constant chemical composition with well-known optical and thermal properties,
by adjusting the beam parameters, such as fluence, pulse duration and wavelength.
Several examples which used the typical approach to study the nanosecond laser ablation
of metals are given in Table 1.1. To the author’s knowledge, the material response to PLA
when the composition of the target is incrementally varied has so far not been
investigated. Small variations in the chemical composition of a material can be obtained
by using thin film material libraries. As the compositional spread can be continuous
(composition gradient) or discrete (by using masks in the deposition process), smaller
increments could be obtained if necessary by varying material parameters instead of the

usual laser parameters, allowing for a more detailed analysis of laser-material interaction.



Table 1.1 Examples of studies which investigate laser ablation by varying laser

parameters and irradiating a target of known chemical composition.

Laser

parameter Description

Pulse - Four pulse regimes were investigated (ms, ns, ps and fs) and
duration nanosecond ablation showed the highest efficiency for micro-drilling
of stainless steel. Ablated mass was shown to increase with the
number of pulses for various pulse regimes [39].

- Residual thermal effects in an Al target were systematically

studied following single-pulse irradiation with various pulse lengths
(45 ns, 55 ns and 60 fs), wavelengths (690 nm, 1064 nm and 800 nm
respectively) and in different atmospheres (air, oxygen and helium) or
ambient pressures (atmospheric pressure, 1 torr, 0.04 torr and
vacuum) [40].
Wavelength - While absorption of metals is generally higher in UV (266 nm)
compared to the green (532 nm) or near-infrared (1064 nm), plasma
formation threshold for several metals has been shown to be much
lower for 1064 nm (at 5 ns pulse duration) [30].

- The etch rate of copper as a function of wavelength has been

investigated. Highest etch rate was achieved when using a 532 nm
wavelength (~13 um/pulse), compared to ~7 um/pulse at 355 nm and
~2 pm/pulse at 1064 nm [41].
Atmosphere/ - The ablation process (22 ns, 1064 nm) has been shown to depend
Ambient on the ionisation threshold and density of the ambient gas (i.e. air,
pressure argon and helium), through the effects of laser-produced plasma on
the material removal [42].

- Crater geometry and particle distribution have been analysed on
Al and brass targets irradiated with an 8 ns pulse at 1064 nm. It is
shown that ablation efficiency and laser ablation synthesis of
nanoparticles is more suitable for mass production of nanoparticles
[43].




Power/ - For a Ni target irradiated with a 30 ns pulse (248 nm wavelength)
fluence a sudden increase in plasma velocity and transmissivity was observed
at a fluence of 5.2 J/cm?, which was attributed to the evaporation being
an explosive type phase change [28].

Spot size - The plasma plume expansion and shielding effects have been
investigated as a function of beam diameter in focus (between 0.1 mm
and 0.6 mm) for a Cu target irradiated in air with a 15 ns pulse at 1064
nm [44].

Pulse number - Crater depth and diameter increased with the number of pulses,
up to a threshold (~20 pulses) dependent on plasma shielding of the
target from the workpiece. The target was Al irradiated with ~6 ns

pulse, 532 nm wavelength [45].

The present work has been carried out within the context of STEEP EUFP7-ITN
project (A Synergetic Training Network on Energy Beam Processing: from Modelling to
Industrial Applications), whose aim is to establish a unifying research platform on energy
beam processing methods. The three energy beams (waterjet, laser and focused ion beam)
are part of the non-conventional machining processes group and are regarded as efficient
material removal technologies for demanding applications, at different spatial scales
(micro, meso and nano). Despite the different material removal mechanisms of these
beams, a common aspect is used to unify them under a machining platform, namely their
nature as dwell time dependent processes. The final aim of the STEEP project is to
develop a beam path simulator to be implemented on real workstations, based on a general
model for material removal. To achieve this goal, several fields of research are to be
approached simultaneously (i.e. (i) generic mathematical modelling of footprints and
experimental validation of results, (ii) investigation of the physical process and material

parameters relevant to each of the beams and (iii) development and optimisation of



algorithms for effective processing tool paths. Within the context of STEEP, the present
work falls within the second field (ii), the research area of experimental investigations of
laser-material interactions, namely the material properties relevant to nanosecond PLA
(“thermal regime”) and their contribution to the geometry and morphology of the ablated
workpiece. This could enable easier machining in terms of resulting footprint when the

relevant material characteristics are known.

1.2 AIM AND OBJECTIVES

The aim of this work is to offer a novel approach to the investigation of material
response (in terms of crater geometry, volume removal, and sub/surface morphology) in
pulsed laser ablation (PLA), by using a material library (having small variations in the
chemical composition) and irradiating it with a beam of constant parameters. The present
work uses a step-by-step approach for investigation of thin film material, by starting from
the pure copper (Cu), aluminium (Al) and nickel (Ni) thin films, followed by the binary
alloys (Cu-Ni, Ni-Al and Cu-Al) and ending with the investigation of the ternary copper-

aluminium-nickel/zirconium (Cu-Ni-Al/Zr) alloys.
The objectives of this study, specific to each set of samples, are shown below.

e Pure films: (a) to optimise the PLA processing of thin films by varying the
laser fluence; (b) to empirically study the resulting crater morphologies and
geometries following irradiation with constant fluence; (c) to correlate
crater characteristics (geometry, volume and morphology) with the material
properties to understand which of the latter have the higher contribution to

the final crater shape.



¢ Binary films: to evaluate the evolution of crater shape and morphology when
accompanied by a notable change (a) in chemical composition; (b) only in
the thin film morphology prior to irradiation; (c) in both chemical
composition and thin film morphology.

e Ternary films: (a) to investigate the material response of the Cu-Al-Ni
ternary alloy to ablation with constant laser fluence and correlate the results
with the pure and binary samples; (b) to identify whether the material
response is limited to Cu-Al-Ni alloys, by comparing with identical
experiments on a ternary Cu-Al-Zr thin film; (c) to study the various stages
of material vaporisation by investigating the morphology of craters obtained

with fluence below complete crater formation.

In addition, in order to achieve the above objectives, an important part of this work
focused on the design of efficient experimental methods for both thin film and crater

characterisation.

1.3 THESIS OUTLOOK

This work is divided in seven chapters (as shown in Figure 1.3), as follows:

Chapter 1 (Introduction) discusses the motivation behind the work in terms of
extending the use of material libraries to discover easy-to-process materials as well as the
importance of PLA as a non-conventional processing method. A general description of
aims and objectives is given to guide the reader through the approach used, and a brief

overview of each chapter is given to guide the reader through the contents of this work.

Chapter 2 (Literature review) places the current work in a broader context. Basic

knowledge of laser is given to understand the generation of the laser beam. Also, the



interaction between short pulsed laser and metallic films is analysed. Thin film properties
which affect heat diffusion and ablation threshold for nanosecond pulses are discussed

together with previous works which focused on nanosecond PLA of thin films.

1. Introduction

_ Design efficient experiments for 2. Literature 3. Materials and
thin film and crater characterisation review methods

- Optimise laser ablation of thin films

- Establish “typical” workpiece 4. Laser ablation
behaviour of pure Cu, Al, Ni
- Correlate crater characteristics with thin films

material properties

- Evaluate changes in crater >. Laser_ablatlon
characteristics when the chemical of binary
composition, film microstructure or combinatorial
both combined vary. thin films

- Investigate the response of the Cu- 6. Laser ablation
Al-Ni/Zr ternary alloys to of ternary
- Identify whether the results are combinatorial

material specific thin films

7. Conclusions

Figure 1.3 Thesis outline and objectives overview.

Chapter 3 (Materials and methods) gives general information on the synthesis of
the pure (Cu, Al and Ni), binary (Cu-Ni, Ni-Al and Cu-Al) and ternary samples (Cu-Ni-
Al, Cu-Al-Zr) by magnetron sputtering technique and characterisation of the as-deposited

thin films in terms of thickness, chemical composition and optical properties. A



description of the experimental setup and methodology is given for the laser processing
and further geometrical and morphological characterisation of the craters for the pure and
binary samples. Particularities of the experiments (i.e. process parameters) are given at
the beginning of each chapter. The experimental setup details and parameters for the

ternary alloys are given in Chapter 6.

Based on material properties (e.g. reflectivity and thermal conductivity), Chapter 4
(Laser ablation of pure copper, aluminium and nickel thin films) deals first with
estimation of the ablation threshold and resulting ablated geometries and morphologies
for each of the pure Cu, Al and Ni thin films. The material properties which have a

considerable influence on the ablation result are discussed.

In Chapter 5 (Laser ablation of binary alloys) the influence of chemical composition
and film surface- and sub-surface morphology on the crater characteristics is studied. The
binary Cu-Ni solution is used to illustrate how significant variations in chemical
composition affect the crater shape in the absence of well-defined film morphology. In
addition, as the nickel-aluminium shows a strong morphological gradient (from small
surface structures to a more pronounced columnar structure of the film), the influence of
surface morphology is discussed when the change in chemical composition is minimal.
Finally, variations in crater characteristics in the presence of both chemical and

morphological gradients are studied.

In Chapter 6 (Laser ablation of ternary combinatorial thin film libraries) the
material response of the Cu-Ni-Al ternary alloys, a shape memory alloy in certain
compositions, is discussed with respect to the previous findings in chapters 4 and 5. To

illustrate that the results are not sample-specific, the ternary Cu-Al-Zr compositional
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gradient was also investigated because of the different thermal properties of Zr and Ni as

well as the industrial application of Cu-Al-Zr as a bulk metallic glass.

Chapter 7 (Conclusions) discussed the main findings. The original contributions and
limitations of this study are also highlighted, and recommendations for further work are

presented at the end of the chapter.
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2 LITERATURE REVIEW

Compared to other sources of emission, laser light has three main characteristics: (i)
it is highly monochromatic — the radiation has a very narrow spectrum; (ii) it is directional
— light is emitted mainly in one direction (little divergence), as opposed to other sources
of light (e.g. the sun); (iii) it has spatial and temporal coherence — the photons are in the
same phase and have the same wavelength [46]. The unique nature of the laser beam
enables the precise delivery of a high amount of energy to the material in a very short
time and in a spatially confined region near the surface. Irradiating a material with a laser
may induce permanent changes in the material, such as surface morphology or crystalline

structure, which makes the laser a useful non-conventional tool for micromachining.

The present work covers two main topics — material libraries/high throughput
characterisation and laser ablation. For a comprehensive review on the state-of-the-art in
high-throughput screening the reader is referred to the work of Potyrailo et al. [1]. The
book by P. Schaaf (ed.) [16] offers a compact view on lasers, from the generation of the
laser light to the time-dependent laser-material interaction and to a wide range of

applications.

Throughout this chapter the reader is guided through the basics of laser-light
generation (Section 2.1), followed by the phenomena occurring as the beam reaches the
surface and the events which occur as more and more energy is transferred from the laser
to the workpiece (Section 2.2). The latter are discussed with respect to the material
properties which affect the absorption of laser light and transmission of heat in the sample.
The particularities of thin film laser ablation are then discussed in Section 2.3, focusing

on the variations in material properties and heat transfer to the substrate, both influenced
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by the film thickness. The chapter ends with a review focused on nanosecond pulsed laser

ablation (PLA) of thin films (Section 2.4).

2.1 BASIC PRINCIPLES OF LASERS

LASER stands for Light Amplification by Stimulated Emission of Radiation, a
theory first formulated in the late 1950s by C. H. Townes, N. G. Basov and A. M.
Prokhorov, who were awarded the Nobel Prize in Physics in 1964 [47-49], “for
fundamental work in the field of quantum electronics, which has led to the construction
of oscillators and amplifiers based on the maser-laser principle” [50]. Stimulated
emission, the fundamental principle behind laser, is a quantum process which describes
the interaction between light carriers (i.e. photons) and atoms and molecules, more
specific, their electrons). The first stage of stimulated emission is absorption of photons,
which leads to the formation of excited species, i.e. electrons move from the fundamental
state with minimum energy to a higher energetic level. Subsequently this energy of
excitation is released as the electrons move back to the fundamental level, in the form of
photons (stimulated emission). These photons are in phase and travel in the same
direction, which gives the laser its coherence and directionality. Usually they are
spectrally pure but may have a range of wavelengths if the change is from an energy well
to a lower state. When more atoms and molecules are in an excited state than in the lower
energy state, population inversion is achieved, which is a fundamental condition for

generating laser radiation.

The properties which distinguish the laser from other sources of light and make it such
a versatile tool which finds uses in numerous applications, are a result of how the beam

is generated. A typical laser setup has three main components and is shown in Figure 2.1.
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Figure 2.1 Schematic representation of a typical laser source (adapted from [16,51]).

Active medium (or lasing material). Any material, whether it is solid
(semiconductor [52], crystal [53]), liquid (dye laser [54]) or gas (He-Ne [55], CO>
[56]), will lase provided that enough evergy is delivered to excite its atoms or
molecules and obtain the population inversion. For example, a most unusual type
of active medium was gelatin, which made the laser edible [57]. The active
medium is used to amplify the energy from the pumping source and influeces the
output wavelength. An important subcategory of lasers is the solid-state lasers,
where the active medium is glass or a crystalline material usually doped with rare-
earths, most commonly doped with neodymium or ytterbium. Solid-state lasers
have evolved into fibre lasers, where the optical fibre is doped with similar
dopants. The advantages of using fibre lasers consist of high average powers and

high beam quality [58].

Pumping source (or energy source). Common energy sources used to excite the
active medium are flash lamps, other lasers and electric discharges. The output
power of the laser depends on the pumping source and the amount of active
medium [58]. An energy efficient, high power pumping source is the laser diode,

which resuts in overall lower energy consumption and cooling requirements.

Optical cavity (or resonator). This usually consists of a cavity with two mirrors at
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each end, one 100% reflective and the other one partially reflective. Its purpose is
to increase the length of the active medium (by making the beam pass through it
multiple times), and determines the boundary conditions for the electromagnetic
fields inside the cavity (similar to standing waves on a string). Commonly the
optical fibres in fibre lasers act as both an optical cavity and active medium. In
addition, the fibre geometry allows easy delivery and focusing of the beam which
simplifies laser operation [59].

The initial step in the process of lasing is the excitation of the atoms and molecules
in the active medium (e.g. optical fibre doped with ytterbium atoms) by a photon from
the electromagnetic field of the pumping source (e.g. laser diode). First, spontaneous
emission naturally occurs, meaning that atoms in a higher energy state decay
spontaneously to the lower state. The photons emitted this way come out in random
directions and, without any other process occurring in the active medium, the excited
population will steadily shift to the fundamental state. However, when atoms become
excited by interacting with an electromagnetic field, when emitting, the resultant photon
gives its energy to the field. This photon has the same frequency, same phase and sense
of polarisation and propagates in the same direction as the wave that induced the
excitation [51]. Population inversion is essential to achieve amplification of light by
stimulated emission, which means that more atoms need to be in the excited state than in
the fundamental one. Einstein first showed that there is an interrelation between
spontaneous emission, absorption and stimulated emission; for the full discussion the
reader is referred to his work on the subject [60]. A part of these generated photons exits

the optical resonator, as an energetic beam. An optical setup is then used to focus and
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deliver the laser to the workpiece, where complex processes regarding the laser-material

interaction occur.

2.2 CONSIDERATIONS OF LASER-MATERIAL INTERACTION

In the previous section the fundamental principles of laser light generation were
discussed. Further, as the laser beam reaches the surface of the workpiece, several optical
phenomena may occur: reflection, absorption and transmission. These are influenced by
the interaction between the incident electromagnetic field and the electrons in the sample
governed by the Maxwell equations. Thus, the first parameters which indicate how the
material responds to irradiation are generally given by its electronic structure (dielectric,

semiconductor or metal) and the laser wavelength.

2.2.1 Absorption of laser light

For the laser to produce any effect, it needs to be absorbed by the sample. This is
determined by the optical properties of the material, namely the complex refractive index
N = n — ik, where n is the real part of the refractive index, x the extinction coefficient
and i the imaginary unit. The intensity of the absorbed radiation below the surface is
described by Beer-Lambert law, which states that the intensity of the electromagnetic
(EM) field 1(z) inside a given material at depth z drops exponentially from the surface,
shown in Equation (2.1), and depends on the wavelength through the absorption
coefficient . The depth at which the intensity of this field decreases to 1/e is called the

penetration depth (electromagnetic or optical) and is given by § = 1/a.

1(2) = e~ (2.1)
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The reflectivity R, the absorption coefficient and optical penetration depth at normal
incidence are related to the complex refractive index through Equation (2.2) and Equation

(2.3), where A is the radiation wavelength.

_(n—1)2+lc2 2.2)
C(n+1)2 + k2 '
«= (2.3)

Aluminium, as a common metal, can be considered as an example: for a
wavelength of A = 1033.2 nm the real part of the refractive index is n = 1.3998 and the
imaginary part is k = 9.8914 which give an absorption coefficient of a = 1.2030 *
10 cm™1, resulting in an optical penetration depth of § = 8.3126 nm. In an analogous
manner one can compute the values for copper and nickel which are 12.095 nm and
14.349 nm respectively. The values for Cu, Al and Ni used for these calculations were

taken from references [61], [62], and [63] respectively.

The absorption of metals is higher for ultraviolet light compared to the infrared
spectrum, so laser ablation efficiency of metals is increased when UV-Vis wavelengths
are used. For example, simulation of the early ablation stage (<100 ns) of lead targets
using 30 ns laser pulses showed that higher surface temperature, vapour mass and
ionisation fraction were achieved when using 248 nm KrF excimer laser instead of a 1064
nm Nd:YAG laser (Figure 2.2) [64]. The higher yield in UV laser ablation of metals is
caused not only by the increased absorption of metals in UV-Vis (e.g. the reflectance of
a polished copper surface at 1064 nm is 97% compared to 65% at 532 nm), but also by
the attenuation of the incoming laser beam being stronger for longer wavelength, as

pointed out in by Stafe et al. [33].
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Figure 2.2 Temporal evolution of (a) surface temperature, (b) vapour mass and (c)

ionisation fraction of lead using 248 nm and 1064 nm lasers with fluence 10 J/cm? [64].

2.2.1.1 Influence of material properties on absorption of laser light

Despite metals being highly reflective in the near-infrared (NIR) and infrared (IR)
domains, lasers operating in IR (such as Nd:glass, fibre and CO. lasers) are widely used
in materials processing, due to, among others, less wear of the optical components and
cost effectiveness [58]. Machining of metals with IR lasers is still possible due to their
high peak power, but also to an increase in absorption which can occur on account of
various material and laser-related factors, and the most important of them are listed in

Table 2.1.

Table 2.1 Laser and material properties of importance to absorption (adapted from [65]).

Laser properties Metal properties
Wavelength () Chemical composition
Polarisation (11) Roughness/topography
Angle of incidence (111) Temperature
Intensity, non-linear effects (1V) Oxide layers

(V) Plasma coupling

Due to the nature of the present work which focuses on material as a “variable”

in the laser ablation process, and the extensive literature on how laser parameters affect
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laser-material interaction (including the changes in absorption), only the metal properties

which play a role in modifying absorption of laser light are discussed below.

() Chemical composition. The optical properties of a material are the result of

interaction between the external electromagnetic field and electronic structure of the
sample. By changing the chemical composition, the electronic structure is modified, and
thus the reflectance, absorbance and transmittance change accordingly, as demonstrated
in several studies [66-68]. For example, a study aimed at the optical, chemical and
structural characterisation of germanium oxide thin films [67], i.e. understanding the
effect of the oxygen addition on the optical constants of 100 nm thick, DC-sputtered GeOx

showed a decrease of the refractive index with the oxygen gas fraction (Figure 2.3).
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Figure 2.3 The dependence of refractive index (n) on oxygen gas fraction (I') at a
wavelength of 550 nm. The approximate regions for different film compositions are
shown by the dashed lines [67].

In the case of metals it has been shown that the reflectivity of an alloy could be

estimated based on the optical constants of pure metals [69], the study in question
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focusing on monophasic AuxM1.x binary gold alloys, where M is silver, platinum and
palladium. The authors argue this method is a good starting point when no other data is
available; however, more material characteristics contribute to the reflectivity of an alloy,

some of them discussed below.

(11) Surface roughness and topography. Depending on the roughness and particle

size with respect to the wavelength, the absorption increases either through multiple
reflections (when structure size is greater than the wavelength [65]), or by exhibiting an
apparent gradual refractive index (“moth-eye”). Surfaces with a structure which mimics
the moth eye have a refractive index which varies gradually from unity (i.e. air) to that of
the bulk material. The travel of light from one medium to the other can be regarded as the
resultant of an infinite series of reflections, each with its own refraction index. For a
detailed description, the reader is referred to the work of Wilson and Hutley [70]. When
the surface structures are much greater than the incident wavelength, the light is partially
absorbed and then further reflected (Figure 2.4a). When the structure size and the
wavelength are comparable in size, the rays tend to bend around the structure, also called
Rayleigh effect (Figure 2.4b). If there are variations in the lateral spacing and depth of

the structure the light will undergo multiple internal reflections (Figure 2.4¢) [71].

The presence of well-defined surface structures may lead to the scattering of light,
causing energy loss from the laser beam. An increased surface roughness oz, s leads to

an increased scattering coefficient ag,,,r, as shown in Equation (2.4),

2
ury (1) = (2n(n1 _AnZ)O—RMS) (2.4)
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where n,, n, and 4 are the refractive index of the film and air and wavelength of the

incoming radiation [72].
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kX e
Figure 2.4 (a) Light being reflected away from a microstructure, (b) light interacting
with the whole surface due to comparable dimensions, (c) light undergoing multiple

internal reflections through a nanostructure pattern [71]. Here d is the structure

dimension, 1 the wavelength of light and n the refractive index.

(111) Temperature. One study shows an overall decrease in absorptivity at 780 nm
with an increase in temperature for three common materials used in the aerospace industry
[73]. It is highlighted the importance of correcting for heat losses when measuring
absorptivity as a function of temperature. However, the study is limited to temperatures
up to 400-500 °C, well below typical ablation temperatures which usually reaches beyond
melting temperatures for common metals. Another study showed that a temperature
increase in metal samples (Cu and Al) led to an increase in the absorptivity of the material
at a given wavelength [74]. In this case, the temperature ranged from room temperature
up to the melting point of each metal, and the absorption was measured for IR radiation

using a CO- laser operating at 10.6 pum. These studies show that variation in temperature
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leads to variation in absorptivity; the discrepancies in these two studies could be attributed

to a variety of reasons, such as the different wavelength and techniques used.

(IV) Oxide layers. When measuring the absorptivity as a function of temperature
for metals there is usually a variation in overall value attributed to the formation of oxide
layers on the surface. Both studies discussed in the temperature section highlight the
importance of oxide layers when heating metal samples (an example by Rubenchik [73]
is shown in Figure 2.5). Yilbas et al. [74] attribute the deviations of reflectivity from the
computed values on the growth of an oxide layer on the metallic surface, which can lead
to a sudden drop of reflectivity. The influence of oxide layers on the absorption of light
is based on the thin-film interference phenomenon; however, for the effect to take place,

the thin film must have a thickness of [(2n + 1)/4]A, where n is any integer.
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Figure 2.5 Absorptivity of Al sample in several heating and cooling cycles up to ~550
°C. The increase in absorptivity is evidence for the modification of the oxide layer in

Al (adapted from [73]).

(V) Laser produced plasma (LPP). It has been reported that for metal films

irradiated with IR, a decrease in reflectivity with the laser fluence occurs above the plasma

formation threshold [75,76]. Figure 2.6 highlights that Cu has a higher threshold for
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plasma formation than Al and Ni, attributed to the breakdown of air in front of the
irradiated sample. It is important to note that thermal coupling between the resulting
plasma (which usually emits in UV) and the metal surface may occur at lower plasma
densities, [77] where LPP converts the IR radiation to UV which is easily absorbed by
metals. At higher plasma densities, however, LPP instead completely shields the target

by decoupling the beam from the workpiece.

2.2.2 Timescale of energy transfer with respect to the pulse duration

In the previous sub-section, the absorption of energy by the sample has been
discussed. Further, the effects occurring after the absorption of radiation, when an energy
shift in the lattice occurs and the system returns to an equilibrium state by a variety of

mechanisms which dissipate the energy are discussed. These are usually referred to as

“material response”.
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Figure 2.6 Reflectivity of Cu, Al and Ni as a function of laser fluence (50 ns, 1064 nm)
for ablation in 1-atm air (adapted from [75,76]).
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The material response is given by the pulse duration with respect to the time scale
of electron and lattice dynamics [78]. The energy is absorbed by the electrons, and then
transferred to the lattice by electron-electron and electron-phonon interactions. For a
metal target the lifetime of the excited electrons is in the order of a few femtoseconds
[79], and the energy transfer from the electron cloud to the lattice occurs within
picoseconds [16]. When the laser pulse is longer than electronic relaxation and electron-
phonon interaction times (e.g. tens of nanoseconds), the processes occurring fall under
the laws of classical heat transfer, and the material is removed from the target by thermal

ablation. A schematic representation of thermal ablation is given in Figure 2.7.
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Figure 2.7 Classical beam-matter interaction [39].

The material response in this case is a result of elevated temperatures, and the
equilibrium is reached through heat dissipation in the adjacent region. In the coordinate
system of the laser beam, the one-dimensional heat equation which describes the temporal

and spatial evolution of the temperature inside the material can be written as:
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¢ (2.5)

+ p(z,t)c(z, )vsVT(z,t) = Q(z,t)

p(z,t)c(z,t)

where p is the mass density, c is the specific heat at constant pressure, K is the thermal
conductivity and v, the velocity of the substrate relative to the heat source and Q the

heating rate, in which the contributions of heat sources and heat sinks are included [80].

From Equation (2.5), it is seen that in addition to the reflectivity of the sample at
the given wavelength discussed in earlier paragraphs (which indicates the amount of
energy absorbed by the sample), the thermal properties are also important when
evaluating the maximum temperature reached during pulsed laser ablation. These
material properties together with the laser pulse temporal and spatial intensity profiles
will result in various material responses, such as heating without phase change, melting,

material removal through vaporisation and plasma formation [81,82].

2.2.3 Density and thermal properties

Several authors have established a connection between melting temperature and
material response to PLA. For nanosecond PLA of various metals in air at atmospheric
pressure, one study shows that the plasma formation threshold values (which are only
~0.2 Jlcm? higher than ablation thresholds for metals irradiated with ns) generally
increase with the melting and boiling points of the target material [30],. The same study

attributes a decrease in the threshold fluence with a decrease in target density.

A trend was also noticed in PLA of metals with UV radiation, regarding the crater

geometry as a function of the melting temperature: the lower the melting point, the larger
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the crater diameter and crater depth [31], for both single- and multi-pulse ablation (Figure

2.8).

Figure 2.8 Crater depth versus melting temperature, after ten KrF laser pulses [31].

The thermal properties of the sample play a key role in nanosecond PLA: the
absorbed energy is stored in a layer of a thickness given by the thermal (or heat) diffusion
length 8., =~ (2k7)Y/?, where 7 is the pulse duration and k = K/pc the thermal
diffusivity. Evaporation occurs when the absorbed energy is larger compared to the latent
heat of evaporation, L,, [83], and the ablation depth per pulse Az, can be estimated as
shown in Equation (2.6). The threshold fluence F;;, represents the onset of significant
evaporation and can be approximated using Equation (2.7), where F, represents the

absorbed fluence, A = 1 — R is the absorbance and T,,, the melting temperature.

A(Fy — F,
AR = F) 25)
pLy
pCcAT,,6¢n
o~ Lm0 @
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2.2.4 The vapour cloud and laser produced plasma (LPP)

As the intensity of the laser pulse increases, evaporation and plasma effects
become important and have a significant contribution to material removal. The vapour
cloud forming at the surface (which, ionised, becomes plasma), creates elevated pressure
at the target surface (recoil pressure), which assists in material removal by impinging on
the molten surface and thus creating a drag movement of the material towards the edges
of the irradiated area. Thus, the material removal (at average intensities) represents a
superposition of melt ejection and evaporation. Both the evaporation rate and the recoil
pressure are dependent on the temperature of the molten surface and the material density

and thermal properties [84].

In machining, the presence of LPP can lead to the shielding of the target from the
incoming laser radiation by absorbing its energy [85,86]. The vapour cloud is transparent
at low power densities, but as the latter increases so does the amount of energy absorbed
by the plume, until it eventually becomes optically thick (e.g. a Cu plasma completely
shields the laser from the target around 0.2 GW/cm? [85]). This phenomenon becomes
even more important for metals, since it has been experimentally shown that the plasma
formation threshold is only slightly higher than ablation threshold for metal targets
irradiated in air (e.g. 0.8 J/cm? and 1.0 J/cm? are the ablation and plasma thresholds for
titanium ablated in air with ns pulses [87]). Sometimes plasma enhances material removal
by transferring this energy to the target (known as plasma coupling). Material removal
has been attributed to “assisted plasma etching” by a set of studies, where pure metal
targets (Cu, Al, Ni and W) were ablated in air using a Nd:YAG operating at 1064 nm,
and a 50 ns temporal pulse width [75,76]. The phenomenon occurred in air (or another

background gas), where the plume is confined closer to the target surface, instead of
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expanding freely as it is the case in vacuum. Another study done using similar parameters
confirms the existence of energy coupling following the ablation of Al with nanosecond
pulses, in the single-pulse regime. By measuring the temperature of the target, it was
shown that the residual energy is higher in a range of fluences, after which it drops
irrespective of the increase in the laser fluence. Again, this effect was enhanced when

ablating in air or a background gas (oxygen, helium) at atmospheric pressure [40].

One study dedicated to the investigation of LPP showed that enhanced LPP —
workpiece coupling could occur by using subwavelength gratings, which, while highly
dependent on the geometry of the surface, contribute to the formation of intense
electrostatic fields which then interact with the laser radiation or the LPP [88]. Another
study shows that not only nanostructured materials lowered the ablation threshold by
limiting the heat dissipation into the bulk, but also its surface morphology led to different
plasma characteristics in the same experimental conditions, i.e. the LPP formed by
irradiating a nanostructured surface had a shorter emission duration and less intense basic
atomic lines compared to a plasma generated from a polished target, as well as higher
temperature and density, as shown in Figure 2.9 [89]. As the presence of plasma can
improve the absorption and thus the energy transfer from the laser to the target, it is
important to keep in mind that there is only a range of power where LPP can facilitate
metal machining. This range is likely to vary from a structured to a smooth surface
because nanostructured surfaces may facilitate plasma formation and limit the amount of

heat dissipation into the bulk.
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Figure 2.9 Temperature (a) and electron density (b) evolution for plasmas produced
on the polished sample (black) and the nanostructured sample depending on the
orientation of nanoripples with respect to polarisation (red and blue), adapted from
[89].

Up to this point, only the processes characteristic to thermal ablation (in the
microsecond-nanosecond range of pulse durations) have been discussed. However, while
the phenomena occurring in nanosecond ablation are generally described as thermal, it
has been shown that, at shorter pulse durations within the nanosecond regime (7 <
10 ns), phenomena associated with the non-thermal ablation (specific to sub-nanosecond
pulses) may occur. These effects do not make the subjects of the present work, as longer
pulse durations are used (i.e. 30 ns and 55 ns). Extensive studies have also been dedicated
to ultra-short laser pulses and some example of these processes are the formation of self-
organised structures [90], commonly known as laser induced periodic surface structures

(LIPSS), characteristic to ultra-fast laser processing, and also material removal by phase
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explosion [91-93], which occurs when the material is heated beyond its critical

temperature.

Due to minor damage to the area adjacent to the laser beam, as well as minimal heat
losses into the bulk, ultra-short laser pulses have been the preferred laser-machining
technique for processing of thin films. Despite the higher processing quality, the price
and usage cost of an ultra-fast laser are higher compared to a nanosecond laser [94,95],
and thus it would be worth investigating the nanosecond PLA of thin films and whether
the efficiency can be improved in terms of minimalizing the heat affected area (or heat
affected zone — HAZ) and thermal damage to the substrate. Several studies dedicated to
this topic are presented in Section 2.4; first, however, the differences between thin film

and bulk laser ablation are discussed.

2.3 PARTICULARITIES OF THIN FILM LASER ABLATION

Thin films are widely used nowadays, with new applications emerging, mainly to
improve the performance of a material, for a broad range of applications. Common uses
of thin films include optical coatings with self-cleaning, anti-fogging or anti-reflective
properties [71,96,97], solar cells [98], wear resistant coatings [99] and biological implants
[100]. Moreover, as the microelectronic industry becomes more and more demanding,
thin films found their way in micro-electro-mechanical systems (MEMS) [101,102].
These devices require accurate micro-manufacturing techniques, and laser processing is

a viable choice in terms of speed and reproducibility.

As discussed in Section 2.2, during nanosecond PLA material is mainly removed
by thermal processes (heating, melting, evaporation and melt ejection), while non-thermal

processed may appear at shorter pulse duration (<10 ns). Thermal processing is associated
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with the presence of a heat affected zone (HAZ) around the irradiated spot, where the
material properties may change and the presence of re-solidified material, resulting in a
poor surface finish [39,103—-105]. Hence a large amount of thin films laser processing is
carried out using ultra-fast lasers (in the pico- and femtosecond regimes), where the
thermal effect is minimal and a higher precision can be achieved [106,107]. Holes drilled
in a 100 pm thick steel foil with ns and fs laser pulses are shown in Figure 2.10. However,
several studies show that by using an optimised set of laser parameters (among which
beam spatial and temporal profile, pulse duration and wavelength) it is possible to obtain
high precision features and minimal HAZ when machining thin films using nanosecond
laser ablation, thus taking advantage of the lower cost, higher efficiency and well-
established technology of nanosecond pulsed lasers [108—110]. As discussed in the
previous section, a structured thin film could minimise heat transfer to the substrate — and
the size and nature of the structures can be controlled by adjusting the deposition

parameters.

Figure 2.10 Holes drilled in 100 um steel used to illustrate typical nanosecond (left)
and femtosecond (right) ablation features (adapted from [111]).
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2.3.1 Film thickness and estimation of the ablation threshold

Numerous studies on nanosecond PLA of thin films report the importance of the
film thickness. It is shown that the ablation threshold has a linear increase with the thin
film thickness d, up to the point where the latter is equal to the thermal diffusion length
[112], when it reaches the ablation threshold of the bulk material. Moreover, when the
film thickness decreases below the heat diffusion length &;,, the threshold fluence also
depends on the substrate material [113], as its thermal diffusivity will result in a higher
or lower amount of heat losses to the substrate, which acts as a heat sink. The amount of
energy lost to the substrate depends on the pulse duration 7 and it is shown that for a thin
film of certain thickness and composition, optimal pulse duration for efficient ablation
can be defined [114]. The energy efficiency yield n can be written as shown in Equation

(2.8),

=14+—— (2.8)

where Y = prcrd/pscs(kst)*2. Thus, for an efficiency yield n > 1/2, the value of the

pulse duration can be written as shown in Equation (2.9). The subscripts f and s refer to

the film and substrate respectively.

2 32
rsz(pfcf) il (2.9)
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Despite the extensive amount of theoretical research and modelling done on laser
ablation, few consider nanosecond PLA of thin films. A simple model to estimate the

ablation threshold of metal thin films by taking into account physical material properties
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as well as film thickness d and losses to the substrate has been shown by Matthias et al.
[115]. The authors emphasise the influence of thermal diffusion in thin films and its
contribution to the ablation threshold. The assumptions of the model are as follows: (i)
the damage and ablation thresholds are of thermal origin; (ii) lateral heat diffusion is
neglected (as is usually the case when the spot size is much larger than the ablation depth);
(iii) heat losses to the gas layer near the surface are ignored; (iv) the temperature rise is
uniform within the thin film thickness; (v) heat losses to the substrate are taken into
account additively; (iv) any thermal resistance at the thin film-substrate interface is
neglected. The ablation threshold fluence (experimentally determined as the onset of

evaporation), can be written using material properties as below (2.10),

ATy, + L /pycy Oth,s
Fth = (1 — e_ad)(l — R) X PrCr — Thf PsCs lf + Sth,spscs (2-10)

)

where AT, is the evaporation temperature, L,,, the melting enthalpy; a “thermally active
depth” [, is introduced and is defined in Equation (2.11). The superscripts indicate

properties of the thin film and substrate respectively, thus allowing for the approximation

to stand for bulk materials as well.

lf = d fOI‘ d < 6th,f

(2.11)
lf = Sth,f for d= 6th,f

The authors argue that the thermal diffusion length of the thin film &, » and the

reflectivity R are the most important material properties when evaluating the threshold
fluence. The variation of the ablation threshold with film thickness (for Ni films on fused

silica) is shown in Figure 2.11.
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Figure 2.11 Thickness dependence of single shot threshold fluences for visible damage
(triangles) and ablation (circles) of Ni films on fused silica [115].

The presented thermal model represents a good start to estimate the ablation
threshold of various materials when the optical and thermal properties are known. While
the model considers the heat losses to the substrate by including thermal properties of
both the thin film and the substrate — however, there are more factors which are likely to
play a role, and one of them is the nature of the interface, namely how smooth or rough

it is which dictates the surface contact area between the two materials.

In addition to film thickness and how this influences the laser-material interaction,
another particularity of the thin films on substrates is represented by the stresses
developed during the synthesis process. During ablation, these may lead to deformation
of craters and failure of the thin film in the area adjacent to the irradiation spot. For
example, the response of single-crystal self-standing chromium film (37 nm) to
irradiation with 6 ns laser pulse starts by the formation of parallel domains and by crack
formation prior and during melting [116]. The evolution of the crater morphology was

studied using a high-speed transmission electron microscope and is shown in Figure 2.12.
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Figure 2.12 Single-frame shots showing early effects in laser-pulsed single crystal
chromium film (37 nm).: Native crystal (-), breaking into parallel domains prior to
melting (0 ns), detachment and disintegration of the melt pool (10 and 20 ns). Final
hole with ragged edge and ditches (+). The moment of electron exposure is counted
from the peak of the treating laser pulse. The images were taken from fresh

neighbouring regions treated with identical laser pulses (adapted from [116]).

2.3.2 Particularities of thin films with respect to their bulk counterparts

To further discuss PLA on thin films, their particularities with respect to their bulk
counterparts needs to be addressed, focusing on the ones relevant in nanosecond PLA (the
quantities shown in Equation (2.10)). The film properties relevant to nanosecond laser
ablation are given below: (A) density, (B) electrical conductivity, (C) optical properties

and (D) thermal conductivity.

(A) Density. The density of thin films is lower than their bulk counterparts, even

when deposited by techniques which generally ensure tightly packed films, such as
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sputtering [117]. The density is proportional to film thickness and, depending of the
material and deposition conditions, a constant value is reached which approaches the bulk
density (e.g. 25 nm thick Al films reach a density of 2.58 g/cm?® when treated above 525
°C, compared to the bulk value of 2.70 g/cm®). The lower density is explained by the
presence of voids which form during the synthesis process. A packing factor P =
(volume of solid)/ (total volume of film (solid + voids)) is used for the measuring the
effect of the voids on the film density. For metallic thin films, P is greater than 95% of
the respective bulk value ([118], cited in [119]). The packing factor P could be increased

during the deposition by increasing the substrate temperature or post-annealing.

(B) Electrical conductivity. The total electrical resistivity of real metals (both

bulk and thin film) is the sum of independent scattering processes, i.e. by lattice vibrations
and impurities. Generally thin metallic films have a higher resistivity than their bulk
counterparts, but the differences are relatively small. The difference originates in the size
phenomena which arise because of physically small dimensions involved (known as the
classical size effect). The method of thin film preparation (mostly the deposition
conditions) plays an important role as well, since this can affect, among others, the
crystallinity, defect concentration and grain morphology [120]. These thin film properties
may shorten the mean electron path of the electron in the metal, which decreases the

electrical conductivity of the material.

(C) Optical properties. As their bulk counterparts, thin film optical properties are

governed by the interaction of an external EM field with their electronic structure
(discussed in Section 2.2.1). Thus the same film parameters discussed in the previous
paragraph (which are usually a result of the synthesis process) will affect the optical

properties of metal thin films (i.e. scattering caused by impurities or grain boundaries
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[121]). Moreover, significant sensitivity of the reflectivity to the deposition conditions
has been observed in metals which have higher affinity for oxygen such as Al [122]. It
has been shown that a sharp decrease in reflectivity can occur due to a specific surface
morphology, similar to the sub-wavelength structures present on the eyes of a moth

[123,124], which act as an anti-reflection thin film coating.

(D) Thermal conductivity. In metals both electrons and phonons are responsible

for heat transport; however, the electrons dominate the process, not only in bulk metals
but also in thin films. The connection between electrical and thermal conductivity (¢ and

K respectively) at a given temperature T is called the Wiedemann-Franz (WF) law (2.12),

K
ST (2.12)
o

where the proportionality constant L is the Lorenz number [125]. The exact value for this
constant is disputed (for example see [126]), but generally it is in the range of L = 2.44 x
10~8 wQ/K?. Like electrical conductivity, thermal conductivity is influenced by the
scattering of electrons at grain boundary and surface scattering of electrons and generally
it decreases with film thickness. Not only it has been empirically shown that the thermal
response of thin films is similar to the bulk one when the thickness is larger than the heat
diffusion length, but also a more pronounced lateral heat diffusion is observed at smaller

thicknesses compared to the heat diffusion length [127].

Another aspect which may cause a significant difference between PLA on bulk and
thin films is represented by the heat losses to the substrate. The thermal transfer between

the thin film and the substrate varies with their thermal properties, as well as with the
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roughness of the interface (e.g. a rougher surface leads to a slower heat transfer due to

less contact area) [128].

2.4 NANOSECOND LASER ABLATION OF THIN FILMS

The use of nanosecond (ns) pulses in the laser ablation of thin film would allow
high quality machining to be achieved at lower costs compared to ultra-short lasers. In
this context, the challenges are to minimise damage to the substrate and/or the extent of
the lateral HAZ [129]. For example an investigation of oxide thin film removal from a
silicon substrate (with focus on solar cell materials) revealed that parameter optimisation
when using ns lasers was challenging, i.e. no optimal removal could be achieved [130].
Several different wavelengths and pulse durations were used for optimisation of thin films
processing, with focus on optimal edge quality without damaging the substrate or adjacent
areas. The quality was assessed by considering the ablation threshold, debris and heat-
induced damage and a summary of the results is given in Figure 2.13, where good quality
is assessed to be a relatively homogeneous ablated region with minimal re-deposited melt

and damage to the substrate.
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Figure 2.13 A tentative assessment of results, based on SEM micrographs of the ablated
regions, coloured dots represent the quality of the processing in a traffic light scheme.
Green is good, red is not good and yellow is not optimal [130]. On the right are shown
examples of a “good” (top) and “bad” (bottom) surface quality after ablation.

As demonstrated by Rung et al. [131], thin film laser patterning without damage
to the substrate and minimal heat-affected zone could be achieved with ns pulses by using
beam shaping optics, i.e. a Top-Hat beam profile instead of the more common Gaussian
laser beam (Figure 2.14), and this would contribute to a reduced HAZ and minimal
damage to the substrate. However, even when using beam shaping optics, optimal results
were obtained by irradiation from the substrate side, which implies that the substrate of

choice should be transparent at the laser wavelength (e.g. soda-lime glass) [132].
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Not only it is not always practical to irradiate from the substrate side (e.g. in
functional coatings used to achieve hydrophobic [133] or antibacterial surfaces [134]),
but also beam shaping optics require higher investment, are difficult to calibrate and adapt
to industrial lasers. It would thus be of interest to analyse the behaviour of thin films on
substrate when irradiated with nanosecond, Gaussian pulses, and to further understand
what physical properties and morphological or topographical features contribute to

efficient thin film machining.
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Figure 2.14 Different ablation behaviour of thin films for Gaussian (left) and Top-Hat
(right) laser beam profiles. (a) Cross section of laser beam profiles, (b) ablated line
with circular and rectangular footprint,(c) schematic cross section of processed

material system [131].

Another study which highlights how the quality of ablated regions can be
improved is focused on selective ablation of multi-layered structures using conventional

ns lasers. This has been achieved when the individual films had different structures,
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namely gold nanoparticle (1-3 nm) films, sintered and unsintered [135]. The latter showed
amuch lower ablation threshold and “cleaner” edges compared to the sintered film (which
resembles a typical continuous film), which the authors attributed to a change in the

material structure (e.g. weak bonding between the nanoparticles).

While not the central aim of the present work, the patterning of thin films using a
commercial laser (operating in infrared with pulse width in the range of ns) will be
discussed. It is important to note that extensive studies on laser-material interaction and
workpiece response to irradiation have been carried out, aimed at gaining a better
understanding of various aspects of laser ablation (usually how variation of laser
wavelength, energy or fluence in different atmospheres influence the ablation result).
However, only few report consistent results on crater morphology or geometry (see, for
example [136,137]), and thus do not provide sufficient information. Thus, the present
work will first obtain reference information from the pure thin films and extend the results
to binary and ternary material libraries. The binary studies are aimed at showing how
changes in chemical composition affect the crater geometry and morphology for both a
smooth and structured film. It will also analyse how a sudden transition in film
morphology affects the crater shape when the variation in chemical composition is

minimal. Finally, the material response of two ternary libraries will be assessed.
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3 MATERIALS AND METHODS

This chapter contains detailed information on the materials used (such as bulk
properties and thin film properties, synthesis and characterisation), information on laser
processing and characterisation techniques used in the research. The aspects related to
materials and methods common to all chapters are discussed. Further information on
specific experimental parameters (e.g. deposition conditions for thin films or laser

parameters) is given in the beginning of each chapter.

3.1 SYNTHESIS OF THIN FILM MATERIAL LIBRARIES BY PHYSICAL VAPOUR

DEPOSITION

Physical vapour deposition (i.e. magnetron sputtering) was chosen as it is a well-
established and extremely versatile coating technique, where film composition, structure
and thickness are easily adjusted by varying deposition parameters such as deposition
pressure or substrate temperature. The samples studied in this work are three pure films
(Cu, Al, Ni), their corresponding binaries with compositional gradient (Cu-Ni, Ni-Al, Cu-
Al) and two ternary alloys, Cu-Ni-Al and Cu-Al-Zr. The samples were studied in an
ascending scale of complexity, not only due to the numerous processes which make
ablation difficult to characterise and quantify, but also because of variations that appear
even in the simplest thin films due to their quasi bi-dimensionality. The metals were
chosen due to their different properties relevant to thermal ablation (e.g. density or
thermal diffusivity) and to their use in both pure and alloyed forms. The ternary alloys
are, for some chemical compositions, either shape memory alloys (Cu-Ni-Al) or bulk

metallic glasses (Cu-Al-Zr).
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The thin film PVD coatings were co-sputtered using a magnetron deposition
technique (Figure 3.1). A Mantis QPREP ultra-high vacuum chamber was used with three
magnetron CUSP sources (one RF and two DC cathodes). Each source has a 75-mm
diameter and 2-3 mm thick high purity target mounted on top (aluminium, copper and
nickel — 99.95%, 99.99% and 99.95% purity respectively). The magnetron heads are

water cooled to allow temperature control of the targets during the process.

~ Si(100)
substrate

Figure 3.1 Schematic representation of the sputtering setup for the ternary material

libraries.

A 100-mm diameter and 525 um thickness single crystal silicon wafer with <1 0
0> orientation was used as a substrate. The surface was cleaned by immersing the
substrate into consecutive acetone and isopropanol baths. The substrate holder was kept
at room temperature. For the synthesis of uniform (pure metal) thin films the substrate
was rotated with 2 RPM during the process to improve film thickness uniformity across
the surface. For the combinatorial thin films libraries, the gradient was obtained by
decreasing the target-to-substrate distance (8 cm) and without substrate rotation. The
chamber was pumped down to below 10 mbar base pressure before each deposition. The

process was set to ~10°3 mbar pressure by flowing high purity argon into the magnetron
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heads. The chamber pressure was regulated by a throttle valve. The deposition parameters
for particular samples are given in their corresponding chapters (pure films — Chapter 4,

binary films — Chapter 5 and ternary films — Chapter 6).

3.2 NANOSECOND LASER ABLATION

3.2.1 Equipment

Laser ablation of the samples was performed with a ns laser operating in the near
infrared, instead of using ultra-short pulse durations which are usually preferred in thin
film machining. In addition to the advantages of using a ns laser listed in Section 2.3, this
choice allowed further analysis of heat transfer to the silicon wafer and to the area

adjacent to the irradiation spot.

For laser ablation experiments on the pure (Chapter 4) and binary samples
(Chapter 5) the short-pulse laser integrated in the LASEA micro-machining platform was
used. The ns laser source is a SPl1 redENERGY G4 50W HS series S-type air-cooled and
with an optical seed pulse generated by a single-mode semiconductor (master-oscillator)
laser diode [138]. The nominal wavelength is 1064 nm and the pulse duration can be
adjusted between 15 ns and 220 ns by selecting from 25 pre-defined waveforms.
Technical specifications of the laser source are given in Table 3.1. The laser travels
through the beam delivery path and interacts with the sample at a normal angle as shown
in Figure 3.2. To achieve accurate and highly dynamic beam movements a Newson 3D
optical beam deflection system is integrated in the machining platform. A similar system

was used for ablating the ternary samples (Chapter 6).
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Table 3.1 Product parameters for SPI redENERGY G4 50W HS series S-type pulsed fibre
laser [139].

Parameter | Value
Wavelength (nm) | 1064
Beam quality (M?) | <1.3

Rated average power (W) 50
Maximum peak power (kW) | >10
Maximum pulse energy (mlJ) | >0.7

Pulse repetition frequency range (kHz) | 1-1000

Pulse duration range (ns) | 10-240

All laser ablation experiments were carried out in air at atmospheric pressure.
Identical processing parameters (i.e. wavelength, pulse duration, repetition rate and spot
size) were used whenever possible, although small variations in spot size and shape were
noticed, dependent of beam alignment. The average power was measured before every
experiment using a Gentec-EO Uno laser power meter, which has a resolution of 1 pW
on photodetector and 1 mW on the thermal detector. The beam had a Gaussian spatial
profile and its diameter was measured using a Beam’R2 (DataRay Inc.) slit scan beam

profiler with 0.1 um resolution and 0.5 um accuracy.
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Figure 3.2 Schematic representation of the experimental laser setup.
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3.2.2 Laser processing considerations

This section describes the general approach to laser ablation undertaken in this
work, on pure (Chapter 4) and binary thin films (Chapter 5), while the processing of the

ternary samples is described in Chapter 6.

Single pulse ablated craters were obtained by using 15 kHz repetition rate, which
also resulted in no overlapping of the heat affected areas. Ten values for the average pulse
power were chosen (between 1.15 W - 100% and 0.23 W — 55%) with a step of 5% in the
average power, and ten lines of equally spaced, individual craters were ablated (Figure

3.3).

Sample ID

Line 1 EEE NN NN EEEENEEENNEEEEEEEEEE P=100%

Line 10 | sessssssssansssssnsnssnssnnnnssnnnnsnnnnnnnnns P=55%

F Y
A 4

~1 mm

Figure 3.3 Schematic representation of laser patterning.

The choice in the power step ensured that the ablation threshold for all samples
were in the chosen range of powers. Line length (~0.8 mm, ~60 craters) was chosen as to
have enough craters available for further investigations, while avoiding the beginning and
end of line where acceleration/deceleration may lead to overlapping craters. In order to
choose the pulse length, several waveforms were tested (by using the same ten lines

pattern), and the minimum duration where ablation was observed was chosen for further
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patterning. The minimum pulse duration where material removal was observed was 55 ns

for the pure and binary samples.

The pattern with the optimal pulse duration (minimum depth penetration for
which material removal was achieved) was then used to ablate the pure metals and the
samples with chemical composition. The variation in power enabled coverage of ablation
phenomena from heat damage to the thin film without melting (lowest power) to strong
ablation (at higher average powers). When studying the material libraries, the variation
in chemical composition covered by a set of lines was less than 1 at. %, therefore, the
chemical composition is considered constant. The pattern was repeated on areas with
“extreme” chemical composition and in the centre of the sample. Based on the geometry
results (discussed in Section 3.3.4) a line (with a specific average power) was then chosen

and used to pattern the whole composition gradient.

Beam diameter in focus was extracted from the beam Figure 3.4. Two sets of data
(corresponding to x and y axes) were plotted in OriginPro and fitted using a Gaussian
function. The beam diameter in focus ¢ is the 4o of the function (according to the ISO
11146 international standard for beam width). The average pulse power P, repetition rate
fand S = m¢? /4 the spot area in the focal plane are then used to calculate the laser

fluence F, = 2P/fS.
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Figure 3.4 Typical intensity profiles of the laser beam (corresponding to x-left and y-

right axes) measured in this work.

3.3 CHARACTERISATION TECHNIQUES

Characterisation of the as-deposited thin film was carried out in terms of chemical
composition, thickness, reflectivity and surface and cross-sectional morphology, as these
properties are highly likely to influence the material response (discussed in Section 2.3).
While thin film characterisation can be very time consuming, the characterisation
methods used in this work were chosen as to provide reliable information, while
maintaining a manageable number of experiments, to make the method presented in this

thesis usable by both material scientists and engineers.

3.3.1 Measurement of chemical composition and thin film thickness

Two complementary methods were needed to determine the chemical
composition and the film thickness, to achieve a high number of reliable measurements
in a reasonable amount of time. A convenient way to measure both parameters is X-ray
fluorescence spectroscopy (XRF) as the method is rapid and requires minimal sample
preparation. The basis of XRF analysis is secondary (or characteristic) X-ray emission.

Specifically, the target is irradiated with energetic X-rays capable of dislocating an
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electron from the inner orbital shells of an atom (K or L). The vacancy is then occupied
by an electron from an outer shell resulting in the emission of X-rays (Figure 3.5a). These
X-rays are characteristic to each element and are used for quantitative and qualitative
analysis of a sample. The apparatus used was a FISCHERSCOPE X-RAY XDV-u
energy-dispersive x-ray measuring instrument for which a schematic representation is
shown in Figure 3.5b. The sample was placed on a programmable XY stage, and
positioning was achieved by high-resolution CCD camera together with the incorporated
laser pointer acting as a positioning aid. The measurement spot was ~20 um and the
element range is Al (13) to U (92) [140]. Based on the chemical composition and known
density of each element, the software also computes the thin film thickness. While the
method is suitable for copper, nickel and binary Cu-Ni films, aluminium is within the

detecting limit of the apparatus so additional methods had to be used.

X-ray ‘
fluorescence \
radiation ‘
X-ray b,
= @ﬁ\"
o detector :

_~amplifier and
multi-channel
analyser

(b)
Figure 3.5 Schematic representation of X-ray generation (adapted from [141]) (a).
Schematic representation of an energy-dispersive x-ray measuring instrument (b)
[142].

For recording the change in Al percentage across the surface, an Oxford Inca 300
energy-dispersive X-ray spectroscopy system (EDS/EDX), equipped on a Philips XL30
scanning electron microscope (SEM) (described in section 3.3.3) was used. The only

difference in the working principle compared to the XRF technique is the creation of the
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vacancy in the atom: in EDX an electron beam is interacting with the sample and inner
shell electrons are thus removed by collisions with beam electrons. EDX measurements

were recorded close to the ablated craters, but outside the heat affected zone (Figure 3.6).

Area of constant chemical composition
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+
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Figure 3.6 Schematic representation of a line of individual footprints (top view).

An acceleration voltage of 20 kV was used to ensure accurate elemental
identification (i.e. the minimum beam current should not be lower than twice the
maximum excitation energy of the elements present in the specimen). The recommended

working distance of 10 mm and 5 spot size were used as to obtain maximum X-ray signal

[143].

For additional thickness measurements, a Dektak 3ST surface profiler was used.
The measuring system is equipped with a 2.5 pm radius diamond stylus [144]. The thin
film was removed from the substrate in several places by scratching 1 mm wide lines. To
image the site of interest coarse manual alignment followed by automatic fine adjustments
were used. Scan length was 2 mm, with 0.5 mm on each side of the scratch for levelling
and thickness measurement. The reported result represents the arithmetic average of

multiple measurements of each line.
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3.3.2 Measurement of thin film reflectivity

The reflectivity of the sample was measured using a Bruker HYPERION-series
FT-IR microscope equipped on a Bruker VERTEX 70 FT-IR spectrometer and controlled
by the OPUS software. The supplied gold mirror sample was first used to record the
reference spectrum (100% reflectivity). The mirror was placed on the stage and the height
was adjusted until the sample was in focus and the maximum signal was achieved. A
background signal was then recorded, and all other values were measured with respect to
the reference spectrum. The thin film was then placed on the stage and the height was
readjusted until the sample was in focus. The reflectivity was measured between 1000
and 1100 nm as to include the laser wavelength (1064 nm). The reported values
throughout this work represent the measured reflectivity at the laser wavelength. A
standard 15x objective was used and the reflectivity was measured near the laser pattern
in an area of 0.5x0.5 mm. The sample was aligned using the optical microscope to avoid
any debris which may have been present on the surface because of material splatter during

ablation.

3.3.3 Examination of surface and cross-sectional morphology

Scanning electron microscopy was used to evaluate the surface and cross-
sectional morphology of thin films, as both play a significant role in ns PLA in terms of
reflectivity and heat transfer. In a scanning electron microscope electrons and magnetic
lenses are used to form and focus an electron beam (Figure 3.7). When the electron beam
interacts with the sample, electrons and X-rays are emitted. Secondary electrons have low
energies (<50kV) yet provide a high intensity of the detected signal. The secondary
electrons are used for the topographic characterisation of the specimens. The resulting

image is formed based on the differences in topography with respect the area tilt.
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Backscattered electrons have higher energies and their yield varies with the specimen’s
atomic number. Thus, they can be used for visual identification of elements present in the
sample (Z-contrast). Characteristic X-rays are used to carry out elemental analysis,

similar to the XRF described in Section 3.3.1.

The instrument used was a Philips XL30 environmental SEM equipped with a
field emission gun (ESEM-FEG). This type of electron gun consists of a point-source
tungsten cathode coated with zirconia. It enables higher resolution images to be achieved
by providing a higher current density, higher brightness and highly spatial coherence of
the electron beam. A resolution of 2 nm can be achieved when using 30kV acceleration

voltage.

Electron gun

Condenser
lens
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deflector
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Video
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Figure 3.7 Schematic representation of the SEM working principle [145].

Crater cross sections were used to assess the crater penetration into the silicon

substrate and/or the extent of the HAZ below the ablated region. The crater cross sections
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were prepared via focused ion beam (FIB) technique, using a dual beam SEM-FIB Tescan

Vela instrument or a dual beam SEM/FIB (FEI) Strata DB235 instrument.

A focused ion beam is similar in the working principle with a scanning electron
microscope but uses gallium ions instead of electrons. This makes it inherently
destructive to the sample, even when used for imaging [146]. Hence in this work the FIB

was used only for milling pockets in the thin film to enable observation of the sub-surface.

The specimens were prepared in similar manners for both SEM and FIB
techniques. The wafers were cleaved to dimensions suitable for the vacuum chamber
using a diamond tip. As all thin films were conductive, no additional coating (e.g. Pt) was
necessary. The samples were attached on the sample holder using double-sided adhesive
conductive tape (either copper or aluminium), to ensure minimal sample charging during

the processing and imaging.

The samples were mounted inside the vacuum chamber followed by the
adjustment of the focus and working distance. A relative spot size of 3 (where 1 is the
smallest spot size the instrument can generate at the selected accelerating voltage) and an
accelerating voltage of 10 kV were used for specimen imaging. To achieve higher
resolution the working distance used was between 6 mm and 8 mm. Before recording an
image, the focus and astigmatism of the beam were adjusted at a higher magnification to

ensure optimal image quality.

Cross-sections of the ablated craters were then prepared via focused ion beam.
After placing the samples in the vacuum chamber and focusing the beam, a two-step
milling approach was used. First, a rough cutting step with high Ga-ion beam (30 kV

beam and 0.5 nA/3 nA probe current for the pure and ternary films respectively) was used
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to mill a rectangular trench, followed by a fine polishing step (30 kV and 0.1 nA/InA for

the pure and ternary films respectively) in the area of interest.

3.3.4 Measurement of crater geometry and volume

Crater geometry (depth and diameter) and the amount of removed material were
measured using Alicona InfiniteFocus, an optical 3D micro coordinate system based on
focus variation method (Figure 3.8). The system combines the small depth of focus of an
optical microscope with vertical movement of scan head to create a 3D image of the
workpiece. A detailed description from the manufacturer can be found in [147]. This
method allowed for a high number of measurements to be carried out in a reasonable
amount of time, compared to more accurate yet more time-consuming techniques (e.g.

atomic force microscopy).

1 — array detector
2 —lenses

3 —white light source
4 — beam splitter
5 — objective

6 —specimen

7 — vertical scan

8 — focus curve

9 — light beam
10 — analyser

11 - polariser

12 —ring light

Figure 3.8 Schematic representation of a focus variation microscope (Alicona

InfiniteFocus (adapted from [147]).
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To collect the data the highest available magnification of 100x objective was used
with corresponding resolutions of 20 nm vertical and 1.14 um lateral. The samples were
placed on the XY computer-controlled stage. Focus was achieved using the Z-module of
the microscope. Light intensity was optimised so at any Z position the sample was well
illuminated. The most common issue encountered during the measurements was too much
light being reflected resulting in missing data from the general image field, which usually
occurred when the analysed surface was very smooth. This limitation was countered by
using the incorporated polariser for all samples, irrespective of their surface morphology.
The measured area contained several lines (3-5) and 10-15 craters on each line, and it was
positioned in the centre of the pattern to avoid distortion of footprints caused by

acceleration or deceleration of the beam.

Data post-processing was carried out on Alicona — IF-MeasureSuite. In the first
place, a second-degree polynomial function was then used to level the surface. Slight
tilting occurred because of variations in the film thickness, a particularity of
compositional gradients. Thus, the function was chosen based on the geometry of the

sputtering process.

Crater 2D profiles were extracted from the 3D measurements and were used to
measure crater depth and internal diameter (Figure 3.9). The latter usually show
significant variations, a consequence of re-deposited material on the crater walls. The

diameter of the irradiated spot (top view) was thus analysed further.

The volume measurement feature of Alicona — IF-MeasureSuite was used to
quantify the amount of removed material. Using a soap-film reference plane (which uses
software algorithm for identification of a plane surface), the resultant ablated volume was

calculated as the difference between the crater volume beneath the surface, and the
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volume of the rim of re-solidified material, which rises above the target surface, as shown
in Figure 3.10. Further data post processing and analysis has been done using MS Excel
and OriginPro software. The reported values were averaged from 10-12 individual

measurements and the standard deviation is indicated on all graphs as y error bars.

diameter

(a) (b)
Figure 3.9 Extraction of 2D profile from the 3D dataset (a). Measurement of crater
depth and diameter (b).

The method presented had mainly two limitations, which were dealt with
accordingly. (i) Samples with very smooth surfaces (such as a silicon wafer of the Cu-Ni
binary thin film) were difficult to analyse as a large quantity of light is reflected in the
detector. The issue was countered by using the polarizer, which generally requires higher
exposure and thus compensates for a very smooth surface structure [148]. (ii) Light
cannot reach underneath the features, so some aspects of crater morphology were shown
using other characterisation methods (i.e. crater cross sections analysed using scanning
electron microscope). This drawback was also reflected in the measured crater volume,

and it is discussed separately in the corresponding sections.
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Figure 3.10 Schematic representation of volume measurement. The reference plane
parallel to the surface splits the crater in two parts: removed material beneath the
surface (crater volume), and re-solidified material that rises above the target surface

(melt volume).
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4 LASER ABLATION OF PURE COPPER, ALUMINIUM AND

NICKEL THIN FILMS

Machining of thin films using laser ablation is typically achieved with sub-
picosecond laser pulses or by using top-hat spatial beam profiles. In contrast, this chapter
is focused on the machining of thin copper, aluminium and nickel with near-infrared
nanosecond pulsed laser with a Gaussian beam profile. The workpiece response (i.e.
variations in crater geometry, volume and morphology) with respect to the material
properties and film microstructure was investigated. The results revealed similarities
between craters in Cu and Al which are different from craters in Ni. The differences in
crater geometry were attributed to the combined effects of laser scattering at the surface,
thermal diffusivity of the metals and the presence of the thermal barrier between the thin
film and the substrate. A preferential lateral heat transfer for the Ni films compared to the
more common vertical one in Cu and Al films has been identified. These findings were
used as a starting point when analysing ns laser ablation of material libraries, to address

the issue of lack of comparable data in literature.

4.1 EXPERIMENTAL DETAILS

The thin films were sputtered using the parameters given in Table 4.1. The
identical laser processing parameters are 1064 nm wavelength, 55 ns pulse duration, 15

kHz repetition rate and average power between 0.23 W and 1.15 W given in Table 4.2.
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Table 4.1 Specific process parameters used in the deposition of the pure thin films.

Cu Al Ni
Base pressure (mbar) | 1x107 5x107 | 8.5x107
Gas used Ar
Flow rate (sccm) 15
Sputtering pressure (mbar) 5x107
Deposition time (min) 330 330 480
Sputtering power (W) | 40.1(DC) | 85.6 (DC) | 150 (RF)
Substrate temperature Room temperature
Substrate Si (100)

Table 4.2 Average pulse power for the ten set of crater lines used to process the thin films.

% of maximum
55| 60| 65| 70| 75| 80| 8 90 95 100
power per pulse

Average power
(W)

0231032042 /052|062 072 0.83 094 |1.05|1.15

4.2 MATERIAL PROPERTIES AND ESTIMATION OF THE ABLATION THRESHOLD

While identical processing parameters were used to ablate the thin films, it must be
taken into consideration that the effective energy delivered to the sample (which is similar
to laser fluence) is diminished by reflection of beam at the surface. In addition, each
material has a different threshold for phenomena such as damage and ablation. Thus, for
the comparison between craters in different metals to be possible, the crater geometry and
ablated volume with respect to the ratio F,/F;;, (where F, is the absorbed fluence and F;;,
the threshold fluence) was investigated. The absorbed fluence is F, = F;, (1 — R), where
R is the sample reflectivity at the laser wavelength. The laser fluence F; was calculated

as F, = 2P/fS, where P is the average power, f the repetition rate and S the beam area
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in the focus plane. To estimate the ablation threshold fluence of the thin films (which,
depending on thickness, may vary from their bulk counterparts) the equation
corresponding to ablation threshold was adapted from [115]:

!

Oen
Fen = (ATy+Lpm/pc) [(pcp —5.Pc
t

’) d+ S{hp’c’l, (4.1)

where AT, is the variation between the evaporation and room temperature, L,, the
melting enthalpy, p the density, c the specific heat at constant pressure, d the thin film
thickness and &,, = V(t K/pc) the thermal diffusion length ( is the pulse duration and
K the thermal conductivity). The material properties used to calculate the ablation
threshold are given in Table 4.3. While common values were taken from literature, the
thin film thickness and reflectivity were measured for Cu, Al and Ni respectively (0.60
pm, 0.56 pum and 0.87 pum thickness, 87%, 97% and 61% reflectivity at 1064 nm). The
density used in the model was 90% of the bulk value, because of the voids which may be
present in the thin film as a consequence of the deposition technique (as described in
Section 2.3). For temperature-dependent properties, the values in the table correspond to
room temperature. The estimated ablation thresholds were consistent with values reported

in literature [30].

4.3 EXPERIMENTAL RESULTS

The variation in both crater geometry and ablated volume were plotted against the
ratio between the absorbed fluence and the threshold fluence, as discussed in the previous

section (Figure 4.1). This allowed for the evaluation of material response to laser ablation
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while considering several material properties (which were used to calculate the ablation

threshold).

Table 4.3 Material properties of Cu, Al Ni and Si and the calculated threshold fluence for

single pulse laser ablation.

Property Unit | Cu Al Ni Si
(Measured) Thin film
) pm | 0.60 0.56 0.87 -
thickness
(Measured)
% | 87 95 61 -
Reflectivity at 1064 nm
Density [149] kg/m® | 8059 | 2436 8015 2330
Specific heat [149] JI(kg K) | 383 896 446 703
Boiling point [150] K| 2835 | 2791 3157 -
Latent heat of melting
[151] x 103 J/kg | 203.48 | 396.98 | 297.82 | 1787.68

Thermal conductivity
[152] [153] [127] [149]
(Calculated) Threshold

fluence

W/(m K) | 376.8 230 91 153

Jem? | 1.77 1.57 1.78 -

Overall the depth and diameter of all samples were proportional to the fluence ratio,
until a limit value was reached, where these values showed little variation. This is
explained by maximum energy effectively used for material removal which is usually
limited by the laser produced plasma; at higher densities, the plasma becomes opaque for
the laser radiation and thus may act as a barrier shielding the workpiece [154]. In
particular, craters in aluminium were deeper (~2.3 um) even before reaching the plateau,
followed by copper (~1.7 um) and nickel (~0.9 um). Even at lower fluences (below the

estimated threshold), for aluminium and copper samples, the substrate was damaged; in
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contrast, for the nickel sample, the craters seemed to “stop” at the film-substrate interface,

the ablation causing minor damage to the substrate (melting) even at higher fluence ratios.
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Figure 4.1 Crater depth (a) and diameter (b) versus fluence ratio. For the diameter of
the nickel craters an extra set of values is shown, corresponding to the heat affected
area. Typical crater profiles (c) are used to illustrate the differences in geometry. The

beam diameter in focus and thin film thickness are indicated for reference.

In addition, the diameters of Cu and Al craters had similar trends, with values tending

towards the beam size diameter in focus (30.75 pm). On the other hand, craters in the Ni

62



thin film were narrower (maximum 25 pm), but exhibited a non-ablated, HAZ with a
diameter in the range of the beam spot size. Further, to assess the effects of thin film

morphology, crater and as-deposited thin film cross sections are shown in Figure 4.2.

a) Cu WS B

Filmsurface ~

Film surface

Film cross-section

Figure 4.2 Micrographs of crater cross section (a-c) and as-deposited thin film (d-f)
for Cu (top, a and d), Al (centre, b and e) and Ni (bottom, c and f) thin films. The craters

were ablated with the same parameters as those shown in Figure 4.1c.
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The crater cross sections (Figure 4.2a-c) revealed different heat affected areas for
the three materials: for Cu and Al (Figure 4.2a,b) the crater edge consisted mainly of re-
solidified material transported outside the irradiated zone by drag forces; in contrast,
craters in Ni (Figure 4.2c) showed a wider irradiated area, with signs of melt but without
significant ablation. The thin film cross sections (Figure 4.2d-f) revealed a columnar
structure for the Ni thin film (Figure 4.2f), which became smoother for Cu (Figure 4.2d),
while for Al (Figure 4.2e) the as-deposited thin film had a continuous, homogenous
structure. The cross-section of nickel showed the film being removed from the substrate
in areas adjacent to the irradiated zone. This aspect must be taken into account when
considering the reliability of the volume measurements performed with an optical
microscope: while the variation in the measured volume could be reliable, the actual

ablated volume may differ slightly.

Finally, measured volumes are shown in Figure 4.3 (crater — a, melt — b and
ablated — c). The crater volume (Figure 4.3a) is a direct result of crater geometry (depth
and diameter, Figure 4.1a,b). Thus, the highest crater volumes were obtained in
aluminium and copper (~600 pm?), increasing steeply with the fluence ratio, while the
crater volume in nickel showed a much slower rise and a lower volume (~300 pm?) even
at higher fluence ratios. The melt volume (Figure 4.3b) was lowest for nickel, meaning
there was little to none re-solidified material at the crater edge (below 50 um?), followed
by copper (150-250 umq) and aluminium (250-500 umq). By analysing crater depth
(Figure 4.1a) and the crater micrographs (Figure 4.2a-c) the melt volume was found to be
mostly re-solidified silicon from the crater bottom, resulting in more melt for the craters
which reached deeper into the silicon substrate. The total amount of removed material

(Figure 4.3c) showed a similar trend for copper and aluminium, with the negative values
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explained by a smaller density of the re-solidified silicon (i.e. the density of specially
prepared amorphous silicon is 1.8+0.1% less dense than crystalline silicone [155]). Since
the nickel sample was ablated without significant substrate melting, the volume showed

a steady increase, with only positive values.
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Figure 4.3 Crater (a), rim (b) and total ablated volume (c) versus the fluence ratio.

Overall, the results presented revealed similarities between craters in copper and
aluminium which were different from craters in nickel in terms of morphology and

geometry (and hence the amount of removed material). The difference in crater geometry

65



could be attributed to the combined effects of laser scattering at the surface, thermal
diffusivity of the metals and the presence of the thermal barrier between the thin film and
the substrate. A preferential lateral heat transfer for the Ni film compared to the more

common vertical one in Cu and Al has been identified.

Wider craters in Al and Cu compared to Ni (Figure 4.1b,c) could be explained by
the higher thermal diffusivity k = K /pc of copper (kc, =100 um?/s) and aluminium
(k4,=94 um?/s) compared to the nickel sample (ky;=19 pm?/s). Craters in Al and Cu
showed significant re-solidified substrate material on the edges, while Ni craters exhibited
signs of melt without significant ablation and little to no redeposited material. The
different nature of the heat affected zones could be explained by the thin film surface
structure. The wider irradiated area in Ni craters may be due to scattering of laser light at
the surface, which could have led to a change in the spatial energy distribution of the
absorbed radiation [156]. The scattering would have had significant effects in the nickel
sample due to its surface morphology shown in Figure 4.2f (i.e. particles smaller than the
laser wavelength, in the range of 100 nm, measured using ImagelJ), as opposed to the

smoother surface of copper and aluminium thin films (shown in Figure 4.2d,e).

Deeper craters in Al and Cu samples (as shown in Figure 4.1a) and the ablation
of the silicon substrate (Figure 4.1c) even at lower fluence ratios (Fo/Fin<1) could be
attributed to the differences in thermal diffusivity discussed in the previous paragraph,
resulting in a faster heat transfer and hence higher heat losses to the substrate. Crater
depth was also influenced by the interfacial thermal resistance (i.e. how heat transfer took
place from the thin film to the substrate and the partial reflection of the heat wave back
into the metal), combined with more energy distributed to the lateral of the irradiated area

for Ni, compared to Cu and Al. The interfacial thermal resistances for Al, Cu and Ni thin
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films on silicon substrate (calculated for low temperatures, based on the acoustic
mismatch model) are 11.8, 14.3 and 15.5 K*/(W/cm?) respectively [128]. A smaller value
would lead to a more facile heat flow towards the substrate and indicates that minimum
heat losses to the silicon wafer were in the case of Ni. While these values for interfacial
thermal resistance account for the nature of the materials (density and sound velocity),
they do not consider scattering or reflection effects which can occur at the interface. A
more structured thin film could mean a rougher interface, meaning lower heat transfer
rates to the substrate and a higher amount of heat reflected, an effect observed previously
regarding damage initiation on fused silica coated with absorbent films [157]. The effect
of energy re-distribution by the surface structure and the wave reflection at the Ni-Si
interface can be seen in Figure 4.2c which shows the Ni thin film detaching from the

substrate in areas adjacent to the crater.

By comparing the geometry and amount of removed material in the three samples,
it was concluded that the nickel thin film could be selectively ablated (without causing
damage to the silicon substrate) by using 55 ns IR laser pulses. Extrapolating to other thin
films, it would be possible to pattern a variety of materials without damaging the substrate
(by using a typical Gaussian beam) by enhancing the thermal barrier between the thin
film and the substrate during the deposition process. Potentially this could be achieved
by adjusting the deposition parameters for changing the thin film morphology and thus

the topography of the interface.

4.4 SUMMARY OF FINDINGS

In this chapter, pure metals were used to assess various aspects of crater geometry

and morphology as a reference for the study of the binary and ternary composition
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gradients. Similarities in terms of crater geometry and HAZ were identified for copper
and aluminium thin films and optimal ablation results were obtained for the nickel thin

film.

Three thin films (Cu ~ 0.60, Al ~ 0.55 um and Ni ~ 0.90 um) were irradiated with
a similar set of laser parameters (1064 nm, 55 ns pulse duration, 15 kHz repetition rate
and 30 um Gaussian beam diameter in focus). Pulse average power was varied between
100% (1.5 W) and 55% (0.23 W) to investigate the material response (crater geometry,

morphology and ablated volume) with respect to material properties.

The crater depth was generally largest in aluminium (2.3 pm), followed by copper
(1.7 pm), showing significant removal of the silicon substrate, even at lower fluence
ratios, and typical crater profiles were Gaussian shaped. In contrast, the nickel sample
showed a “cleaner” ablation, with minimal damage to the substrate, having an overall
depth around 0.9 um. The craters seemed to stop at the thin film-substrate interface, with
more square-shaped crater bottom. Crater cross sections revealed peeling of the Ni thin
film in the area adjacent to the crater, indicating a stronger lateral heat flow than in the
other two samples, which seemed to undergo the typical vertical one. Crater diameters
were similar in copper and aluminium, with values tending towards the beam diameter in
focus as the fluence ratio increased. The nickel craters had a smaller diameter (maximum
value ~25 um), and a noticeable HAZ with dimensions up to 35 pum. The existence of the
HAZ was attributed to the redistribution of laser energy at the sample surface, a possible

result of scattering of the beam by the sub-wavelength surface structures.

Cross sections of the as-deposited thin film revealed a columnar structure in the Ni
sample, which was less pronounced in Cu, and not observable in the Al thin film. The

thin film structure is likely to have increased the magnitude of the thermal barrier at the
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thin film-substrate interface, by decreasing the contact area. Thus, the reflection of the
heat wave at the interface would have been strongest for Ni, resulting in the specific crater

shape.

When analysing the amount of removed material, the direct influence of crater
depth and diameter on the volume below the surface was observed. The total amount of
removed material was also influenced by the volume of the re-solidified melt (above the
surface). A correlation between the amount of material above the thin film surface and

crater depth has been noticed, suggesting that the molten volume is mostly recast silicon.

Overall, a cleaner removal of the nickel thin film has been observed, suggesting that
it is possible to achieve thin film patterning using a typical ns IR laser with a Gaussian
beam by altering the deposition process in such a way as to increase the thermal barrier

between the thin film and the substrate.
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5 LASER ABLATION OF BINARY ALLOYS

After the investigation of pure Cu, Al and Ni films in the previous chapter, the
following work studies the response of binary material libraries when irradiated with a
laser beam of constant parameters. Binary combinations of Cu, Al and Ni were studied,
and each was used to highlight certain aspects of laser ablation on thin film material
libraries, as follows. First, the binary Cu-Ni solid solution was investigated to understand
how changes in chemical composition affect the material response to irradiation in the
absence of well-defined film microstructure. Further, by irradiating a binary Ni-Al film
with constant laser parameters, the variation in crater morphology and geometry was
investigated when both the composition and thin film morphology varied. This section
also analyses how a sudden change in film microstructure affected the crater
characteristics. The last section on Cu-Al discusses variations in the ablated craters with
the chemical composition, when the thin film showed both well-defined surface and

cross-sectional morphology all over the compositional range.

5.1 EXPERIMENTAL DETAILS

The deposition parameters for the binary films are given in Table 5.1. The resulting
thickness had small variations across the compositional spread because of the synthesis
method. The overall thickness was 0.78 um £ 10% for Cu-Ni, 1.34 um + 18% for Ni-Al

and 1.51 um = 21% for Cu-Al films.

Imaging of thin film cross sections has been achieved by cleaving the sample in
the vicinity of the laser pattern and tilting of the specimen in the SEM chamber by 45°.

Imaging of the cleaved areas was preferred to FIB milling as it was less time consuming
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and thus allowed for a greater number of experiments to be carried out in a reasonable
amount of time. The micrographs were then used to analyse the variation of cross-
sectional microstructure with the chemical composition to gain a better understanding of

its contribution to crater morphology.

Table 5.1 Specific process parameters used in the deposition of the binary thin film

libraries.
Cu-Ni Ni-Al Cu-Al
Base pressure
2x1077 1x10° 2x1077
(mbar)
Gas used Ar
Flow rate (sccm) 45 15 15
Sputtering pressure
3x10-3 5x10-3 5x10-3
(mbar)
Deposition time
_ 210 300 240
(min)
Sputtering power | Cu: 26.1 (DC) Al: 46.4 (DC) Cu: 40.5 (DC)
(W) Ni: 150 (RF) Ni: 150 (RF) Al: 82.8 (DC)
Substrate
Room temperature
temperature
Substrate Si (100)

As described in Section 3.2.2, nine areas of constant chemical composition
(covering the whole compositional spread) were ablated using the same laser parameters
as for the pure samples (1064 nm wavelength, 55 ns pulse duration and 15 kHz repetition

rate); the average power per pulse for all the lines are given below (Table 5.2).
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Table 5.2 Average pulse power for the ten crater lines used to process the binary material
libraries (identical with the parameters used for the pure films).

% | 55, 60| 65| 70| 75| 80| 85| 90| 95| 100
Average power
(W)

0.23 /032 042|052 0.62 072083094 | 105 1.15

To understand the variation of material properties (e.g. reflectivity) and ablation
result with respect to the chemical composition, aluminium atomic percentage was chosen
as the x axis for the Al alloys (Ni-Al and Cu-Al). The choice was based on the relation
between the melting point of the material and the thin films’ surface and sub-surface
microstructure, as shown by Thornton [158]. The melting point of aluminium is lower
than copper or nickel, so it is likely to have the most influence on the thin film structure

and its thermal properties.

5.2 LASER ABLATION OF THE COPPER-NICKEL SOLID SOLUTION

The aim of this section is to study the laser ablation of a compositional spread for a
thin film with a smooth surface and in the absence of well-defined microstructure. The
binary Cu-Ni material library represents a good starting point in analysing the material
response to laser ablation for a target with varying chemical composition. This is due to
the similarity between Cu and Ni in terms of density and melting points compared to Al,
as well as the two metals’ complete miscibility, which allowed for a simple estimation of
thermal properties based on the rule of mixtures [159]. The ablation results were thus
plotted against the ratio between the absorbed fluence and the threshold fluence, similar
to the results on the pure metals (Chapter 4). Thermal properties and density were

calculated as shown in Equation (5.1), where p is the density, X can be specific heat,
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enthalpy of fusion or thermal conductivity and m is the weight percentage of the element
in the alloy. The melting temperature as a function of chemical composition was taken

from the binary Cu-Ni phase diagram.

100 (mCu 4 mm>

palloy Pcu Pni

(5.1)

Xalloy = MeyXoy + MyiXyi

Two areas of different chemical composition were chosen for analysis: a copper
rich area (23% Ni at. %) and a nickel rich area (65% Ni at. %). The measured reflectivity
at 1064 nm was 0.84 for both areas. The value was higher than reflectivity of Ni and lower
than reflectivity of Cu (Ry; = 0.73, R, = 0.92 [75]), which indicated no influence of
the surface on the reflectivity. Material properties used to estimate the ablation threshold
are given in Table 5.3. The boiling point for both areas was taken as the one of Ni (highest
of the two metals), on account of the lack of data in literature or details on the calculation

method.

Crater geometry and volume are shown in Figure 5.1. Despite the difference in
chemical composition, the two areas exhibit very similar response to irradiation with the
same laser parameters, as shown below. The crater diameter (Figure 5.1a top) was slightly
higher for the Cu rich area and this resulted in minor differences in the crater volume
(Figure 5.1b top). Crater depth (Figure 5.1a bottom), melt volume and ablated volume are
practically identical with variations occurring only at a laser fluence below the ablation

threshold (i.e. Fo/Fin<1). Irrespective of the fluence ratio, the silicon substrate was ablated,
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indicating a strong vertical heat flow. Re-solidified silicon on the crater edge resulted in

increased melt volume and smaller (even negative) amount of removed material.

Table 5.3 Material properties for the Cu-rich and Ni-rich areas and the estimated
threshold fluence for 55 ns single pulse laser ablation.

Property Unit | Cu-rich area | Ni-rich area
(Measured) Thin film thickness x10°m 0.75 0.80
(Measured) Reflectivity at 1064 nm % 84 84
Melting point K 1482 1630
Boiling point K 3003
Density kg/m3 8949 8927
Specific heat JI(kg K) 397 423
Latent heat of melting | x 10% J/kg 224 263
Thermal conductivity |  W/(m K) 314 196
Thermal diffusion length x 10°m 3.29 2.52
Threshold fluence Jlem? 1.94 1.89

Crater profiles in both areas are shown in Figure 5.2a. At the lowest absorbed
fluence the irradiated area was swollen, probably due to the change in density caused by
the re-solidification of molten material. At higher fluence all crater profiles had a typical
shape similar to the spatial energy distribution beam (Gaussian) — similar to the craters in
the pure Cu film (Chapter 4). This typical shape indicated a heat transfer normal to the
sample surface. Micrographs of the as-deposited thin film (Figure 5.2b) are shown to
support this idea, as they revealed a smooth surface and a compact (dense) thin film. The
absence of well-defined grains indicated a lower interface roughness and, thus, a lower
contribution of film morphology to the magnitude of the thermal barrier between the

binary film and the silicon substrate.
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Figure 5.1 Crater geometry (a) and measured volumes (b) versus the fluence ratio for

two areas of constant chemical composition.
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Figure 5.2 Typical crater profiles (a) and as-deposited thin film cross-sections (b) for

two areas of constant chemical composition.
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5.3 LASER ABLATION OF NICKEL-ALUMINIUM THIN FILM MATERIAL LIBRARY

The aim of this section is to study the material response to irradiation when the
variation in chemical composition is accompanied by significant changes in film
microstructure. To understand the laser ablation results of the more complex nickel-
aluminium (this section) and copper-aluminium systems (Section 0) it was necessary to
characterise not only the films’ chemical composition, but also the associated variations
in film microstructure and reflectivity. The compositional range covered by the
aluminium-nickel sample is shown superimposed on a binary diagram for the Ni-Al
system in Figure 5.3. Films deposited via sputtering often form metastable and non-
equilibrium phases which are not represented in a phase diagram generated by slow
cooling, so it is quite possible that the phases present within the sputtered film differ from

those shown here.

Thin film reflectivity across the compositional spread is shown in Figure 5.4 as a
function of the aluminium at. %. Considering the typical higher reflectivity of Al and Ni
at 1064 nm (0.80 Al [76], 0.73 Ni [75]), the sample overall reflectivity was generally
lower than the values reported for polished surfaces. This variation in reflectivity could
be partially explained by the lower reflectivity of Ni compared to Al, which would result
in an overall decrease in reflectivity. In addition, optical properties of the material are
also influenced by surface microstructure and topography which would affect the
measured reflectivity (specular — measured by FTIR) by light scattering at the surface
(diffuse). Surface micrographs are shown in Figure 5.4 to illustrate the evolution of

surface morphology and its correlation to sample reflectivity.
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Figure 5.3 Binary Ni-Al phase diagram, adapted from [160] showing the region

covered by this compositional gradient sample (Ni at. %.: 38.79—77.92, Al at. %: 61.21

~22.08).
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Figure 5.4 Reflectivity of the binary Ni-Al film as a function of Al at. %. Thin film

morphology of the corresponding areas is shown to underline the correlation between
reflectivity and surface morphology. Numbers are used instead of symbols to facilitate

the identification of the corresponding surface morphology.

A sudden drop in reflectivity was observed above 30 at. % Al (transition area,
between zones 3 and 4), and seemed to be correlated with the change in surface
morphology. Thus, thin film micrographs in the transition area are shown in Figure 5.5
to understand the evolution of grain formation. The addition of Al encouraged the
formation of surface structures with the appearance of particle clusters, which eventually

formed a well-defined microstructure.
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Figure 5.5 Micrographs of the transition area illustrating grain formation with the
addition of aluminium (the direction is indicated by the arrows). Zones 3 and 4 from

Figure 5.4 are indicated.

Following as-deposited thin film (i.e. the sample before irradiation)
characterisation, the first step in crater analysis was to study areas of extreme chemical
composition (Zone I —22 Al at. %, Zone 9— 61 Al at. %) and the centre of the composition
range (Zone 5 —39 Al at. %), irradiated with similar laser parameters and different average
pulse power, as shown in Table 5.2. Typical crater profiles for the studied areas
corresponding to all average powers are shown in Figure 5.6. Craters in zone [ are widest,
with diameter approaching the beam diameter in focus as the fluence increases, while
craters in zone 5 and zone 9 are narrower, with a significant amount of re-deposited

material on the edges. Well defined craters were found in zones I and 5, while in zone 9
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below 14.9 J/cm? the irradiated area was swollen. Based on these observations, craters
ablated with 18.9 J/cm? (where typical crater shape is clearly observed for all three zones)
were chosen for further analysis of crater geometry and morphology as a function of

chemical composition.
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..... 5-39% Al at. %

""""" 9 - 61% Al at. 0/0 Beam diameter Laser ﬂuence
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Figure 5.6 Typical crater profiles for three areas of constant chemical composition:
Zone 1 — 22 Al at. % (continuous line), Zone 5 — 39 Al at. % (dashed line) and Zone 9
— 61 Al at. % (dotted line). Laser fluence is indicated on the right-hand side.

Crater geometry and absorbed fluence (with respect to Al at. %) are shown in
Figure 5.7. As strong variations in the reflectivity were recorded along the compositional
gradient, the absorbed fluence (after reflection of radiation) F, = F, (1 — R) isgivenasa
reference. Crater diameter (Figure 5.7a) generally decreased with increasing aluminium

percentage, despite the increase in the absorbed fluence.
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(c)
Figure 5.7 Crater geometries for the Ni-Al film obtained at a laser fluence of F;, =18.9
J/em?. Diameter (a) shows the diameter of the crater and heat affected area (HAZ).
Depth (b) shows the average crater depth (marked as average depth), as well as depth
of the HAZ, marked as HAZ depth and the depth of the crater bottom extending to the
substrate on the outer edge, marked as edge depth. Typical crater profiles for the Ni-
Al compositional spread (c). The legend indicates the zones of constant chemical
composition and the absorbed fluence. The beam diameter in focus is given as reference
(c- left). Typical crater profiles for the transition identified based on the crater shape:
zones 4-6 are shown and beam diameter in focus and film thickness are marked (c-

right).
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A drop in the measured diameter and the apparition of the HAZ marked a
transition in material response to irradiation between zone 4 and zone 5. While crater
diameters decreased the diameter of the HAZ remained relatively constant. Crater depth
(Figure 5.7b) revealed a wider transition area, between zones 3 and 5. Crater depth
decreased with the addition of Al in zones I-3, followed by a linear increase in zones 4-
9. Craters up to zone 4 have a flat bottom (i.e. depth was around the film thickness) with
edges extending deeper into the silicon substrate (Figure 5.7¢). Craters in zones 5-9 had
a shallow ablated area outside the re-solidified material, and the Si substrate was generally

ablated.

Further, to understand the material response to irradiation based on these
geometrical observations, cross sections of the as-deposited thin film (prior to ablation)

together with crater morphology are shown in Figure 5.8 to Figure 5.10.

Normal incidence |

L9

A 7 \ 20 pn LAcc.V Spot Magn
100kv 30 1500x SE 7.7 ) (\10.0kV3£] 5000x SE 73

Figure 5.8 Typical crater in Zone 8, normal incidence view (left) and tilted view (right).
Chemical composition, absorbed fluence and reflectivity are indicated on the top left

of the image. Various crater elements are identified.

In Figure 5.8 a typical crater from zone &8 is shown in both top and tilted views, to

identify various crater elements and to understand how 3D features appear in a normal
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angle incidence micrograph. This facilitates analysis of crater morphology and is
significantly less time consuming than FIB cross-sectioning. The craters showed a smooth
bottom, where the silicon substrate was clearly visible. The film on the crater edge was
molten and lifted from the substrate. The HAZ showed signs of melt and ablation, with
cracks appearing due to cooling-induced stress. The as-deposited thin film surrounding
the material exhibits few signs of damage, i.e. splashes as the material was expulsed from
the centre of the irradiated area. A magnification which allowed for complete crater
observation did not allow for detailed observation of the as-deposited thin film, so in

Figure 5.9 and Figure 5.10 cross-sectional micrographs are shown.

The craters in zones 1-3 (Figure 5.9a) showed significant amount of re-solidified
material on the edges, and with the increase in Al, the crater edge was increasingly lifted
from the substrate. This behaviour was attributed to the micro-structured thin film, which
could increase the magnitude of the thermal barrier between the thin film and the substrate
compared to a less structured material. A stronger thermal barrier enabled more heat to
be reflected into the film, resulting in the observed edge lift due to lateral heat transfer.
Usually discontinuities in the film (i.e. boundaries between structures) act like thermal
barriers, so it would be expected that the presence of well-defined vertical grains would
impede to some extent lateral heat transfer. However, this effect was not noticed, probably
because the reflection of the heat wave at the thin film-substrate interface was the
dominating process in heat distribution. The transition area previously identified in crater
geometry (zones 4 and 5) is shown in Figure 5.9b. Crater edge detached from the
substrate, showing that lateral heat transfer was dominant. The HAZ in zone 4 showed
signs of molten material. In zone 5 a different HAZ was observed, with signs of material

removal (by melt and evaporation). The lateral spread of the affected area (even beyond
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the laser beam size in focus) was potentially a consequence of beam deformation when

interacting with the surface structures

Crater

Parent material

(a)

Crater _ Parent material

(b)
Figure 5.9 Typical craters (left) and parent micrographs (right) for zones 1-3 (a) and
zones 4-5 (b).
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Crater Parent material

Figure 5.10 Typical craters (left) and parent micrographs (right) for zones 6-9.

The change of energy beam distribution at sample surface could be responsible for
the decrease in crater diameter observed in zone 5 and further in zones 6-9 (Figure 5.10),
as more energy was delivered to the sides, less energy was available in the centre of the
beam for complete film removal. The craters exhibit similar heat affected areas, as shown
in Figure 5.7a. Crater profiles and depth measurement for zones 6-9 reveal that crater
depth and diameter were inverse proportional. This behaviour was attributed to both an

increase in the absorbed fluence and to a decrease in the threshold fluence with the
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addition of aluminium, up to a point where the strength of the thermal barrier was not

enough to stop thermal damage and subsequent ablation of the substrate.

5.4 LASER ABLATION OF COPPER-ALUMINIUM MATERIAL LIBRARY

The aim of this section is to study the laser ablation of a compositional spread for a
micro-structured thin film. Like Ni-Al, the Cu-Al sample was first characterised in terms
of chemical composition, reflectivity at the laser wavelength and morphology. The
material library used in this study ranged from 29.5% to 71.2% Al at. % (70.5% to 28.8%
Cu at. %) and potentially covered a variety of phases as shown in Figure 5.11.
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Figure 5.11 Copper-aluminium binary system phase diagram (adapted from [161])

indicating the composition range covered by the thin film.
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The reflectivity of the sample at 1064 nm and the surface morphology of the thin
film prior to irradiation are shown in Figure 5.12 as a function of Al at.%. As opposed to
the binary Ni-Al sample (where a decrease in reflectivity with the addition of aluminium
was observed), the binary Cu-Al sample showed an overall increase of reflectivity with
the Al at. %. This difference could be a consequence of the different microstructures in

the two binary films.

Two distinct types of well-defined surface morphologies were identified in the
case of Cu-Al material library. At lower aluminium percentages (below 55%) the surface
structures were larger (up to 500 nm) with a 2D shape, like knife edges (zones 1-4). Above
55% Al at. % the surface consisted of diamond-like particles, smaller (~100 nm) and more
compact (zones 6-9). While not within the aim of the present work, a notable feature of
surface morphology was identified, regarding the dominant direction of the structures’
growth changing from vertical (in zone 1) to horizontal (in zone 4). This was a potential
result of different intermetallic phases formed in the film. Moreover, sputtered films
commonly exhibit a fibre texture, but it is also possible to have a mosaic epitaxy in which
the crystal lattice is aligned along multiple axes. Considering the sputtering technique
used (where copper and aluminium were co-sputtered) the flux coming from the different
targets varies along the substrate position, which could also contribute to the surface

morphology.
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Figure 5.12 Reflectivity of the binary Cu-Al film as a function of Al at. %. Thin film
surface morphology of the corresponding areas is shown to underline the correlation

between reflectivity and surface morphology.

Cross sections of the as-deposited thin film are shown in Figure 5.13 to assess the
zones with similar structures. Areas with similar surface and cross-sectional morphology
are zones 1-4 where the structures are pyramidal/conical but become more compact with
the increase in Al at. %, and zones 7-9 with densely packed, vertical structures having a
more cylindrical shape. Based on these observations, the craters in zones 7-9 are further

analysed as they showed the least variation in surface and cross-sectional morphology.
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Figure 5.13 Typical cross-sections of the Cu-Al film. The zone and aluminium atomic

percentage are indicated on each image.

The film’s response to irradiation was first evaluated by investigating crater
profiles obtained by using ten different average powers on three areas with different
chemical composition (29%, 50% and 71% Al. at. %, zones 1, 5 and 9) are shown in
Figure 5.14. At lower fluences the irradiated area was swollen (in zone 1 —29% Al at. %)
and craters were Gaussian shaped (zones 5 and 9, 50% and 71% Al at. % respectively).
This confirmed that indeed, the ablation threshold was proportional to the aluminium
content in the film. As the fluence increased, the crater bottom became flatter, suggesting
a strong thermal barrier between the film and the substrate. All craters had a well-defined
shape with the main difference between various fluences being the crater diameter. Since

the craters irradiated with a fluence of 18.9 J/cm? had a diameter close to the beam size
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in focus without excess energy being deposited in the sample (i.e. at higher fluence), these

were chosen for further analysis.
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Figure 5.14 Typical crater profiles for three areas of constant chemical composition:
Zone 1 — 29 Al at. % (dotted line), Zone 5 — 50 Al at. % (dashed line) and Zone 9 — 61

Al at. % (continuous line). Laser fluence is indicated on the right-hand side.

Typical crater profiles and morphology, crater geometry and the amount of
removed material for zones 7-9 (62%, 66% and 71% Al at. %) ablated with a laser fluence
of 18.9 J/cm? are given in Figure 5.15. The ratio between the absorbed fluence and the
estimated threshold fluence is shown for comparison. Crater profiles (Figure 5.15a) and
SEM images (Figure 5.15b) revealed similarities between zones 8 and 9, with irradiated
areas where the silicon substrate was slightly damaged and a HAZ consisting mainly of
re-deposited melt on the crater edge. Craters in zone 7 show, in contrast, a HAZ where

the thin film was removed by evaporation but did not reach the substrate.
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Figure 5.15 Experimental results for zones 7-9 irradiated with a constant laser fluence
of 18.9 J/cm’: typical crater profiles (a); typical crater morphology — the scale bar is
20um (b); crater depth and diameter (c); Measured volumes (d).

Crater depths were overall in the range of the film thickness, while crater diameter
increased with the addition of aluminium (Figure 5.15c), which reflect in the measured
volumes (Figure 5.15d). The change in the crater diameter was correlated with the
variation of the re-deposited material, suggesting that at the end of the ablation process
more melt was carried away from the irradiated area by the drag forces through piston
effect and cooled down in the process. It is likely that at an earlier stage in the ablation
all three craters had similar morphologies (resembling the one in zone 7). The first

direction of the heat flow (vertical) together with the Gaussian energy distribution
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(highest intensity in the centre) would have led to material being removed first in the
centre of the irradiated area. The reflection of the heat wave from the substrate back into
the thin film would have then increased the diameter of the fully ablated area (where the
substrate is visible in Figure 5.15b). A potential explanation of the different heat affected
areas (and crater diameter) would be the higher melting point of zone 7 (921 K) compared
to zones 8 and 9 (870 K and 862 K respectively, values obtained from the phase diagram).
A higher melting point would mean a delayed onset of material vaporisation and less

energy reaching the substrate to be used for laterally expanding the crater.

5.5 SUMMARY

This chapter investigates how slight changes in chemical composition affect the
material response to irradiation, which is evaluated by crater shape, volume and
morphology. Laser ablation of the binary Cu-Ni alloy was used to investigate how
variation in the chemical composition affects the material’s response to irradiation with
constant laser parameters for a smooth surface and a compact thin film. Estimation of the
ablation threshold showed very similar threshold fluences for a Cu-rich and a Ni-rich area
(with a 42% variation in Ni at. %), and measurements indicated almost identical
behaviour in both crater geometry and volume. The craters had a typical Gaussian profile
and the silicon substrate was ablated, suggesting a strong vertical heat flow and little
thermal resistance at the thin film-substrate interface. Crater diameter was only slightly
higher in the copper-rich area and craters showed a significant amount of recast material
on the edges due to re-deposition of substrate material. The results in the binary Cu-Ni
alloy resemble the ones obtained for pure Cu and Al samples, indicating that the influence

of the change in chemical composition to the crater shape was minimal.
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The analysis of the binary Ni-Al system enabled the study of ns laser ablation of
thin films when a change in chemical composition was accompanied by variations in thin
film microstructure. This contributed to understanding the separate influence of surface
morphology and film microstructure on the geometry and morphology of the craters. The
film where tightly packed structures were present possibly had an enhanced interface
roughness which would in turn increase the magnitude of the thermal barrier as to reflect
the heat wave. The presence of a well-defined surface morphology seemed to have
changed the energy distribution of the beam, redirecting more energy towards the edges
and away from the centre. These effects combined could, to some extent, limit thermal
damage to the silicon substrate, up to a point where the energy delivered to the sample

exceeds a threshold value.

The third section was aimed at investigating the material response to laser ablation
of a Cu-Al thin film compositional gradient with well-defined microstructure. Based on
preliminary results, three areas with different chemical composition and similar
microstructure were analysed in terms of crater geometry, morphology and amount of
removed material. It has been shown that the change in the chemical composition would
potentially affect the ablation result provided that a steep change would occur in the alloy
properties. In this particular case, the different melting point of the three areas enabled
further understanding of the vertical and lateral heat flows in the material, in terms of

their temporal sequence and effect on crater morphology.
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6 LASER ABLATION OF TERNARY COMBINATORIAL THIN FILM

LIBRARIES

The previous chapters were dedicated to the study of pure copper, aluminium and
nickel thin films and their binary compositional gradients. The final experimental chapter
presents one of the first studies which investigate laser ablation of a ternary copper-
aluminium-nickel alloy thin film using a single laser pulse of constant parameters
(fluence, wavelength and pulse duration) on combinatorial material libraries. It is aimed
at illustrating how variations in chemical composition and film morphology affect the
crater characteristics. In the end of this chapter, in addition to the binary Cu-Ni-Al film,
a second ternary film with compositional gradient (Cu-Al-Zr) was used to emphasise

similarities in terms of crater shape and morphology between the two ternary alloys.

A part of the results presented in this chapter has been published by the author [162].

6.1 EXPERIMENTAL DETAILS

Dictated by the variations which naturally exist in material libraries, the first part
of this chapter is aimed at the characterisation of the as-deposited thin film. Measurements
of reflectivity, elemental distribution and thin film thickness prior to irradiation are
relevant to ns pulsed laser ablation (“thermal regime”) and they are used for a qualitative
analysis of the single-pulsed ablated craters. Subsequently, micrographs obtained by
scanning electron microscopy are used to illustrate the variations in both the thin film
sample (prior to ablation) and the crater morphology (after ablation). The variations in

the crater morphology and geometry are discussed with respect to the optical
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characteristics of the as-deposited thin film as well as its elemental distribution and the
physical properties of Cu, Al and Ni. Profiles and ablated volume of the craters are

obtained by 3D optical microscopy and used to quantify the ablation result.

The ternary compositional gradient film used in this study was deposited on a 4-
inch diameter silicon (100) wafer, in a magnetron sputtering facility (Mantis Deposition
Ltd, UK, Model: QPrep). The targets used were aluminium, copper and nickel (99.95%,
99.99% and 99.95% purity respectively), and were sputtered simultaneously at different
discharge powers to achieve the desired composition (RF - 173 W, DC - 67 W, DC — 28
W respectively). A turbo-molecular pump backed by a dry rotary pump ensured a base
pressure of 2 x 10 Pa. The gradient was obtained by decreasing the target-to-substrate
distance to 8 cm and without substrate rotation, in argon atmosphere (Ar = 45 sccm, 0.3

Pa) and at room temperature.

Mapping of the chemical composition was done by energy-dispersive X-ray (EDX)
spectroscopy, equipped on a Philips XL30 scanning electron microscope. Certificated
microanalysis standards (Oxford Instruments Link ISIS EDX microanalysis system) were
used for the quantification of the three elements with an acquisition time of 60 s. Surface
characterisation of the as-deposited thin film was performed by high-resolution electron
microscopy (SEM Hitachi S480, acceleration voltage 1.5 kV) and atomic force
microscopy (AFM NT-MDT Solver Pro-M operating in tapping mode, using a nominal
tip radius with 15 nm radius of curvature). Topographic parameters (i.e. root mean square
roughness and height-height correlation length) were obtained from the 10x10 um?2 AFM
scans using Gwyddion software. The size of surface features was determined from the

micrographs using ImageJ software. The reflectivity R (%) was measured at 15 areas
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(5x10 mm) on the sample, with a Perkin Elmer UV/VIS/NIR Lambda 900

spectrophotometer.

Laser ablation was carried out using a SP1 G4 20W HS Series L Type air cooled ns
pulsed fibre laser module, operating at 1064 nm wavelength, with a focused spot size
diameter of 49.8 um. The experiments were performed in air at atmospheric pressure. The
target surface was treated as consisting of 72 square areas, each with 5 mm side length,
in an 8x9 matrix (Figure 6.1). Within a given area ajj, the chemical composition varies by
less than 1 at. %, which can be considered constant. The brighter coloured areas
designated in Figure 6.1 were chosen for further investigation to cover the full
compositional spread while maintaining a manageable number of experiments. Each area
had a line of individual ablated craters using a constant laser fluence of 4.54 J/cm? and
pulse duration of 30 ns (optimised to prevent the crater from penetrating the substrate),
separated by adjustment of the machine feed speed to avoid crater overlapping. As
opposed to the experiments carried out on pure and binary films where damage and
ablation of the films was obtained at pulse duration of 55 ns, the ternary films ablation
was noticed at shorter pulse duration. This could be due to the different temporal shape

of the beam, considering that different laser equipment was used.

Crater geometry was measured with Alicona InfiniteFocus as described in 3.3.4.
A magnification of 20x was used, with a corresponding resolution of 50 nm vertically
and 2.93 um laterally. The ablated volume per crater in any area of constant chemical
composition was calculated by averaging the values measured in 10-12 different craters.
Cross-sections of the ablated craters were then prepared via focused ion beam using a
dual beam SEM-FIB Tescan Vela instrument in a two-step approach. First, a rough

cutting step with high Ga-ion beam (30 kV beam and 3 nA probe current) was used to
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mill a rectangular trench, followed by a fine polishing step (30 kV and 1 nA) in the area

of interest.

Figure 6.1 Schematic representation of laser processing and analysis of the ternary

alloys. The position of the sputtering targets with respect to the substrate is shown.

6.2 LASER ABLATION OF TERNARY CU-NI-AL MATERIAL LIBRARY

The 30-ns IR laser irradiation of a metal thin film places the ablation process in the
thermal regime, which consists of three main steps. (i) Laser radiation is absorbed by the
workpiece in an area under the surface equal to the skin depth (several nm in the case of
metals irradiated with IR), and the amount of energy absorbed by the sample is directly
related to its reflectance at the laser wavelength (1064 nm). (7)) The energy is then
distributed to the rest of the material by heat transfer. The maximum temperature and heat
diffusion length are dictated by the thermal properties (e.g. thermal diffusivity, fusion and

boiling points, melting and evaporation enthalpies) of the thin film, as well as the surface
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morphology and topography. Particularly in the case of thin films, heat transfer is
influenced by the thickness of the film, substrate type and the nature of the interface
between those two. (iii) Significant ablation occurs when the surface reaches the
vaporization temperature, or even sooner (around the melting point), depending on the
vapour pressure at the target surface. Depending on the laser pulse duration and thermal
properties of the thin film, heat transfer to the substrate becomes significant and leads to

the ablation of both film and substrate.

To study the laser-material interaction on a compositional spread it is essential to
understand the workpiece properties prior to laser irradiation. However, published
information about the material properties (e.g. reflectivity), particularly on such broad
range of chemical compositions, is very limited and the synthesis technique itself can lead
to different material properties and surface morphology. Hence, the first part of the results

focuses on the as-deposited sample characterisation.

The compositional range covered by the sample is shown superimposed on a
ternary phase diagram for the Cu-Ni-Al system in Figure 6.2. The equilibrium phases
present at these chemical compositions represent a good starting point for analysis and

are given in Table 6.1.

Table 6.1 Expected equilibrium phases present in chemical composition range covered

by sample.
Symbol | Phase Structure
a Ni-Cu FCC solid solution
a1 NisNi-Al,CuAl | FCC superlattice
B2 NiAl BCC superlattice
Y CugAly Complex cubic
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Figure 6.2 Ternary Cu-Ni-Al phase diagram adapted from [163] showing the region

covered by this compositional gradient sample.

The sample thickness varied between 1 and 1.35 um and was used as a reference
when analysing crater depth. Previous experiments on laser ablation of metallic thin films
have demonstrated that the ablation threshold increases linearly with the film thickness
up to the thermal diffusion length, after which it remains constant [115]. A simple
calculation of the thermal diffusion length for each of the elemental film components is
useful for understanding heat transfer in these experiments. Using a film thickness of 1
um and a pulse duration 7 = 30 ns, the thermal diffusion length (8, = V27k, thermal
diffusivity k = K/pc, where k is the thermal conductivity, p the density and c the
specific heat) IS &p—cy = 2.60 um, Sip—a; = 2.25 um, 6¢—ni = 1.16 um for copper,
aluminium and nickel respectively (thermal diffusivity at room temperature taken from
[149]). As the film thickness is smaller than the thermal diffusion length and the beam

spot is around 50 pum, heat conduction is effectively unidimensional, and the thermal
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behaviour of the system is affected by the properties of silicon, with the substrate acting

as a heat sink in these experiments.

The reflectivity at 1064 nm wavelength (Figure 6.3) decreases with aluminium
content (for concentration see Figure 6.2); the area richest in Al has the lowest reflectivity
(R~30%) and will thus absorb a higher amount of the incoming laser radiation compared
to the area with least Al (R~70%). These values are found to be generally lower than the
overall values for reflectivity of the three metals at 1064 nm (Cu ~ 90%, Al ~ 80% and
Ni ~ 70% of the incident radiation [75,76]). The optical properties of a material are not
determined solely by chemical composition, therefore surface microstructure and

topography analysis was performed.
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Figure 6.3 Total reflectivity of ternary Cu-Ni-Al sample (1064 nm) as a function of

chemical composition.

The micrographs taken at five different areas across the film surface (shown in

Figure 6.4) revealed variations in film microstructure. The legends shown in Figure 6.4a-
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e are the reflectivity (R), root mean square roughness (ogus) and chemical composition
(Al, Cu, Ni at. %). The SEM images and the AFM scans are in good agreement in terms
of surface characterisation. The results show that, besides the compositional gradient
across the surface, the Cu-Al-Ni thin film exhibits a morphological gradient as well, as
observed in the Al-metal binary films. In the area with least aluminium (at. %), dominated
by a copper-nickel solid solution, the surface is relatively smooth, with surface structures
in the range of 10 nm (Figure 6.4a). The results indicate that with an increase in the Al
concentration (18% - 43%), the structures develop and grow in number and size (Figure
6.4a-e). As the structures increase in size (up to ~500 nm, shown in Figure 6.4d), their
morphology also changes, and they develop ‘clear cut’ edges. Finally, the Al rich area is
covered in tightly packed, well-defined structures with a smooth texture, which are about
200 nm in size (Figure 6.4e). The structures on the sample surface are a consequence of
both the compositional gradient [164] and the sputtering process dynamics [158]. While
the shape and size of the structures varies from the pure and binary films, similarities in

surface morphology were identified for all samples.
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Figure 6.4 SEM images and 3x3 um? AFM scans of the as-deposited thin film in several
areas across the target surface: (1,8) (a); (5,7) (b); (1,5) (c); (5,5) (d); (8,1) (e). The
values for the reflectivity, surface roughness, and chemical composition are given for

comparison.

The physical dimensions of the structures should be considered when trying to
assess the correlation between surface morphology and the increased absorption of laser
(as shown in Section 3.2). Root mean square roughness (ogpys) and height-height
correlation length (h — h) are given in Table 6.2. The values indicate a smooth sample

surface, with features at least one order of magnitude smaller than the laser wavelength.
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The topography with higher ogys and h — h (e.g. Sample (8,1) shown in Figure 6.4) is
hypothesized to increase the absorption by creating a gradual change in the refractive

index [165] (i.e. “moth-eye effect”).

Table 6.2 Surface parameters of five areas across the sample.

Sample ID | orms (nm) | h-h (nm)
(8,1) 18 80
(5,5) 31 138
(1,5) 30 179
(5.7) 18 214
1,9 8 286

The first step in crater analysis was to estimate the amount of energy needed to
ablate the ternary compositional spread. The ablation threshold of several areas on the
sample matrix was obtained using the measured reflectivity and the calculated thermal
properties of the sample (see Sections 4.2 and 5.2). The preliminary results indicated that
the ablation threshold was strongly dependent on the aluminium atomic percentage in the
studied thin film, while the amounts of copper and nickel had a negligible influence. As
the surface morphology was dependent on the Al content, the results were plotted against

the aluminium atomic percentage.

The crater depth and the average diameter are given in Figure 6.5. Crater depth
has been shown in previous studies to have a linear increase with the fluence, i.e. where
the target was a material with known properties and the laser parameters were varied (see,
for example [166]). However, as discussed in previous chapters, surface structures could
lead to deformation of the beam (i.e. widening), so less energy would become available

to induce a vertical heat flow and material removal.
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Figure 6.5 Crater depth (a) and average diameter (b) as a function of Al at. %.

In Figure 6.6 the variation of the rim volume (top), crater volume (middle) and
resultant ablated volume (bottom) as a function of aluminium concentration are shown.
The rim volume (top) was inversely proportional to the amount of Al (region 1) up to 27
at. %, after which it slightly increased (region 2). The crater and ablated volumes (middle
and bottom respectively) showed an inverse correlation with Al content, i.e. both
increased rapidly (region 1) up to 30% Al, after which they slightly decreased (region 2).
These two turning points (27 at. % and 30 at. % Al) marked a transition area which was
not only observed when quantifying the amount of removed material, but also indicates
where the transition in crater morphology occurred. Figure 6.6 (bottom) also shows that

the lowest volume corresponds to the area with least Al. This could be explained by the
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similar values of the crater volumes (Figure 6.6 — middle) and the rim volumes (Figure
6.6 — top) at lower Al concentration, revealing that material was transported rather than
actually removed from the sample. This, together with the quite large error bars (which
may be considered evidence of the non-linear interaction between the beam and the
workpiece), indicated that the energy input was close to the ablation threshold of the
sample. With further addition of aluminium, the ablated volume increased up to the
maximum value of ~1500 um?, suggesting that the sample absorbed more energy than the
ablation threshold value. The subsequent decrease in the resultant ablated volume was
caused by both diminishing of the crater volume itself, as well as the built-up of re-
solidified material around the craters. To illustrate the behaviour of both variations of
crater-melt and crater geometry, crater profiles corresponding to region 1, region 2 and

the transitional area are shown in Figure 6.7.
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Figure 6.7 The evolution of typical crater profiles with an increase in Al percentage.

Z=0 represents the surface of the thin film and the red arrows indicate the beam

diameter at the target surface.
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The reduced amount of removed material after the maximum value found at ~30%
Al (at. %) could be explained by an increase in the optical density of plasma, which
absorbs the laser radiation. In other words, when irradiating metals with ns IR laser pulses
in atmospheric conditions, plasma formation threshold was reported to be just 0.1 — 0.2
Jlem? higher than the ablation threshold [75,76]. Thus, with the lower ablation threshold
more material vaporised, leading to the formation of a dense cloud in front of the target.
The plasma is ignited and, depending on its density, absorbed a certain amount of the
incoming laser radiation [85]. The smaller the ablation threshold, the more material
vaporises early in the process, and the more absorbent the plume becomes. Along with
the ablated volume, crater shape and morphology gradually changed across the sample
surface, with transitional features observed in areas with 27% - 30% Al at. %. Judging by
the similarities observed in shape, re-deposited material and the quantities of material
removed, two categories of craters have been identified, corresponding to region 1 and
region 2 discussed in Figure 6.6. Craters in region 1 (‘Type I’ in Figure 6.7) had a higher
aspect ratio than craters in region 2 (‘Type II’ in Figure 6.7), and had a significant amount
of re-solidified material on the edge. The shape changed in the transitional area
(‘Transition’ in Figure 6.7) between region 1 and region 2, as the craters became wider
and shallower, and the rim of re-solidified material significantly decreased. Craters in
region 1 exhibit a relatively smooth crater bottom, up to the transition area (as shown in
Figure 6.8a — right hand side), after which all the craters (found in region 2) had an
interconnected, porous surface, which appeared to be re-solidified material ‘frozen in

motion’ (Figure 6.8b — right hand side).

In addition, the composition of the thin film, the change in crater shape for craters

in region 2 was attributed to the columnar structure of the as-deposited thin film (Figure
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6.8b — left hand side). This morphology reduced the thermal contact between the thin film
and the substrate (i.e. higher thermal contact resistance), minimising heat losses to the
substrate compared to craters in region 1, as discussed in the previous chapters. The type
I craters identified in the ternary sample correspond to craters in pure copper and
aluminium, and type II craters are similar to the one identified in pure nickel in terms of

crater morphology and the extent of the HAZ.
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Figure 6.8 : SEM images of cross sections of the as-deposited thin film (left) and crater
(right) in (a) region 1/ transitional area and (b) region 2, showing the typical film
morphology.

A notable difference regarding crater shape was related to the top-view of the

irradiated areas which, in certain areas of the Cu-Ni-Al ternary sample was elongated (i.e.
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elliptical shape), while in other areas it had the typical circular shape (corresponding to
the cross-section of the beam profile). This could be a consequence of the deformation of
the laser beam in contact with a structured surface. Further discussion on these elliptical
craters is carried out in the next section, which is aimed at understanding whether the
identified material response is limited to the studied samples (i.e. alloys of copper,

aluminium and nickel).

6.3 TERNARY CU-NI-AL AND CU-AL-ZR: A COMPARISON OF CRATER GEOMETRY

AND MORPHOLOGY

Identical laser processing with the one carried out on copper-aluminium-nickel
detailed in Section 6.1 has been carried out on a different ternary compositional gradient,
a Cu-Al-Zr ternary alloy (i.e. single pulse craters using 30 ns pulse duration and 4.54
Jlem? fluence). In addition to its potential applications as a bulk metallic glass [167,168],
Zr has much higher melting and boiling points and an even lower thermal conductivity
compared to Ni. The aim of this comparison was to investigate whether the observed
variations in the ablation result were sample specific. The chemical composition covered

by the material library is indicated on the phase diagram in Figure 6.9.

Thin film thickness was in the range of 0.77 — 1 um, and the overall reflectivity of
the sample (Figure 6.10) was higher than the reflectivity of the ternary Cu-Ni-Al alloy
(Figure 6.3), which resulted in shallower craters, with irregular profiles when irradiated
with the same conditions. Hence for comparison between the two ternary alloys only

crater diameter was further discussed.
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Figure 6.9 Ternary Cu-Al-Zr phase diagram (computed liquidus projection) adapted

from [169] showing the region covered by the compositional gradient sample.
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Figure 6.10 Reflectivity of the ternary Cu-Al-Zr sample at 1064 nm.
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In the previous section on ternary Cu-Ni-Al film, it has been shown how crater
morphology changes with the chemical composition and microstructure of the
as-deposited thin film. To gain a deeper understanding of the extent of these variations,
first a step-by-step SEM imaging of the transition area has been performed (shown in

Figure 6.11).

Figure 6.11 Transition area in film morphology, clockwise: from a smoother surface
(a) to a rougher surface (f) for Cu-Ni-Al material library. The variation in chemical

composition for all areas is less than 2 at. % Al, with maximum concentration in image

f

On the smooth thin film surface (see Figure 6.4a) isolated grains were present and
small clusters started to form (Figure 6.11a). With minor variations in chemical
composition the grains became denser (Figure 6.11b-f) and the clusters grew. In Figure
6.11a clusters were around 2 pum, increasing in size and causing what appeared to be stress
fractures in the film (Figure 6.11c). Highest observable cluster size was in the range of

tens of microns and is partially seen in Figure 6.11e, right hand side. Cluster growth and
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agglomeration of grains eventually led to the micro-structured surface shown in Figure

6.4f.

Further, two areas of similar chemical compositions (i.e. 31-24-45 and 32-26-42
Cu-Al-Ni at. % respectively) were investigated. The as-deposited thin film morphology
and chemical composition together with the crater details are given in Figure 6.12.
Although the two typical craters were in the transition area, these are representative of
region 1 (left hand side) and region 2 (right hand side). Despite a slight change in
chemical composition, the as-deposited thin film microstructure differed considerably
between the two regions: region 1 showed a smooth surface covered partially in grains,
and this resulted in deeper and narrower laser ablated craters which exhibit re-deposited
material on the thin film surface. In region 2 the surface was packed with grains which in
turn lead to wider and shallower craters. The crater bottom showed dark marks which

could be associated with boiling centres (Figure 6.12c, right hand side).

A similar variation in the as-deposited thin film microstructure was also identified
in the second ternary composition gradient, namely the Cu-Al-Zr sample, with transition
areas delimiting a smooth surface of the film from the one with well-defined surface
structures. The step-by-step characterisation of the Cu-Al-Zr thin film microstructure is
given in Figure 6.13. Despite surface grains having different shapes, comparable ablation
results were observed, i.e. for areas of similar chemical composition, variations in crater
shape and morphology was observed. To illustrate these changes, SEM micrographs of
thin film prior to ablation and their corresponding craters are shown in Figure 6.14 and

Figure 6.15.
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The crater morphology is essentially given by the state in which the material re-
solidified. When the energy absorbed by the sample is high compared to what the material
requires for the onset of evaporation, the ablation result is a well-defined crater, as seen
in the case of the copper-aluminium-nickel sample. However, when the absorbed energy
was closer to the ablation threshold, as was the case for the copper-aluminium-zirconium,
the ablation footprints were representative of earlier stages of ablation, for example the
onset of boiling and evaporation. This effect is illustrated in the next paragraphs. The
following figures show the as-deposited thin film, a crater overview and a crater detail to
depict ablation results. To offer a rough guide to the reader, on each set of images is
indicated the chemical composition of the area, as well as the estimated ablated threshold

calculated as shown in Section 4.2.

Figure 6.13 Transition area in film morphology, clockwise: from a smoother surface
(a) to a rougher surface (f) for Cu-Al-Zr material library. The variation in chemical

composition for all areas is less than 2 at. % Al with maximum concentration in image

f
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A relatively smooth as-deposited thin film (i.e. scarce grains and clusters formed
on the surface) with the corresponding craters are shown in Figure 6.14. All craters
initially showed a smooth bottom (Figure 6.14b, Area 1) with ripples forming at the edges

(Figure 6.14c, Area 1).

Chemical composition (Cu-Al-Zr, at. %)
Area 1:62-19-19, 13.1 J/cm? Area 2: 45-19-36, 8.22 J/cm? Area 3: 62-25-13,17.7 J/cm?
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Figure 6.14 Micrographs of the as-deposited thin film (a) and the corresponding
ablated craters (b) and detail (c) for three areas of the Cu-Al-Zr thin film where the
thin film is relatively smooth. The chemical composition and the estimated ablation

threshold based on material properties is given at the top of the image.

These ripple patterns are similar to the ones discussed in [168], therefore their
formation could be attributed to the two different fluid layers (i.e. the molten layer and

plasma plume) having different densities and velocities. As the absorbed energy increased
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(or, in the case of our approach, the threshold fluence was lower) boiling occurred, as
seen in Figure 6.14b, Area 2, and as the surface cooled, boiling marks re-solidify (Figure
6.14c, Area 2). Figure 6.14a, Area 3 depicts an agglomeration of grains on a smooth
surface. The craters were similar to Figure 6.14b, Area 1; at a closer look, however, the
crater edge showed signs of boiling where the laser spot reached a cluster. This led to the
formation of smaller boiling centres, and this phenomenon is further examined in Figure
6.15. Several types of surfaces, rougher than the ones shown in Figure 6.14 and their
corresponding craters are shown. Despite the minor changes in morphology, all craters
exhibited a wavy, rougher bottom than craters in Figure 6.14. As the surface cooled, the
smaller boiling centres (compared to the ones in Figure 6.14c, Area 2) remained on the
crater bottom forming, when the absorbed energy was high enough, an interconnected

porous structure as seen in the copper-aluminium-nickel alloy.

The micrographs of the as-deposited thin film and laser ablated craters reveal a
potential cause for the observed variations in crater morphology. Isolated defects (or
surface grains shown earlier) could act as centres of ignition, as they can be thermally
isolated for the rest of the sample. Thus, higher local temperatures can be achieved, and
boiling may occur earlier than in the surrounding area. This effect is visible when
comparing the middle columns of Figure 6.14 and Figure 6.15: grains on the surface
reveal smaller boiling centres compared to a smooth surface. Another potential
explanation would be the shape of the scattered light at the surface [170] (i.e. deformation

of the beam), which would lead to wider craters.
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Figure 6.15 Micrographs of the as-deposited thin film (a) and the corresponding

ablated craters (b) and detail (c) for three areas of the Cu-Al-Zr thin film with micro-
structured surface. The chemical composition and the estimated ablation threshold

based on material properties is given at the top of the image.

This phenomenon could be responsible for another finding in this work, shown in
Figure 6.16. For both ternary material libraries, while most of the thin film had circular
craters (corresponding to the cross-section of the Gaussian beam), a very well-defined
surface morphology (i.e. well beyond the transition phase) showed elongated (i.e.
elliptical) craters. It is worth noticing that craters had similar shape and morphology with

the wider, shallower craters identified throughout this work.
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Figure 6.16 Micrographs of the as-deposited thin film (a, c) and corresponding craters
(b, d) illustrating the change in crater shape in the case of both (left) Cu-Ni-Al (left)
and Cu-Al-Zr (right) thin film libraries irradiated with identical laser beams.
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6.4 SUMMARY

This chapter studies laser ablation of two ternary material libraries using a beam of
constant parameters (30 ns, 1064 nm, 4.54 J/cm?), and it represents, to the author’s
knowledge, the first work of this kind. Both samples were characterised in terms of
chemical composition, thickness and reflectivity, as well as investigation of the
morphological gradient. It has been noticed that an increase in the aluminium percentage
led to the formation of surface structures which, with further addition of aluminium,
changed their shape and size, eventually resulting in surface structure with well-defined

edges.

The investigation of Cu-Al-Ni sample revealed two distinct types of craters
separated by a transition area: deeper and narrower craters with a smooth bottom but a
significant amount of re-deposited material on crater edge corresponded to a smooth,
relatively grain-free as-deposited thin film; wider and shallower craters, with little melt
re-deposited material on the edges (thus resulting in an overall larger ablated volume)
were found on a rougher, micro-structured thin film. This finding is consistent with the

results presented in Chapters 4 and 5.

The Cu-Al-Zr film had an overall higher reflectivity, and thus no significant material
removal was observed at the same laser fluence. The absorbed energy textured the surface
instead, enabling the observation of crater formation close to the ablation threshold. In
terms of crater morphology, several types of craters were identified, related to both the
ablation threshold of the film and to the structure of the as-deposited sample prior to
ablation. Smooth irradiated areas were observed where the absorbed energy was below
the boiling threshold; when the absorbed energy exceeded that threshold, two types of

boiling were observed, one with larger boiling marks corresponding to a relatively smooth
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as-deposited thin film, and another with smaller boiling centres, corresponding to a micro-
structured thin film. As these surface features could be thermally isolated from the
surrounding areas, the faster increase in temperature led to localised boiling. This
phenomenon also led to the lateral expansion of craters, because the film was able to

respond to heating on the exterior of the Gaussian beam, where the intensity is lower.

120



7 CONCLUSIONS

7.1 MAIN FINDINGS

The material response to irradiation with a laser beam has been studied by using an
innovative approach, where the laser parameters were kept constant and the material was
variable. The “variable” nature of the samples was achieved using thin film material
libraries, i.e. exhibiting a gradual change in the chemical composition. The crater
characteristics (geometry, volume and morphology) were analysed after irradiation of the
samples with a beam of constant parameters (i.e. wavelength, pulse duration, energy per

pulse, fluence).

The material libraries were co-sputtered using a physical vapour deposition method
(magnetron sputtering) and their thickness was in the range of 0.6 um — 1.5 pum.
Nanosecond near-infrared lasers (1064 nm, 30-55 ns) were used in the experiments due
to their well-established industrial use and wide availability. As ns laser ablation is
dominated by thermal processes such as heat transfer, melting and evaporation, the
materials used in this study (Cu, Al, Ni and later Zr) were chosen first due to their different
physical properties relevant to thermal ablation and second, because of their wide range

of applications, both in pure and alloyed forms.

A step-by step approach has been used. Initially, the pure Cu, Al and Ni samples
were studied separately to gain insight on typical craters in metallic thin films.
Subsequently, binary combinations (Cu-Ni, Ni-Al, Cu-Al) and finally ternary alloys (Cu-
Ni-Al/Zr) were analysed in terms of both material characterisation (prior to irradiation)

and ablation result.
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Because of the considerable number of experiments required, the characterisation
of both thin films and craters was conducted using time-efficient techniques which still
provided the necessary information. The films were characterised in terms of reflectivity
(which dictates the amount of energy received by the sample), film thickness (used as a
reference for crater depth and calculation of the heat diffusion length) and the chemical
composition range. Thin films and crater cross sections were studied to understand the
nature and the extent of the heat affected zone, the surface and sub-surface morphology,
and crater geometry and volume were analysed to quantify the material response when

comparing areas of different chemical composition.

The first set of experiments was carried out on pure thin films, by using 55 ns laser
pulses and varying the pulse fluence. The ablation threshold was calculated to be similar
for Cu and Ni (1.77 and 1.78 J/cm?) and slightly lower for Al (1.57 J/cm?), but craters
were obtained even below these values. Two types of craters were found. The craters in
Al and Cu samples were Gaussian shaped (matching the beam spatial profile), and the Si
substrate was ablated even at lower fluences. There was a high amount of recast material
on the crater edges which was identified as re-solidified Si from the substrate. In contrast,
clear ablation of the Ni film was achieved by single pulse processing without damage to
the Si substrate, irrespective of the fluence, and little to none recast material (Ni) was
observed. These craters showed a heat affected area significantly wider than the beam
diameter in focus, where signs of melt with little evaporation were observed as well as
peeling of the thin film at higher fluences. These differences in the ablation result were
attributed to preferential horizontal heat diffusion in Ni, compared to the typical vertical
one which was noticed for Al and Cu. The study of as-deposited films in terms of optical

and thermal properties, surface and cross-sectional morphologies revealed that the
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differences in the ablation result could be a superposition of several factors: (i) laser

scattering at the surface by features within the range of 100 nm was observed only in Ni

film; (ii) thermal diffusivity of the metals (which in the following experiments translated

into the variation of the chemical composition) was higher for Cu (100 um?s) and Al (94

um?/s) than Ni (19 pm?/s); (iii) the magnitude of the thermal barrier between the film and

the substrate (i.e. cross-sectional morphology of the films), which, calculated based on

the acoustic mismatch model yielded results of 14.3, 11.8, and 15.5 K*/(W/cm?) for Cu,

Al and Ni respectively.

Additional experiments were carried out on the three binary alloys, following the

same method used with the pure samples.

The Cu-Ni binary sample was initially used to analyse how slight changes in
chemical composition affect the crater geometry and morphology, because the
thin film did not have a well-defined microstructure. The results revealed that,
despite large variations in chemical composition, the difference in crater
characteristics were negligible. All craters were Gaussian-shaped (as the spatial
distribution of the laser beam) and the Si substrate was damaged irrespective of
the fluence used, resulting in a significant amount of recast material on the crater
edge. These results resembled the ones obtained for pure copper and aluminium
samples.

The second binary composition gradient (Ni-Al) had a morphological gradient,
with surface structures gradually increasing in size and cross-sectional structures
well-defined across the film. Damage to the substrate occurred irrespective of the
fluence used; however it was possible to assess the effects of the surface and cross-

surface film morphology. The film was peeled off, suggesting that a heat wave
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was reflected from the thin film-substrate interface. Variations in crater diameter
and heat affected zone suggested that a well-defined surface morphology affected
the energy beam distribution at the sample surface.

The third binary sample, Cu-Al, had well-defined microstructure across the
composition gradient, like the Ni-Al binary thin film. Several areas with different
chemical composition but exhibiting similar surface and cross-sectional
morphology were analysed to identify how slight changes in chemical
composition affect the ablation result for a microstructured film. All craters
stopped at the film-substrate interface showing the effect of the thermal barrier. It
was noticed that with an increase in the absorbed fluence the craters extend
laterally into the heat affected zone, with only minor damage to the Si substrate.
While crater morphology was similar for the entire sample, a higher crater

diameter was associated with a lower melting point.

The results for the binary thin films revealed that the structure of the as-deposited

thin film has a major influence on the crater shape and morphology, while the slight

variations in chemical compositions were noticed in the ablation result only for “constant”

film microstructure. This sample is an example of desirable outcome of thin film

processing, achieved with common nanosecond infrared laser.

This work presented new insights into laser processing of ternary material

libraries. Besides the composition gradient, the films also exhibited a morphological

gradient, which, throughout this work, has been correlated with the presence of

aluminium in the alloy. The structures in Cu-Ni-Al varied in size (from 10 nm to 500 nm)

and shape, and their presence contributed to both the decrease of the sample reflectivity

(at 1064 nm) and the thermal contact between the thin film and the Si substrate. Based on
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the variations found in the geometrical and morphological characteristics of the craters
and the sub-surface changes, as well as on the variations in the ablated volume, two

regions were identified, separated by a transition area (between 27 at. % and 30 at. % Al).

e Inthe first region, the ablated volume was proportional to the amount of Al in the
sample; the craters had a higher aspect ratio, and the sub-surface was noticeably
affected by heat; a higher amount of re-deposited material compared to the second
region was present, identified as re-solidified Si from the substrate. This revealed
that the energy delivered by the beam was close to the ablation threshold, so less
energy was available for evaporation of the molten material.

¢ In the second region, the craters were wider and shallower, and the sub-surface
showed little heat damage; the variation of the volume was inversely proportional
to the amount of aluminium, despite the threshold continuously decreasing. This
behaviour was attributed to the increase in plasma density followed by partially

decoupling of the workpiece from the incoming laser radiation.

The first region was similar in terms of crater morphology and geometry with pure
Cu and Al, and binary Cu-Ni sample. The second region resembled craters in pure Ni and
binary Ni-Al/ Cu-Al. These similarities suggested that thin film response to irradiation
was more dependent on the film microstructure, which influenced heat flow in the film
more than the variation in the thermal properties caused by the change in chemical

composition.

To confirm that the variations in crater geometry and morphology were not typical
to only Cu, Al, Ni and their corresponding alloys, a second ternary library (Cu-Al-Zr)
was investigated. Similarities between the two ternary alloys were identified in terms of

a microstructural gradient on the sample surface and how it affected the ablation result,
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in terms of crater width and morphology of the irradiated area. Moreover, due to a higher
overall reflectivity of the Cu-Al-Zr alloy, crater morphology was representative of how
the boiling occurred, revealing that microstructures on the surface acted like ignition
centres and could be responsible for the increase in crater width observed throughout this
work. As the microstructures can be thermally isolated from the surrounding film, the
local rise in the temperature would be very steep, and thus cause melting also at the outer
edge of the beam. In contrast, craters corresponding to a smoother film surface were
narrower, as the increase in temperature and subsequent evaporation occurred

predominantly in the centre of the irradiated area.

7.2 ORIGINAL CONTRIBUTIONS

The literature review highlighted the necessity of a comprehensive study regarding
the ns PLA of thin films. The currently available state-of-the-art literature appeared both
scarce and scattered, with little data available to be used as a reference for researchers
and engineers seeking to further understand and optimise the thermal laser ablation of

thin films.

This thesis presented a systematic study of specific aspects of nanosecond pulsed
laser ablation of thin (metallic) films. To achieve this, an original approach to the
investigation of laser-material interaction was used. Most attempts at investigating the
response of a material to laser irradiation use the laser as a variable in the process, while
irradiating a target with constant chemical composition. Instead, constant laser parameters
were used throughout this work, while the samples exhibited gradual changes in the

chemical composition as well as film microstructure. As a reference, material response to
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irradiation of three pure metal films was analysed, followed by their binary and ternary

alloys in the form of material libraries.

This approach was used to investigate several key issues regarding nanosecond

pulsed laser ablation of thin metallic films:

1)

2)

3)

While thin film laser patterning has been previously achieved using sub-
picosecond or nanosecond lasers with a top-hat spatial beam profile, the results
presented in this work revealed processing conditions (a combination between
thin film characteristics and laser parameters) where thin film ablation without
damaging the substrate could be achieved.

As the name suggests, material libraries cover a wide range of compositions, so it
would be useful to estimate ablation threshold for these materials without
performing the typical ablation threshold tests. An existing model (which uses
reflectivity, film thickness and thermal properties of the material) was adapted for
alloys and used in this study. This provided an estimate for the ablation threshold
by considering the material properties, but disregarding morphology-induced
variations.

As a thin film material library may exhibit a morphology gradient in addition to
the compositional one, separation between the influence of the chemical
composition and the influence of thin film surface and cross-sectional morphology
were first assessed separately. As the Cu-Ni sample showed no strong variations
in surface and cross-sectional morphology. The influence of surface and cross-
sectional thin film morphology was discussed separately, depending whether the
thin film had a well-defined microstructure, when investigating the Ni-Al and Cu-

Al alloys.
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4) Aternary Cu-Ni-Al alloy was analysed to observe the superposition of the effects
named previously, while a Cu-Al-Zr one was used to establish whether the
material response of combinatorial libraries studied in this work were material

specific.

7.3 LIMITATIONS AND FURTHER WORK

Several aspects are worth considering regarding the work presented in this thesis.
Overall, the approach used was meant to achieve an in-depth physical understanding
while maintaining a more practical engineering approach. However, due to the novelty of
the topic, limited resources were available in literature which means there are various

aspects to be pursued further:
1) Optimisation of material libraries and study of ultra-thin films

Variation in thickness of the material library is a consequence of the synthesis method.
In laser ablation of thin films, the threshold increases linearly with the sample thickness,
until the thickness reaches the heat diffusion length. It would thus be useful to obtain
samples of different compositions, but with a constant thickness. In addition, ultra-thin
films (i.e. below tens of nm) may respond differently to ablation, so films of various

thicknesses could be investigated.
2) Detailed characterisation of thin films

For the study of material libraries characterisation of the film is needed, and that may
prove to be challenging, as thin films require special characterisation techniques
compared to bulk materials. In this work suitable results were obtained by measuring the
thin film thickness and reflectivity and estimating the thermal properties. However,

sometimes more detailed characterisation may be needed, such as thermal diffusivity.
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3) Investigation of dynamic ablation using time-resolved techniques

An investigation targeting the real-time change in crater shape with respect to the
beam profile (i.e. crater widening and, in certain cases, deformation) would be of interest,
possibly using time-resolved measurements of, for example, the local increase in
temperature which comes from the presence of micro-structures on the surface.
Moreover, surface defects, impurities and peak-like structures lead to air breakdown or
laser produced plasma even before the laser fluence reaches the vaporisation threshold of
the material. Plasma ignition is significant in the case of metals where the ablation
threshold and plasma formation threshold are similar, so a time-resolved measurement of

plasma ignition and expansion would be worth pursuing.
4) Implementation of the presented technique discovery of new materials

A potential application of this original approach could be the discovery of new easy-
to-process materials. As material libraries are already used to investigate composition-
property relationship, if more than one chemical compositions exhibit the desired

property, the choice of composition could be given by its machining capabilities.
5) Upscaling the laser processing

A further step to be taken from an application point of view would be to upscale the
process, i.e. to laser-machine trenches and surface patterns, to obtain the desired surface

functionality (for example the porous craters could be promising hydrophobic surfaces).
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