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Digitally enabled surface function modification for wide area applications

ABSTRACT

The aim of this work is to produce a digital manufacturing strategy to tailor surface wettability and
control fluid deposition to the modified surfaces. The studies combine surface function modification
by digitally enabled additive coatings with wide-area laser processing. Nano and femtosecond laser
texturing have been used to modify surface topography and chemical functionality. Additive
functional coating techniques included delivering materials by vapour transfer, laser induced reverse

transfer and inkjet printing.

Laser texturing can be used to modify the wettability of stainless steel from complete water affinity
(superhydrophilicity) to repulsion (superhydrophobicity). A focus of experiments was to explore the
knowledge gaps around the chemical mechanism of hydrophobic transition after laser texturing. This
allowed the development of a manufacturing approach to improve the acceleration of the time-
consuming transition period and to produce surfaces with application-tailored superhydrophobic
functionality. XPS analysis of surface chemistry produced new insight into the role of organic
compound adsorption in the hydrophobic transition process.

The capability to produce a high level of control of surface wettability and understanding of the
underpinning surface science is vital for inkjet printing to glass surfaces. Preconditioning surface
treatments were investigated for inkjet deposition of functional material. An emerging industrial trend
is the switch to ‘green’ water-based printing inks. However, the use of these inks poses challenges for
functional material printing due to their properties such as high surface tension. Shadow masked
corona discharge plasma and ultrafast laser ablation of glass were used for localised patterning of
wettability which enabled precise control of fluid spreading on the glass surfaces. Another key
industrial concern linked to surface energies is the durability of the printed deposits which was
investigated through adhesion and abrasion experiments. Typically, conductive tracks printed to flat
glass are rapidly removed by abrasion, by using a laser texturing pretreatment the deposit retained

conductive properties after exposure to abrasion cycles.

Finally, a novel process of laser induced reverse transfer deposition of low resistivity material was
developed. A recently developed capability of holographic phase contrast imaging at nanosecond
temporal resolution was used to report the morphology of the confined ablation plume during material
transfer and patterning. This revealed previously unobserved phenomena such as the influence of the
rebounding pressure wave and the longer plasma lifetime of a confined plume of 230 ps compared to
125 s for the unconfined case. This showed the importance of plume shielding and incubation effects
for applications. 3 common conductive materials: silver, graphite and copper, were tested to assist
with materials selection. Silver and graphite were shown to produce conductive deposits with

resistivities of 0.03 pQ m and 340 pQm respectively.
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Chapter 1: Introduction

1 INTRODUCTION

The research presented in this thesis focuses on developing digital, non-contact techniques for tuning
or patterning surface functionality on glass and steel surfaces. The work builds the underpinning
knowledge around a range of techniques while also examining their suitability for scaling to an
industrially relevant environment. Here, the motivation for this work is introduced by describing the
trends in technologies and targeted functionalities that have led to a broad industrial interest in this
topic. This is followed by the research objectives and the structure of the thesis that will present
findings for each objective.

1.1 Technology trends in surface modification

Many ancient civilisations made their early experiments in technology through modification of
engineering surfaces. Archaeological remains have shown that the Mycenean Greeks used cooking
equipment covered with fine holes to provide a non-stick surface for bread baking [1]. The first
written evidence of thermal treatment to improve the toughness and strength of metal weapons dates
from 880 B.C in Homer’s Oddysey dating to 1400-1200 B.C [2].

Society has also long recognised functional surfaces produced in the natural world. The 2000 year old
Hindu religious text the Bhagavad Ghita documents the self-cleaning lotus leaf; a biological surface
exhibiting a naturally superhydrophobic surface wettability [3]. Studying these surfaces and surface
interaction has historically been limited by technology. In 1876 Worthington was able to progress the
studies of patterns of liquid drops upon impact through direct observation with the naked eye using
the technique of spark illumination to freeze the image [4]. The intensive research efforts in 20" and
start of the 21% century have engendered discovery and adoption of functional surfaces. In 1965 the
first commercial SEM was sold by the Cambridge Scientific Instrument Company, and by 1977 the
nanoscale structure underpinning the self-cleaning superhydrophobicity of the lotus leaf had been
discovered using an SEM [5]. A commonly used non-stick coating Teflon was accidentally discovered
by a research chemist at DuPont in 1938 [6], only 6 years later DuPont were producing and selling

over 900 tons of Teflon annually.

The future of engineered, functional surfaces brings both challenges which motivate research, and
opportunities enabled by new engineering capabilities. There are a wide range of trends driving

research in this area, with a few examples including:
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e Itis estimated that by 2025, 1.8 billion people will have scarce access to water [7]. This will

drive the growth in demand for water efficient technologies, such as self-cleaning surfaces.

e  Wang’s law for the display industry [8] describes the display panel performance doubling
every 36 months for a given price point. This is anticipated to involve significant
manufacturing innovation involving advanced fluid manufacturing techniques to engineer

surfaces.

e Itis estimated that the average UK citizen owns 15 internet connected devices [9]. This is

growing dramatically in the industrial space also, and drives demand for surfaces engineered

with embedded electronics and smart, responsive or functional capabilities.

Figure 1.1: (a) The lotus leaf was revered in ancient Hindu society for its superhydrophobic self-
cleaning properties. (b) Scientific research into fluid surface interaction [4] has enabled new products
such as non-stick cookware (c). (d) Printing to surfaces may enable customisation of glass products
with devices such as embedded solar cells as demonstrated in this prototype solar-window pane [10].
While the trends are clearly very broad, covering many sectors and materials, this thesis focuses on

research in the functionalising of steel and glass, which will be introduced in the next section.

1.2 Surface functionalities in the steel and glass industries

This section aims to illustrate the market ‘pull’ factors and motivation for the research into new
production technologies in the stainless-steel and flat glass industries. The history and current
challenges in manufacturing and business have important implications for technology innovation and
development. The markets for stainless steel and flat glass are established and the major processes
used in modern production were defined during the 20" century. The business networks involved are
now colossal and globally distributed with significant macroeconomic implications and dependencies.
Figure 1.2 shows the global market share for stainless steel [11] and flat glass [12] by application. A
theme in the 21% century has been the depression of the steel and glass industries with the migration of

these markets to lower cost Asian producers. In response to this trend [13], two available strategies for

Western producers are to:

2 James Macdonald — March 2021



Chapter 1: Introduction

e Reduce manufacturing costs, potentially through automation and energy efficiency

o  Offer products with unique selling points and advanced functionalities

(b)
B Building & construction
| Construction ¥ Heavy industry
Automotive Automotive
B Others y ®  Consumer goods

/'/ ® Others

Figure 1.2 (a) Sectors of stainless steel industry [11], (b) Sectors of flat glass industry [12]

Stainless steel can be considered first, to show an example of a market ‘pull’ effect. In 2016, the
global stainless-steel market was valued at $85bil with a predicted annual growth rate of 5.2% over
the following ten years [11]. The market for stainless steel is split into a diverse set of applications
with major segments involving construction, heavy industry and automotive. Stainless steel is selected
for use due to a range of properties including manufacturability, toughness and corrosion resistance.
The first major commercial application of stainless steel was between the years of 1919-1923 as a
replacement of carbon steel to produce surgical scalpels, cutlery and tools [14]. Today in the food
processing industry stainless steel is widely used due to its resistance to corrosion and ease of
cleaning. However, in even a medium size dairy production facility cleaning can typically cost £1m
per year with this cost majorly composed of lost production time, labour, water and energy
consumption. This provides commercial impetus to develop functionalised materials which further
reduce the high cost and resource usage of cleaning [15], for example self-cleaning food-grade

materials.

Glass can be considered for a second example of a market ‘pull” effect. Glass making is an ancient
technology, with the first cast glass used by the Romans dating to 100 AD [16]. The invention of the
float glass production process in 1952 allowed highly flat glass to be produced, modern capabilities of
float glass production allow for thicknesses of 0.4-25 mm with widths of up to 3 metres [12]. There
are around 260 float glass production lines globally producing a combined output of about 800,000
tonnes per week [17]. Additional manufacturing techniques involve rolled glass to make patterned or
wired security glass, and fusion drawing to make ultra-thin glass for smart phone displays. The major
sectors for glass manufacturing are in the construction and automotive sectors where glass is selected
for its high toughness and transparency. Emerging markets involve applications in solar energy and
display technology. The global flat glass market size was estimated to be $82.2 bn in 2016 with a
predicted annual growth rate of 7.1% up to 2025. Although segments such as vehicle building are

expected to show consistent long term growth [18], the European automotive market is depressed
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following the 2008 financial crisis and has lost overseas trade to cheaper Asian producers. There is
significant potential for UK & European producers to offer advanced functionalities on glass
following promising developments in responsive ‘smart” glass and self-cleaning glass [13]. This is
driving research into local, digital technologies for delivering electronics or surface chemistry control
on commercial glass surfaces. In the cases of stainless steel and glass there are clear drivers towards
self-cleaning and also integration of electronics or devices, which will be explored briefly in the next

subsections.
1.2.1 Manufacture of superhydrophobic self-cleaning surfaces

Nature abounds with examples of surfaces which have adapted wetting functionalities to prosper in
their natural environment, from widely disseminated examples such as the self-cleaning
superhydrophobic lotus leaf [5] or lesser researched examples such as the water directing grooves of
the rice leaf [19] or wetland insects who trap pockets of air for underwater respiration [20].
Superhydrophaobicity can be described as an extreme state of surface wettability where aqueous liquid
cannot adhere to the surface but instead is freely mobile, exhibiting both a high sessile contact angle
(>150°) and low roll off angle (<10°). The theory which explains this property is outlined in section
2.4.4 Here, the fabrication approaches to make superhydrophobic surfaces are briefly noted and

opportunities for research using digital manufacturing approaches are outlined.

Superhydrophobic surfaces have attracted significant research attention since the first publications
which explored artificially reproducing its effect in the late 1990s [21]. The superhydrophobic
property requires the combination of both a low surface energy chemistry and a rough surface
structure. This combination is essential, as for a perfectly flat surface the most hydrophobic contact
angle possible is 120° which was demonstrated experimentally based on surface chemistry consisting

of hexagonal packed -CF3 groups [22].

Most procedures for superhydrophobic surface fabrication involve single step roughening of a low
surface energy material or inducing a surface roughness either additively or subtractively which is
then coupled with a hydrophobic chemical treatment [23]. One example of roughening a low surface
energy material is sand blasting of PTFE [24]. This low-cost approach was demonstrated to have a
fast-areal modification rate and effective superhydrophobicity. However, it is inherently limited to
specific materials such as fluorinated polymers, which brings limitations for some engineering
applications. Metal and glass surfaces are not suitable for direct roughening because their chemistry is
intrinsically polar and therefore hydrophilic. Modification of the surface roughness with the addition

of chemical deposition has been shown through anodising [25] and plasma treatment [26]. Laser
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ablation is to-date the only process in which both roughening and chemical transformation can be

achieved in a single processing step [27,28].

Mature additive superhydrophobic modification approaches have involved sol-gel silica coatings [29],
solution deposition of hydrophobically functionalised nanoparticles [30] and gas phase chemical
vapour deposition of nanostructured coatings [31]. Overall, there has been a significant progression in
the research field from initial exploratory laboratory demonstrations to low cost, scalable
manufacturing methods [23]. Commercial spray applicated self-cleaning coatings are available as
consumer goods for products such as clothing, domestic appliances, automotive and architectural
glass [32—34]. However, the use of fluorinated chemicals has serious safety and environmental
concerns due to their aerosol application and degradation [35]. A recent investigation by the UK
government’s health and safety executive found significant evidence of health concerns associated
with lung inflammation due to inhaling of hydrophobic agents when applying hydrophobic coatings
through the prevalent spray misting method [36].

The durability of the surface modification is a key concern as the technology is progressed towards
real world applications [37]. Durability is broadly a two-fold problem of both mechanical resistance to
abrasion and rubbing, as well as the chemical stability of the surface. Recent studies have shown that
a hierarchical roughness active across two length scales can maintain a suitable Cassi-Baxter state
even after some features have worn away [38]. Durability has received more attention since early-

stage research however a standardized test method has not been achieved.

Experimental approaches to engineer patterned surface wettability have targeted applications in water
harvesting [39], microfluidics [40] and inkjet printing [41,42]. These works have mainly involved
analogue lithography or mask exposure approaches which limits the scalability of the processes. The
competing requirements of cost, scalability, durability, desire for patterning and safety bring

significant scope for research work into digital processes to modify wettability.
1.2.2 Applications of embedded electronics and sensors

The second main application of surface engineering covered in this thesis is that of functionalisation
of sheet glass to deliver embedded electronics. In particular, the application of inkjet printing as a
technique to produce these functionalities is outlined, with required material deposition

characteristics.

Sheet glass material is used over a wide range of applications and length scales. The float glass
process has enabled glass of nanometre roughness with high form flatness to be produced. At a large

scale, float glass is used in buildings with a composition selected by required thermal characteristics
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for energy efficiency and mechanical properties for strength and weather resistance. Smart windows
involve the use of photocatalytic coatings such as TiO; to produce a photocatalytic self-cleaning effect
or electrochromic coatings which respond to electrical charging to switch between transparency and
opaqueness. Similarly, glass is widely used as a casing material to protect silicon photovoltaic cells
whilst still ensuring excellent light transmittance. A key stage in solar panel manufacturing
technology is screen printing deposition of silver fingers and busbars for electrical circuitry [43]. For
glass in automotive applications, there is an emerging demand for displays which show the
information produced by vehicle sensors and systems. Ultra-thin, flexible glass is an attractive
substrate to produce printed touch panel displays because this enables low cost roll-to-roll processing
whilst preserving the hardness and thermal-stability benefits of glass [44,45]. Hybrid processes such
as one-step interconnect combine inkjet printing and laser patterning to produce multilayer electronics

such as displays and solar panels [46].

To outline some of the emerging functional glass requirements, an example of the sensing and
responsive functionalities of a future ‘smart’ car windscreen is shown in Figure 1.3. Table 1.1 links
sheet functionalities to applied active materials and research studies. For the creation of these thin
films; chemical or physical vapour deposition approaches are currently the most commonly used.
However, these techniques are only suitable for large-scale batch manufacturing, whereas digitally
enabled techniques allow small batches, rapid production of trial products and personalisation for

customers.

Photodetector Moisture Sensor Thermistor Heads Up Display

A

Fuel 54%
Speed 19mph

Temperature: 29° C
Caution: Poor air quality

Electrochromic coating  Solar PV Collector  Self-cleaning coating

Figure 1.3: Concept sketch of a ‘smart’ automotive windscreen with labels for embedded sensors,

surface functionalities and display features

Self-cleaning coatings may involve application of photocatalytic UV responsive metal oxides, or
superhydrophobic coatings. A key challenge in the fabrication of superhydrophaobic transparent
surfaces is the production of a surface texture capable of a Cassi-Baxter wetting state which does not
also incur transmittance limiting diffuse reflections or diffractive effects. Electrochromic devices are

fabricated through deposition of a transparent conducting oxide, electrochromic film, ion conductor
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and a counter electrode. Transition metal oxides such as WO3 are commonly selected due to their high

electrochromic efficiency and short switching times [47].

In addition to sheet surface functionality there is the requirement for complementary embedded
electronics and sensors. An example feedback loop may involve a light sensor which triggers an
electrochromic response in glare conditions. Sensing devices may involve several components
integrating a sensing material which is electrically responsive to a specific condition (such as the
presence of a toxic gas) with printed circuity to process and transmit the electrical signal. A
manufacturing challenge is in the industrial scale fabrication of these components on glass substrates

with high yield and uniformity.

Table 1.1: Example reports of surface functionalities and enabling active material.

Functionality Example Active Material Reference
Self-cleaning (photocatalytic) TiO [48]
Self-cleaning (superhydrophobic) PTFE [49]
Electrochromic WO0s [47]
Solar Cell Cu(In,Ga)(S,Se) (CIGS) [50]

Again, an important trend is the shift towards digital fabrication of these targeted functionalities,
which will be described further in Section 1.3.

1.3 Digital fabrication technologies - emergence and industrial

adoption

In this thesis ‘digital fabrication’ is defined by programmable surface modification processes with
computer defined patterning, this is closely associated with “direct-write processing’ and the terms are
used interchangeably the research literature [51,52]. ‘Digital” printing contrasts with ‘analogue’
printing techniques such as screen printing, where the pattern is fixed. Digital patterning technologies
are highly sought after in niche, low-volume or flexible manufacturing systems for deposition of
functional materials, conductive tracks, or interconnects across a wide range of sectors [51]. The
benefits of these fabrication techniques are in late-stage product customisation, their ease of
scalability and their low material wastage. These are well suited to match the demand for low cost,
embedded electronics created by emerging Internet of Things applications [53]. The selection of a
specific technique in an industrial setting is determined by the physical parameters of the targeted
device such as resolution or substrate material properties, as well as manufacturing parameters such as

production rate, cost effectiveness, chemical compatibility, safety and environmental considerations.
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Direct write technologies have become more prominent in ultra-precision micro-nano scale
manufacturing research with processes possible to suit a range of application length scales. Figure 1.4
shows the minimum line width possible with major direct write fabrication processes. These processes
have been delineated as either additive or subtractive processes. Characteristics of these processes are
that the track width is from sub-micron to millimetres, the substrate is an integral part of the final
product and they are suitable for a range of deposited materials including metals and polymers [53].
Two of the direct write techniques which have received the most industrial attention are inkjet
deposition and laser ablation. However, there are challenges with the use of these processes such as
adhesion, resolution, uniformity and avoidance of defects. An in-depth understanding of process

interaction parameters is required to meet these challenges which is tackled within this thesis.

\
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Figure 1.4: A comparison of additive and subtractive direct write fabrication approaches. The

Additive

reported value is the approximate minimum feature size. [53-56]

Industrial and functional printing applications have been predicted to rise by 50% to a market value of
£114.8 bn by 2020 [57]. In the time span 2016-2022, digital printing applications as a share of overall
print output was predicted to rise from 10% to 18%. The value of the global inkjet market is predicted
to rise by 9.4% to 2023. This growth is driven by opportunities outside the traditional graphics and
packaging sectors created by new inkjet inks with functional capabilities such as for electronic or
biomedical device fabrication. A particular benefit of inkjet and laser processing is the capability for
digital prototyping and design modification. This allows for a design to be created on a computer and
a fully functional electronic circuit or component to be rapidly fabricated. This design can then be

scaled to pilot production. This process produces a competitive advantage by reducing time to market.
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Further cost savings associated with adoption of digital deposition approaches for printed electronics
applications include: cost reduction of materials, assembly and machinery, shrinking of supply chain

requirements and reduced production of hazardous waste [58].

Figure 1.5 compares the costs of areal printing approaches, showing digital printing approaches
(inkjet and laser induced forward transfer (LIFT)) are economic at a very low number of print runs
[12,13]. In inkjet, no physical print form is needed which saves both cost and time for machine setup
compared to an analogue technique such as screen printing [61]. In the case of subtractive
manufacture using laser processing cost savings come from reduction of wear of mechanical parts and

cutting tools.

10000
&E“ 1000 —@— Screen Printing
:‘;’: 100 Gravure Printing
g 10 —o—Inkjet Printing
E,_ . LIFT
§ 3 =3

0.1
1 100 10000

Number of print runs

Figure 1.5: A comparison of the cost profile of analogue (red) and digital (blue) printing technologies

[12,13]. This comparison does not account for capital costs of the printing system.

In addition to additive processes, subtractive direct-write processes are needed for microfabrication.
Pulsed laser ablation has emerged as one of the most important micromachining processes for a
diverse range of materials and applications. The first laser was constructed in 1960 by Theodore
Maiman using a synthetic ruby as the gain medium and photographic flashlamps as the lasers pump
source [62]. Following this innovation, industrial applications of lasers were rapidly discovered. In
1961, a ruby laser was used to destroy a retinal tumour at a Manhattan hospital [63]. In 1964 the first
gas-laser cutting experiments were carried out at Bell labs using CO; lasers, and by 1967 CO lasers
with powers greater than 1kW were possible [64,65]. Since then, high powers lasers have emerged as
a ubiquitous industrial tool. The revenues of the materials processing laser industry were worth $19.8
billion in 2018 and the applications which this market supports adds a substantial multiplier to this
value [66].

The use of short-pulse and ultra-short lasers enable ultra-precision modification applications. The first
lasers with sub-picosecond pulses were based on organic dyes with a saturable absorber and were

used for the early breakthroughs in femtosecond spectroscopy [67]. The current applications of
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femtosecond materials processes became accessible with higher power Ti:Sapphire lasers in the
1980s. Ti:Sapphire are based on solid state mode-locked architecture and allowed for peak powers in
the MW range [46].

During this stage fibre lasers were also researched but had not been able to achieve the same pulse
energy and peak powers. In the last 20 years, industrial fibre lasers have become available with very
high average powers, repetition rates and ultrafast pulses [69]. Fibre lasers are based on rare earth
metal doped glass fibre as the gain medium. A seed diode laser is amplified through a master-
oscillator power amplifier. Fibre layers are very attractive for industrial applications for several
reasons. Because high powers are accessible, this can allow for faster processing rates. The use of
simple air-cooling systems instead of specialist chillers means that fibre lasers have higher energy
efficiency and take up less floor space. Finally, they have a very long lifetime with 100,000 hours of

expecting operating time [70].

The functional properties of a surface and its’ interfacial behaviour in tribological, wetting and
corrosion contexts are determined by a combination of surface structure and chemistry. Laser surface
modification processes provide a versatile suite of techniques to produce low friction, wear resistant
and self-cleaning metallic surfaces. These techniques may involve subtractive material removal
processes such as: laser polishing [71,72] and direct laser texturing [73], laser induced chemical
transformations such as laser surface hardening [74], or additive processes to deposit extremely wear

resistant materials by laser cladding [75].

The direct-write nature of these digital fabrication techniques provides exciting opportunities for rapid
and efficient manufacturing of tuneable, functional surfaces. This thesis has identified key barriers
that are currently preventing this adoption and research aims where an improved understanding would

help overcome the barriers and deliver scalable manufacturing.
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1.4 Research Aims

The introduction chapter presented the demand from industry for digital surface modification
processes that will enable scalable customisation and advanced fabrication. In particular, there is a
need for innovative strategies combining additive and subtractive approaches to modify surface
morphology and chemistry. There is also a major research interest in the use of digital manufacturing
for rapid device prototyping. The main motivation for this research is to therefore overcome problems
encountered by industry such as long sequences of lithography and expensive laboratory processes for
device fabrication through the use of digital fabrication techniques. New capabilities in high-rate
pulsed laser processing, plasma surface treatment and inkjet deposition of functional material provide

the potential components of such a system.

To explore feasibility in industrially relevant applications a set of research aims were identified,

which are reflected in the chapters in this thesis:

1 Provide insights through literature analysis and experimentation to identify where progress is

needed for direct laser texturing to create superhydrophobic surfaces.

2  Examine laser processing of surfaces to better understand the laser-surface interactions that will
produce surface micro-structuring and surface chemistry control of stainless steel and float glass

surfaces at an industrial scale.

3 Explore surface modification approaches to enable functional inkjet printing with enhanced

adhesion and durability on glass surfaces.

4 Examine the viability of an indirect laser deposition technique, laser induced reverse transfer,

using a nanosecond pulsed fibre laser for deposition of functional materials to glass surfaces.
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1.5 Thesis Outline

To address these aims, this thesis is structured into 7 chapters and a summary of each chapter is given

below.

Chapter 1 introduced the background to this research, highlighting how it has informed the research
direction and motivated the development of new digital surface modification processes. As each
chapter is focused on quite separate techniques within the overall research goals, a detailed literature
review is presented at the start of each separate chapter in Chapters 3 — 6. Each literature review

informs the design of experiments addressing knowledge gaps in previous research.

Chapter 2 discusses the common fabrication and characterisation tools used in this work. A range of
analytical equipment was used to fulfil surface characterisation requirements of morphology,

chemistry, and wettability.

Chapter 3 investigates the laser processing to drive surface restructuring of glass and stainless steel,
developing the processing strategies used in chapters 4 and 5. The role of laser parameters is assessed

through post-fabrication analysis, and is validated with reference to laser matter interaction theory.

Chapter 4 examines laser texturing specifically for superhydrophobic surface fabrication. These
experiments address core challenges such as the laser processing approach for high areal rate
patterning, acceleration of the chemical transition after laser processing and probing the chemical

pathway of the laser induced hydrophobicity for stainless steel substrates.

Chapter 5 explores the use of functional inkjet deposition for fabrication of microelectronic devices
on glass. Experiments focus on surface preparation of glass prior to inkjet printing through cleaning,
plasma and chemical treatments. Wettability patterning through laser processing and plasma

treatment are also explored.

Chapter 6 presents experimental findings into the use of laser induced reverse transfer. This
deposition technique uses direct write laser ablation to pattern metallic deposits on transparent
substrates but is relatively unexplored in the literature. Here, insights are provided into the
underpinning mechanism through studying deposition from solid targets using a nanosecond pulsed

fibre laser.

Chapter 7 summarises the research findings and outlines directions for future research.
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2 EXPERIMENTAL TOOLS AND

ANALYTICAL TECHNIQUES

This chapter describes the common fabrication and characterisation tools used throughout this
research. Detailed descriptions of experimental methodologies relating specifically to certain chapters

are included within those separate chapters.

2.1 Materials

2.1.1 Stainless Steel

Experiments used 304 stainless steel supplied either in cold rolled form (Ra 255 nm) or with mirror
polished finish (Ra 3 nm) in both cases with thickness 1.0 mm, with an example of these
measurements in Figure 2.1. The lower cost cold rolled finish was used for nanosecond pulsed laser
texturing where the resultant texture is microstructured. Several operations were used to prepare
sample shape involving mechanical cutting, waterjet cutting and laser cutting. Samples were kept in

their protective plastic film throughout these operations to preserve surface finish and cleanliness.

1)

Figure 2.1: White light interferometry surface roughness measurements of stainless steel used for

laser processing experiments (a) Cold rolled finish (b) Mirror polished

2.1.2 Glass

The glass used was Pilkington Optiwhite with reduced iron content and 2.1 mm thickness. Vertical
scanning interferometry indicated roughness average Ra < 10 nm. The market for this glass is as

exterior or interior glazing, furniture or a wide range of other applications [76].
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2.2 Laser Processing

2.2.1 G3 Laser Marker Platform

Nanosecond pulsed laser processing experiments were carried out with an SPI™ G3 Yb non-polarized
fiber laser with wavelength of 1.064 pm, output beam M? < 2 and maximum output power of 20 W at
a pulse duration of ~200ns with PRF 25 kHz. A Jenoptic™ 03-90FT fused silica lens with focal

length of 125 mm was used to produce a focused spot size of 36.4 um.

2.2.2 Ultrafast Laser Machining Platform

An Amplitude Systems Satsuma laser source configured for sample stage translation patterning was
used for the majority of glass processing experiments. The laser has a pulse width of 280 fs,
wavelength of 1030 nm and a repetition rate of 500 kHz. Laser power was varied through the
modulation efficiency. Power readings were measured using a coherent fieldmaster thermal power
meter and a S120C Thorlabs photodiode. Substrates were mounted on an Aerotech air bearing XY
stage. The stage has an accuracy of £3 pm in the X/Y directions and £0.5 um in the Z direction. A 2-
axis tilt table is used in combination with a chromatic confocal probe to level the surface. G-code was

written to command laser operations and patterning.
2.2.3 Laser4Surf Platform

An Amplitude Systems Satsuma laser was also used with a galvanometer scan head to explore high
rate patterning of steel and glass. A Satsuma laser system generating 350 fs pulses at 1030 nm was
used for laser processing experiments with maximum power of 9 W varied with an optical attenuator.
The system was operated with longitudinal polarization. A LASEA-LS LAB scanning system was
used to raster the beam across the surface. The optics train involved a beam expander and an F0 lens
with a focal length of 100 mm. The beam expansion ratio was varied to produce a focal spot size of 30

pim or 8 pm.
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Table (2.1) Summary of the laser parameters and characteristics for the different systems used in

experiments.

Laser SPI1 G3 (WFM 0) Satsuma
Pulse Duration 200 ns 280 fs
Wavelength 1064 nm + 10 nm 1030 nm 5 nm
Reptition Rate 25 kHz 500 kHz
Quality Factor M2 <2 11
Maximum Power 20W 9w
Pulse Energy 0.8mJ 10.6 pJ
adall LASEA-LS LAB Scan Head, Spot — 8:30 um
Maximum Scan 1mis 50mm§/s with stage translation
Speed 4m/s with galvanometer platform

2.3 Inkjet Printing

The inkjet printer used was a piezoelectric-actuated drop-on-demand type (Dimatix Materials Printer
DMP-2800, Fujifilm). The printer uses cartridges with arrays of 16 individually addressable piezo-
actuated nozzles through which fluid is dispensed, the nozzle diameter is 21.5 um producing a
nominal 10 pL droplets. The Dimatix print settings used were a meniscus setpoint of 0.5 in.-H20 (124
Pa), a 0.4 mm cartridge height, a room temperature print nozzle temperature and an ejection voltage
of 23V was applied to fire four jets. Figure 2.2 shows the jetting and nonjetting waveforms applied to
the piezoelectric nozzle actuators. A Sunchemical silver nanoparticle ink U13046/M27359 with
surface tension of 0.035 N/m was used for inkjet printing experiments. The ink contained 25-50%
ethanediol, 10-20% glycerol and had a concentration of 10-20 silver nanoparticles with the remainder
water. The bed was heated to 50°C to aid track coalescence as recommended by ink supplier.
Sintering conditions were 150°C for 30 minutes unless otherwise stated. Drop spacing and number of
layers were investigated with experimental work.

a) b) c)
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Figure 2.2: Applied (a) jetting waveform and (b) Non-jetting waveform for Dimatix inkjet printing

experiments, (c) image of droplets ejected with specified print conditions.
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2.4 Characterisation

In order to measure surface structure, surface chemistry and wettability a range of surface

characterisation equipment was used as described below.
2.4.1 Surface Structure Characterisation

An Olympus BX51 Optical Microscope with attached digital camera was used to image surface
structure and colour. Measurement of surface roughness and topology was carried out with a VVeeco
Wyko NT3300 optical profiler and interferometer operating in vertical scanning mode.

Imaging of surface morphology at micro-nano scale was carried out with Zeiss Auriga Gemini, Helios
NanoLab 600 SEM and FIB. A conductive coating to allow SEM imaging was applied to the glass
substrates. This involved sputtering of an Ag/Pd target using an Emitech sputter coater. The current
was 65 mA applied for 14 s per sample. From manufacturer guidance this produced a coating
thickness of 4.4 nm. A Helium Gas Field lon Source Zeiss Orion Nanofab with electron flood gun
charge neutralisation was used to directly image the morphology of LIRT deposits on glass which
avoided the need for anti-charging conductive coating.

2.4.2 Surface Chemistry Characterisation

Energy dispersive X-Ray spectroscopy (EDS) involves the production of characteristic X-rays from a
sample irradiated by a high energy electron beam, the X-rays produced have an energy characteristic
of the sample elemental composition. An Oxford Instruments X-max EDS system was used. An
accelerating voltage of 10 keV was used to minimise the X-ray generation volume and signal

produced by the glass substrate.

X-Ray Photoelectron Spectroscopy (XPS) involves the irradiation of a sample with an X-Ray beam
and measuring the number and kinetic energy of the electrons which are produced from the top 1-

10 nm of the surface. The technique was used to analyse the composition of laser transferred metallic
deposit and to probe the changes in surface chemistry after laser texturing for superhydrophobicity.
The XPS system had a monochromatic Al Kol X-ray source (hv=1486.6 ¢V) using a SPECS
PHOIBOS 150 electron energy analyzer with a total energy resolution of 500 meV. Raman
spectroscopy of carbonanaceous LIRT deposits was carried out at 785 nm, with a beam power of 10

mW and spot size < 10 pm.
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2.4.3 Electrical properties characterisation

Resistivity was measured with a Keithley 4200 SCS Parametric Test Station using a four-point probe

test configuration, this parameter was selected to enable comparison with bulk material properties.
Resistivity was calculated according to the formula, p = % where R-resistance, A-cross sectional

area, L-Length. A measurement error of 50 um to length was applied to account for probe tip
placement error. For later experiments on inkjet printed tracks, a two probe configuration was used
with a desktop 1705 True RMS Programmable Multimeter.

2.4.4 Wettability Analysis

Contact angle measurement is a widely used technique to probe the interaction of liquids with solid
surfaces and ensure the expected surface chemistry is present. The contact angle of a liquid droplet on
a solid surface is an important metric in manufacturing to inform coating adhesion and the cleanness
of a surface. It indicates surface tension, surface free energy and the cleanliness of a surface. The
technique is used this study to characterise the surface and fluid prior to inkjet printing and to

characterise the superhydrophobicity of processed surfaces.

The interaction of a fluid with an ideal surface is a problem of classical mechanics with the chemistry
of surface and liquid determining the physical shape of a droplet [77]. Gibbs’s equation demonstrates
that a droplet will act to minimise its free energy through minimisation of the sum of the interfacial

energies acting on the droplet. Figure 2.3 illustrates the different wetting regimes possible.

Y = asyAsy — 05, As, + oy ALy (2.1)

A contact angle is defined by the angle formed in a liquid droplet between the liquid-vapour
interface and the solid surface. Young’s equation describes the contact angle as a result of this

interaction for a plane homogenous surface.
O-SV = O-LS + O-LVCOSGQCITH (22)

On a rough surface, the surface topographical features lead to a total surface area which is larger than
the projected area. In this case the effect of roughness is to magnify the intrinsic wettability of the

material through the Wenzel model [78].

cos () = 221/ to5 (8,) (2.3)

Aprojected

For very rough surfaces the liquid does not completely wet the rough surface and composite interface

is formed where the liquid droplet is in contact with both air and liquid simultaneously. This
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behaviour results in hydrophobicity with increasing roughness as the thin layer of trapped air at the
interface reduces the attractive interactions between the solid and liquid [37]. This behaviour is
described by the Cassie-Baxter model where f; 4 is the fraction of the liquid droplet base in contact

with air at the interface.

ASU.T ace
cos(fcp) = mfucos(%) — (1 = fLa) cos(6y)) (2.4)
a) b) c) d)
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o
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Figure 2.3(a) A droplet in flight forms a spherical shape to minimise free energy. (b) The shape of a
sessile droplet on a surface is determined by the balance of the three interfacial surface tensions. (c)
the Wenzel wetting regime magnifies the intrinsic wettability of the surface material (d) The Cassi-
Baxter regime produces a hydrophobic droplet shape.

To complement sessile drop measurement further measurement techniques are used to assess the
dynamic behaviour of droplets. One of the most basic techniques is to measure sliding angle, a drop is
dispensed onto a flat surface, the tilt angle is then incrementally increased until the droplet slides or
rolls off the surface. The general trend is that sliding angle becomes smaller as contact angle increases

because there is less contact area between the drop and surface [79].

Superhydrophobicity is an extreme wetting state with high repulsion of water droplets. This is
characterised by sessile droplet contact angles greater than 150° and sliding angle less than 10°
[27,80]. Hysteresis describes the difference formed between advancing and receding contact angles. It
can be measured by increasing the volume and footprint of a drop on a surface with a syringe or the
analysis of sliding droplet shapes. Superhydrophobic surfaces are usually characterised with a sliding
angle below 5° and hysteresis below 3°. In the superhydrophobic self-cleaning effect, liquid droplets
bead up and roll off at low sliding angles. Because of the high contact angle of superhydrophobic
surfaces, the droplet rolls off the surface instead of sliding, as the droplet rolls contaminants are

picked up, embedded into the water droplet and removed from the surface [81].

Practically, contact angle analysis involves imaging the profile of a sessile droplet. Figure 2.4
shows a schematic of a typical drop shape imaging system. A dispensing device is used to produce

a sessile droplet on the surface and a camera captures the profile of the droplet, subsequent
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image processing is used to measure the contact angle formed. Several commercial contact
angle testers were used for fluid profile imaging and analysis. Firstly, a Dataphysics OCA15 was
used, the system was calibrated to produce a droplet of 2 mm diameter and 4 pL volume. The
dropsnake imageJ plugin [82] was selected for image processing on the criteria of versatility,
reproducibility and speed of measurement. Further experiments used a Kruss DSA100 system
dispensing a 2 pL droplet of deionized water. Static contact angle was measured using the in-built
software in tangent-fitting mode. Automated fitting failed for contact angles below 5° and
measurement was done a manual ‘box fit” method. Sliding angles were measured with the stage tilt

capability, the stage was tilted at a rate of 1.6 °/s and drop shape images were recorded at 24 fps.

a) Syringe b)

Controllers and trigger

Needle (0.5mm ID) Needle

Sample

High Inlen'sn\uI Light Source ]m.] 1/ Standoff

High Speed Camera

- Contact angle

Figure 2.4: (a) Schematic of a typical droplet imaging system. (b) Important characteristics of a drop

shape image profile
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3 EFFECT OF LASER PARAMETERS ON

SURFACES

3.1 Chapter Introduction

Industrial microtechnology applications of pulsed laser ablative processing have flourished over the
last two decades. Two technological trends have supported this growth; the emergence of high-power
pulsed lasers highlighted in chapter 1 and the effective translation of engineering research through
‘lab to fab’ scale up [83].

In this chapter, a review of background literature is presented focusing on laser ablation processing.
Firstly, the relevant theory of laser light absorption and thermal material excitation is discussed, this
leads to discussion of surface structuring through laser ablation and laser induced periodic surface
structure fabrication. The second half of this literature reviews focuses on the manufacturing aspects
of pulsed laser modification with discussion of laser sources, beam scanning apparatus and surface

functionalisation.

Creating functional surfaces requires changes to surface properties such as morphology and
chemistry, and so we need to identify how to tune laser parameters to deliver this in a scalable way.
The results of experimental investigations presented in this chapter are used to establish processes for
a stainless-steel surface texture which has superhydrophobic properties and effective laser micro

structuring of glass.
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3.1.1 Laser materials interaction

This section outlines the relevant theory for the work in this thesis, describing the process of laser
light absorption and material removal through ablation. The major factors in this discussion which
have experimental impact are the intensity of the laser light and the duration of the laser pulse.

Figure 3.1 shows a timeline of the laser interaction events for a single pulse, this interaction sequence
from laser absorption to structural changes is used to define the layout of this section. Critically it is
seen that many of the absorption and interaction processes occur within the femto to nanosecond time
scales of the laser pulse, which influences the transient interaction mechanisms and processing
regime. This theory section examines the key aspects of the laser energy absorption and relaxation
mechanics and their relation to the selection of laser parameters. This leads to an introduction of the
resulting phenomena of surface modification through ablative structuring and laser induced periodic
surface structure (LIPSS) formation.
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Figure 3.1: Temporal profile of the laser ablation process showing the timeline of laser matter
interaction mechanisms resulting in ablative material removal [84].

3.1.1.1 Laser light absorption and excitation mechanisms

Propagation of light into a material begins at the surface interface. The Fresnel equations describe the
reflection of light (R) when arriving at an interface between two refractive indices (7 & 717). Light

transmitted through the interface (T) is given as the reciprocal of reflected light [85].

_ -
R=(Grm (3.1)
T=1-R (3.2)

Equation 3.1 defines the absorption coefficient of the material. This determines the rate of attenuation

of light in a medium with units of m*. This coefficient is used in the Beer-Lambert law to determine
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the attenuated intensity, |, at depth, Z. The optical penetration depth is calculated from the Beer-
Lambert law (equation 3.2) as the depth at which the power of the wave has reduced to 1/e? of its
surface value. At 1064 nm incident laser wavelength, iron has a penetration depth of ~22 nm and

soda-lime glass 17.2 cm [86]. For metals, absorptivity will typically increase with temperature due to

laser heating or as metal oxides are formed during processing [87].
a=— (3.3)

1(z) = Ije % (3.4)

In absorbing materials photons deposit energy through the inverse Brehmstralung effect, the energy of
a photon (E) is calculated from Planck’s equation, as shown in Equation 3.5, where h is Planck’s

constant, c is the speed of light and A is the wavelength.

__hc
AE == (3.5)

In the case of metals, the photon energy is greater than the bandgap energy resulting in direct
interband or intraband absorption, as free electrons are present in the conduction band intraband
absorption is the most relevant for ablative processing [88]. In the case of dielectric or semiconducting
materials, absorption is determined by the photon energy relative to the material bandgap. For wide
bandgap materials the photon energy is often less than the bandgap, for example the bandgap of soda
lime glass is 3.0 eV[89] and the photon energy of a 1064 nm laser is 1.2 eV. This means that
alternative non-linear phenomena are taking place to enable energy absorption in these materials. The
previously stated values for absorption depth are incorrect in the case of the non-linear absorption
processes as transient metal-like states are induced in the substrate. The mechanism of ultrafast
absorption in these wideband gap materials is multiphoton absorption or tunnelling ionization
followed by avalanche ionization as illustrated in Figure 3.2. In multiphoton absorption, multiple
photons are absorbed simultaneously in virtual states to bridge the bandgap and reach the conduction
band [90], this can occur in ultrashort laser pulses due to the high photon density. In tunnelling
ionization, the potential barrier between bands can be distorted at high intensities allowing for
electron promotion. Keydish et al. showed that multiphoton and tunnelling concepts are limits of the
same process [91], the ionization probability is determined by the photon density (pulse duration) and

the amplitude of the laser field (intensity) respectively.
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Figure 3.2: Schematic of absorption processes [90] for (a) direct interband absorption of UV light,

(b) multiphoton absorption and (c) tunnelling ionization processes.

Once seed electrons are excited to the conduction band they absorb laser energy through the inverse
bremsstrahlung effect. Once their energy is higher than the bandgap further electrons in the valence
band are ionized and promoted through inelastic scattering resulting in an avalanche process.
Eventually a critical density of electrons is reached to initiate ablation effects through thermalization

processes [92].

Absorbed laser light is converted to heat through vibrational excitation of the material lattice phonons.
Several relaxation mechanisms are involved with the transfer of energy from the excited electrons to
the material lattice such as coupling through phonon, ion or neutral atom scattering.

An important aspect of these thermalisation processes is their temporal duration with respect to the
laser pulse. There is significant variance in the time to transfer energy to phonons and thermalize
depending on the material, in metals thermalization typically occurs in the order of 1012-101°s. If the
laser pulse is longer than the thermal coupling rate (e.g. longer than ns pulse duration) the absorbed
laser energy can be considered as being directly converted into heat. When the pulse duration and
laser-induced excitation rate is shorter than the thermalization rate large excitations can build up in
intermediary states allowing for reduction of heat damage through ultra-fast non thermal processing
[93].

3.1.1.2 Laser ablation surface structuring

Laser ablation is defined as material removal through irradiation with a laser. Beyond a critical laser
intensity threshold, the rapid heating effects result in material transformation and removal through
melting, vaporisation, sublimation, and plasma formation processes as well as ejection of solid

particles through fragmentation and spallation.
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The ablation threshold is determined experimentally for a specific material and is calculated from
equation 3.5 in units of J/Jcm?. E; is the minimum pulse energy to observe ablation, d is the crater

diameter and w,, is beam waist.

2

2E d
Fp = —5exp (— 202 (3.5)
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The dynamic of the ablation process underpins the resulting morphology and chemistry of the
material surface. ‘Gentle’ and ‘strong’ regimes can be identified based on increasing laser fluence
[94]. In the ‘gentle’ regime, the ablation depth is correlated with the aforementioned optical
penetration depth. At high fluences, higher rates of material removal are observed resulting in ‘strong’
ablation. This regime is shown to be dependent on heat transport characterised by the materials
electron diffusion length. Mannion et al. found that for femtosecond laser ablation of stainless steel
the threshold for strong ablation occurred at around 10x the fluence at which material transformation

effects were initially observed in the gentle ablation regime [95], as shown in Figure 3.3(a).

In the ‘gentle’ regime, crater morphology is typically smoother and cleaner as material is sublimated
instantaneously to vapour, whereas in the ‘strong’ ablation regime more roughness is observed due to
the phase explosion melting and redeposition processes. Although the majority of research attention is
given to surface morphology, it can similarly be seen that the chemistry is affected in the case of
metals when processed in air environments as investigated by Adams et al. [96]. Figure 3.3(b) shows
that for nanosecond laser processing of stainless steel the depth of oxide formation increased from 50-
500 nm with increasing laser energy dose. In this oxidation region, the stainless-steel composition and
structure were significantly changed with observation of diminished Cr concentration and

transformation from face-centred cubic austenite into a body-centred ferrite or martensite phase [96].
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Figure 3.3: (a) Variation of ablation rate with laser fluence showing ‘gentle’ and ‘strong’ ablation

regimes [95]. (b) Variation of laser induced oxide thickness with average power and scan speed [96].

In this study, the laser beams used had a Gaussian intensity profile as defined by equation 3.6, this

shape is characterised by a sharp peak and wide low intensity tails [97]. Figure 3.4(a) shows the
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spatial profile of the beams used. Laser ablation with this intensity profile results in circular crater
morphology with the dimensions of the crater determined by the beam radius at which the ablation
threshold is exceeded. Figure 3.4(b) illustrates how the spatial intensity profile influences the radius
of the surface modification [98]. With careful control of laser parameters, the intensity profile can be
manipulated so that only a small band exceeds the ablation threshold to ablated a feature dimension
smaller than the laser spot size.

P 2
1(r,2) = ————exp (-2 ﬁ) (3.6)

I Laser intensity, P Power, z distance from beam waist in propagation axis, r radial position,

w(Z) distance from the beam axis where the intensity drops to 1/e2 of the maximum value.
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Figure 3.4: (a) Gaussian beam profiles of laser beams used in experiments, (b) illustration of the

Gaussian beam profile relative to material processing parameter threshold [98].

Ablation processes have been modelled using approaches such as molecular dynamics simulation
[99,100]. Figure 3.5 shows simulation of a 50 fs laser pulse impacting a silicon surface over 0-17.5 ps
timescale. However, this approach not yet able to capture an industrial scale event as the
computational expense constrains the interaction volume to 10° atoms or around 100-200 nm which is

very simplified compared to experimental conditions.
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Figure 3.5 Molecular dynamics simulation of a 50 fs laser pulse impact on a silicon surface, the times

are given in ps to the left of each frame [99].

Empirical approaches remain the standard method to optimise laser processing operations. It has been
shown that based on initial measurements of ablation threshold, a simple logarithmic relationship
adequately describes ablation depth with varying fluence as shown in equation 3.7. This can be
extended to predict the 3D crater profile by applying the Gaussian intensity profile as described in
equation 3.8. Calculating the total incident number of pulses per unit area from beam scanning
parameters allows for a full surface topography to be modelled. Figure 3.6 shows the results of this
modelling approach with comparison to the profile of a laser textured surface manufactured using a
nanosecond regime operating in the ‘strong’ ablation regime [101]. Although this approach accurately
predicted the material removal it is not capable of accounting for the raised edge ‘burrs’ formed
around the periphery of the laser spot due to molten material flow and accumulation of redeposited

particles.

D=Cin(==),F 2 Fy (3.7)
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D single pulse ablation depth, D, total ablation depth, C ablation depth at e.F;;, F;, is the ablation

threshold fluence. K number of laser passes, Yi, X7~ account for the number of incident laser

pulses per unit area.

Figure 3.6: Comparison of (a) empirically modelled and (b) measured surface topography for

nanosecond pulse laser textured stainless-steel. Adapted from [101].
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3.1.1.3 Laser induced periodic surface structure fabrication

Laser induced periodic surface structures (LIPSS) are ripple-like structures appearing with either low
spatial frequency (LSFL) with periodicity between ripples close to the incident laser wavelength or
high spatial frequency (HSFL) with periodicity much smaller than the laser wavelength. LSFL are
generally accepted to be caused by the interference of incident laser light with the surface
electromagnetic waves produced by laser irradiation [102]. The intensity pattern produced by this
interference results in inhomogenous energy deposition into the irradiated material. LIPSS are
observed with laser intensity close to the ablation threshold to enable local ablation or melting and
resolidification without being overpowered by high fluence ablative effects [103]. Figure 3.7 LSFL
LIPSS with periodicity of 62080 nm and are formed with orientation perpendicular to the laser beam
polarisation. In the case of HSFL LIPSS the periodicity is 80+20 nm and they are oriented parallel to
the polarisation. The height of LIPSS was measured to be 110+20 nm for LSFL and 110£20 nm for
HSFL [103].

Alarization

Figure 3.7: SEM images of (a) low spatial frequency and (b) high spatial frequency LIPSS with

comparison to incident beam polarisation [103].

LIPSS have been observed for almost any laser pulse duration from continuous wave [104] to ultrafast
pulsed sources [105]. The use of ultrafast lasers is particularly attractive because of their capability for
precision control of structure. In processing of glass, ultrafast lasers allow for the reduction of heat
conduction during ablation which reduces damage due to the low thermal expansion coefficient of
glass. Additionally, non-linear absorption characteristics in the ultrafast regime may encourage LIPSS
formation. Ultrafast pulses allow direct excitation of surface plasmon polaritons once a critical density
of electrons in the conduction band is reached. Important lasing parameters which control LIPSS

formation are noted in Table 3.1.

Initial substrate surface finish [106] and heat accumulation during processing [107] impose scale up
constraints for wide-area LIPSS manufacturing. Defects or scratches are shown to produce
preferential alignment sites for LIPSS to form and usually a very fine level of polishing is required to
avoid inhomogeneities. One reported method is to use linear polishing in the direction orthogonal to
the intended direction of LIPSS (Ra ~10nm), this avoids topographic spatial frequencies of the initial

surface finish in the same spatial frequency band of the LIPSS efficacy factor [106]. Heat
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accumulation limits the quality of ripple structures formed when moving to higher structuring rates, it
was found for processing of 304 stainless steel that when the surface temperature exceeds a critical
value of 607°C during processing, a bumpy surface is formed. Analysis of heat accumulation during
high rate structuring experiments(10210® mm?s) has shown that scanning speed can be controlled to
prevent surface temperature from exceeding the critical surface temperature and prevent the structure

from transitioning from ripples to ablation [107].

Table 3.1: Influence of laser parameters on LIPSS formation

Parameter Impact Condition

LIPSS are possible in both ablative and non-ablative regimes.
Fluence Formation Generally, fluence close to ablation threshold is used for
multiple pulse LIPSS [108].

Initial pulses generate surface roughness which facilitates
energy coupling of subsequent pulses. Specific spatial
frequencies of roughness encourage absorption producing a
positive feedback loop [103].

Number of Pulses | Formation

LIPSS are generally observed as oriented perpendicular to laser

Polarization Orientation light polarization.
Scanning Uniformit Scanning should be oriented perpendicularly or at 45° to
Direction y polarization direction for high quality and regularity [109].
Spot Size Uniformity Spatial coherence of excited surface waves are better preserved

in smaller areas[110].

Periodicity of LSFL is usually close to incident laser

Wavelength Periodicity wavelength

3.1.2 Pulsed laser surface modification

This section describes the manufacturing considerations in selection of a laser texturing system, then
the specific design criteria are discussed for texture modification to produce superhydrophobic

functionality.
3.1.2.1 Femto and nano second pulsed laser texturing systems

A major system design factor when selecting a laser for an industrial process is the pulse duration.
Several advantages are associated with the use of short and ultra-short pulse lasers. The ablation
threshold has been shown to decrease with shorter pulse duration [111,112] allowing for higher
ablation efficiency. Because of the potential for nonthermal processing, ultrafast lasers are more

suitable for applications where high precision and resolution are required such as laser
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micromachining. When an areal modification is the object of process, the reduced thermal input when
using ultrafast lasers enables novel nanoscale morphology and a shallower modification depth such as
in the production of a LIPSS texture. However, in addition to performance, it is also important to
consider the availability and cost.

The most powerful commercial femtosecond laser system at the time of writing is 300W [113] and
increasing rapidly. Nanosecond pulsed lasers are now commercially available greater than 1kW.
Historically femtosecond pulsed lasers have only been commercially available at low powers and
repetition rates. This has meant they were not well suited for wide area surface modification due to
slow processing rates. The advent of industrially suitable fibre femtosecond lasers with higher powers

has enabled fast areal coverage with the use of beam scanning systems.

Polygon and galvanometer scanners are the two options for scanned beam translation, current models
are able to achieve scanning speeds of up to 100 m/s [114]. Figure 3.8 shows the mechanics of
galvanometer scanning which is based on two wobbling mirrors and polygon scanning which uses a
rotating polygon mirror. Galvanometer scanning has become the industry standard for high accuracy
and speeds, whereas polygon scanning may offer a throughput benefit because of its potential for
higher speeds in applications where high surface coverage (>80%) or multiple passes are requires
[115]. Additional emerging optical solutions to wide area processing are laser interference patterning

[116], micro lens array [117] and beam splitting with diffractive optical elements [118].

Galvanometer Scanner Polygon Scanner
Incident laser
P [ X motor
e &
s CP
Beam expander _ ,
D ] X mirror ; Laser beam
Y mirror / -
LR Y motor \ '
R 4

F-theta lens l ’

Image plane\ © Slow Y movement

Scan field Fast X movement
o by stage or web

by polygon

5m/s 100 m/s

Figure 3.8: System mechanics of polygon and galvanometer scanning, image reproduced from [114].
Galvanometer scanners offer very accurate positioning however the mechanics are more complex and

can be slower in some areal modification applications than polygon scanners.

Surface functionalisation using laser texturing involves imparting micro- or nano- scale surface

features. Tribological applications of laser textured surfaces involve — low [119,120] and high [121]
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friction surfaces, lubricant retention and lifetime enhancement [122]. This has been used for
mechanical properties such as enhanced interface adhesion, anti-stick surfaces, wear resistance as well
as optical surfaces such as iridescent or polarising surfaces [123]. By controlling both surface
structure and chemistry of metals through laser texturing it is possible to alter surface wettability into
extreme wetting states such as superhydrophobicity and superhydrophilicity.

3.1.2.2 Superhydrophobic surface modification

Laser direct texturing of superhydrophobic surfaces is a single step treatment which produces a
hierarchical roughness and low surface-energy surface chemistry. A rough hierarchical micro-nano
surface structure is imparted by ablative removal, the reaction of the surface with air during ablation
results in the formation of a metal oxide layer. Metal oxides have very high surface energy and show
superhydrophilic behaviour, however this high energy state is unstable and with time decomposes to a
low surface energy state [124]. This chapter focuses on the effect of laser parameters on surface
structure, subsequent chapters 4 and 5 focus on functional aspects of surface chemistry transition and
wettability.

The technique first emerged in 2009 [27], with recent developments addressing the laser processing
strategy, the optimisation of surface structure [73,125] and use of different metallic [126] and
polymeric materials [127]. Two surface structure modes producing superhydrophobicity have
emerged. This is associated with the use of either femtosecond pulsed lasers or nanosecond pulsed
lasers. Femtosecond pulsed laser machining is capable of highly precise surface modification,
fabrication of microprotrusions and nanoripple features have been demonstrated as shown in

Figure 3.9(a) [128]. In high fluence nanosecond pulsed processing, the surface texture is mainly melt

driven consisting of microscale trenches and globules as shown in Figure 4.1(b) [8].

To achieve the superhydrophobic Cassi-Baxter wetting regime liquid droplets must be prevented from
contacting bare stainless-steel. This requires producing surface asperities which are tall enough to
prevent suspended droplets from contacting the base of the surface texture [129]. Additionally, the
surface asperities must be closely spaced enough to remove hydrophilic surface. A full surface
coverage of surface texture is needed in order to avoid the water adhesion effects documented for
hatch separations much greater than processed track diameter [130], whilst also avoiding the poor

structure formation with high levels of hatching overlap [107].
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Figure 3.9: Comparison of (a) ripple like surface texture fabricated with a femtosecond laser [128]

and (b) hierarchical roughness surface texture fabricated with nanosecond laser [8].

Key concepts for technology scale up involve consideration of the trade-offs between nanosecond
pulsed lasers and femtosecond pulsed laser sources [130], wide area texturing through the use of

scanning devices [128] and acceleration of the chemical transition mechanism [131].

Multifunctional surfaces have been demonstrated including anti-icing [126,132], anti-corrosion
[133,134], anti-biofouling [135,136], enhanced condensation heat transfer [137] and oil filtering [138]
functionalities. There have been several industry collaborations which have ran during the course of
this PhD to translate laser texturing into industry. In particular, Tres Clean [139] which focused on
self-cleaning end-use cases of the food industry and Laser4Surf [140] targeting medical components

and batteries.

In this section, the theory and applications of laser surface modification have been discussed.
Different ablative material removal regimes were identified based on laser intensity and pulse
duration. Although modelling of laser ablation remains complex, empirical modelling can be used to
predict ablation morphology for high fluence nanosecond pulsed laser processing based on the
material response under threshold conditions. By irradiating stainless steel with a long nanosecond
pulse under high fluence, material ejection includes artefacts of thermally driven interaction such as

redeposited material and splatter.

The LIPSS surface texturing approach offers novel possibilities for functional surface manufacture
due to the nanoscale surface structure and gentler thermal profile of the process. The theoretical
understanding and effect of laser parameters on the fabrication of LIPSS was outlined. Currently it is
challenging to fabricate LIPSS textures over wide areas due to the high sensitivity to laser parameters
such as pulse overlap and beam polarisation. Experiments were led to investigate this manufacturing
concern by comparing the fabrication process and functional properties of LIPSS with an industrially

accessible high fluence nanosecond laser texturing approach.
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The background literature into laser interaction with transparent media highlighted the challenges of
ablative processing of glass such as low laser absorption and propensity for crack formation. This led
the research direction into ablative processing of glass using a femtosecond laser source. The
literature review highlighted the need to design the processing system to trigger non-linear absorption
on the surface of the transparent media whilst thermal artefacts at high laser fluence. Femtosecond
laser micromachining has historically been very slow due to the limitations of available laser sources.
Using state of the art fibre laser sources in combination with beam scanning systems offers a pathway
to adopt femtosecond laser glass processing into a high throughput manufacturing application, but

research is needed to optimise the material removal mechanics.

3.2 Design of experiments

This section describes the development of research objectives and experimental plan to address the

research aim.
3.2.1 Research Aim

o Determine the most effective laser patterning approach to produce scalable surface structuring

of flat stainless steel and float glass surfaces.
3.2.2 Research Objectives

The literature review described the energetic pathway by which laser light is absorbed and leads to
ablative surface structuring. Nanoscale LIPSS texturing of stainless steel and precision micro
structuring of glass with transparent laser wavelengths offer novel functionalities but remain

challenging to realise at an industrial scale.

Experimental work first needs to examine the use of a nanosecond pulsed fibre laser to produce
microscale crater, track and texture geometry. This is the first step towards a scalable surface
texturing strategy, combined with a holistic appreciation of laser material interaction mechanics.
Experiments are designed to examine the role of different laser parameters on surface chemistry and
surface structure. In particular, we need to better understand the effect of laser intensity on metal

oxide formation and the morphology of the ablated region and redeposited material.

At laser intensities close to the ablation threshold it is possible to form submicron laser induced
periodic surface structures. However, the literature highlights that this is sensitive to many
components of the optical system and requires careful tuning of interaction dynamics. The theoretical
basis behind LIPSS formation is examined with a focus on laser selection and manufacturability. A

high patterning rate ultrafast laser platform is used to investigate the formation of these nanoscale
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structures and then pattern them to form a continuous surface texture with high uniformity and
regularity. The regime for LIPSS production was identified in terms of laser intensity and incident

number of pulses, a future route to wide area manufacturing was identified.

It is challenging to produce microscale ablation of glass with near infrared lasers because unlike
stainless steel the material is not directly absorptive of the laser light. By using ultrafast near infrared
laser sources it is possible to trigger ablation through non-linear absorption, this also ensures the heat
damage is sufficiently low to avoid thermal shock damage to the glass. However, the delicate window
for this interaction mechanism brings concern for manufacturing viability and requires significant
experimental optimisation. Experiments are used to investigate the laser parameter range available for
precise structuring of glass and explore scaling the patterning approach to wide areas for later

experiments focusing on fluid deposition applications.

e Study the effect of laser parameters in pulsed laser ablation of stainless steel on
morphological, and compositional properties.

o Develop the theoretical basis and parameter window to manufacture a texture consisting of
nanoscale laser induced periodic surface structure.

¢ Investigate the modification of float glass surface topography through ablative structuring

with an ultrafast laser.

3.3 Method

This section introduces the details of the experiments carried out and outlines the how laser
parameters and operating conditions were controlled. A full description of glass and stainless-steel
substrate materials was given in Section 2.1. The laser systems and characterisation tools used in this
chapter were introduced in Sections 2.2 and Section 2.4. Figure 3.9(a) explains the technical terms

used in experimental work.
3.3.1 Stainless Steel Laser Processing

In order to address research objectives 2 and 3. A series of laser processing experiments aimed to
fabricate a LIPSS type surface texture and a hierarchical surface texture whilst simultaneously
generating insight into the laser interaction mechanics. Figure 3.9(b) illustrates the different laser
processing experiments carried out on stainless steel. In experiment S1 the SPI G3 marker introduced
in Section 2.2.1 was used. The stainless-steel surface was exposed to isolated laser pulses by scanning
the laser at 2 m/s to produce a separation between pulses greater than the crater damage radius. The
effect of varying laser power was investigated by varying the laser power from the minimum value at

which damage occurred up to 15 W in increments of 1 W. The other laser parameters including
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repetition rate (25 kHz), spot size (36.4 um) and pulse duration (200 ns) were kept constant in all

experiments.

In experiment S2, continuous tracks were ablated using the SPI G3 laser marker, a scanning speed of
100 mm/s was used resulting in a pulse overlap of 90% and laser power was varied from 10 W to

20 W. Experiment S3 also investigated continuous track formation but in this case using the
LaserdSurf ultrafast platform described in Section 2.2.3 in order to fabricate LIPSS. In this case an
experimental matrix was executed, this matrix varied power from 0.81-4.1 W in increments of 0.41 W
and scan speed from 15 mm/s up to the maximum limit of 4000 mm/s with the value doubling
between each matrix increment. In all LIPSS fabrication experiments using the Laser4Surf platform
the parameters specified in Section 2.2.3 were used including repetition rate (500 kHz), spot size (30

pum) and pulse duration (<300 fs)

In experiment S4 the texture types investigated in continuous track experiments in S2 & S3 were
compared. Full surface coverage was achieved by scanning the beam with a hatch spacing of 58 um
for the nanosecond laser processed surface and 21 um for LIPSS fabrication. This spacing was
equivalent to the measured diameter of the track profile including the central depression and raised
burrs. Small areas of less than 1 cm? were fabricated for SEM and XPS analysis. Following these
experiments larger samples of dimension 4x4 cm were fabricated for wettability measurement in
Chapter 4.
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Figure 3.9: (a) Schematic illustrating laser hatch spacing - 8, pulse separation and spot size - d.

(b) Overview of scanning patterns in stainless steel experiments.
3.3.2 Glass Laser Processing

Obijective 3 concerned the development of a process for microstructuring of flat glass using ultrafast

laser ablation. Figure 3.10 summarises the experiments conducted to achieve this objective.
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Experiment G1 explored the selection of laser objective whilst operating in near ablation threshold
conditions. The ultrafast laser processing platform and objectives used in experiments were described
in Section 2.2.2. The beam power and vertical offset of the objective from the focal position were
varied and the range of values for which ablation occurred was measured with an optical microscope.
The beam power was reduced from 1.05 W in increments of 0.07 W until no ablation was observed.
At each power level the vertical offset was varied firstly in increments of 1 um and then in units of

0.5 um as the vertical tolerance for ablation became smaller at low power.

In experiment G2, the profile of the laser ablated tracks with varying laser power was measured using
interferometry to find the cross-sectional area and calculate the material removal rate. This section
compared the material removal of the samples processed with stage translation to those processed
with galvanometer scanning. In this experiment the same Satsuma laser sources were used operating

at constant wavelength 1030 nm, pulse duration <300 fs and repetition rate 500 kHz.

Once these fundamental interaction experiments were completed the next stage was to develop a
processing approach for creation of a micro structured topology with a millimetre scale footprint
using multiple passes and hatching. In experiment G3, the laser power of 3.1 W, spot size of 4.81 um
and scan speed of 10 mm/s and other operating parameters were kept constant. The effect of scanning
multiple passes (1x,5x and 10x passes) and hatched tracks (5 pum 10 pum) was tested in order to
produce freeform design of surface topology.

Gl1 G2 G3

Investigated Investigated Investigated

+ Objective Focal Length + Laser Intensity + Hatch Spacing (8)

« Focal Position (AZ) * Scanning Parameters * Number of Passes (N)
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Figure 3.10: Overview of glass laser processing experiments showing experiment: G1- Identifying

ablation threshold and depth of focus, G2 - Effect of varying laser fluence on etching of tracks and

G3- Surface topology micro structuring with variation of scanning parameters.
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3.4 Results and Discussion

3.4.1 Development of laser processing strategy for surface functionalisation of

stainless steel

A laser texturing approach was developed which used a 200 ns pulsed fibre laser operating at

1064 nm, the laser was focused with a galvanometer scan head as described in method Section 2.2.
The final laser texturing process involves scanning the beam in a serpentine pattern over the stainless-
steel surface. Initial experiments looked at the interaction of a single pulse to assess material removal

mechanics and morphology variance as applied laser intensity was increased.
3.4.1.1 Ablation of stainless steel using isolated nanosecond laser pulses

Laser intensity was increased from the minimum power for which ablation occurred from 3 W to

15 W in steps of 1 W, the resultant surface structure was characterised using SEM, EDS and WLI in
order to characterise pulse crater morphology, surface chemistry, ablation crater profile and depth.
The minimum laser intensity for which ablation was observed with a power of 3W or fluence of

9.55 J/cm?. When this threshold was exceeded ablative material removal was observed. As seen in
SEM images presented in Figure 3.11, the centre of the ablation crater in all cases was observed to be
smoother than the cold-rolled stainless-steel substrate. This is attributed to smoothing effects of laser
induced surface melting followed by solidification. In the laser polishing process a thin surface layer
is molten and surface tension causes material flow from peaks to valleys resulting in a smooth surface
structure. Literature reports suggest that when long pulse durations with a longer thermalisation
profile are used, LIPSS formation is inhibited by the dynamics of molten material flow and
redistribution [108].

In addition to crater formation, SEM imaging highlighted thermal artefacts of the process. The
presence of redeposited burrs was observed at all laser fluences. At low fluence, the burr structure was
a continuous raised ring around the perimeter of the crater. At high fluence redeposited material was
ejected explosively from the ablation crater redepositing onto the subject as spatter. This is attributed
to the thermal effect of the long nanosecond laser pulse [141,142]. In the experimental system, the
laser pulse duration (10® s is longer than the thermal relaxation time (102%) of the substrate material,
this causes heat diffusion into the material lattice over the length of the laser pulse and result in a

thermally driven interaction [143].

EDS mapping showed that after single pulse laser processing the surface chemistry remained

unchanged from the stainless-steel substrate. No changes were observed and any colour changes
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visible in Figure 3.11 are artefacts from the in-built analysis software of the EDS system. Less than
0.5% surface oxygen content was detected in all experiments. Literature reports show metal oxide
formation due to reaction with air, however this is only observed for film texturing or when high
numbers of pulses are used [144]. The relatively short exposure duration of single pulses and absence
of thermal incubation means there is a lower surface temperature and less energy to trigger the

reaction.

Laser Power 3W (Threshold)
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 —
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EDS Element Map
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Figure 3.11 SEM images and EDS maps of single pulse laser ablation experiments. In the EDS

element map the grey scaled SEM image is overlaid with colours corresponding to the location of
elements detected in the EDS scan. This corresponds to the elements Manganese (Mn), Nickel (Ni),
Iron (Fe), Chromium (Cr) and Carbon (C).

Interferometry was used to capture the topology profile of the ablation craters. The predictive model
described by equation 3.8 was used to predict crater depth and profile variance with increasing laser
intensity. The measured damage threshold conditions of (fluence - 9.55 J/cm?, crater depth -1.73 um)
were substituted into the model. Figure 3.12(a) compares the topology contours of the surfaces and
the 2D crater profile. In the topology contours, the hemispherical shape and presence of redeposited
material and splatter was consistent with the SEM observations. With increasing laser intensity from
3W -15W, It was found that the crater depth increased from 1.73 um up to 4.77 um. The width of
the central ablation crater was also observed to increase with applied laser fluence from 25.0 um at

3 W upto 44.1 um at 15 W. This was attributed to the tails of the beam intensity profile exceeding the
observed laser intensity threshold as highlighted by the predicted crater profiles.

Figure 3.12(b) compares the measured ablation crater depth to predicted results produced using
equation 3.8. The effect of increasing laser fluence produces an increase in crater depth, the rate of
this increase decays exponentially which is attributed to optical absorption and heat flow. The simple
logarithmic relationship for crater depth and profile with limited experimental data showed good

agreement with experimental results.
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Figure 3.12 (a) Contours and measured profile from white light interferometry measurements of

single pulse experiments. (b) Ablation depth measurement and comparison to predicted values
3.4.1.2 Production of continuous laser machined linear features

In the texturing process a full surface coverage is produced with a serpentine scan of continuous
tracks as highlighted in Figure 3.9 shown in the method section. Continuous tracks were machined
with varying power (10,15,20W) and with constant pulse duration (200 ns), repetition rate (25kHz)
and scan speed (100mm/s). The aim of this stage of experiments was to provide an informed design of
the areal surface texturing approach. The effect of modifying power and pulse duration on surface
topology was assessed. As shown in Figure 3.12 (a) The profile of the continuous features consisted
of: 1. Unmodified stainless-steel substrate, 2. Ablation groove with negative surface profile 3. Burr
formation with positive surface profile. The height and width characteristics of three profiles were
measured using interferometry. Crater depth was measured as the distance between the lowest point of
the profile and the baseline height of the unmodified substrate. Crater width was measured as the
width of the negative surface profile terminated on each side where the crater became burrs at the

baseline height of the unmodified substrate. Burr height was measured from the highest point of the
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burr to the baseline height of the unmodified substrate. ‘Width of Burrs” was measured as the distance

between where the positive burrs met the baseline of the unmodified substrate minus the crater width.

For the equivalent applied power and pulse energy used in the single pulse ablation experiments, the
laser ablated tracks were observed to be deeper and wider. This was attributed primarily to the higher
applied overall energy dose as well as accumulation of thermal energy in the scanning direction. The
overlapping rate of pulse separation as a percentage of laser spot diameter was calculated as 90%,
producing 10 laser pulses per spot. Additionally higher surface temperatures as a result of thermal
incubation provide a smaller temperature gap to reach vaporisation temperature [145]. Multiple pulse
burst processing has also been shown to produce a lower ablation threshold and temporary

enhancement of absorptivity after the first pulse [146].

Figure 3.12(b) plots surface structure measurements with comparison to laser power. From 10-20W
applied power, the track depth (H1) increased from an average value of 18.1 + 1.4 um to

38.1 £ 6.9 um pm. In this range, the burr height (H2) remained relatively constant increasing from
11.7 + 1.6 umto 14.8 + 1.5 um. This meant the ratio of ablated track depth to redeposited burr height
(H1/H2) increased with power. The track width (W1 - 30.24 um) was larger than the width of the
burrs at W2-19.6 um) producing a width ratio (W2/W1) of 0.65. With increasing power, the burr size
became much larger resulting in a (W2/W1) ratio of 1.4. This analysis found that with increasing
fluence the overall volume of material removed from the crater increases substantially, primarily
through the increased depth of track. Material which redeposits forms burrs, and it is observed that

with increasing fluence the burrs tend to grow in width rather than height .

After full surface coverage with tracks the effect of varying laser intensity on surface chemistry was
investigated using EDS as shown in Figure 3.12(c-d). At low fluence close to ablation threshold

(3.7 W) the composition remained close to the original substrate. At high fluence in the strong
ablation regime, around 7% oxygen content was measured which indicated formation of metal oxides.
This corroborates with the work of Lawrence et al. who found that in nanosecond laser texturing of
stainless steel, metal oxide films of up to 489 nm thickness were formed, and the thickness of the

oxide film reduced with applied laser fluence [147].

James Macdonald - March 2021 39



Digitally enabled surface function modification for wide area applications

(a) (b)
~ =& = - Crater Depth (H1) = =& =+ Burr Height (H2)
Width of Crater (W1) = <®=-Width of Burrs (W2)
80
H1/H2 155 195 257
W2/W10.65 140 1{1
60 e
< 40 S {
E // J: i
g + ,/ L ="
20 %,_{,,,.r-"
SRR PR i i -2
0
7.5 10 12,5 15 17.5 20 22.5
Laser Power (W)
(c) 10° (d) :
257 mFe mCr mNi mC mO
[——substrate 3.8W 11.3W ——15W]
I ———————
2t OKa Cr Ka Fe Ka 15W
- 7.1%
\ [——
@ 1.5 UJL‘"‘“‘-—““' L" 11.3W =
B = 8.4%
Q
&) e
Tt 3.8W pm=
| 10.9%
| AL,_ : =i || —xra——
0.5 Substrate g
0.4%
0 A - o B - 0 50 100
0 2 4 6 8 10 -
At%

Enerqy Level (keV)

Figure 3.13 (a) 3D visualisation of ablated track morphology using parameters of average power
10W, and scan speed 100 mm/s, (b) Measurement of track morphology parameters with increasing
laser fluence, (c) EDS Spectrums with major peaks labelled (d) Composition breakdown of EDS

measurements in At%.
3.4.1.3 Production of ripple surface of high density and uniformity

Nanosecond laser ablation at high fluence resulted in a rough microscale surface texture based on
direct write ablation and burr formation. The literature review highlighted an alternative emerging
laser texturing process to fabricate surfaces with a nanoscale LIPSS texture. The characteristics of this

texture are that it is shallow covering of nanoscale ripples with high density and aspect ratio.

Section 3.1.1 identified the influences on LIPSS formation from the research literature. A mirror
polished substrate was used to investigate nanoscale features. This is because LIPSS have been shown

to be affected by the original surface morphology [106]. Typically, femtosecond lasers are used for
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LIPSS formation because the fluence must be near the surface damage threshold to avoid domination
of ablation effects. Optical parameters such as the number of incident pulses and beam polarisation
are used to control periodicity and orientation of LIPSS.

The Laser4Surf femtosecond laser platform was used to investigate LIPSS formation. The effect of
single laser passes to produce linear tracks was explored with varying scanning speed and average
power as detailed in Section 3.3.1. Visualising individual pulse ablation craters was not possible for
the high repetition rate femtosecond laser system used. Four processing regimes were observed with

increasing fluence which are identified as nanobubbles, LIPSS, spikes and ablation in Figure 3.14.

Nanobubbles LIPSS Spikes Ablation
4000 mm/s — 1.2W 80 mm/s — 1.2W 80 mm/s — 2.5W 80 mm/s — 7.5W
- —

Figure 3.14: SEM images of example surfaces and laser parameters for the identified processing
regimes in production of LIPSS through femtosecond laser processing of stainless steel

The most-gentle modification regime of nanobubbles was observed at very rapid beam scanning with
parameters of 4m/s scanning speed and 1.2 W average power. The hemispherical outline of the beam
spot is visible corresponding to a beam overlap of 73.3%. Formation of ripples were visible however
they were not dense or consistent in shape. By lowering the scan speed to 80 mm/s resulting in a pulse
overlap of 99.5% the optimum LIPSS regime was found shown in Figure 3.13. This consisted of mild
ablation with micro channels of depth 1-2 um, the microchannels were decorated with high density
LIPSS. The period of the LIPSS was measured using a Matlab program [148] and was found to
average 747 nm indicating they are categorised as low-spatial frequency LIPSS. The LIPSS were
oriented in the path of beam scanning and perpendicular to beam polarisation which is consistent with
literature reports [103]. When the fluence was increased further ablation became the dominant effect

first resulting in a protruding spiky central channel and then in strong ablative material removal.

These findings showed that to produce LIPSS requires careful control of the energy dose and number
of incident pulses, as a narrow processing window is available to produce high density LIPSS whilst
avoiding ablation. In order to scale the LIPSS fabrication parameters to wide areas the number of
incident pulses is critical. For example, to scale 6250 pulses per mm to a scan rate of 1 m/s a

repetition rate of 6.3 MHz is needed. This is within the range of current cutting edge high power-high
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repetition rate femtosecond fibre lasers [149,150] demonstrating a viable pathway for industrial

adoption.
3.4.1.4 Comparison of surface texture modification approaches

To fabricate a surface texture a hatched pattern of tracks is used as shown earlier in method

Section 3.3.1. A full surface coverage of LIPSS was created and compared to a hierarchical surface
texture fabricated with a nanosecond laser. Surfaces were textured by scanning in a serpentine pattern
using the parameters developed through individual track machining experiments. For the nanosecond
laser processed texture, the hatch separation between tracks was specified as the total width of the
crater and burrs shown in Figure 3.12(b) +10% to account for deviation. For the LIPSS surface the
hatch spacing was adjusted experimentally and a hatch spacing of 21 um was selected as the surface
with the best uniformity and density of LIPSS. These processes were developed firstly to investigate
surface structure of the two texture modification approaches and enable later functional experiments
concerning the wettability of surfaces after texturing. Appendix A shows the surfaces with different
hatch spacings. Table 3.2 summarises the laser parameters used to create these surfaces.

Table 3.2: Summary of laser processing parameters used for surface texturing experiments

Parameter Pulse Repetition Scan Hatch
Power Spot Size
Set Duration Rate Speed Spacing
Hierarchical 200 ns 10W 25 kHz 350 mm/s 39 58 um
LIPSS 350 fs 1.5W 500 kHz 80 mm/s 15 21 pm

Clear distinctions were observed between the micro and nanoscale topology of the two texturing
approaches as illustrated in SEM images shown in Figure 3.14 and roughness measurements in

Figure 3.15. The LIPSS surface texture was mainly rough only on the submicron length scale of the
ripples with measured roughness of Ra 0.68 um. The nanosecond laser processed surface resulted in a
hierarchical roughness with Ra 2.94 um. This consisted of microscale trenches covered with
redeposited molten particles. At the nanoscale, the surface was covered with fine hairlike structures
which have been shown to be caused by metal oxidation [144]. This change in chemistry through
oxidation was shown in Section 3.4.1.2 using EDS experiments. In laser texturing of LIPSS on
stainless steel Gomez-Arandzi et al. also found that oxidation occurs however it is less pronounced at

low fluences [148].

As reported in Figure 3.14(c) the topography factor was calculated from the ratio of surface area to

projected area. This is a key factor for the wettability of rough surfaces as outlined in discussion of the
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Wenzel model 2.4.4. Although the LIPSS surface measured with interferometry showed a slightly
high topography factor of 1.35 compared to 1.17 for the hierarchical surface, this doesn’t fully
account for the nanoscale influence which would cause the surface area to be substantially higher in

both cases.
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Figure 3.15: (a) Comparison of SEM images of LIPSS and hierarchical surface textures.
(b) Superimposed interferometry surface profile of the two texture types. (¢) Summary of roughness

Mmeasurements.

It is particularly important to assess the overall manufacturability of the two processing approaches in
terms of the time to fabricate the surfaces, durability of the modification and industrial feasibility.
Although the use of a galvanometer scanner enabled relatively fast production of LIPSS (1.7 mm?/s),
the areal processing rate of the nanosecond processing technique remained substantially

higher (20.3 mm?s). This could be balanced in future work as more powerful femtosecond lasers with
MHz repetition rates become available or with the use of alternative optics configurations such as line

focused beam profile [106].

Because a LIPSS surface texture has a smaller modification depth and lower thermal input to the
material it could be used to texture thinner substrates than the nanosecond processing technique.
Experimentally a LIPSS texture was fabricated onto stainless-steel foils with thickness 100 pm
whereas with high fluence nanosecond laser texturing the minimum thickness was 300 um after which
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the sheet became buckled. However, LIPSS fabrication is sensitive to surface finish and the initial
mirror polishing stage may add expense to the overall process. Clearly, very different attributes were
found when comparing the two laser texturing approaches. Chapter 4 explores how these surface
textures modification approaches compare in terms of functionality as superhydrophobic surfaces.

3.4.2 Development of laser processing strategy for ablation of float glass using

a femtosecond NIR laser

The literature review highlighted that laser ablation of clear soda-lime glass is challenging with near
infrared fibre lasers because of its low absorption at the laser wavelength. One approach is to use
femtosecond lasers which trigger non-linear absorption processes in the transparent media through
tunnelling ionization or multiphoton ionization. However, achieving the very high photon density for
these effects necessitates the use of pulse durations less than 10 picoseconds and focusing the laser to

a tight spot through high numerical apertures machining objectives [151].

In order to develop a laser processing strategy and determine the optimal parameters for material
removal several experiments were carried out. The tolerance bands for machining operations were
examined. The use of different laser objectives and scanner configurations were assessed for their
material removal rate. By analysing laser machined tracks the cross section could be observed and the
material removal rate was calculated. Following these investigations into manufacturing viability, a
multipass structuring approach to ablate microchannels into flat glass surfaces was used to produce

topology and wettability patterned surfaces for fluid deposition experiments in chapter (6).

When operating at high repetition rates, incubation effects between laser pulses means that a lower
threshold for ablation occurs in comparison to single pulses. To assess the multipulse threshold for
ablation of glass using the Satsuma laser a processing speed of 1 mm/s and repetition rate of 500kHz

were applied with varied fluence and objective focal length.
3.4.2.1 Identifying ablation threshold and depth of focus

Short focal length lasers are needed to achieve the high photon density to ablate glass however this
means they have a short depth of focus. The depth of focus in which ablation was possible for a given

optics configuration was assessed through a geometric method [152].

A series of tagged snake patterns were machined into the glass substrates. At each section of the
snake, marked by the diagonal or vertical tags in Figure 3.16(b), the working distance between
objective and substrate was decreased by AZ. The resultant surface damage indicated the interaction at

different working distances. The strongest ablation occurs at the focal point, and the depth of focus

44 James Macdonald — March 2021



Chapter 3: Effect of laser parameters on surfaces

was judged by the vertical range of objective positions for which ablation was observed. The laser

intensity was lowered from 2.1 pJ pulse energy until below threshold.

Two laser objectives were tested for machining, the input beam diameter was ~6 mm. Firstly, the
Comar 08-0X-05 22x with 8 mm focal length and calculated spot diameter 1.92 um. Secondly, the
Thorlabs LMU 10x with 20 mm focal distance and 4.81 pm spot diameter. Figure 3.16 shows the

results of varying laser intensity on depth of focus for which surface damage was observed.
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Figure 3.16: (a) Plot of depth of focus over which ablation occurred for 22x and 5x laser objective
(b) Images used for geometric depth of focus determination with the 22x laser objective.

The Comar 22x objective presented a lower surface damage threshold of 0.716 pJ or threshold fluence
value of 12.4 J/cm?, at this laser intensity there was a very tight depth of focus of 2.5 um. In these
near threshold conditions using the high numerical aperture objective there was some evidence of
emerging ripple-like structures, however extreme sensitivity to depth of focus at low fluence made
this technique difficult to investigate consistently experimentally, particularly when wide area

modification was desired.

The Thorlabs objective required a higher pulse energy to achieve ablation of 1.38 nJ, the calculated
fluence of 3.80 J/cm?2 due to the larger beam spot size and a longer threshold depth of focus of 8 um
was measured. The surface structure observed in these conditions indicated ablation in the strong
fluence regime. For both objectives, the use of higher intensity beams led to a greater depth of focus

with a Z-range tolerance of 20 um or greater measured for both objectives at 2.1 nJ pulse energy.

This experiment highlighted the sensitivity of the laser process to variations in the Z-axis. A confocal
probe was used to assess the flatness of the glass substrate surface, it was found that the sample had a
bowed shape with variation in buckling of 8 um over 30 mm. Future research in near threshold
ablation of glass over wide areas requires flatter glass and a better levelling approach as the manual

tilt table was insufficient to achieve high precision tilt alignment. The Comar depth of focus at the

James Macdonald - March 2021 45



Digitally enabled surface function modification for wide area applications

ablation threshold of 2.5 um equates to a 0.06° tilt tolerance over a 1 cm area, the equivalent tilt

tolerance for the Thorlabs objective operating at threshold conditions was 8 pm.
3.4.2.2 Effect of varying laser fluence on etching of tracks

Next the effect of modifying laser fluence and incorporating rapid beam scanning on material removal
was assessed through measurement of track cross-sectional area. 2 machining setups were tested,
firstly using the Comar 22x optic with stage translation at 1 mm/s, secondly a galvanometer scanned
beam with rate of 10 mm/s and 80 mm/s. Figure 3.17(a) plots the cross-sectional area of tracks
machined with the specified conditions and varying laser intensity, Figure 3.17(b) shows the
morphology and Figure 3.17(c) the track profile.

In near threshold conditions using the Comar optic the cross-sectional area was measured to be close
to zero. The neutral cross sectional area for near threshold ablation for powers less than 1.1 W was
attributed to redeposition and glass swelling which may occur due to chemical outgassing or void
formation below the glass surface [153]. There was some indication of ripple-like structures forming
as shown at point W (1.1W or 132.2 pJem?). As intensity was increased, an ablation trench was
formed resulting in a negative cross-sectional area. The largest track cross sectional area of 15.4 pm?
was produced at point X in the surface profile shown in Figure 3.17(c), this track was produced with a

laser power of 4.1 W equivalent to fluence 132.2 pJem-,

Using the galvanometer scanner setup, the beam expander in the optics train was set to its highest
value to produce the tightest focus possible with 8 um spot size. A higher damage threshold was
observed with 2.1 W or 4.1 pJem2. Laser intensity below this value produced modification in the bulk
of the material rather than the surface as observed by [154] and shown in Appendix A. This is
attributed to beam self-focusing, the nature of the in-volume modification is through void formation
due to thermal effects [155].

For both 10 mm/s and 80 mm/s scan speeds the highest cross-sectional area of removed material
occurred at power 3.3W or fluence 6.6 pJecm2. The highest cross sectional area value for each set of
scanning parameters was used to calculate the optimal material removal rate as annotated on

Figure 3.17 (a). The use of a galvonometer scanner improved the material rate by 2 orders of
magnitude to 1.2 mm?3st demonstrating that rapid ablation of float glass is possible in future research.
A high power was required to trigger surface absorption which meant all ablation occurred in the

strong fluence regime.
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Figure 3.17: (a) Plot of track cross sectional area variance with power for the laser optics
configurations explored. (b) SEM microstructure images of points W-Z. (c) Interferometry profiles of
points W-Z.

3.4.2.3 Surface topology microstructuring with varying hatch spacing and

number of scanning passes

The initial investigation into single pass track ablation was used to develop a strategy to etch
microchannels into glass with free selection of pattern size ultimately targeting a pattern geometry of
10x1 mm. To produce microchannels with these dimensions required multiple scanning passes. The
effect of scanning strategy on surface structure was tested using interferometry and SEM imaging.
The number of scanned layers (1,5,10) at constant focal position and hatch spacing in intervals
equivalent to 1x and 2x of the beam spot size (~5 um) were tested. The Thorlabs LMU 10x objective
at 10 mm/s scan speed operating in the strong ablation regime with power of 3.1 W was used because
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of the high depth of focus and material removal rate at high fluence. Otherwise, constant laser
parameters were applied as outlined in Section 3.3.2.

Figure 3.18 presents the profile and morphology produced by this investigation. Track morphology
was clearly in the strong fluence regime for all cases due to the surface roughness and redeposited
material. From 1-5 passes scanned in a single track, the peak track depth was found to increase from
0.6 um to 2.6 um, after 10 scans the depth was 3.6 um. Very similar track depths were also obtained
when tracks were patterned with a 10 um hatch spacing as there was no interaction between hatching
passes. When a hatch spacing of 5 um with 5 passes was applied, the track depth was 5.8 um which

was substantially larger than without overlapped hatching.

This interaction is attributed to stronger laser absorption and interaction with the diffuse rough surface
created by the first pass compared to the flat glass. Although the depth of tracks was within the
measured depth of focus (>20 um) for all test cases, to machine deeper channels in future work may

require adjustment of the focal position with each pass.

For the target dimensions of 10x1 mm tracks, the overall processing time with 5 um hatch spacing, 5
passes and scan speed of 10 mm/s was 17 minutes, although this was slow future work could utilise
the proof-of-concept results for high fluence ablation with galvanometer scanning to enhance the
material removal rate.
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Figure 3.18: (a) WLI topological profiles and (b) SEM images at 45° imaging angle of surfaces with
varying laser hatch spacing and number of passes.
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The processing approach developed for micromachining of glass was limited by equipment
availability to the use of femtosecond NIR laser beams. To progress the approach developed in this
thesis towards industrial applicatios calls for further improvement in processing rate and freedom of
topology control. The use of picosecond lasers is attractive for high rate glass micromachining
because of their high peak power and industrial availability. Additionally they are significantly less
complex, more reliable and lower cost than typical femtosecond lasers [156]. Picosecond lasers have
seen strong adoption by industry for applications in micromachining of chemically strengthened
glasses and thin glass [157]. Using an alternative wavelength with high laser absorption by the glass
substrate could avoid the need for nonlinear laser interaction and improve process elements such as
the high sensitivity to laser depth of focus observed in section 3.4.2.1. Shin et al. recently
demonstrated crack-free groove formation using a UV nanosecond pulsed laser [158]. In this study
they used a laser with a fundamental wavelength of 1064 nm, third-harmonic generation was used to
produce a laser beam of 355 nm wavelength. This is attractive compared to an ultrafast laser approach

because of the lower cost per output power and high material removal rate.

3.5 Conclusion

In this chapter, the fundamental theory underpinning pulsed laser materials was outlined, this
highlighted direct and linear absorption processes and the impact of laser parameters such as pulse
duration and wavelength on absorption. Processing regimes such as strong and gentle ablation were
identified and the mechanism of LIPSS formation was discussed with respect to manufacturing

considerations such as initial surface finish and areal patterning rate.

Single pulse ablation experiments were used to investigate material response in a simplified
experimental system. At the threshold fluence of 9.55 J/cm? an ablation crater of 1.73 um depth was
formed. An empirical model showed that this foundational information could be used to predict the
crater depth at high fluences due to the logarithmic decay of laser light. This led to processing of track

and texture geometries with direct write laser ablation.

Using a 200 ns laser pulse, raised edged burrs were formed due to material thermalisation. The height
and width of the burrs with respect to the dimensions of the laser ablated channel were analysed. With
increasing laser fluence the laser ablated tracks became deeper whilst maintaining width close to the
beam spot size, the burrs tended to grow laterally whilst showing a relatively small increase in height.
The measurements of single tracks were used to develop a laser texturing process with maximum
surface coverage and feature aspect ratio to enable superhydrophobic properties. Laser patterning in
near-threshold conditions using a linearly polarised femtosecond laser source was used to
investigation formation of a LIPSS surface texture. The optimum parameters for fabrication of LIPSS

on stainless steel were power of 1.2 W with an overlapping rate of 6.3 pulses per um. The period of
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the LIPSS was analysed as 747 nm and a full surface coverage was created by optimising the laser

hatch spacing to 21 pm which resulted in an overlapped region 60% of beam spot size.

Laser processing of glass firstly explored the intensity and focusing tolerance band available to trigger
non-linear absorption using a femtosecond near-infrared laser source. Ripple-like structures were
found in near threshold conditions of 0.13 mJcm laser fluence using an 8 mm focal length objective,
however the short 5 um depth of focus in these conditions created a high sensitivity to variations in
surface form. Microchannels were ablated into the flat glass surface using a longer focal length lens
objective operating in the strong ablation regime, the use of overlapped hatched laser passes allowed
for deeper channel depth of up to 5.8 um. The use of a galvanometer scanning system was
investigated in order to facilitate future research scale up of the laser processing technique. A key
finding here was that although the track cross sectional area and aspect ratio were smaller when fast

scanning was used, the material removal rate was 2 orders of magnitude greater.
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4 PROGRESS IN FUNDAMENTAL
UNDERSTANDING OF LASER
TEXTURING FOR

SUPERHYDROPHOBICITY

4.1 Chapter Introduction

In this chapter, experiments are described to investigate the fabrication of superhydrophobic surfaces
through laser texturing. The primary focus of this work is to impart a self-cleaning functionality to
stainless steel 304. The approach has been the subject of significant international attention, but the
research presented here focuses on an area where there is still significant uncertainty, the fundamental
understanding of transient surface chemistry reported after laser processing. The general studies and
findings presented are further developed with application-focused experiments exploring hybrid laser-
chemical treatment. Finally, to analyse the industrial viability of laser texturing, the technical
challenges to enable wide area manufacturing are explored and the position of this approach in the

landscape of technology readiness and competing approaches is described.

4.2 Literature Review

Chapter 3 introduced the use of laser texturing to control surface structure and chemistry, some of the
manufacturing considerations in fabricating superhydrophobic surfaces through laser texturing were
outlined. Now, the research literature concerning the functional impact of the laser processing

technique is examined.
4.2.1 Initial observations of hydrophobic transition and early papers

The first studies demonstrating laser texturing of superhydrophobic surfaces, noted in the previous
chapter, showed that after laser processing the surfaces did not immediately have a superhydrophobic
response but required an ageing process [27]. This transitionary period for the surface wetting
behaviour of the laser processed metallic surfaces to shift from hydrophilic to a stable hydrophobic

state with exposure to ambient air is now widely reported, as detailed in table 4.1.
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4.2.2 Duration of transition

A wide range in the length of transition periods has been observed, the ageing times to reach a steady
state wetting angle varied significantly from just a few days to over a month. Kietzig in particular
showed that the regression coefficient used to describe the rate of transition varied substantially both

in terms of substrate material and applied laser fluence [27].

Table 4.1: Summary of laser texturing of stainless steel for superhydrophobicity studies

Stainless . -
Study Citation Steel Structure tyl?e & Final Contact Trans..ltlon
Pulse duration Angle Period
Grade
Bizi-bandoki et . o
al. 2013 [159] X40Cr14Az Ripples, 125 fs 130 3 days
Kietzig et al. . o 5.25 days
2009 [27] 304L Ripples, 150 fs 146 (calculated)
Tian et al. 2016 304 Hierachical 34ns 154° 10 days
[160]
Ta effgl‘oiom 304S15 | Hierachical, 200ns 154° 13 days
GregortiCetal. | 4;¢) Hierachical, 95 n 153° 30d
2017 [144] ierachical, s ays
Trdan et al. 316L Hierachical 40 n 168° 1 month
2017 [80] ierachica S 0

Table 4.1 collates the reported transition periods for a number of studies showing laser
texturing of stainless steel for superhydrophobicity. Several studies have reported continual
trends such as longer transition duration with increasing laser fluence [27,130]. However, the
far larger difference in transition duration between ripples and hierarchical surface structures
has not previously been established. Some of the variance is likely to be multi-faceted in
origin due to the large number of potential surface chemistry influences. Current studies have
not effectively reported the environmental conditions during storage. Several studies have
shown that small variances in storage conditions may cause significant variance in wettability
such as storage in polyethylene bags, solvent exposure [161] and cleaning process [162] and

composition of storage atmosphere [163].
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4.2.3 Chemical mechanism of transition

The research field is in general agreement that the morphology of the laser textured surface does not
change with air exposure, this indicates that the cause of the transition is due to chemical reaction of
the surface with air. However, the chemical pathway of this transition continues to be contentious.
Recent investigations have pointed towards adsorption of airborne organic material to be responsible,

although a nuanced understanding has not been achieved [1][131].
Potential chemical processes underlying the transition are summarised:

o Partial surface deoxidation
¢ Removal of surface water and creation of hydrophobic functional groups
e Decomposition of CO>

e Adsorption of airborne organic molecules

Immediately after laser processing of steel in ambient conditions, the metal oxides formed have a
highly polar electronic structure induced by coordinate unsaturation of the metal elements. This
favours the formation of hydrogen bonds with interfacial water, high adhesion forces and
consequently a hydrophilic response [165]. It has been shown that this hydrophilic property can be
maintained permanently by attaching hydrophilic functional groups to the surface or through a simple
water boiling treatment process [166]. The action of water boiling treatment has been shown to
further oxidize the underlying metal and attach polar hydroxyl groups to the surface. A relevant study
examined the interaction of pristine aluminium oxide wafers with water vapour [167]. The pristine
surface was shown to be composed of unsaturated Al atoms acting as Lewis acid sites and unsaturated
oxygen atoms acting as Lewis base sites, when exposed to water vapour these sites are quickly
hydroxylated and effectively passivated. This is the suggested cause of the stability of the
superhydrophilicity in the case of boiling water treatment. It has a further implication for contact
angle measurement, once a surface has been exposed to water in the measurement process it will be

transformed chemically.

Deoxidation has been proposed as a potential mechanism for laser texturing of copper as XPS
experiments have shown the ratio of CuO to Cu-0 increased over time after last processing [73,168].
However, all metal oxides are intrinsically hydrophilic [124] and therefore not solely responsible for
the hydrophobic transition mechanism. The behaviour of laser induced metal oxides during
hydrophobic transition has been investigated further in experimental work for the case of stainless

steel.
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In a study comparing superhydrophobic laser texturing of aluminium and steel [159], XPS
measurements were compared before processing and six days after processing. The study found that
the surface carbon content of stainless steel actually decreased during this time period from 68% to
58% and attributed the hydrophobic transition to removal of a thin film of water. However, it is very
likely that the surface before processing had some adventitious carbon contamination which was
removed by laser processing. Even though the initial surface had a high content of nonpolar carbon, it
was smooth and no functional properties were observed, as explained by the wetting regime theory
outlined in Section 2.3. This means a valid experiment should have included an XPS measurement

immediately after laser processing.
4.2.4 CO, decomposition

CO; decomposition to form amorphous carbon is another proposed mechanism to explain the
transition period. The laser texturing process results in the formation of surface-active magnetite
Fe;04-5 (0 < & < 1) which is a non-stoichiometric oxygen deficient iron oxide scale. Active magnetite
has been found to catalyse the dissociative adsorption of carbon dioxide [169]. Carbon monoxide and
carbon are formed with oxygen anions transferred into the lattice vacancies to form a stoichiometric
metal oxide such as Fe3O4. This reaction has been shown to happen very slowly at room temperature
which explains the gradual transition. Wan suggested the reaction pathway for this mechanism under

low temperature heat treatment [170]:
573 K
Fe;0,_5+C0, —> Fe30,+C (6 >0)
573 K
Fe;_,0+ CO, —> Fe30, + C
573K
Fei_,0 — Fe30, + aFe

573K
aFe+ C0, —> Fe30, + Fe3C

CO; reduction on metal oxide surfaces has been experimentally proven possible [171]. In this study
an amorphous carbon thin film was shown to form at FeO sites when exposed to a partial pressure of
CO; gas, the thickness of this layer was found to increase with CO, pressure and exposure time up to
a maximum of 3.7 nm. The authors of the study noted that in their XPS measurements the C 1s peak
of the deposited film was 285 eV which is closer to a typical hydrocarbon peak (285 eV) than an
amorphous carbon or graphite peak (284.4 eV).

These findings suggest that CO- reduction is evidentially possible. However, it does not necessarily

mean that the process underpins the superhydrophobic transition. The primary argument against this
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mechanism is that CO; is a very stable molecule with a high activation energy, this suggests the

process is unlikely to occur in air or would require a very long time.
4.2.5 Hydrocarbon adsorption

Adsorption of atmospheric hydrocarbon contaminants occurs readily for a variety of materials [172—
175] and systems, it is typically associated with a small increase in contact angle for a smooth
surface. It is anticipated that this well-observed process also occurs during air exposure of laser

textured metals and is responsible for the hydrophobic transition.

The surface formed after laser irradiation of metallic substrates is highly non-equilibrium, possesses a
lot of defect sites and high surface energy, which gives rise to the initial hydrophilic response [133].
Chemical and physical adsorption processes are driven by reducing the Gibb’s free energy of the
surface and diminishing surface energy [124]. The high surface energy and presence of polar sites in
the laser textured surface and terminal groups of airborne organic molecules drive an energetically
favourable adsorption process [126,164,176]. This means polar metal oxide sites allow

chemisorption of polar groups such as alcohol, carboxylate and carbonyl.

Long et al. [131] studied the wettability transition of laser textured aluminium stored in a range of
atmospheres. When the textured samples were kept in N2, Oz and CO, atmospheres no wettability
transition occurred, and the substrate maintained superhydrophilic properties. A superhydrophobic
response was observed when the surfaces were stored in air and in a hydrocarbon rich atmosphere.
The hydrocarbon rich atmosphere was created by storing a drop of a volatile organic
(4-MethylOctanoic Acid) in a sealed container. The hydrocarbon rich atmosphere additionally showed

a much faster transition of only 8 days compared to 30 days in air.

After laser processing of aluminium Cardosa et al. found that the surface was hydroxylated with
exposure to ambient water vapour as OH- groups were detected through XPS [177]. The surface
density of OH- groups has been shown to be a major factor governing the adsorption of organic
substances to metal oxide films [178]. This suggested the following reaction for carboxylic acid

chemisorption to the metal surface through interaction with the OH- groups:
RCOOHy) + AI(OH) —> RCOO(Al) + H:0

It is hypothesized that this process is not unique to aluminium but common to other laser
textured metals including the focus of experimental work on stainless steel. Evidentially it is
seen that although varying in duration, the same form of superhydrophilic-superhydrophobic

transition with air exposure has been observed for a number of metals and alloys each with
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different chemical, catalytic activity and crystallographic structure [27,124,179]. There are
some important differences between studies, with stainless steel Kietzig et al. [27] did not
observe the same inhibitive effect when storing in a CO, atmosphere as Long et al. did with
aluminium, Kietzig et al. actually observed a more hydrophobic final contact angle compared
to air exposure. It is important to ascertain whether this is due to a different chemical
mechanism in stainless steel or error such as unintended introduction of hydrocarbon species.
Previous authors have observed that small amounts of hydrocarbons may be introduced by
oils and lubrication in vacuum pumps and seals [180].

4.2.6 Heat treatment

Several approaches have been shown to improve the rate of transition such as variation of the storage
atmosphere [131], storage in high vacuum conditions [71] and heat treatment in air [166] or in
solvent immersion [162]. Heat treatment in air is a particularly attractive approach due to exhibiting
the shortest cycle time, and safety in addition to manufacturing integration benefits of equipment

availability and simplicity.

The effect of accelerating the rate of hydrophobic transition of nanosecond laser processed surfaces
through heat treatment has been shown by several studies using temperatures in the range of
100-240°C. Heat treatment at 100°C for 8 hours after laser processing of stainless steel was shown to
substantially accelerate the wetting transition period from several weeks to 20 hours [181]. In the case
of aluminium an optimised heat treatment temperature of 200°C formed superhydrophobic properties
in 6 hours [182]. Chun et al. [168] showed the fast fabrication of superhydrophobic surfaces on
copper using a nano second laser. By annealing at 100°C both with and without immersion in ethanol,
a much faster transition to superhydrophobicity was observed occurring in less than 4 hours. Anhe et
al. found that if the superhydrophobic property was modified to hydrophilic through ultrasonic
cleaning, further cycles of heat treatment in ethanol could renew the hydrophobic property [183].

It is possible that there is an optimum temperature beyond which the hydrophobic transition is
impeded. Moradi et al. [184] showed that heat treatment at 700°C for 30 minutes of flat and laser
processed stainless steel surfaces resulted in higher level of oxidation for both, hydrophilic contact
angles of <10° were reported for the laser processed surface. Heat treatment at 240°C after laser
texturing has even been recently shown to allow modify intrinsically superhydrophilic glass surfaces
to produce superhydrophobic surfaces [185]. In this case the heat treatment was suggested to

accelerate the adsorption of organic material to the surface.
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Although these studies were effective in showing a rapid enhancement of transition rate, they did not
explore the stability or durability of superhydrophobic properties in comparison to ambient transition
or a chemically treated superhydrophobic surfaces. Additionally, the reported chemical mechanism
has varied between with each paper reporting different mechanisms, respectively deoxidation for laser
processed copper [168,183], hydrocarbon adsorption for aluminium [182] and CO, decomposition for

stainless steel [181].

4.2.7 Hybrid laser texturing processes

A hybrid laser texturing process is defined for the purposes of this thesis as a 2-step process involving
first laser texturing and then a post-process chemical treatment differentiated from single step laser
texturing and exposure to ambient conditions. Chemical treatment can be applied through several
physical and chemical deposition approaches such as drop casting, adsorption from solution, vapour
transfer, chemical vapour deposition and sputtering. This approach has been used both as an
investigative approach to probe adsorption dynamics on laser textured surfaces and also to impart

novel ‘designer’ functionalities by applying different chemical treatments to laser processed surfaces.

The most well established process is to introduce a hydrophobic fluorinated-alkyl-silane chemical to a
laser textured surface [186]. The CF group in the perfluorinated alkyl group has a very low bond
polarity and therefore offers an easy route to superhydrophobicity. In addition, the silane group has
been shown to form very strong bonds with the laser textured surface [187]. The major drawback
preventing this approach from industrial-scale usage is the safety of the fluoro-alkyl-silane chemical

as well as their expense and environmental impact.

Boinovich et al. tested the behaviour of 4 different surfactants used to make laser textured
superhydrophobic surfaces [188]. It was found that only surfaces treated with carboxylic acids and
fluorinated alkyl silanes maintained hydrophaobic properties with exposure to acid, alkali, water and
saline conditions. Both the alkane (docosane) and the fluorinated alkane (perfluoropentadecane) were
shown to lose hydrophobic properties indicating that the binding of surfactant terminal group to the
laser processed surface is key in the durability of the superhydrophobic property. Ruan et al. showed
that using low concentrations of carboxylic acids to modify rough alumina coatings could be used to
make superhydrophobic anti-icing surfaces [189]. It was found specifically that modifying the chain
length of the fatty acid from 4-12 methyl groups resulted in higher contact angles although this

finding was not investigated further.

Surfaces with switchable wettability are highly sought in applications such as condenser surfaces, oil
water separation and microfluidic channels [190]. Yong et al. showed that laser modification of

titanium allowed for photoinduced switchable wetting based on the formation of photoactive TiO>
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[191]. To the authors knowledge there has not been a demonstration of a switchable wetting surface
for laser texturing of non-photoactive metals such as stainless steel and a hybrid process is required.
Ryu et al. showed that a temperature switchable hydrophilic-hydrophobic surface could be fabricated
by depositing a pNIPAM methacrylic acid co-polymer to a chemically etched aluminium surface. The
surface exhibited switchable wettability from hydrophilicity (10° SCA) to hydrophobicity (120° SCA)
[192].

The literature review highlights the myriad of factors which can influence the fabrication procedure
for single step laser texturing of steel for superhydrophobicity. These factors are collected into groups
pertaining to the substrate, laser processing and post processing to produce a table of influences to

guide experimental work.

Table 4.2: Experimental factors influencing the wettability response of a laser textured surface

Group Subgroup Influence
Initial surface polarity, tendency to oxidize, alloy
Chemistry
Substrate components
Heat dissipation Thermal properties, thickness & volume
Laser material Surface roughness, reflectivity, damage threshold,
interaction laser wavelength,
Laser Laser ablation Fluence, pulse duration, number of pulses, areal rate
Processing characteristics of processing, scanning pattern (linear or hatched)
Atmospheric composition, shielding gas, particle
External
extraction
Cleaning Sonication, debris removal, solvent
Storage VOC percentage & type, temperature, humidity,
Post-
Environment exposure to water, sealed, plastic bags type if used
Processing
Wettability Drop size, test type, standoff, drop dispense rate,
measurement curve fitting model, environmental conditions
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4.3 Design of experiments

This section describes how the research aim and literature findings were used to formulate research
objectives and experimental approach.

4.3.1 Research Aim

Provide insight through literature analysis and experimentation to progress direct laser texturing of

superhydrophobic surfaces towards an industrially realisable technology.
4.3.2 Research Objectives

The literature review highlighted different approaches to produce superhydrophobic stainless steel
using laser texturing. Nanosecond pulsed laser processing to produce hierarchical surface structures is
currently a more accessible technique in industry. Recently, the increased availability in lower cost
and higher performance ultrafast fibre lasers has made production of nanoscale LIPSS surface texture
at a high areal patterning rate a viable future strategy. Research is needed to understand the functional

attributes of the two approaches and their differences for manufacturing.

A key factor highlighted in the literature review is the contention over the chemical mechanism
involved in the post-processing stage which underpins the hydrophobic transition after laser
processing. A series of experimental objectives were formulated to produce an optimised fabrication
process and address the major gaps of knowledge highlighted in the literature review. Firstly, the
surface chemistry changes and resultant wettability after air exposure were analysed. Building on this
finding, the effect of modifying composition by exposing the surface to different carbonaceous
atmospheres was tested. In further detailed experiments, the effect of modifying the surfaces with
adsorbed hydrocarbons with different terminal groups and chain length was investigated. Several
different techniques to accelerate the transition which may be used in manufacturing including heat
treatment and solution deposition were assessed in terms of mechanism and durability. This aim and

the key research gaps noted above can be addressed by tackling the following objectives:

1. Assess the effectiveness of the hierarchical roughness texture produced by nanosecond laser

processing technique compared to a high-density nanoscale LIPSS texture.

2. Analyse the chemical pathway of the hydrophobic transition of stainless steel in air after laser

processing by varying the terminal group and chain length of adsorbed hydrocarbons.

3. Explore techniques to accelerate the transition process involving heat treatment, control of storage

atmosphere and solution deposition of hydrophobic chemical.
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4.4 Experimental approach and methodology

This section outlines the materials, equipment and experimental procedure used.
4.4.1 Acceleration of hydrophobic transition

Several post-processing treatment techniques were assessed for their capability to accelerate the

hydrophobic transition after laser processing.
4.4.1.1 Heat treatment

Samples were stored in a Memmert oven at 250°C for up to 24 hours, the dimensions of the oven
were 22x24x40cm ~21L. After heat treatment, the samples were stored in ambient conditions until

contact angle measurement.
4.4.1.2 Control of storage atmosphere

To test the role of CO- gas in the transition process, a positive pressure system was created as shown
in Figure 4.2(a). Firstly, the conical flask was purged with CO; and then a balloon was placed over the
tubing and filled with CO2 gas to ensure a positive pressure of gas. The balloon was periodically
refilled.

For silanization tests, a low surface energy fluoroalkyl silane was deposited by vapour transfer.
~25 uL of Trichloro(1H,1H,2H,2H-perfluorooctylsilane) (Sigma 448931-10G) was pipetted onto a

glass slide, the slide and the sample were stored overnight in a vacuum desiccator pumped to 7 mBarr.

In initial hydrocarbon transfer tests, following the process of [131], 14 pL of 4-Methyloctanoic acid
were pipetted onto a glass slide in a 0.2 L petri dish container. The textured steel sample was placed
into the petri dish and parafilm was wrapped around the lid to create a sealed environment as shown
in Figure 4.2(b). The sample was stored for 4 days in these conditions at room temperature. Following
these experiments, the type of hydrocarbon was varied to test the effect on wettability, the chemicals
used in this experiment are shown in Table 4.3. Due to a supplier problem 4-methyl-octanoic acid was
substituted in some experiments for 1-octanoic acid. The wettability measurement tests were, repeated

using 1-octanoic acid, these results were very similar and are included in Appendix A.
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Table 4.3: List of chemicals used in hydrocarbon terminal group variance experiments

Functional
Functional CAS
Name Group Supplier Code
Group Number
Formula
Octane Alkane CH3 Sigma-296988 111-65-9
Sigma-
Octanol Alcohol COH 111-87-5
95446
Alfa-Aesar-
4-Methyl Octanoic Acid | Carboxylic Aid COOH 54947-74-9
B22616.06
Octanoic Acid Carboxylic Aid COOH Sigma-C2875 124-07-2
Sigma-
Trichloro(octyl)silane Silane SiCl3 5283-66-9
235725

4.4.1.3 Solution deposition

A 0.01 mL solution of stearic acid was created by dissolving 0.569 g in 200 mL of ethanol. The
sample was immersed for 2 hours followed by rinsing with ethanol and analytical reagent grade water
and drying with compressed air. After solution deposition the samples were stored in ambient
conditions exposed to air until contact angle measurement. This process was repeated for 0.01M
solutions with varying chain length and immersion time. The chemicals used in this experiment are
described in Table 4.4. This approach is illustrated in Figure 4.2(c)

Name Chain Length | Supplier Code | CAS Number
Sigma-
Butyric Acid 4 107-92-6
B103500
Octanoic Acid 8 Sigma-C2875 124-07-2
Stearic Acid 16 Sigma-S4751 57-11-4
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Lignoceric Acid 24 Sigma-L6641 557-59-5

Table 4.4: List of chemicals used in solution deposition experiments

Sealed plastic container
(a) (b)
Balloon
14 pL drop of

transfer liquid

Laser Processed Steel Glass Slide

Tubing

( C ) Covered Glass Beaker
€02 Gas Cannister Stopper
N ! 0.01M Sol.
Conical Flask .....
Sample

Laser Processed Steel 200ml Ethanol

Figure 4.2: (a) Experimental arrangement for CO; gas sample exposure. (b) Vapour transfer
approach. (c) Solution deposition approach

4.5 Results and Discussion

Chapter 3 involved development of the LIPSS and hierarchical stainless steel laser texturing
processes. The hierarchical surface involved far more thermal damage to the material and a rougher
surface was formed, whereas the LIPSS surface texture consisted of a dense covering of nanoscale
ripples. So far in chapter 4, the literature into these laser modification processes for superhydrophobic
functionality has been discussed, a difference in the transition rate of the two modification modes was
observed, additionally there is a need for deeper understanding of the mechanism of the chemical
transition after laser processing. In the following report of experimental work, detailed analysis of
surface properties was used to build an understanding of the chemical transition and hydrophobic

functionality of the two texturing approaches.
4.5.1 Analysis of the hydrophobic transition in air

After nanosecond laser processing the changes in surface chemistry and wettability with air exposure
were characterised. In the XPS data presented below, ‘Sample 1” was measured less than 1 hour after
laser processing, ‘Sample 2 after ageing for 3 weeks with air exposure. It was found that the laser
textured surfaces accumulated surface carbon and transitioned in wetting behaviour from
superhydrophilic to hydrophobic. Figure 4.3 shows XPS spectra of the major elements present in the
surface chemistry of the samples. Table 4.5 breaks downs the atomic percentage composition with

comparison to the substrate.
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Figure 4.3: XPS Spectra after nanosecond laser processing scans for element narrow scans (a) Fe
(750-700 eV), (b) Cr (595-550 eV), (c) O (538-524 eV), (d) C (292-280 eV).

XPS measurement showed that the surface atomic percentage carbon content after air exposure
increased from 27.9% to 70.6% for the nanosecond laser processed surface. An XPS survey
immediately after processing was not possible for the LIPSS processed surface. The main binding
energy range accounting for this rise was the C 1s peak (248.4 eV) which is attributed to the C-H
bond. The metal elements were largely unchanged although minor effects were observed including a
lower ratio of Cr to Fe (4.8 to 2.5) and change in the iron valence state after air exposure, it is noted
that Chromium segregates to the surface of stainless steel at high temperatures which may influence
the measured composition with a surface sensitive technique [193]. Although minor changes in metal
elements may contribute to the hydrophobic transition by far the major effect observed is the
accumulation of surface carbon. In particular, it was observed that the main oxygen peak in the ALP
sample was metal oxide (530eV) whereas in the AAE sample the peak was mainly organic C-O
(533eV) and C=0 (531.5). Furthermore, the ratio of carbon to oxygen increased with air exposure
suggesting that the metal oxide produced after laser processing had been shielded with carbon.

Table 4.5: Summary of elemental composition of surface at different stages of fabrication process

Fe2p Cr2p Ratio Cls O1s | Ratio Other

Sample
(At%) | (At%) | Fe/Cr | (At%) | (At%) | C/O | Elements

304 Stainless Steel

Substrate from reference 69.4 18.4 3.8 0.0 0.0 Balance
[194]
After nanosecond Laser Not
15.7 3.3 4.8 27.9 53.2 1.9
Processing (ALP) Detected
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After Air Exposure Not
1.6 0.6 2.5 70.6 27.1 0.4
(AAE) Detected

Many hydrocarbons with large differences in electronic and atomic structures have C1s binding
energies at or very close to 285eV, whereas amorphous carbon or graphite typically has C1s binding
energy near to 284.4eV [171]. The peak at 284.4 eV in our experimental study for sample AAE is
sufficiently displaced to suggest that some hydrogens are associated with each carbon site and that the

deposit is primarily composed of hydrocarbons.

Figure 4.4(a) shows the change in contact angle of the nanosecond and femtosecond laser processed
surfaces over time, labelled to describe the surface texture type as Hierarchical and LIPSS
respectively. The unprocessed steel substrate showed a hydrophilic contact angle of 40.5°. After laser
processing both approaches showed superhydrophilic responses with contact angles of 0° which
slowly changed to hydrophobic responses with air exposure. The nanosecond processed surface took
around 4 days to transition from a fully wetting non-measurable contact angle to a measurable
hydrophilic droplet profile and 21 days to form a hydrophobic contact angle of 123°. The steady state
contact angle after 3 months of air exposure was 152°. This lengthy transition period is inhibitive to
industrial value. Although other researchers have shown faster transition periods in the region of 7-15
days for nanosecond laser processing [46], it was not possible to replicate these results in any
experiments, this may result from natural variation of the potential influences on the process outlined

in Table 4.2, such as differences in the air composition between labs.

The femtosecond laser textured LIPSS surface required a much shorter period of around 6 days to
reach a contact angle of 138°, the steady state contact angle measured after 2 months was 159°.
Evidentially the hydrophobic transition of the LIPSS surface occurred much more quickly than the
nanosecond processed surface. It was observed in section 3.4.1 that the nanosecond laser processing
approach results in a much rougher surface with a higher surface area and larger amounts of laser
induced metal oxide. It is possible that these effects explain the difference in transition durations. The
much higher surface area of the rougher nanosecond processed texture requires a longer time to
ensure a full coverage of hydrophobic surface chemistry, particularly if the mechanism is hydrocarbon
adsorption which is limited by the availability of suitable hydrocarbons in the atmosphere and their
transport to the surface. Additionally, the higher degree of oxidation and production of redeposited
metal oxide particles presents a more hydrophilic barrier to overcome. In both cases the air exposed
surfaces showed hydrophobic high adhesion behaviour with no measurable roll-off behaviour
observed, this indicated that the surface chemistry was heterogenous as some hydrophilic entities
remained on the surface causing interfacial bonding to water molecules. The combination of structure

and chemistry underpinning these effects was explored in further experiments.
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Figure 4.4: (a) Change in water contact angle over time with air exposure for the two laser processing
approaches LIPSS (fs laser) and Hierarchical (ns laser) (b) Droplet profile images used for  sessile

contact angle measurements over the transition period.
4.5.2 Acceleration of hydrophobic transition

Increasing the rate of hydrophobic transition would be very valuable to advance the direct laser
texturing technique to a usable manufacturing process. Post-process heat treatment was tested
initially. This adaption showed the ability to change the wettability of the surface however there were
issues with consistency and durability which suggested the need for further fundamental study of the
hydrophobic transition. The composition of the gaseous environment which the laser textured surface
was stored in was thought to be a major influence on these difficulties, so this was investigated
further.

4.5.2.1 Heat Treatment Acceleration

Heat treatment acceleration tests were carried out with the nanosecond laser processing approach
described in section (3.3). After laser processing the surfaces were heat treated in a natural convection
oven at 250°C, the surfaces were removed from the oven in intervals of 4 hours up to a maximum
treatment time of 24 hours, the surfaces were then left exposed to air for a further 24 hours before
wettability testing. The atmosphere in the oven was not controlled, the convection oven intakes the

ambient air from the room.

Figure 4.5 shows how the measured contact angle varied on each surface with length of annealing
period. As the treatment time was increased, the wetting response of the surfaces showed a continuous

transition between superhydrophilic and highly hydrophobic responses. For 0-8 hours of annealing a
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superhydrophilic response was measured where droplets fully spread over the surface. From 8-20
hours the average contact angle measured on the surface increased, although the range of contact
angles measured on each sample varied considerably. For example, after 20 hours the surface
exhibited both a hydrophilic response (SCA 56°) and superhydrophobic response (SCA 154°) at
different locations on the surface. After 24 hours of annealing all tested droplets showed a contact

angle greater than 144° with average measurement of 154°. Highly hydrophobic behaviour was

-]

observed for samples with heat treatment duration greater than 24 hours.
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Figure 4.5: Change in contact angle and corresponding drop shape images for heat treatment of the

nanosecond laser processed surface. The standard deviation of the contact angle measurement is inset.

XPS spectra were obtained for surfaces immediately after laser processing (SCA 0°), after ambient air
exposure over a period of 3 weeks (SCA 120°), and after heat treatment for 24 hours (SCA 154°).
Figure 4.6 shows the normalized spectra and elemental scans of carbon and oxygen regions in the
XPS survey. Immediately after laser processing the surface exhibited a large formation of metal
oxides shown in Figure 4.6(c) (529-530 eV). After heat treatment the C1s peak (248.8 eV) remained
of similar magnitude however new peaks appeared in the spectrum for organic elements specifically
the Organic C=0/C-O bond in the O1s spectrum at 531.5-533 eV and the C-O bond (286) in the C1s
bond. This indicates a slightly higher presence of organic material after heat treatment. After 25 days
of exposure to air the surface showed a higher intensity of C 1s and hydrophobic properties as seen in
earlier experiments. XPS was not able to give a full picture of the mechanism underpinning the heat
treatment acceleration however the presence of peaks related to organic material suggest there may be
accelerated adsorption [182].
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Figure 4.6: XPS Spectra of nanosecond laser processed surfaces immediately after laser processing
(t=0), after air exposure (t=25 days) and after 24 hours heat-treatmentd (a) survey scan (b) Carbon
element scan (294-279 eV) (c) Oxygen element scan (538-525 eV).

Substantial variance was observed during wettability measurements of the heat-treated surfaces. To
investigate the process further the spatial variance of wettability change was assessed. A quadrant grid
was patterned on top of the laser textured surface to map the contact angle across a 4x4cm surface.

Heat treatment was anticipated to accelerate the thermodynamics of reaction with natural airborne
contaminants, this means characterising a surface midway through the heat treatment process allowed
for a figurative window into the reaction. Figure 4.7 shows the contact angle map of the surface after
heat treating at 250°C for 24 hours. The results suggest that wettability transition initiates at defects,
spatial variance may occur due to this nucleation and growth mode of transition [73,124] as well as
natural variances in the composition of the atmosphere within the oven. There is some indication that
nucleation may be initiated at the edges of the sample, this may be linked to less redeposited material

and reduced oxide depth.
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Figure 4.7: (a) Laser marked grid on nanosecond laser processed surface for mapping of spatial

variance in contact angle (b) Bar chart of contact angle spatial variance (c) Corresponding table of

droplet profile images.

Although it was not possible to clearly pin the species involved with this heat treatment process. The

results presented fit the theory of adsorption rate enhancement. The kinetics of adsorption are
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endothermic, but species availability is increased with temperature [195]. Significant variances
between tests of heat treatment suggest the process is reliant on the air composition in the oven and is
not repeatable without controlling this factor. The inconsistency with earlier measurements when the
surface was fully mapped suggests there may be significant variance within a heat-treated surface.
This measurement could be repeated in future work with different exposure durations to show full
evolution of the surface during processing. This type of test is experimentally difficult because once
the surface has been exposed to water it is effectively contaminated. Water can act to form polar OH-

groups on the surface, as well as to remove adsorbed materials.

Figure 4.8 shows the change in contact angle of the surfaces heat treated for 24 hours through
measurements over 20 days. This aimed to test the stability of the heat treated surface and record any
further wettability transition. Although the samples heat treated for 24 hours initially showed
hydrophobic behaviour, after several runs of contact angle testing a hydrophilic response was
measured. The minimum average contact angle of 24.4° was measured 8 days after sample
fabrication. This figure shows that the hydrophobic heat treated surface is not stable and after multiple
sessile contact angle measurements changes back to hydrophilicity. The direct outcome of these
results is that the measurement of contact angle on freshly annealed surfaces influences subsequent
measurement results. One possible conclusion was that this influence was due to reticence of surface
water. However, this effect was seen even with an oven drying step between measurements

suggesting a reactive pathway is more likely.

With air exposure the surfaces gradually regained hydrophobicity, an average contact angle of 90.5°
was measured 20 days after sample fabrication. The linear rate of increase from the minimum value (8
days) to the last measurement (20 days) was 5.5° per day. This compares to 7.6° per day for an
equivalent surface exposed to air after laser processing without heat treatment (91.1 after 12 days air
exposure, section 4.5.1). The similar rate of change in wettability between these two samples suggests

there is an equivalent adsorption mechanism.
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Figure 4.8: Variance in contact angle after heat treatment of the nanosecond laser processed surface

over 20 days.

Heat treatment was also tested for the LIPSS surface producing a contact angle of 119° after 24 hours
of treatment at 250°C. Heat treatment produced a less hydrophobic surface than ageing in air. It is
thought that this effect could be due to the composition of air in the oven varying from previous
experiments and from reports in literature. These results, although informative did not suggest that
heat treatment acceleration was a promising avenue to continue with experimentally due to poor
repeatability, lack of stability and only high adhesion superhydrophobicity observed. Literature
reports into high adhesion superhydrophobicity suggest that liquid forms a Cassie impregnating
wetting state [196], this is associated with heterogenous surface chemistry composition [197].

4.5.2.2 Control of storage atmosphere

The literature review highlighted that there can be substantial variance in the final contact angle and
the rate of contact angle change for apparently similar laser processing approaches when the surfaces
are stored in ambient conditions. Several studies have shown that varying the composition of the
storage atmosphere can accelerate this transition period [27,80,163], however differing theories have
been used to explain their observations. In this section, the storage atmosphere was varied to assess

the chemical mechanism underpinning the transition.

One reported mechanism highlighted in the literature review was that exposure to CO- gas results in
dissociative adsorption of adventitious carbon catalysed by the active magnetite produced by laser
processing. This theory was tested by exposing the laser processed surface to an atmosphere of CO;
by the method shown in Section 4.4. In this case a higher rate of hydrophobic transition was not
observed, and the surface maintained hydrophilic properties after 3 weeks of measurement. Vapour

transfer of a low surface energy fluoro-alkyl silane chemical caused a change to hydrophabicity.
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Figure 4.9: Wettability transition over time of nanosecond laser processed surface when stored in air
(Air), CO; gas (COy), and with fluoroalkylsilane deposition (Sil)

To further test the potential role of amorphous carbon, a graphite target was used to sputter carbon
onto the surface immediately after laser processing. Approximately 50 nm of carbon was deposited.
No substantial change in wetting was observed and superhydrophilic properties were maintained. A
limitation of this study was that because sputtering is line of sight it may not truly replicate an
essentially conformal chemical mechanism. The sputtering process has however been previously used
to produce controlled surface chemical states on rough laser textured surfaces [198], but in this cited
report the surface treated was one which already had transitioned to hydrophobic properties. This
indicates that a thin film of amorphous carbon alone is insufficient to shield the influence of the laser

induced superhydrophilic metal oxide.

During the optimisation of the LIPSS laser processing technique, the exposure of the surface to
different post-process conditions was tested. Applying the already discussed approaches of air
exposure for 3 weeks, heat treatment, silanization as well as stearic acid solution deposition and

storage in a hydrocarbon rich atmosphere at detailed in method section 4.4.

Figure 4.10 (a) plots the effect of post-process condition on static contact angle. Both the hydrocarbon
atmosphere and stearic acid treatment methods showed very hydrophobic responses on the laser
textured areas. The full surface coverage of LIPSS showed the low adhesion conditions required by
the definition of ‘superhydrophobicity’. The sequence of images in figure 4.10(b) shows that a 2 uL
drop would not stick to the surface. To measure contact angle instead an 8 pL drop was dispensed

onto the surface from a needle using a standoff greater than the drop diameter.
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Figure 4.10: (a) Variance of static contact angle with post-processing condition for LIPSS surface (b)
Sequences of images showing low adhesion to superhydrophobic LIPSS surface created through
storage in hydrocarbon atmosphere.

Whereas the deposition of stearic acid by immersion in solution made the steel substrate significantly
more hydrophobic (102°), the storage in a hydrocarbon atmosphere did not cause a significant change
in contact angle to the steel substrate (38°). This could suggest that the laser textured areas provided
preferential sites for adsorption of the hydrocarbon and that storing in a hydrocarbon rich environment

is a more suitable replica for the airborne ageing process.

The next series of experiments tested the hypothesis that the carboxylic acid hydrocarbon species
were responsible for the transition process. The terminal group of species with equivalent chain length
was varied. Liquid drop of hydrocarbons with fixed chain length and varying terminal group were
stored in a sealed container with the laser processed stainless steel for 7 days. The binding groups
investigated were alcohol (COH), alkane (CHs), carboxylic acid (COOH) and trichloro-silane (SiCls).

The different reagents used have different vapour pressures so produce different atmospheric
concentrations. During experiments it was observed that the carboxylic acid showed some liquid still
present on the glass slide whereas the others evaporated completely. As the carboxylic acid
atmosphere showed a full hydrophaobic transition the difference in evaporation rates was not a limiting

step as enough molecules were available in the atmosphere for hydrophobicity.
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Figure 4.11: Comparison of the measured contact angle of the LIPSS and nanosecond laser processed

surfaces after exposure to different atmospheres for 8 days.

Only the carboxylic acid rich atmosphere produced a superhydrophobic response, indicating the
preferential binding hypothesized. Treatments with alkane and alcohol groups did not show a
significant difference from the surface exposed to air. In most cases the nanosecond laser processed
surface showed a superhydrophilic contact angle of 0°. The silane treatment showed a hydrophobic

response, however the steel surface was significantly corroded.

XPS surface chemistry analysis was used to assess the origin of the differences between the
wettability’s. 1x1 cm sections of stainless-steel foil were used to be compatible with the XPS system,
the LIPSS texturing approach was used to limit thermal deformation of the foil. Figure 4.12 compares
the overall spectra and the individual element peaks of Carbon and Oxygen for each surface.

Figure 4.12(d) shows the elemental composition of each surface. Spectra for Iron and Chromium are
shown in Appendix A. Additional alloying elements Mn (11.98%) and Ni (1 2.07%) were detected in
the air exposed sample. Si (4.74%) and CI (3.49%) peaks were also detected in the Silane treated

sample.

The elemental composition analysis did not provide a clear explanation of the differences in surface
wettability due to varying the hydrocarbon terminal group. As all of the LIPSS surfaces displayed
contact angles of at least 70° it is anticipated that some carbon adsorbed to all of the surfaces. It is
postulated that the carboxylic acid group allowed for more ordered binding and organisation to the
surface driven by its high polarity. The terminal group with the lowest polarity (methyl) also recorded

the lowest contact angle.
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Figure 4.12: XPS spectra of LIPSS surfaces after exposure to different storage atmospheres. (a) C
element scan spectra (b) O element scan spectra (c) survey spectra (d) At% composition breakdown

of each surface

By comparing the individual element peaks, several interesting observations were made. Firstly, the
C1s peak at 284.8 eV indicates adventitious carbon sources from organic contamination, no
distinctive difference in carbon bonding was observed between hydrocarbon atmospheres. The
oxygen spectra showed some differences, the main peak at 530 eV observed in all cases is associated
with metal oxide bonding, the presence of the second peak at 531.5-532.2 eV indicated a C=0 peak
which could account for the carboxyl group. The alkane group showed far less of a peak in this area.
The air exposed surface showed a significant C=0 peak indicating the presence of carboxylic acids in
the air. The Fe (570-590 eV) and Cr (705-740 eV) spectra regions are included in Appendix A, they
showed that the underlying metal chemistry was not changed by the treatment approach for organic
terminal groups. Exposure to the trichlorosilane terminated hydrocarbons showed significant

corrosion of the steel surface and a moderate hydrophobic contact angle.

XPS depth profiling was used to explore the variance of surface composition as material was etched
from the surface using an ion gun. The carboxylic acid exposed surface was selected as having given

the most hydrophobic properties and equipment access was limited. A milling ion energy of 2000 eV
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was applied for 10 hours, this was predicted to give a milling rate of 0.3 nm/s (estimated for Ta,Os)
producing a depth of over 10.8 um. In practice, only a small sub-micron milling depth was observed
which it was not possible to measure with SEM imaging. Figure 4.13 plots the change in elemental
composition over the duration of the depth profiling experiment.

In the initial measurement before any milling, the carbon At% was 39.2%, after 60 seconds of milling
this had dropped to 7.3% and then settled at 1-3%. The high carbon is therefore associated with only a
thin atomic scale surface layer and is reduced as this surface layer is removed. A more gradual
transition was observed with oxygen. Oxygen was the highest concentration element after the surface
carbon layer was removed with 51.1 At% at 60s milling time. As the surface is etched further the
oxygen content continually decreases with the difference made up through increases in Fe and Cr
content. This is attributed to profiling through the heat affected zone into the bulk of the stainless
steel.

(a) ____,_,_%){' (b) 70

:_ » 204:_.3_5_ 60

:"/.%_l )

[ 961s
2L A 50 --e--C
= [
= % 480s a0 1
> L ] = Fe
S < ]
g % 180s 30 :' cr
=3 ] H

y 20 |!

% 60s ‘. Mn

- 1 Os o B8e8e = & --—0- -G —- P -mm—m e [

10'00 sclJo_ _ sr'm 4c'10 2r'30 0 0 1000 2000
Binding Energy (eV) Milling Time (s)

Figure 4.13: Depth profiling of LIPSS surface stored in carboxylic acid hydrocarbon atmosphere: (a)

Stacked spectrums at different milling times. (b) Plot of elemental composition variation.

4.5.2.3 Rapid superhydrophobic conversion with solution deposition

The final set of experiments aimed to explore the use of post-process chemical treatment of laser

textured surfaces to have tailored functionality. A solution deposition approach was used to rapidly

deposit carboxylic acids on laser textured surfaces to produce superhydrophobic stainless steel. To

optimise the process for effective superhydrophobicity, the length of carboxylic acid chain and the

duration of the immersion was varied.

The length of carboxylic acid chain was varied through deposition of butyric acid (C4), 4-methyl

octanoic acid (C9), stearic acid (C16) and lignoceric acid (C24). Ethanol was used as the solvent,
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prior research has found it does not form adsorbed monolayers on iron oxide surfaces but instead
partitions onto the surface as a liquid phase multilayer structure [199]. This reduces competitive
adsorption of the solvent with the surfactant molecule. Additionally, ethanol is low cost, widely
available, relatively safe to handle and available in food grade standard. After the deposition process,
the surfaces where characterised with contact angle measurement and XPS.

Figure 4.14 plots the static and dynamic wettability responses of the samples compared by the length
of the alkyl chain. For the shortest alkyl chain length, butyric acid (C4), a fully wetting response was
recorded with the average contact angle less than 10° for both nanosecond laser textured and LIPSS
surfaces. This indicates that the solvent removed any carbonaceous material adsorbed to the surface
and the deposited butyric acid did not form a hydrophobic layer. As the chain length was increased to
4-methyl octanoic acid (C9) the wetting behaviour transitioned to a highly hydrophobic regime. In
contrast to air exposure tests, no roll-off behaviour was observed for solution deposition experiments
using 4-methyloctanoic acid. As chain length was increased to 16 and then 24 alkyl groups there was
a further development in wetting behaviour to low adhesion superhydrophobicity. This finding is
supported by the study of Thorpe et al. which showed linear variance of the surface energy and
contact angle with the length of the CF chain in fluoroalkyl silane molecules coatings on smooth
surfaces [200,201].

Overall, the nanosecond laser processing approach showed more strongly water repelling behaviour
with slightly higher contact angle and lower roll off angles recorded although the final wettability’s
after 24 hours immersion were very similar. It was shown in results section 4.5.1 that the nanosecond
laser processed surface has a much higher surface energy than the LIPSS processed surface, when this
is coupled with the hypothesis in section 4.5.2.2 that the surface polarity drives the chemisorption of
the carboxylic acids it may imply that the energetics of the adsorption process favours adsorption to

the more polar nanosecond processed surface.
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Figure 4.14: Wettability response variance with length of carboxylic acid chain for LIPSS and

nanosecond laser processed surfaces

In composition analysis, it was found that the carbon concentration increased continuously with chain
length as shown in Figure 4.15(b). In the C1s range of binding energies shown in Figure 4.15(a), it
was found the peak at 288.5 eV for the O-C=0 bond became smaller with increasing chain length.
The percentage composition of oxygen decreased with increasing chain length, this is attributed to
shielding of the metal oxide by the adsorbed hydrocarbon layers. In the oxygen spectra shown in
Figure 4.15(c), there was variance in the proportion of oxygen occurring from organic sources (531.5-
533 eV) compared to metal oxide (529-530 eV) however no clear trend was observed with respect to
increasing chain length. The metal elements remained largely unchanged by the deposition process.
The XPS study did not fully account for the large differences in observed wetting behaviour between
the C4 and C9 surfaces. Although a very small increase in carbon content was observed any potential
insight could be masked by the background carbon contamination as the amount is similar to that of
the air exposed surface. Both of the superhydrophobic surfaces, C16 and C24 showed much higher
carbon content. The surface forces which determine the hydrophobicity rapidly fade towards the
interior of the bulk phase and therefore a nanometre thick layer is required to shield the underlying

substrate [200,201].

Surface preparation approaches such as plasma cleaning are typically used in XPS measurements to
remove carbon contamination. However, as this type of adsorbed organic material is of specific
interest, they were not suitable for this investigation. Comparison of normalized elemental spectra
indicated that binding was of the same nature between experiments and that the underlying laser

textured substrate was not substantially affected by the deposition process.
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Figure 4.15: (a) XPS survey spectra of LIPSS surfaces after solution deposition of varying carboxylic
acid chain length (b) At% composition of each surface, data labels are for Carbon At% (c) Oxygen
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Stearic acid (C16) modification was chosen as a suitable superhydrophobic treatment for further
investigation. Stearic acid is a naturally occurring long chain fatty acid which is found in common
household products such as soap and it is suitable for use in the food industry. This hydrophobic
treatment was previously tested by Boinovich and Emelyanenko who found that it maintained
hydrophobic properties in contact with water and saline solution but was degraded by acid and alkali
solutions [188].

Further experiments investigated the duration of immersion of the nanosecond laser textured sample
in the stearic acid solution. It was only possible to carry out this experiment for the nanosecond laser
processed surface due to equipment availability. As shown in Figure 4.16, it was found that a similar
transition in wetting properties occurred from hydrophilic to high adhesion hydrophobic, and then to
superhydrophobic depending on the length of immersion. After only 10 seconds of immersion the
contact angle transitioned from a superhydrophilic to hydrophilic (32.8°). After 10 minutes of
immersion a high contact angle was measured, however no roll off behaviour was observed which

indicated only partial coverage of the hydrophobic agent. An immersion time greater than 1 hour was
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shown to be sufficient to produce superhydrophobic effects. This method allows for very rapid

production of superhydrophobic surfaces using laser texturing whilst avoiding toxic chemicals.
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Figure 4.16: Wettability response of nanosecond laser processed surfaces with varied duration of

immersion in stearic acid solution

4.6 Conclusion

In the research presented in this chapter, several manufacturing insights have been made which could
influence the industrial adoption of the laser texturing for superhydrophobicity. This has implications
for the selection of laser parameters, scaling the laser process to wide areas, handling and cleaning

practices, the factory environment, and the use of chemical treatments.

Laser texturing processes were developed using both nanosecond and femtosecond pulsed fibre#
lasers. The use of these sources gave rise to different modes of laser interaction and resultant texture
morphology. The selection of laser source is determined by cost considerations, material properties
and functional requirements. Currently nanosecond pulsed lasers are far less costly than femtosecond
sources and it has only been recently that sufficiently powerful femtosecond lasers have become
available for wide area operations involving fast scanning or beam parallelisation. The LIPSS
fabrication approach used had a slower rate of areal coverage compared to the nanosecond processing
strategy, to scale the process further the number of pulses per unit length has to be conserved
requiring the development of femtosecond sources with MHz repetition rates. As an overall lower
dose is required in the LIPSS patterning approach and a much lower amount of material is removed

this means that the LIPSS approach may be more scalable as higher capacity femtosecond lasers

78 James Macdonald — March 2021



Chapter 4: Progress in fundamental understanding of laser texturing for superhydrophobicity

become available in the long term. The reduced thermal input to the material in the LIPSS approach
may have specific benefits in applications which are heat sensitive such as post-assembly
modification of exterior casing surfaces or modification of thin metal sheets.

The hydrophobic transition of the laser textured surfaces exposed to air were investigated, if air
exposure is used in manufacturing the literature survey and experimental findings clearly pointed to
LIPSS structures requiring far shorter air exposure transition period to form superhydrophobic
wettability. This was attributed to the lower surface area of hydrophilic laser induced metal oxide
compared to the rougher nanosecond laser processed surface. The measured duration for hydrophobic
transition of the LIPSS surface was 6 days compared to 21 days for the nanosecond laser processed
surface. XPS investigation supported the hypothesis that adsorption of hydrophobic organic molecules
was responsible for the hydrophobic transition with air exposure. The interaction mechanism was
investigated further by exposing the laser processed surfaces to atmospheres containing hydrocarbons
with known functional groups. It was observed that the carboxylic acid group was effective to

produce a hydrophobic surface, this was attributed to chemisorption to the polar metal oxide surface.

Several approaches to accelerate the transition process were investigated. The use of heat treatment,
and exposure to CO2 gas did not yield promising results due to poor repeatability and wettability. The
application of post-process chemical treatments through solution or vapour deposition was observed
to be a more effective approach to impart superhydrophobicity. The solution deposition of long chain
fatty acids in an ethanol solvent was shown to be an effective treatment using safe, low cost
precursors. By varying the chain length of the fatty acid, it was also observed that stronger

hydrophobic properties were correlated with increasing hydrocarbon chain length.

Overall laser texturing for superhydrophobicity is in the development stage of technology readiness.
The research levels Technology Readiness Levels 1-3 involving the basic principles underpinning the
process and experimental proof of concepts have largely been achieved. The major challenge is now

in validating and demonstrating the technology in relevant environments.

In this chapter a laser texturing approach was developed to fabricate superhydrophobic stainless steel
surfaces. The literature review highlighted disagreement over the chemical mechanism responsible for
the hydrophobic state, this was addressed experimentally through surface chemistry analysis. Further
experiments explored acceleration of the transition rate through heat treatment and modifying the
storage environment. The potential to create designer surfaces with tailored functionality through

post-process chemical treatment was explored.
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5 WETTABILITY MODIFICATION OF
GLASS FOR INKJET DEPOSITION OF

FUNCTIONAL MATERIAL

5.1 Introduction

Deposition of printed electronics through functional inkjet printing has gained interest both in
research and industry due to its capability for digital pattern control and flexibility of materials
selection. This chapter describes research into surface modification of glass surfaces to enable inkjet
printing of functional material motivated by future applications in embedded electronics and sensors.
Section 5.2 reviews the relevant principles of the inkjet printing process and research literature. A key
aspect of the process which shaped the experimental work in this study is that to achieve precise
control of deposit morphology it is necessary to engineer the interaction between the liquid ink droplet
and the surface. This is determined by liquid properties such as viscosity and surface tension as well
as surface properties such as surface free energy and roughness. Inkjet printing to flat glass surfaces
brings specific challenges because of the need for controlled surface wettability to ensure high quality
and adhesion of deposits. The focus of this work is on soda-lime glass supplied by the industrial
partner of the project Pilkington-NSG, a major manufacturer of glass for display, architectural and
automotive applications. In its pristine state, soda-lime glass has very high surface energy which
results in a water contact angle of less than 10° and a loss of control over the printing process as
droplets spread out rapidly to form uneven deposits. However, the pristine state of glass is unstable
and quickly, due to hydrocarbon contamination, a water contact angle of 40-50° is formed. This
relatively high contact angle reduces the adhesion of inkjet printed deposits on glass [202] and can
result in defects in the deposit. There is therefore a drive to understand the role of wettability

modification when inkjet printing to glass and to design an optimum surface preparation process.

To judge deposition behaviour, an analysis process to test the spreading of droplets on flat glass with
high repeatability was created based on sessile droplet profile imaging and contact angle analysis.
This characterisation process was used to test the effect of different surface preparation methods on
the liquid-surface interaction. Preparation of surfaces with novel heterogenous wettability was tested
using corona plasma discharge treatment and ultrafast laser ablation to modify a hydrophobic coating

on glass surfaces.
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In order to address the environmental concerns of solvent usage in ink formulations, the printing
industry is moving towards replacing the use of water as a carrier fluid. However, these experimental
formulations pose challenges for printing to achieve the correct deposition behaviour. Printing tests
used a water based silver nanoparticle ink to explore printing onto prepared surfaces with different
wetting behaviour. The optimum print parameters to form consistent high-quality lines were
investigated. The surface preparation and sintering cycles were evaluated in terms of the adhesion and
conductivity of the print. Lift-off and abrasive loadings tests provided insight into the degradation of
conductive properties of inkjet printed tracks in an end application. A new approach of embedding
inkjet printed tracks in laser ablated microchannels to serve as an abrasion resistant topology was

investigated.

5.2 Literature Review

In the literature review, firstly the fundamental mechanics of inkjet printing are outlined along with
current industry approaches to preparation of glass surfaces. Secondly, current research into
wettability patterning was outlined, this growing field has received increased research attention due to
its potential value in fluidic manufacturing processes but effective patterning of glass surfaces with
digital fabrication techniques has remained challenging. Finally, the characteristics and applications of
functional inks used in printed electronics are discussed in order to guide material selection for inkjet

printing experiments.
5.2.1 Inkjet printing principles

Inkjet printing involves production of picolitre sized liquid droplets by a printhead nozzle which are
ejected and travel through an air gap to deposit on a substrate. There are many types of inkjet printing,
differentiated by droplet production method such as continuous inkjet or thermal inkjet. In this thesis,
experiments were conducted using piezoelectric actuated drop-on-demand printing. This technique is
particular applicable to materials and device prototyping for printed electronics because high
patterning resolution can be achieved and only several millilitres of ink are required for test
experiments [203]. Key advantages of functional inkjet printing include the flexible selection of
deposited material, design customisability, low waste of valuable functional inks and the capability to
print direct to shape. Disadvantages of the technique are that the ink formulations required to achieve
the correct interaction between the liquid ink and substrate can add expense. There are process
defects associated with the substrate surface interaction such as the coffee ring effect and defects
associated with the printing process such as satellite drops and nozzle misfiring [61], the
aerodynamics of the airborne droplets can result in misplaced droplets [204] and additionally the
influence of flow dynamics on the inks such as the effect of high strain rates during jetting or

recirculation [205].
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Figure 5.1 illustrates the lifetime of a droplet in the piezoelectric drop-on-demand inkjet printing
process. The stages are broken down into droplet generation (4-80 us) [205], flight (80-330 us) [206],
spreading (4 ps -0.7 s)[207], drying (30-190 s) [207] and heat treatment (3-60 min) [208]. Images are
adapted from cited studies and the timings are reproduced from [209]. Droplet generation involves the
use of piezoelectric actuated nozzles which generate pressure waves to change the volume of the
reservoir to eject individual droplets [53]. The process is controlled by applying a driving waveform
which squeezes and deforms the chamber so that an ink meniscus is formed. The meniscus elongates
to form a filament and then necking at the nozzle orifice results in separation of the filament. Ideally
the filament converges to form a single large droplet although breakup of the filament into satellite
drops is common. The duration of drop ejection is determined by the actuation waveform, optimally a
trapezoidal waveform is used with rise, dwell and fall periods resulting in a typical time for the

droplet to rupture from the nozzle of around 40 ps [210].
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Figure 5.1: lllustration of the lifetime of a droplet from a drop-on-demand inkjet printing process.
The stages are broken down into droplet generation [205], flight [206], spreading [207], drying [207],
and heat treatment (3-60 min) [208].

By positioning the print nozzle relative to the substrate, the placement of the landing droplet can be
precisely controlled to produce a 2D pattern. The flight path of the ejected droplet is determined by
the kinetic properties of the droplet as well as air resistance and aerodynamics [204]. During high-rate
industrial scale inkjet printing, eddies form between the printhead and substrate and can reduce drop
placement accuracy. Gravity has a relatively minor influence because of the low volume of the

individual droplets, this allows printing to be carried out with non-vertical throw angles [211].
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In the spreading stage of the droplet lifetime, droplet-surface wetting interactions can include
complete rebounding of the droplet, partial rebounding, breakup into smaller droplets, or most
commonly impacting as single drop and spreading [212]. Upon impact of a single drop where no
rebounding occurs, the droplet rapidly deforms and oscillates, and the oscillations viscously dissipate
to form a stable spherical cap shape [213]. The diameter of the spread droplet is determined by the
wettability of the substrate. A basic model can be formed to predict the morphology of the liquid track
after coalescence depending on the interfacial parameters of the system. Using the assumption of
negligible gravitation forces and a spherical cap shape, the diameter of the spread droplet on the
substrate (Deqm) can be determined from the droplet diameter Do and equilibrium contact angle [214].
Further droplets interact with the sessile droplet to form a stable liquid track through coalescence. A
simple geometric model assuming droplets coalesce to form a track with a uniform spherical cap
profile can be used to predict the deposited track width [214].

Deqm = Do * i/taneegm(Bj—tanzeeZm) 1)

Solid deposit formation is then governed by drying through evaporation and the effect of post-process
techniques. Drying can be typified by either a pinned or a retracting contact line between surface and
droplet. A retracting contact line behaviour requires a receding contact angle (CArec) which is greater
than 0°. In this case as the droplet evaporates, dewetting occurs and the width of the spherical cap
reduces whilst the contact angle remains fixed at CArec. In the case of a pinned droplet, CAr is 0° or
very low, this means that as the droplet evaporates and reduces in volume the three-phase contact line
and cap width remain fixed. A common print artefact resulting from the drying process is the
preferential build-up of particles at the edge of the drop resulting in a detrimental coffee-ring effect.
This is observed in Figure 5.1, stage 4, as a darker area at the edge of the deposit. This occurs due to a
convective flow where particles are transported radially to the pinned droplet contact line during
drying [54]. Initial contact line pinning may result from substrate heterogeneities or contamination but
can be reinforced by the radial flow [213]. The resultant variation of deposit thickness is particularly
deleterious in applications where a thin, uniform deposit is required such as organic light emitting
diode (OLED) display fabrication [215]. Recent work by Hu et al. has been carried out to mitigate the
coffee ring effect through binary solvent ink formulations [216]. The Marangoni enhanced spreading
in these formulations inhibit pinning behaviour and deform the droplet shape during evaporation to

prevent radial flow.

Some functional inkjet printed materials require further post-process steps such as sintering or UV
curing. Sintering is used to enhance the conductivity of printed metallic nanoparticle inks. As seen in

Figure 5.1, step 5 [217], sintering promotes necking between particles to form a continuous film.
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Nanomaterials have much lower melting temperatures than the bulk material properties so relatively
mild temperatures are used (100-200°C for Ag nanoparticles) [218]. Heat treatment post-processing
may be used to remove nonconductive organic compounds used in the ink formation while also

annealing the deposited material.

It is clear from this section that the surface preparation will be a key aspect to consider when printing
and so this will be considered in more detail in the next section.

5.2.2 Surface preparation of glass

Surface contamination is a vital issue in inkjet printing because just a few atomic layers of
contaminant can reduce adhesion by inhibiting chemical connection of the deposited material to the
substrate. It is important to note that a bare glass surface continuously reacts with its environment
during the overall manufacturing process. For example, immediately after flat glass production with
the float glass process glass is typically stored with paper or polymer interlayers between single glass
sheets. This can result in deposition of material to the glass surface and over a long time even
corrosive reactions. Common contaminants such as residue from organic cleaning agents, fingerprints,
greases and oils have low surface energy which results in poor ink wetting [219]. Further sources of
contamination involve particles of dust or other solid matter and humidity. The goal of a cleaning or
preparation process is to produce a reproducible, representative, and stable surface state amenable to

successful printing.

The properties of silica glass surfaces can be very different from the bulk. The bulk matrix of silica
glasses consists of interlinked tetrahedral SiO,4 arrays. Because the glass surface is very reactive after
float glass production, a 10-100nm surface layer is typically formed through interaction of the surface
with the air. The silica structure terminates either with a siloxane group or reactive silanol group. The
siloxane group is inert, whereas the hydroxyl group of the silanol group is very reactive. Silanol
groups (Si-OH) are formed by chemisorption of water with dangling silicon cations or Si-O anions, as
well as through hydrolysis of siloxane linkages (Si-O-Si) and through ion exchange at non-bridging
oxygen sites [220]. The processes of dehydration, dehyroxygenation and rehydroxylation move
between these two phases to tune surface reactivity. Organic contaminants react very quickly with
surface hydroxyl groups in ambient conditions [221]. Cleaning is carried out to remove weak
boundary layers and regenerate reactive silanol sites. This interaction with air is particularly important
when processing is done offline such as in a secondary inkjet printing process as it determines the ink

surface interaction mechanics [222].

In an industrial setting, a modular approach is typically used to clean and prepare flat glass surfaces.

This may involve passing the glass panel through modules involving brushing, solvent treatment,
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rinsing, ultrasonication, air-drying and plasma treatment. Brushing and ultrasonication act to
mechanically remove solid particles and stimulate cleaning. This is typically used in conjunction with
exposure to acid or alkali detergents, surfactants and solvents which help to remove solid particles and
break down organic contamination. Rinsing with deionised water is used to remove any residues
remaining from these cleaning agents. These processes are used both to remove macro scale
contamination arising during flat glass production, remove chemical contaminants and activate the

surface through reactive terminal group formation.

Wet chemical methods of cleaning are being replaced in some applications with plasma-based
cleaning method which pose less environmental impact and safety hazards. Plasma treatment is a
widely used industrial method to prepare a pristine surface for inkjet printing. The aim of plasma
treatment is to eliminate surface impurities and to promote bonding of a coating [223]. Firstly,
reactive species in the plasma react with surface contaminants to form volatile products which then
escape from the surface into the atmosphere. Secondly, polar functional groups are formed on the
glass surface [223]. Several types of plasma treatment for surface treatment are used which are
differentiated by the elemental source of the plasma such as argon, nitrogen and oxygen. A specific
type of plasma treatment which is used widely in the printing industry is corona discharge treatment.
In this process, the substrate is separated from a high voltage electrode by a small air gap. The
potential difference causes dielectric breakdown of air and the ionisation of air molecules, in
particular forming reactive ozone (O3). This treatment approach is very effective for sheet
applications because it can be scaled to wide areas using roller electrodes. Because a homogenous
flux of reactive species is supplied, surface cleanliness has a high degree of homogeneity [222]. An
important consideration for a manufacturing environment is that an exhaust is required to remove

0zone gas which is poisonous.

Yamamoto et al. showed that plasma treatment was an effective technique to lower the glass contact
angle to less than 4° [224]. They found that treatment of 60 s with a voltage of 15 kV produced the
maximum hydrophilicity possible. After leaving the plasma cleaned surface exposed to air for several
days they found that the hydrophilic property was lost but did not provide further investigation into
the cause. Homola et al. tested cleaning of glass surfaces with dielectric barrier discharge induced
plasma, by treating the glass surface for 60 seconds they found the water contact angle reduced from
37° to lower than 4°. Using XPS analysis they found that this was associated with a reduction in C-H
bond indicating removal of hydrocarbon contaminants and a rise in C-O=0/C-O peaks indicating

polar functional group formation [225].

In common printing processes, engineering materials tend to have non-zero receding contact angles

allowing for surface mobility after initial fluid-surface impact. Hsiao et al. showed that the retracting
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angle of glass slides which had been cleaned and dried in an oven at 120°C for 2 hours was 20° [226].
This finite retracting angle meant that deposited droplets could coalesce and destabilize the printed
geometry requiring careful control of drop spacing and print parameters to optimise deposition
geometry avoiding necking and bulging. However, pinned droplet-surface interaction which exhibits
contact angle 0°, whilst anchoring the droplets can lead to uneven spreading of droplets on surfaces

and coffee ring formation.

Plasma cleaned surfaces readily adsorb contaminants from the surrounding atmosphere or packaging
materials. This needs to be accounted for in manufacturing operations as this means printing must be
carried out in a timely fashion if only a range of contact angles are viable for successful printing.
There is not a clear guideline on the time interval for reabsorption of contaminants to glass after
corona plasma treatment and limited research on the mechanism of hydrocarbon contamination; this is
essential to qualify to ensure high quality and reproducibility of inkjet printing to glass in an industrial
setting [172,227].

By understanding and controlling the wettability, there is then an opportunity to pattern it to deliver a

specific function. This will be examined in more detail in the next section.
5.2.3 Wettability Patterning

Several opportunities exist for technologies and devices enabled by the ability to locally control liquid
spreading and constrict movement. The use of programmable surface patterning techniques such as
laser ablation allow for the creation of digital patterns with tailored control of wettability such as areas
of both superhydrophobicity and superhydrophilicity in direct proximity. The production of patterns
with contrasting wettability such as superhydrophobic surfaces with localised areas of
superhydrophilicity or neutral wetting has been demonstrated for a range of substrates materials with
different techniques including lithography, laser thermal treatment, laser printing and inkjet printing.
The majority of studies have focused on medical or microfluidic device fabrication which has been

reflected in bias of literature reports to substrate materials such as PDMS and paper.

In an example of medical device fabrication, nanosecond pulsed laser texturing of PDMS was used to
fabricate droplet containment grids, the laser texturing acts to create surface roughness and a low
surface energy chemical state resulting in textured areas of super hydrophobicity and untreated
smooth hydrophobic PDMS [228]. Droplet formation was demonstrated by immersing the patterned
surfaces vertically in water, by varying the grid patterning parameters and water withdrawal speed it
was possible to control the size of droplets formed within the grid. The droplet microarrays produced

were used to capture cells in microdroplet arrays for screening and culturing.
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An additional route to patternable wettability control is to use laser or print based techniques to
locally reduce the contact angle of an initially superhydrophobic surface [229-231]. Continuous wave
laser processing of silicone paper was shown to reduce the contact angle from 115° to 20° allowing
fluid to be contained in the textured areas [232]. A further coating of hydrophobic silica particles
allowed lateral diffusion of the liquid to produce patterns showing capillary flow.
Chemi-luminescence tests showed that mice blood solution sprayed on a droplet array surface would
luminesce in the laser textured areas which were patterned with luminol stock. Surfaces with binary
superhydrophobicity-superhydrophilicity patterns with no substrate dependence were fabricated by
Schutzius [233] through laser thermal treatment of dropcast polysisequioxane (POSS). This technique
leveraged the organic-inorganic hybrid nature of the POSS as thermal laser treatment of the dropcast
coating acted to modify the ratio of polar to non-polar bonds modifying the wetting property from
165° to super hydrophilic. The POSS surface retained superhydrophobicity up to a temperature of

300°C suggesting potential use in harsh environments and for enhanced heat transfer applications.

A biomimetic example of patternable wettability is the Namib desert beetle which harvests water in
the Namib desert fog with a surface of hydrophilic ridges and hydrophobic grooves. Laser patterning
of a superhydrophobic porous TiO-fluoroalkyl silane coating, Figure 5.2a, was used to mimic this
effect by creating localised regions of hydrophilicity through localised smoothing of the film [234].
By texturing 2D arrays of microscale branch-like triangles arranged in a hierarchical tree shape a
water harvesting device was fabricated on a silicon surface. Droplets forming on the tips of the
triangle arrays were subjected to a capillary force imbalance and transported down the ‘stem’ of the
tree pattern to a collection zone, the harvesting efficiency was enhanced by a factor of 36x compared

to non-patterned films.

Gosh et al. used a process of UV exposure of a superhydrophobic coating through a photomask as
shown in Figure 5.2b [235]. After exposure for 30 minutes the superhydrophobic coating becomes
superhydrophilic. This process was developed as a fabrication tool for open microfluidics, a range of
operations were demonstrated involving liquid transport along tracks, droplet bridges, droplet splitting

and uphill travel.

As shown in Table 5.1, current literature reports show there is a deficiency of fabrication work in the
superhydrophobic-superhydrophilic domain (larger than 150° of wetting contact angle difference).
And there has been limited work into the use of intrinsically hydrophilic glass substrates. Several
studies have explored wettability or topographically patterned substrates for use in inkjet printing.
Keum investigated topography directed inkjet printing to produce functional tracks in flexible
substrates [236]. The process involved molding a lithographically produced topography of ripples and

grooves onto PDMS and then depositing a silver nanoparticle ink. The aim was to improve the
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inherent resolution of inkjet printing, results were analysed in terms of print quality relative to channel
geometry, force balances and track conductivity. This study showed the potential of hybrid topology
modification before printing but did not investigate a real engineering material or scalable fabrication

technique.

Table 5.1: Collation of studies investigating wettability contrast patterning. The substrate, fabrication
techniques and range of contact angles reported are shown.

Paper Maximum Minimum
P Substrate contact contact angle Fabrication Approach
Reference o o
angle (°) ()
Hydrothermal NaOH for
[234] Silicon 160 95.1 porous film. Silanized. Laser
processing
Superhydrophobic treatment.
[230] Sandpaper 145 106 Inkjet printing
[40] PDMS 162 ~105 (est.) Laser processing
Deposition. Thermal
[233] Silica film ~145 0 treatment through laser &
flame
Hydrophobic .
[232] Paper 115 20 Laser processing
[228] PDMS 154 111 Laser ablation
Polyester -
[229] sheet >150 70 Roller Printing

Nguyen et al. developed a novel process of hydrophilic-hydrophobic coating onto PET films, then
using a nickel stencil the films could be patterned to form selective regions of hydrophobic-
hydrophilic [42]. Inkjet printing into the patterned surface showed that PEDOT:PSS ink spread into
the high wettability tracks and it was possible to form continuous track features smaller than the
printed drop diameter. Kant et al. investigated combined topographical and wettability patterning to
investigate wetting of picolitre droplets into shallow recesses on an ITO-coated glass surface [237].
They found that the bounding topography encouraged fluid covering of the target recessed regions
however containment was not assured. Wettability patterning ensured robust containment within the
wetted regions but poor deposition coverage. The combination of topographic modification with
hydrophobic fluoropolymer cavity walls produced a favourable wetting whilst maintaining droplet

containment. A limitation of this study was the requirement for clean-room fabrication techniques.
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An exciting demand for inkjet printing is found in manufacture of organic light-emitting displays. In
this fabrication process the functional element is printed into a hydrophilic cavity with hydrophobic
cavity walls. The key aim is to ensure a uniform particle deposition after carrier liquid evaporation
and to ensure confinement of the droplet in the cavity. Jackson et al. carried out a numerical analysis
of the printing process and identified the common failure modes for cavities with different
combinations of wettabilities [238]. Broadly, it was found that the greater difference between the
contact angle of the cavity wall and the substrate allowed for better cavity wetting. Using a wettability
contrast between cavity and substrate it was possible to print with a maximum misalignment of
greater than 90% of the droplet width and still achieve full cavity wetting. As well as patterning
wettability, it is important to consider the patterning of functional materials onto glass, and this will

be covered in the following section.
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Figure 5.2: Experimental schematics of wettability patterning through (a) laser patterning [234],
(b) masked UV treatment [235]. (¢) Numerical simulation of inkjet printing into wettability patterned
wells for OLED display fabrication [238].

5.2.4 Inkjet printing of functional material

In this section, the different types of functional inks prevalent in industry and research are outlined
focusing on conductive ink formulations pertinent to embedded sensing and electronics applications.
Three common types of functional ink are: dispersions of metal nanoparticles, dispersions of organic
material and solutions containing a dissolved functional element. Table 5.2 collates commonly used
conductive inkjet inks and describes their main advantages and disadvantages. As well as the
functional component, inks must be formulated with the appropriate carrier fluid and dispersion
properties to ensure printability. The critical properties of the ink are its surface tension and viscosity
as these determine ejected droplet size and velocity as well as the stability of droplet generation [239].
For optimal inkjet printing these values should be around 10-12 cp and 28-33 dyne respectively at the
jetting temperature [240].
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Metal nanoparticle inks are the industry standard for the deposition of conductive tracks and
interconnects. They provide the best conductivity which is broadly 2-4 orders of magnitude better
than for conductive polymers, graphene or carbon [241]. The nanoparticles must be less than 1/10" of
the size of the inkjet printing nozzle to prevent clogging. The particles are usually dispersed in an
organic solvent, with further formulation additives for anti-flocculation. Although this approach is
effective there are environmental concerns due to the sensitivity of the organic solvents and the use of
rare earth metals (silver, gold and indium). These environmental concerns have spurred research into
alternative functional components and the use of water-based metal nanoparticle inks. In an important
early study published in 2002, Fuller et al. printed a suspension of Ag nanoparticles dispersed in a-
terpineol to achieve a very low resistivity of 3 pQ cm which is approximately twice that of bulk silver
[242]. However, the choice of solvent in this study would bring challenges for an industrial
application due to the production of harmful volatile organic compounds [208]. Toluene is a
commonly used solvent to formulate silver nanoparticle inks [239,243] but it is often classified as a
toxic substance and can be incompatible with materials used in production processes such as the

plastic housing of print heads.

Investigations into printing metal nanoparticle inks using environmentally friendly carrier fluids have
been limited to date and none of the major ink suppliers offer commercially available water based
inks. Several significant challenges are associated with this formulation such as forming a stable
dispersion, avoiding particle flocculation, and ensuring the suitable surface tension and viscosity. Lee
et al. [208] used a water-diethylene glycol (DEG) bisolvent to disperse Ag NPs in water. The DEG
helped to reduce the evaporation rate of the solvent to reduce blocking of the print head, it also made
the viscosity and surface tension of the ink more favourable for printing. The inkjet printing tests were
carried out on a glass slide, although the surface preparation and wettability were not reported. The
maximum concentration of silver nanoparticles tested was 25 wt% and the ink was printable for
greater than 2 months after formulation. Sintering at 260°C resulted in an electrical resistivity of
1.6x10° Qcm. Shen et al. [241] formulated an aqueous silver nanoparticle ink which involved
synthesis of poly (acrylic acid) coated silver nanoparticles which were dispersed in a water-glycol
solution at up to 25 wt%. This preparation method enabled very stable dispersive properties with
simple, low cost and environmentally friendly manufacturing. In their printing tests it was possible to
obtain an optimised resistivity of 3.7 uQcm on photographic paper with a relatively low sintering

temperature of 180°C.
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Table 5.2: Common conductive inkjet inks. Conductivities obtained from suppliers Sigma Aldrich,
PV Nanocell and Ulvac in August 2020.

Ink Conductivity Advantages Disadvantages Ref.
Very good Expensive. Particles can
A conductivity. block the inkjet nozzles.
5 1.5 mQ/sq Resistant to heat | Requirement for sintering [244]
Nanoparticles o C
and UV limits applications for
exposure. flexible substrates.
Tin-doped Industry
indium oxide standard Expensive. Environmental
250 Q/sq transparent p ' [245]
(ITO) concerns.
: electrode
nanoparticles material
Cheap, flexible,
easily printable Can be damaged by heat
Graphene 4k0/sq and better for and UV exposure. [246]
the environment
Can be difficult to
formulate CNT ink with
. stable dispersion
SW-Carbon 400 O/sq Novel eleCFrlcal properties. Post- [247]
Nanotubes properties C .
processing is required to
align CNT network.
Toxicological effect.
High ductility. Low conductivity.
Low cost. Does Vulnerable to degradation
PEDOT:PSS 1500 Q/sq no.t require by heat, water, UV [248,249]
sintering
exposure and oxygen
process.

To enhance adhesion of inkjet printed silver nanoparticle films, Jang et al. incorporated a nanosized

frit glass into the ink formulation [250]. The formulation consisted of 0.16 vol% frit glass, 20 vol%

silver nanoparticles, 5 vol% dispersant and remainder ethylene glycol. Incorporating frit glass enabled
sintering of the deposit at a much higher temperature than when only silver nanoparticles were used
by preventing cracking and delamination effects. Through the cross-hatch adhesion test they observed
a much higher adhesion with the frit glass formulation whilst maintaining conductive properties of the
film after sintering at 500°C. The enhanced adhesion was attributed to a liquid phase sintering effect
in which the frit melted readily to wet between the Ag particles and bond the film to the substrate as a
glassy film. This adhesion promotion mechanism is primarily physical in nature rather than chemical.
Further research by Jeong et al. demonstrated chemical functionalisation of the glass surface prior to

Ag ink printing with silane based molecular layer adhesion promotors [251]. In addition to improved
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adhesion, a further benefit was that the low wettability of the silane layer allowed for narrow features

to be printed (line width 45 um).

The use of conductive polymers for integrated electronics applications is well established industrially.
Conductive polymer materials reduce the disadvantages of using metals such as costs associated with
mining, shipping and processing. Polymers are attractive industrially as they are lightweight, cheap
and functionally versatile [252]. Additional novel properties involve the potential for chemistry
modification through doping and high ductility for flexible electronics applications. PEDOT:PSS is a
transparent conductive polymeric which is emerging as potential alternative to industry-standard rare
earth metal compounds such as ITO. Example industrial applications of PEDOT:PSS involve
interconnects for organic light-emitting diodes, organic solar cells, organic thin-film transistors and as
transparent antistatic coatings. PEDOT:PSS solutions can be printed with a very high quality because
no satellite drops are formed at high voltages [253]. To ensure the deposited films have conductive
properties it is necessary for the polymer chains to swell and aggregate which is mediated by solvent
choice and surfactant concentration [254]. Drying at 90°C and annealing at 150°C [255] have been
used to improve the conductive properties of inkjet deposited PEDOT:PSS films. The temperature in
the application environment must be controlled as degradation of conductive properties has been
observed for temperatures above 55°C after 50 hours of exposure [249]. This is particularly important
to consider for glass applications where the product may be exposed to direct sunlight and sharp
thermal gradients. Specifically, this means alternative functional inks must be used in applications
such as deposition of resistive heaters for automotive windshields or emerging thermoelectric energy
generation applications. New ink formulations based on 2D and 3D nanostructured carbon allotropes
have received substantial recent research attention. These inks are very attractive because of their
combination of novel electrical properties [10], possibility of room temperature curing without heat
treatment [256] and their potential to be very low cost in the future. Even now, the cost of CVD
produced graphene is cost competitive in industrial applications such as flexible displays and solar
cells [257]. Furthermore, these inks can be formulated with the use of water-based carrier fluids. Post-
process heat treatment through thermal annealing or laser annealing is used to remove binders and
solvents and sinter or weld graphene flakes together [258]. An example application of inkjet printed
graphene was shown by Seekaew et al. who printed a graphene-PEDOT:PSS composite ink to

fabricate ammonia sensors with sensitivity down to 25 ppm [259].

In addition to printing conductive inks, multilayer embedded electronic devices have been fabricated
using inkjet printing including thin film transistors, photovoltaic cells and chemical sensing devices.
In these multi-stage manufacturing processes inkjet printing can bring key patterning and material
flexibility advantages. For example, in the manufacture of OLED displays, inkjet is highly sought as a

lower cost alternative to the standard shadow mask evaporation deposition approach as no material is

92 James Macdonald — March 2021



Chapter 5: Wettability modification of glass for inkjet deposition of functional material

wasted through depositing onto the mask. However, several research challenges must be addressed to
enable commercial inkjet printed OLED displays such as optimal surface interaction to form flat
deposits with high deposit density and quality [260]. Figure 5.3 shows the structures and compositions
of a thin film transistor, a photovoltaic cell and an organic light emitting diode fabricated through
multilayer inkjet printing.
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Figure 5.3: (a) Device structure of an inkjet printed thin film transistor [261]. (b) Device structure of
an inkjet printed photovoltaic cell [262]. (c) Inkjet printing into wells for light emitting diode panel

manufacture [263]

The literature presented evidence of the industrial value of fluid manufacturing techniques for printed
electronics on glass surfaces. Emerging applications for functionalized and smart glass surfaces have
created a market pull effect for scalable digital manufacturing processes in the glass industry. The key
gaps in knowledge required for technology progression concerned the implications of cleaning and
wettability modification techniques for functional inkjet printing. To obtain precise lateral and
thickness control in additive fluid deposition processes it is essential to control surface wettability to
match with the fluid properties.

There is growing desire to use water based conductive inks to ameliorate concerns associated with
solvent based formulations. However, these inks bring new challenges because of the complex
spreading and coalescence behaviour driven by their generally high surface tension. One approach to
tailor surface-ink interaction is to modify surface wettability locally. There have been some initial
studies into modification of glass surfaces to produce topographical or wettability patterns to enhance
inkjet printing deposition. Currently lithographic approaches are used and there is a significant drive
to explore digital modification approaches. Research gaps concerning the durability of functional
inkjet printed tracks was highlighted both by the small number of research studies and through

discussions with the industrial partner of the project.
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5.3 Design of Experiments

This section describes how the research aim and literature findings were used to formulate research
objectives and experimental approach.

5.3.1 Research Aim

To better understand the link between durability of printed functional inks and the tailoring of the

wettability of glass surfaces.
5.3.2 Research Objectives

The literature review helps identify materials selection for printing electronic components to glass
surfaces. In an industrial setting, silver nanoparticle inks are the most attractive way to inkjet print
conductive tracks to function as interconnects or heating elements of resistive heater circuits. This is
because they offer the highest conductivity and durability in comparison to alternative ink
formulations with organic functional components. Research and industry have mainly focused on the
use of solvent based ink formulations to deposit silver nanoparticles. The use of water-based inks is
emerging because of the potential to reduce solvent usage however these inks bring printing
challenges because of their high surface tension, that still need to be explored.

One key concern in inkjet printing is how to ensure the correct deposition behaviour to avoid coffee
ring formation and low substrate adhesion. Because the functionality of a printed pattern can depend
strongly on its geometric quality, experiments were carried out firstly to analyse the effect of surface
preparation on droplet-surface interactions and then to optimise the printing of continuous tracks. The
deposit morphology and conductive properties were analysed, and a print strategy was developed

through optimisation of surface preparation, droplet spacing and number of printed layers.

Typical industrial approaches to modifying surface wettability involve air plasma treatment and
deposition of self-assembled monolayers. If patterned control of wettability is needed, these are
normally followed by lithographic approaches. Laser direct-write patterning and masked plasma
treatment were used to modify glass surface chemistry and remove surface coatings. These
capabilities were shown to enable the digital patterning of contrasting regions of hydrophilicity-
hydrophobicity on glass surfaces, the operating window and limits of pattern resolution were tested.
Finally, the effect of modifying glass surface wettability and structure on the adhesion and abrasion
resistance of inkjet printed tracks was tested. This chapter also builds a capability that enables

progression to inkjet printing combined with laser ablation to embed function within the glass surface.
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This aim and the key research gaps noted above can be addressed by tackling the following

objectives:

1. Characterise the effect of glass cleaning and plasma treatment on the surface parameters
which impact surface interaction during inkjet printing.

2. Assess the use of wettability modifications processes such as solvent treatment, plasma

treatment and functional chemistry deposition for use in a manufacturing environment.

3. Test the capability of laser and plasma patterning to produce surfaces with patterned

wettability.

4. Study the dynamics of particle distribution and track formation of water based silver

nanoparticle inks on a range of surface wettabilities.

5. Determine the feasibility of using a hybrid laser etching — inkjet printing process to embed

conductive tracks below the glass surface and explore benefits to durability.

5.4 Method

This section outlines the materials, equipment and experimental procedure used.
5.4.1 Surface Modification

Three surface treatment approaches were tested which resulted in a range of surface wettabilities,
from high attraction-superhydrophilic through to low attraction-hydrophobic. These treatment
processes were (i) solvent cleaning, (ii) corona plasma treatment, and (iii) hydrophobic layer vapour

transfer deposition.

The solvent cleaning process involved: firstly, brushing the surface with a scouring cleaning pad
soaked in hot soapy water, then immersing the substrate in acetone (99.8%, Fisher) which was
subjected to mechanical impulse in an ultrasonic bath for 5 minutes, followed by repetition with
propan-2-ol (IPA) (99.8%, Fisher). These steps aim to remove most contaminants on a glass surface
especially particulate matter such as dust. The surfaces were then rinsed with water (analytical reagent

grade, Fisher) to remove any residue. Finally, the surfaces were dried with filtered compressed air.

To study the effect of corona plasma treatment on the wettability of glass surfaces an experimental
matrix of applied power and treatment time was executed. A LabTEC Corona Lab System (tantec)
HT-X01-28: 28 kW was used for experiments. The corona treater voltage was set to 20kV, the roller
electrode was separated from the glass surface by a 1 mm spacer. To ensure an evenly applied dosage

15x 1 cm wide glass samples were prepared using the scribe and break method. The minimum
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applied power for which a discharge plasma was formed was 13 W, applied powers of 50W and
200W were also tested. Following the results of this investigation into optimum applied parameters,
the degradation of the surface conditioning over time was investigated by measuring the water contact

angle in time intervals after treatment.

The hydrophobic coating was carried out by vacuum transfer of a 14 uL droplet of
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma Aldrich) in a desiccator pumped to 7
mbar and left for over 12 hours. The surfaces were solvent cleaned and plasma treated prior to

hydrophobic coating deposition to activate the surface and promote bonding.

Surfaces were characterised through profile imaging of deposited droplets, contact angle measurement
(described in section 2.3.4), FTIR spectroscopy (PerkinElmer Frontier MIR/NIR Spectrometer) and
XPS spectroscopy. The XPS system was a Thermofisher Escalab 250Xi. For survey scans: the pass
energy was 100 eV, the step size was 1 eV and 10 scans were applied. For narrow scans: the pass
energy was 50eV, the step size was 0.1eV and 50 scans were applied. The flood gun and 2 metal clips

per sample were used.

Three probe liguids were used to measure the surface energy of the modified surfaces: deionized
water, dioodomethane (Alfa Aesar, 99% stabilised) and ethylene glycol (Fisher 11428920). Drop
volumes were fixed at 2 puL. Contact angle measurements were used to calculate surface free energy
using OWORK with the in-built KRUSS analysis software of the equipment [264,265].

5.4.2 Wettability patterning

Two novel processes to precondition the glass surface based on wettability patterning with plasma

treatment and laser ablation.
5.4.2.1 Plasma treatment

Figure 5.4 shows a schematic of the experimental layout used for masked plasma treatment. The
masks were fabricated by laser cutting polystyrene sheet of 0.5 mm thickness. A 60 W VLS CO; laser
cutter was used operating with parameters 5% power, 1 mm/s and 500 pulses per inch. Several mask

schematics were fabricated for experimental testing as shown in Figure 5.4(a).
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Figure 5.4: (a) Diagram of the masked plasma treatment process. (b) Schematic of masks used in

masked plasma treatment experiments
5.4.2.2 Laser Processing

The ultrafast laser processing system was outlined in section 2.2.2 and patterning strategy described in

section 3.3. The chosen parameters for glass patterning are summarised in table 5.3:

Table 5.3: Summary of laser processing parameters

. — Pulse Scan Hatch Number
Experiment Laser Objective .
Energy Speed | Spacing | oflayers
Satsuma Thorlams
Mlcrogrgove Ultrafast LMU 10x 70% 10 5 um 5
formation Platform mm/s
Spot-4.81 um
Wettability Satsuma COMAR 08 Ablation 50 Varied 1-
Modification Ultrafast 0X 05 Spot- threshold mm/s 32 um 1
Platform 1.92 um 44%

5.4.3 Hardness and adhesion testing

To test the adhesion of the inks to the prepared glass surfaces a commercial cross cut adhesion test
was used. The kit was Dyne CC3000 [266] which conforms with the test standards ISO/DIN 2409,
ASTM D3359 [267]. In the testing process, two series of parallel cuts cross angled to each other are
made in the coating with a 6-bladed cutting head. This produces a pattern of 25 regular squares of grid
size 1 mm. Adhesive tape (SP3007, Dyne Testing) is then applied to the surface and removed by
seizing the free end rapidly keeping the removal angle as close to 180° as possible. After lifting off,

the degree of flaking and detachment is inspected under magnification and compared semi-
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guantitatively using a ranking scale of 0-5 where 0 shows no detachment and 5 involves over 65% of

the cross-cut area being detached. Figure 5.6 illustrates the cross-hatch adhesion testing process.

Cross hatch cuts Adhesive tape Areas of detached coating
Coating

Classification 1 3 5
Appearance | . ... .. Lol

B s + + 4

...... 0—4&3
SEASE 15
. 08099
- - IS Aad s

Figure 5.6: Schematic of the cross hatch adhesion testing and classification process [268].

To test the adhesion of inkjet printed tracks a tape peel off test was used. The standard adhesion tape
(SP3007, Dyne Testing) was pressed firmly onto the surface perpendicularly to the tracks. The tape
was then pulled off pulling as close to 180° as possible. The adhesive strength of the tape was
measured by attaching a glass slide to a beaker, applying the tape to the glass slide and then adding
water to the beaker in 200ml increments until the tape failed. The tape failed at a total mass of 1748g
giving a bonding pressure to the glass slide of 2.74 N/cm?.

In order to test abrasion resistance of the inkjet printed deposits, an experimental setup to apply a
repeatable load was used. The system consisted of an 11.5mm strip of 600 grit sandpaper which was
loaded by a 100g metal weight. The abrasion cycle consisted of pulling the weighted sandpaper across
the surface at a rate of approximately 1 cm/s. After each cycle, the surface was imaged with optical

microscopy and the track resistance was measured.

(a) (b)

Pulling Direction

Handle ‘- . e 100g Weight P Adhesion Tape
- _~ 600 Grit Sandpaper Pl Surface
— <", surface e

_ i

Figure 5.7: (a) Schematic of the adhesion peel off testing approach. (b) Schematic of the abrasion
resistance testing approach.
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5.5 Results & Discussion

In the results and discussion section, the effect of surface preparation of glass on surface wettability
and chemistry was investigated. This is followed by a discussion of experiments concerning patterned
modification of surface wettability using shadow masked plasma treatment and laser patterning. The
properties of inkjet printed silver nanoparticle deposits on glass surfaces with modified wettability
was analysed. The durability of the inkjet printed deposits were investigated through peel-off and

abrasion tests.
5.5.1 Surface Preparation of Glass for Fluid Deposition

As surface wettability has a significant impact on the dynamics of a fluidic manufacturing approach
such as inkjet printing, a full understanding and quantitative models of the cleaning and wettability
modification processes are needed. After solvent cleaning, the glass surface showed an average water
contact angle of 21.8 + 2.5°. This is classified as hydrophilic wettability and a high consistency was
observed. However, pristine glass surfaces should have contact angle smaller than 10°. This indicates
that after the solvent cleaning treatment there is likely still the presence of organic contamination
chemically bound to the glass surface or the presence of organic residues from the solvents.

As discussed in literature review section 5.2.2, corona discharge plasma treatment is used to break
down any organic surface contaminants as well as to activate the surface by generating high surface
energy dangling hydroxyl (OH-) groups. The minimum applied power for which a stable discharge
plasma was formed was 13 W. After 5 seconds of treatment with the minimum power a significant
reduction in water contact angle was observed to an average of 8.47+ 1.6°. Figure 5.8(a) shows how
droplet contact angle varied with applied corona treatment parameters. After 40s of treatment all
surfaces showed an average contact angle less than 5° which remained low in longer treatment
durations. This led to future experiments being carried out with an average power of 200 W and

treatment time of 60 s/cm as this was within steady state conditions to ensure repeatability.

After plasma treatment it is essential to know the duration for which the surface remains activated, as
this will be the time window for printing. This is particularly important in a factory setting where

large batch numbers and long takt times may cause the negative consequences of any ageing effects to
be encountered. To investigate the ageing of the plasma treated surface when exposed to an ambient
air environment the contact angle was measured in time intervals after plasma treatment. Figure 5.8(b)
shows the variance of contact angle compared to the untreated surface and the freshly treated surface.
It was found that for the first 8 hours the contact angle remains on average below 5°. After 24 hours of

air exposure the contact angle rose signficantly outside of the critical superhydrophilic region to form
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a contact angle of 9.2+0.7. Figure 5.8(c) shows example drop shapes for the different treatment
methods used.
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Figure 5.8: (a) Effect of varying plasma treatment power and time on measured contact angle,
treatment times dodged by 1s to avoid overlapping of error bars. (b) Variation of contact angle with

time exposed to air environment. (c i-iv) Drop shape images used for contact angle measurement.

The hydrophobic coating deposition resulted in a surface wettability of 114.3+£1.6°. In order to inform
the movement and drying behaviour of droplets on the surfaces the receding angle was measured
using the needle-in method. The solvent and plasma cleaned surface showed pinned behaviour with
receding angle of 0°. The hydrophobic surface exhibited a finite receding angle of 23° indicating a
mobile contact line.

In order to qualify the wetting behaviour with respect to theoretical prediction water droplets of
varying size (1.25-10 pl) were deposited onto the prepared glass surfaces. The diameter of the
deposited droplets was analysed using ImageJ [269] and compared to predicted results using the
spherical cap model described in section 5.2.1, the contact angles measured in this section were used
to supply the model along with the nominal droplet volumes defined by the syringe fluid dispensing

unit of the contact angle measurement system. The spherical cap model produced a reasonable
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prediction of the spread diameter of the droplets generally, within 5% as shown by the error bars in

Figure 5.9.
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Figure 5.9: (a) Photographs of droplets dispensed on i) plasma treated surface ii) solvent cleaned
surface iii) hydrophobic surface. (b) Plot of the measured droplet diameter compared to spherical cap
predictions. (c) XPS Survey Spectra of the prepared surfaces. (d) FTIR Spectra of the prepared

surfaces.

XPS spectroscopy was carried out on the non-processed surface ‘as received’ from the industrial
supplier, the solvent cleaned, and the plasma treated surfaces. The atomic percent (At%) carbon
content (C1s-248.8 eV) of the ‘as received’ surface was 79.3%, after solvent cleaning this reduced to
13.3%. The reduction in carbon content indicated that the solvent cleaning step removed
carbonaceous debris and organic contamination. The At% of the plasma treated surface was even
lower at 6.7% this indicated further removal of organic contamination. The presence of Tin

(Sn metal - 485.2 eV) in the XPS spectrums indicated interaction with ions from the float bath
process. Further elemental peaks visible include (Na 1s - 1071 eV, O 1s (SiO») - 532.9 eV, Si (SiOy) -
103.5 eV). Although these peaks are identifiable in the overall spectrum, due to the insulating nature
of the substrate the signal was poor and detailed bonding analysis was not possible. XPS has been
used to give valuable insights into the surface chemistry after treatment and validation of contact
angle measurements. However, XPS is a time-consuming, high vacuum technique so cannot be used
as an in-line production process to assess glass cleanliness. FTIR spectroscopy in attenuated total

reflection mode was carried out to assess its capability to rapidly characterize the surfaces.
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Unfortunately, no difference between the spectrum obtained from each surface type was observed.

This indicates the technique is not surface sensitive enough to use in this way.

This section has described the preparation and analysis of glass surfaces with a range of wettabilities.
These findings are used as foundational knowledge for inkjet printing experiments as well as aid to
research progression to an industrial application. The consequences of surface preparation on fluid
interaction are very impactful when inkjet printing to glass substrates because of its influence on
adhesion and deposit morphology. The wettability of glass in its pristine state has been demonstrated
to be highly hydrophilic and droplet pinning is certain. In a production process it is vital to be able to
rapidly characterize the surface condition of the substrate material. Contact angle analysis of water
sessile drops is suggested as the best way to quickly assess surface cleanliness with reference to

standards produce by offline measurements such as XPS.

5.5.2 Patterned wettability through modification of surface chemistry and

topography

The next stage of experiments aimed to locally remove the hydrophobic coating in order to produce
contrasting regions of surface wettability. In this study, the manufacturing potential of laser ablation
and masked plasma treatment was investigated to produce wettability patterns on glass substrates
through removal of a hydrophobic coating. This research aims in the future to help enhance inkjet
printed deposit adhesion and resolution whilst eliminating artefacts such as the coffee ring effect or
reduced morphology control when printing to hydrophilic surfaces. Firstly, the parameter space of the
processes was explored by comparing the intensity of surface treatment to wetting contact angle. Then
the dynamics of spatial confinement of water in track and square geometrical patterns was analysed.
This, coupled with surface chemistry mapping, was used to produce an advanced understanding of

wettability patterning based on analysis of advancing contact angle at the hydrophobic boundary.
5.5.2.1 Masked corona discharge plasma treatment

Firstly, it was necessary to obtain the optimal treatment parameters to remove the hydrophobic
coating with corona discharge plasma treatment. To do this on the plasma treatment was applied to the
coated glass substrates without any patterning as described in section 5.4.1. The effect of varying
applied power and treatment time on the static water contact angle of the surface was measured and

results are shown in Figure 5.10.

Without any plasma treatment, the hydrophobic coating deposition produced a water contact angle of
114.3°+1.6°. The minimum applied power for which a plasma was formed was 13 W, For treatment

times between 0-40 s at this minimum power, the average contact angle remained above 78° and a
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large range in the contact angle measurements was observed (as can be seen by the broad error bars).
This indicated that the weak plasma only partially removed the hydrophobic coating. Increasing
applied power to 50 W and 200 W resulted in consistent coating removal and contact angles below
20° for all treatment times as shown in Figure 5.10.

As consistent removal was observed, the parameters for experiments with a patterning mask were
selected to minimise the process time. The power of 200 W was selected with a treatment time of 10 s
per cm, this produced an average contact angle in exposed areas after plasma treatment of

11.6° + 2.1°. To test the protective ability of the mask material for patterning experiments a layer of
polystyrene sheet was placed between the corona discharge electrode and hydrophobic glass substrate.
In masked areas, the hydrophobic property remained unchanged by plasma treatment, and so it was

considered suitable as a masking material.
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Figure 5.10: Plot of contact angle vs plasma treatment time for hydrophobic glass.

Several mask patterns were fabricated by laser cutting to test the capability of the masked plasma
patterning approach for millimetre scale fluid entrapment. A comb pattern with a channel size of

1 mm and a pitch of 3 mm was tested to assess the capability for spontaneous pattern formation. After
plasma treatment, the comb surface was immersed in water and withdrawn from the beaker, pulling in
the long direction of the channels. After withdrawal, the fluid only adhered to the plasma treated
pattern as shown in Figure 5.11(a-b). This initial experiment showed the immediate effectiveness of
the technique to produce distinct regions of hydrophobicity and hydrophilicity with millimetre spatial
definition. This capability for pattern self-alignment could be an exciting avenue in future research
towards microfluidic device fabrication, when coupled with dispensed fluid. For example, fluid is
dosed to a region treated using a square mask, as shown in the 10 mm diameter square in Figure
5.11(c). In order to test the limits of the patterning resolution, a mask with channels of nominal widths
(3 mm, 1.5 mm, 0.5 mm and <0.5 mm using a single laser scan pass) were patterned. Figure 5.11(d) is
a stitched image of the sample after fluid dispensing. All of the tracks showed preferential spreading

into the patterned hydrophilic channel. A single water droplet was dispensed into the centre of each of
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the patterned channels and the resultant width of the spread droplet was measured. Water droplets of
varying size were dispensed in between the channels to show preservation of the hydrophobic quality

in non-exposed areas.

Figure 5.11: (a-b) Images of comb surface after withdrawal from volume of water. (c) Photograph
showing millimetric scale water confinement in 10mm square. (d) Confinement of fluid within

patterned channels.
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Figure 5.12 plots the measured width of the fluid in the channel compared to straight lines of constant
width for the measured channel widths of the mask. The measured width of the channels exceeded the
specified widths due to the laser cutting technique and are notated with straight lines. The dispensed
fluid forms channels with width slightly greater than the channel size in all cases to within £0.3 mm.
For the smallest track (a - 0.35 mm), the droplet spread in the direction of the track but the fluid
profile was wider, measuring 0.65 mm. This represents the patterning resolution and analysis limit of
this experimental arrangement which was limited by the width of the dispensing needle (0.51 mm)

and minimum feature size of the laser cutter used for mask preparation.

Figure 5.12: Analysis of channel containment experiment.
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1.5.2.2 Laser processing of hydrophobic coating

To move to a better controlled and finer resolution of patterning, laser ablation was explored because
it is inherently direct-write and capable of modifying both surface topography and chemistry

simultaneously through coating removal. A femtosecond laser source described in Section 2.2.2 was
used to allow for absorption of the near-infrared laser light by the transparent substrate, as well as to

minimise thermal damage to the glass [88].

Firstly, the impact of key laser parameters on surface wettability was assessed. The resolution of the
available wettability analysis system requires patterning of areas with minimum dimensions of at least
8 mm. Squares were patterned onto the hydrophobic glass surface through a serpentine laser scan
pattern with hatch spacing varied from 1-32 um. In order to ensure an adequate number of samples
could be fabricated in a timely manner for wettability analysis, a fast scan rate of 50 mm/s was used.
The laser power of 0.63 W was tuned to the minimum value for which ablation occurred with the aim
of minimising thermal input and the width of laser induced modification. Scanning the substrate with
a power just below the ablation threshold was found to have no impact on the surface wettability.
After laser patterning the surface was analysed to quantify wettability and morphology with
comparison to hatch spacing. The contact angle was measured by imaging the profile of a droplet
oriented perpendicular to the laser processed grooves, these values are recorded in Figure 5.13(a).
Figure 5.13(b) shows the effect of modifying hatch spacing on surface morphology imaged with

optical microscopy.

For hatch spacings smaller than 12 um, a superhydrophilic response with complete droplet spreading
was measured (CA;4s). Loss of laser focus during processing resulted in a lower degree of ablation for
the surface with 8 um hatch spacing, this highlights the sensitivity to Z-axis positioning as explored in
more detail in section 3.3. Laser patterning with hatch spacings greater than 12 um resulted in an
incremental reduction in wettability to produce water contact angles in the range 34-66.8°. A fill

factor ratio for each hatch spacing was calculated, this represented the area of the surface which had

been affected by the laser processing relative to the area of pristine hydrophobic glass (—2<kWidth

hatch spacing
Because of the difference in wettability between the laser processed (CA4,,s) and pristine components
of the surface(CAppnop ), the contact angle of the hatched surface (CApg¢cheq) Varied depending on
the proportion of the surface which had been laser patterned. The contact angles predicted by this
model were compared to the measured values. The parameters of the model which produced the
closest fit to experimental data were: Track width —9 um, CApppep-95°, CAjqs-5°. The R* fit to the
experimental data was calculated as - 0.985 indicating a close agreement.

track width
hatch spacing

CAnatchea = CAjas + (1 ) * (CAhphob — CAgs) (5.2)
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According to this analysis the track width of the wettability affected zone from a single laser scan
(9 um) was much larger than the calculated laser spot size of 1.92 um (M?-1.15, beam

diameter - 6mm and focal length - 8 mm). This effect may be due to thermal decomposition or
vaporisation of the hydrophobic coating. Although a large covering of redeposited material was
observed when patterning wider tracks, no difference in the contact angle in areas coated with
redeposited material (116.2+0.8°) was measured compared to the pristine hydrophobic coating
(114+1.6°).
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Figure 5.13(a) Plot of contact angle vs laser hatch spacing for glass with hydrophobic coating and
prediction based on fill factor model. (b) Variance of surface morphology with laser hatch spacing .

To explore entrapment of fluid in a laser patterned geometry, spreading of a 5 pL droplet into a 1 mm
wide and 20 mm long laser ablated pattern was analysed as shown in Figure 5.14. The droplet quickly
spread along the length axis of the superhydrophilic track. Imaging the width profile of the track, the
width of the fluid profile was measured to be 1.04 mm which was only 4% larger than the patterned
track width. The spreading speed along the track was measured by capturing the displacement of the
front of the fluid profile along the length profile of the track after droplet impact. It was found that the
fluid front travelled with constant velocity of 16.3 mm/s between 0.046-0.564 s. Initial droplet
spreading from the width of the droplet (2.1 mm, 0 s) to the second collected data point (8.41 mm,
0.036 ms) was much faster but occurred too quickly to capture with the frame rate of the camera used.
The profile expansion rate decelerated from 0.564 s until reaching the maximum length of the track at

1.107 s. The high rate of spreading occurs due to the very high wettability of the laser processed track.
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Figure 5.14: (a) Length profile and (b) width profile images of 5uL drop spreading into hydrophilic
laser patterned track. (c) Length of fluid profile variation with time during spreading

EDS spectrum analysis and mapping showed removal of the hydrophobic coating and exposure of the
underlying glass substrate in the laser ablated grooves as shown in Figure 5.15. By comparing the
element maps, it was seen that the elements present only in the coating (fluorine, carbon) were not
present in the laser processed grooves. Similarly, the elements present in the substrate (sodium,
silicon) were more prevalent in the laser ablated grooves. This was confirmed by spectrum analysis
which showed the At% composition was in line with the mapping observations. A trace amount of
silicon is present in the coating analysis, this may come from the trichloro-silane terminal group of the
coating which bonds into the silica matrix of the glass, additionally the interaction volume of EDS is
deeper than the coating thickness so some signal information is obtained from the bulk material. This
investigation indicated that laser ablation was effective for removal of hydrophobic CF, groups and
exposure of hydrophilic moieties in the glass substrate.
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Figure 5.15: EDS analysis of laser ablated tracks (a-b) Maps of elements mainly found in
hydrophobic coating (Fluorine and Carbon). (c-d) maps of elements mainly found in glass substrate
(Sodium and Silicon). (e) Point scan composition of hydrophobic coating (f) Point scan compaosition

of laser ablated track.
5.5.2.3 Comparison of wettability patterning approaches

In order to better understand the dynamics and reliability of the wettability patterning technique, a test
case of water entrapment in a square was compared for both the laser patterned and plasma mask
patterning approaches. The goal of this experiment was to analyse the maximum volume of the fluid
which could be contained in the square before overflowing. The key parameters were the width of the
fluid profile and the advancing contact angle (CA,4y,) at the boundary of the wettability patterned
square as illustrated in Figure 5.16. Water droplets were dispensed sequentially into the centre of the
patterned area to produce entrapped liquid volumes of increasing size from 5-600 uL. After allowing
the dispensed liquid volume to form a stable profile, the profile width and contact angle were
measured. An equivalent experiment was carried out on the nonpatterned hydrophobic glass for

validation of contact angle observations with large fluid volumes.
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Figure 5.16: Schematic of fluid containment experiment. The fluid was predicted to remain contained

within the pattern until the advancing contact angle matched that of the hydrophobic coating.
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To produce an accurate comparison of the two patterning approaches the width of the fluid profile in
each test was normalized to either the width of the laser patterned area (10 mm) or the width of the
exposed area for plasma treatment (10.31 mm). Figure 5.15(a) plots the normalized width of fluid
profile against dispensed volume. Figure 5.15(b) shows how the contact angle varied on the different
surfaces with dispensed fluid volume. Figure 5.18 shows images of the fluid containment within the

patterned areas.

In the initial spreading phase, the contact angle of the fluid profile remained close to that of the
exposed hydrophilic pattern (0° & 11.6° for laser & plasma treatment respectively). This remained
constant until the width of the fluid profile spread to match the width of the patterned area (marked as
point P1). When the first drop was dispensed on the laser processed surface, the liquid spread out
immediately through the superhydrophilic interaction to fill the patterned area. On the plasma treated

surface, the contact angle stayed constant as the droplet volume increased from 5-50 pL.

When the normalized droplet width was equal to 1, the width of the fluid profile matched the width of
the treated square. As the volume of liquid was increased further for both surfaces, the profile was
prevented from expansion by the hydrophobic boundary. In this entrapped phase, contact angle
increased continuously until it matched the hydrophobic surface. This represents the critical point
between the entrapped and overflowing phases. The transition was most clearly observed at a
normalized profile width equal to 1.1, beyond which the profile width grew rapidly. This critical point
is represented in Figure 5.17(a) with markers at (340 pL-P2) for the masked plasma treatment and
(370 pL-L2) for the laser ablation approach. These markers were transposed to corresponding droplet
volumes on Figure 5.17(b).

The laser processed surface showed the distinction between the entrapped and overflowing phases
most clearly. For droplet volumes in the range of 370 pL -600 L, the contact angle remained within
the range 100.9°-108.1° whereas normalized droplet width increased from 1.1-1.4. The plasma treated
surface showed a similar spreading effect except the overflowing phase initiated at the lower drop
volume of 300 pL and a lower advancing contact angle was measured. Between 340-600 pL the
contact angle varied in the range 82.9°-90.9°. The lower contact angle was attributed to partial and

uneven removal of the coating by the plasma treatment.
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Figure 5.17: (a) Variation of contact angle with droplet volume. (b) Variation of normalized droplet
width with droplet volume (c) Images of the fluid containment within the 10 mm square for the two

patterning approaches.

Advantages of the ultrafast laser patterning technique are the very high patterning resolution possible,
which overlaps in length scale with the minimum feature size possible with inkjet printing and aerosol
jet printing. Additionally, the capability to modify both topology and chemistry in a single step allows
for the creation of microstructure surfaces which display superhydrophilic film spreading into the
ablated channels. However, the ablation threshold for surface modification is very sensitive with a
short depth of focus. The texturing process used in this research has a slow areal rate of patterning. To

progress the technique to an industrial scale, the laser and optics configuration could be improved by
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using a laser source with an absorptive wavelength in the UV range, as well as coupling to a high-rate

galvanometer scanning system.

Plasma treatment was also effective, but a more robust patterning and alignment approach is needed
to boost precision. Overall laser patterning produced a more precise and effective localised surface
modification which is evident in the higher contact angle and dispensed volume at the critical
transition point L2 compared to P2. Future work could use a maskless plasma patterning approach
which allows for 2D sample navigation with high resolution such as the use of needle electrodes for
plasma generation or plasma jet technology [270,271]. A key benefit of masked plasma wettability

patterning of glass substrates is the preservation of optical transparency.

An alternative approach using the method defined in chapter (4) of increasing hydrophobicity through
heat treatment in an oven at 150°C for 2 hours was tested and was capable of raising the glass contact
angle to 64.3£2.9°. The suggested mechanism of this is adsorption of organic contaminants [185].
This process could be used for equivalent wettability patterning in future work without the deposition
of a hydrophobic coating. The maximum track retention volume would be reduced in line with
experimental observations of the transition point between entrapped and overflowing phases relative

to the hydrophaobic boundary contact angle.
5.5.3 Inkjet deposition of conductive material to prepared glass surface

The literature review highlighted that surface wettability has a significant impact on the morphology
and adhesion of inkjet printed deposits. So far experimental work in this chapter has aimed to produce
surfaces with controlled and patternable wettability to investigate how these surface modifications can
be used for inkjet printing of water-based metal nanoparticle inks onto glass. Inkjet printing
experiments were conducted through analysis of morphology of single deposited droplets and linear
track patterning, coupled with measurement of the electrical properties of the printed deposits.
Critically, the influence of surface preparation (described in the previous section) on the distribution

of particles in the deposit was tested.

Isolated droplets were printed on solvent and plasma treated surfaces with a spacing of 200 pum and
the resultant deposits were imaged in an SEM. The high contrast between the conductive metal
nanoparticle deposits and glass substrate allowed for analysis of particle coverage in ImageJ. A
circular deposit was formed for both surfaces. The plasma treated surface resulted in formation of a
much wider deposit in comparison to the solvent cleaned surface. The diameter and circularity of 5
deposited isolated droplets was measured, it was found that an average diameter of 37.6 +2.4 ym and
circularity of 0.52 was observed for the solvent cleaned surface. This compared to a diameter of 142.9

+4.8 um and circularity of 0.57 for the plasma treated surface. This showed that the circularity was
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very similar for both surface preparation methods, but the droplet spread out much more on the
plasma treated surface due to higher wettability.

At the nanoscale it was observed that the greater spreading on the plasma treated surface resulted in a
low surface coverage of silver nanoparticles. On the solvent cleaned surface particle coverage was
very high and averaged 97.8% across the measurements. On the plasma treated surface, a slightly
higher density of particles at the edge of deposit was observed averaging 45.5% at +60 um distance
from the droplet centre compared to 26.4% at +20 um. This was attributed to radial flow of silver
nanoparticles to the pinned droplet contact line during evaporation. However, even for the very high
wettability of the plasma treated surface, the overall deposit shape was relatively flat compared to
typical coffee ring shapes observed using ink formulation with single organic solvent carrier fluids as
observed in literature [272]. This is attributed to the bi-solvent evaporation mode with the mixture
combination of water and DEG carrier fluids used in the ink formulation [216]. The implication of the
low fill factor for functional inkjet printing is that when the substrate has very high wettability,

multiple print layers are required to form a continuous deposit.
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Figure 5.19: (a) SEM images showing particle distribution in single droplet printed deposits. (b) Plot
of areal particle coverage over a 2.5 um wide SEM field of view (100kx magnification) at specified

offset from centre of circular deposit.

In order to form continuous tracks through droplet overlapping, it is necessary to tune the separation
between drops for optimal coalescence and deposit formation. Inkjet printing experiments were
conducted with varying drop spacing for solvent cleaned and plasma-treated surfaces. The width of
the deposited track was measured using interferometry and several representative drop spacings were
characterised with SEM imaging. The effect of varying drop spacing is discussed with respect to the

ratio of drop spacing (p) to the deposited drop diameter (d).
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At low droplet spacings, track width showed a high variance due to bulging as a result of unstable

bead formation [273]. When drop spacing became close to the deposited width of an isolated droplet,

resulting in a p/d ratio of 1, a smaller variance of track diameter was observed. This was observed for

both surface preparation modes although was particularly present in the plasma treated surface.

On the plasma treated surface, droplets deposited to form discontinuous deposits. This was attributed

to the extremely high surface energy of the surface. At very low contact angles droplets spread out

until they interact with atomic contamination on the surface. Overall, much thinner tracks were

produced for the solvent cleaned surface, this is favourable for printing of high-resolution conductive

tracks because a more dense particle distribution is formed. A ratio of 0.80 p/d resulted in the highest

quality track for the solvent cleaned surface and a drop spacing of 30 um was selected for future

experiments. The drop spacing was kept constant for the two surface preparation techniques in

durability experiments to ensure preservation of mass.
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Figure 5.20: (a) Variation of track width with printing parameters and surface treatment method. (b)

SEM images of deposited tracks, red circles are used to show drop spacing, diameter of red circle is
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equivalent to the diameter of the spherical ejected droplet. (c) Variation of track morphology and, (d)

electrical properties with increasing number of printed layers.

After investigating the spreading dynamics of inkjet printed tracks the next research stage was to test
the conductive properties of the deposit. For this purpose, tracks were printed with increasing number
of layers onto the solvent cleaned surface resulting in higher track cross sectional area. Interferometry
was used to measure the profile of the printed track and track resistance was measured with a 2-point
probe technique. Figure 5.20(c) shows the morphology profile of the printed tracks, a favourable
profile was formed avoiding coffee ring formation. The width of the printed track was close to the
specified track width of 1 mm indicated by black lines and the morphology profile of all tracks
showed less than 100 um overlap. This indicates that when a solvent cleaned surface is used excessive

spreading isn’t problematic for printing conductive tracks of this thickness and width.

Without sintering, no conductive properties were measured as there is no necking or continuous
conductive pathway between silver nanoparticles. Using a sintering profile of 150°C for 30 minutes
the track resistance was measured and resistivity was calculated. The resistivity of the deposits was
measured as 168 mQum which is around ~10x greater than bulk silver (15.9 mQum). Other studies
exploring inkjet printing of Ag NP inks with acqueous formulations (reviewed in section 5.2.4)
reported resitivities of 160 mQum [208] and 37 mQum [241]. The low resitivity obtained by [241]
suggests the benefit of their nanoparticle functionalisation technique to improve ink dispersion and
stability. The experimentally obtained resistivity was slightly higher than a commercial solvent based
Ag NP ink with specification of 100 mQum [274] Modelling research of solar cell efficiency suggests
a resistivity of around 2x the bulk value (32 mQum) is needed for efficient and cost effective inkjet

fabrication of Ag solar cell busbars [275].

This section has investigated inkjet printing of a water based conductive silver nanoparticle ink to
glass surfaces with modified wettability. The morphology and electrical properties of the printed
tracks were measured in order to select system parameters for further experiments into the durability

of inkjet printed deposits.
5.5.4 Investigations into the substrate-deposit interface and deposit robustness

In order to progress the use of water based silver nanoparticles inks towards usage in the rigours of an
application environment. Four investigations were carried out to investigate the durability of inkjet
printed silver nanoparticle tracks. Firstly, the measurement of surface free energy produced by the
modification techniques using fluids with varying polar and dispersive components of surface tension
quantified the effect of plasma treatment on fluid-ink interaction. To investigate adhesion of the inkjet

printed deposits with reference to a certified industrial standard, a destructive cross hatch testing
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process was used on the inkjet printed films. To explore degradation of functional properties, peel off

and abrasion tests were carried out on deposited tracks.
5.5.4.1 Influence of surface preparation on deposit adhesion

Surface free energy indicates the energy required to form new surface area and can be calculated from
the sum of different intermolecular bonding components. A widely used approach is to consider only
the dispersive and polar components [265]. The total surface free energy or energy difference for a
solid molecule to reside at the surface is calculates using the extended Fowkes equation. This requires
the use of multiple probe liquids with known dispersive and polar components, this measurement and
calculation was described in section 5.41. Table 5.5 presents the measurements and surface free
energy calculation results.

After solvent cleaning the surface free energy of the ink was 64.8 mN/m compared to the 40 mN/m
ink surface tension. This indicates favourable interaction as the adhesive forces outweigh the cohesive
forces of the ink. Plasma treatment significantly enhanced the surface free energy of the glass
substrate to 99.2 mN/m which suggests even greater interfacial attraction to the inkjet printed fluid.
This enhancement of surface free energy was mainly attributed to the polar component of surface free

energy through generation of hydrophilic surface hydroxyl groups.

Table 5.5: Measurements and calculation of surface free energy

Measurement Solvent Cleaned Plasma Treated

Ethylene Glycol (°) 6.2

1.8 | - —+—

Water (°) 14.5 4.6

Diiodo-methane (°) 41.2 /‘\ 39.4
e
e

Surface Free Energy

(mN/m)

64.8 99.2

Disperse component

(mN/m)

31.5 0.1
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Polar component (mN/m) 333 99.1

To enable standardised cross hatch adhesion testing of inkjet printed deposit adhesion, square films of
30 mm width were printed onto different surfaces including the solvent cleaned, plasma treated and
plasma mask wettability patterned surfaces. All of the results showed complete removal of the printed
film through transfer of material to the adhesive tape. This meant that a qualitative investigation into
adhesion within the range given by 1SO2409 was not possible beyond applying classification 5 which
describes a degree of flaking higher than 65%. The reason for this failure may be because the deposit
thickness was thinner than the range recommended by the test manufacturer.

5.5.4.2 Degradation of surface conductivity by peeling

Track lift-off experiments with adhesive tape were carried out with the method described in

Section 5.3. Figure 5.21(a) plots the measured track resistance as the peel off cycle was repeated 10
times. The 1 mm wide track printed onto the plasma treated surface did not show conductive
properties when sintered at 150°C. This was attributed to the low density of particle distribution
observed earlier. By raising the sintering temperature to 350°C the track exhibited conductive
properties which was attributed to increased necking between particles at the higher temperature. The
plasma treated surface sintered at 350°C showed substantial delamination during peel off tests and a
large part of the track was removed. However, a conductive path remained so a track resistance of
6.6 Q was measured. After lift-off tests, the solvent cleaned surfaces-maintained conductivity with

track resistance values within the range of 5.1-6.6 Q.
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No clear trend was observed between sintering temperature and deposit adhesion using this test
configuration. However, an important finding was that the duration of the thermal profile impacts the
adhesion behaviour. When the samples were left to cool slowly in the hot oven instead of being
removed after the nominal 30 minute exposure time delamination occurred after a single pull off cycle
indicating low deposit adhesion. So in further experiments samples were removed from the oven after
the nominal sintering time and left to cool on a metal plate. Figure 5.21(b) shows the morphology of
tracks during the pull off tests. The dark material is residue liquid stuck to the surface from the

adhesion tape. The underlying metal deposit of the solvent cleaned surface was visually unchanged by
the lift-off tests.
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Figure 5.21: (a) Variation of inkjet printed Ag track resistance with pull off cycles for difference

surface treatment and sintering methods. (b) Optical microscopy images of track surface morphology.
5.5.4.3 Abrasion resistance of printed deposits and laser etched topology

To produce embedded silver tracks in laser ablated grooves it was necessary to explore the interaction
of the ink with the laser induced microstructure. In order to calibrate deposition parameters, Imm

squares were laser etched and squares were printed on top with varying volume of deposited material
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controlled by varying the number of printed layers. Figure 5.22 shows SEM images at 50° tilt and 3D

interferometry profiles of the resultant morphology.
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Figure 5.22: SEM morphology of deposits with variable number of print layers into laser etched
groove.

The average height of the centre of the profile was measured as shown in Figure 5.23(a), the number
of layers to produce a flat deposit with average profile height of 0 was calculated from the graph
x-axis intersection as 16.5 layers. 20 printed layers was used in subsequent experiments to ensure total

filling of the laser ablated grooves.

In order to qualify the abrasion resistance of the hybrid laser-inkjet patterning with comparison to a
standard inkjet printed track. A 20 mm long track with 1 mm width and 20x printed layers track was
deposited onto a flat glass surface. An equivalent track was deposited onto a laser ablated
microchannel which had equal dimensions. This was repeated once for each system producing 4
analysis tracks in total. Figure 5.23(b) compares the profile of the track printed to the flat glass surface
with the hybrid laser & inkjet surface and the profile of the laser ablated groove with no printing.
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Figure 5.23: (a) Graph used for interpolation of number of printed layers (b) WLI profiles of inkjet
printed track (IP), inkjet deposited track in laser ablated channel (LA&IP), laser ablated groove (LA)
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The abrasion test system described in Section 5.4.4 was used to investigate the degradation of
conductivity with abrasion. Figure 5.24 shows how track morphology and electrical resistance varied
with number of abrasion cycles. Firstly, for the tracks printed to the flat glass surface it was found that
after 1-2 abrasion cycles the tracks were damaged enough to break the continuous pathway resulting
in no measured track resistance. In contrast, the tracks deposited into the laser ablated grooves-
maintained conductivity over the 10 cycles tested with equivalent abrasive loading. During these
abrasion cycles the measured track resistance remained within £0.5 Q of the original value. A 0.6 Q
difference in track resistance was measured between the two tracks deposited onto the laser ablated
microchannels. This suggests further optimisation is needed to tune deposition behaviour and deposit

morphology to ensure a repeatable track resistance.

After each abrasion cycle the morphology of each track was inspected with optical microscopy.
Figure 5.24(a) shows surface morphology changes during the abrasion testing process for the two
deposition systems. For the track deposited onto flat glass, large areas of printed deposit were
removed and the continuous conductive path was clearly broken. The laser textured surface showed
the printed silver nanoparticle deposit was effectively contained within the channel; black material
was attributed to redeposited material from laser machining. After the application of 5x abrasion
cycles the excess printed material and laser induced burrs on each side of the channel had been
removed. The deposited material in the central printed channel was preserved which suggests that the
topology provided physical protection against abrasion for the loading conditions considered. Further
work is needed to examine the effect of a high number of abrasion cycles with an automated abrasive
loading technique and variation of surface topology.
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Figure 5.24 (a) Optical microscopy of track morphology degradation with abrasion cycles. (b) Track

resistance variation with number of abrasion cycles
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This section has investigated the adhesion and abrasion resistance of inkjet printed conductive tracks.
The surface energy of the modified glass surfaces was measured through contact angle analysis of 3
different fluids. In peel off tests however no clear trend was observed between surface energy or
sintering temperature and adhesive strength of the coating. Subsequently experiments were carried
out to investigate hybrid inkjet printing onto a laser structured topology to create abrasion resistant
embedded conductive tracks. First the number of printed layers was optimised to fill the ablated
cross-sectional area and then tracks of dimension 20x1 mm were fabricated for abrasion testing. It
was found that an equivalent track printed to a flat glass surface immediately lost its conductive
pathway due to abrasive material removal whereas the embedded track remained conductive over 10

abrasion cycles.

5.6 Conclusion

The results in this chapter present new knowledge in modification of glass surfaces to enable
industrial scale functional inkjet printing. The investigation into surface preparation showed that
solvent cleaning and plasma treatment remove carbonaceous contamination from glass surfaces, the
effect of this is to increase the hydrophilicity of the glass. The average measured sessile water droplet
contact angle for solvent cleaning was 21.5°. For plasma treatment with treatment exposure time of
0.1 cm/s the contact angle was consistently less than 5°. A spherical cap analysis was used to predict
deposited droplet geometry based on the sessile contact angle with good agreement to experimental
data. Sessile contact analysis was found to be an effective and repeatable method to probe the

cleanliness of glass surfaces.

Wettability patterns were fabricated on glass substrates through local removal of a hydrophobic
coating by selective plasma treatment and laser ablation. Through plasma treatment the contact angle
of hydrophobic glass was reduced from 114.3° to 11.6°. This difference in wettability was sufficient
to produce self-aligned comb patterns of water and containment of fluid within millimetric square and
track patterns. The laser ablation process resulted in a superhydrophilic wettability with contact angle
of close to 0° when a high fill factor of laser texturing was used. EDS chemical mapping indicated
that laser ablation caused removal of hydrophobic CF, groups and exposure of hydrophilic moieties in
the glass substrate. The velocity profile of a droplet spreading into a 20 mm long track was analysed
and after the initial impact stage a constant fluid front velocity of 16.3 mm/s was measured. The two
treatments were compared by imaging the profile of entrapped fluid in a confined 10 mm square. This
approach provided a design guideline in terms of the advancing contact angle for fluid deposition to

surfaces with wettability patterns based on the restrictive hydrophobic boundary.

Inkjet printing concerned the deposition of a novel water based silver nanoparticle ink formulation.

After inkjet printing the morphology of the printed deposits was investigated. It was found that with
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the high wettability plasma treated surface, single deposited droplets spread to 143 um, around 5x the
diameter of the spherical jetted droplet. This high spreading resulted in a low surface coverage of
nanoparticles and formation of uneven continuous printed tracks. The solvent cleaned surface showed
more favourable spreading behaviour and an average surface coverage of 97.8% was formed. After
sintering the resistivity of printed tracks was measured as 168 mQum which is around ~10x greater
than bulk silver (15.9 mQum). This result was reasonably comparative to other studies which used
water-based Ag NP inks [208,241] and to a current commercial solvent-based Ag NP ink[274],
further improvements to deposit resistivity are needed to meet requirements for an application in
printed solar cell busbars [275].

Finally, the durability of inkjet printed deposits were tested for use in an end application environment.
The surface preparation method and sintering temperature did not exhibit a measurable benefit to
adhesion using the test methods considered. This suggests that the solvent cleaned surface was the
best selection for manufacturing as it avoided the problems associated with excessive spreading found
with the plasma treated surface modification. By printing into laser ablated grooves a protective
topology was fabricated which preserved the conductive pathway of the conductive tracks. Future
research will combine this finding with the high-rate glass laser structuring experiments in section

3.4.2.3 to enable scale up of the technique.
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6 LASER INDUCED REVERSE
TRANSFER OF FUNCTIONAL

MATERIAL

6.1 Introduction

Laser induced reverse transfer (LIRT) is a direct-write technique to deposit materials, and to-date
mostly metals, onto transparent substrates. This chapter presents research into the use of LIRT as a
manufacturing approach for scalable direct write deposition to glass substrates. In this chapter, an
overview of the LIRT process is given in the introduction, then the literature review highlights the
state-of-the-art and also gaps in understanding. The remainder of the chapter looks at the methods,
results and finally the conclusions, where the new findings are highlighted.

The LIRT process involves transmitting a pulsed laser through a transparent substrate to a donor
target material surface, producing an ablation plume of vaporized species. The vaporized species
traverse a small air gap and deposit on the underside of the receiver substrate and by scanning the
laser across the target surface a 2-D pattern can be transferred. Figure 6.1 shows a labelled schematic
of the LIRT process. The technique has also received different names in research literature such as
Laser Induced Backwards Transfer (LIBT) and has common features with other processes like Laser
Induced Forward Transfer (LIFT) and Laser-Induced Plasma-Assisted Ablation (LIPAA). Before
2018 there were 10 published research papers utilising the technique Laser Induced Backwards (or
Reverse) Transfer with 11 additional publications arising during the timespan of PhD research. There
have been 44 published research papers using the closely related process of Laser Induced Plasma

Assisted Ablation, based on search using Scopus in Aug 2020.

Glass substrate

Metal depositig
etal deposi Ablation plume

Target metal

Figure 6.1: Overview schematic of the LIRT process, direct-writing a thin film from a metal target to

the glass surface above by laser ablation.
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In Section 6.2, the current understanding of the dynamics of material ejection and transfer dynamics
are introduced, the technique is compared to other laser direct-write deposition approaches and recent
research studies are described to showcase the state-of-the-art in deposition capabilities using LIRT.
Laser ablation in the nanosecond pulse regime is a mainly thermally driven material ejection process.
The ablation plume generated consists of a mixture of energetic plasma, gas and solid debris. The
review in Section 6.2 was carried out to identify where additional understanding is required about the
behaviour and content of this plume and to provide a focus of the experimental work. Digital
holographic imaging in combination with micro- and nano-scale surface characterisation was used to
gain key insights into the mechanism of LIRT when using long nanosecond pulses. The research here
employs silver, graphite and copper donor materials and uses both static and scanned beam
experiments to explore the challenges in using LIRT for conformal coating and specifically the
susceptibility to surface damage in the patterned substrate and the difficulty in delivering overlapping

deposits.

The work shows that there is great potential for facile, reliable fabrication of conductive patterns and
digitally controlled customisation of glass products using LIRT, with some applications-focused
experiments also presented. It is anticipated that this research will excite further study of this rarely
explored technique for applications such as embedded sensors and electronics.

6.2 Literature review

6.2.1 Laser direct-write deposition processes

Laser-based direct-write deposition approaches include laser induced forward transfer (LIFT), matrix
assisted pulsed laser evaporation (MAPLE), laser enhanced chemical vapour deposition (LECVD),
and laser induced reverse transfer (LIRT). LECVD has been demonstrated to have the highest
resolution of these deposition approaches in an industrial setting with sub-micron tungsten track width
patterning demonstrated [276]. LIFT involves ablation and transfer of a thin film coated on a
transparent holder. In LIFT, the processing laser transmits through the holder from the non-coated
side. The film can be both a solid film prepared by techniques such as PVD or a liquid film of viscous
ink [277,278]. LIFT has been used to deposit metallic nanodroplets of diameter 300 nm [279].
Drawbacks of these approaches include the relatively complex preparation steps required such as
production of donor or sacrificial thin films in the case of LIFT [280] and preparation of suitable
reactant gases in the case of LECVD [4]. In LIRT, the donor target can either be a bulk solid or thin
film. This ease of target preparation means there is a reduced number of manufacturing steps and

higher flexibility in the selection of transfer materials.
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6.2.2 LIRT Process dynamics

From analysis by Karpman et al. [282], the steps involved for transfer of material by a single pulse
with LIRT involves i) the absorption of laser energy by the target material, ii) mechanical expansion
effects in the target material to produce an ablation plume, iii) transport of ejected species from target
to the substrate and iv) condensation on the substrate. This framework has been used to analyse
research literature relevant to the LIRT process as the individual steps are common with other
research areas such as laser micromachining and pulsed laser deposition. The laser is scanned across
the target surface to transfer a continuous track. It is known that pulse overlapping means each
subsequent laser pulse will interact with the lingering ablation plume from earlier pulses and also

previously deposited material [283], however there are few reports examining this interaction.

6.2.2.1 Target interaction and ejection

The laser materials interaction theory section, Chapter 2a, introduced the fundamentals of laser
ablation through explanation of laser light absorption and the processes which couple light absorption
to thermal energy. In LIRT, the energy transfer processes involved in ablative material ejection
govern the deposit morphology and composition. Laser processing with low fluence results in direct
heating effects which can be analysed with static conditions. In these conditions, material phase
transitions are relatively continuous, as material exceeds its melting temperature, it transitions to a
liquid state resulting in the formation of a melt pool and then vaporisation. The resultant morphology
after solidification is governed by hydrodynamic flow and heat transfer processes [284]. When the
laser intensity becomes high enough, such as with the use of pulsed lasers, strongly non-static effects
result in material ejection as illustrated in Figure 6.2(a). Immediately after pulse energy delivery, a
pressure shockwave emanating from the focal spot is observed, this results from the high pressures
induced by the expanding target material on the atmosphere. Molten material is ejected through phase
explosion when the material heating process is fast enough that homogenous vapour bubble
nucleation is kinetically favoured over heterogenous nucleation of small vapour bubbles. Phase
explosion results in the ejection of large droplets from the ablation zone [285]. Ejected molten
material typically redeposits next to the machining zone forming burr-like structures. Similarly,
through the concentrated local forces created by rapid heating in the ablation zone solid particles can
be fragmented and ejected from the target surface. In ultrafast laser ablation, a vapour plume is
formed by direct sublimation. With increasing laser intensity the species in the vapour become ionized
and are described as a plasma [88]. When long nanosecond laser pulse durations are used, or the

process is operating at high fluence; ablation is a mainly thermally driven process.
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6.2.2.2 Transfer

The ablation of the target generates a plume of airborne species, the plume forms a classic ‘mushroom
cloud’ shape as it expands into the atmosphere driven by the Rayleigh-Taylor instability for mixing
fluids [286].The expansion and propagation of unconfined ablation plumes has been previously
investigated using optical and emission spectroscopy approaches [287,288], Figure 6.2(b) shows an
example of high speed imaging of an expanding ablation plume [289]. The expansion rate of the
leading edge of an ablation plume has been shown to decelerate according to viscous forces, where
ejected species experience a viscous drag force proportional to their velocity [290]. Kerdja et al.
found that increasing pressure of the atmosphere in their test chamber from vacuum conditions to

10 mbar resulted in higher air resistance and deceleration of the ablation plume as shown in Figure
6.2(c) [288]. High speed imaging of plasma plumes generated by nanosecond ablation has shown they
consist of a fast wave of primarily atomic plasma with a peak density in the velocity distribution of
10*m/s and a slower wave of evaporated species with velocity of around 10?2 m/s [280]. Across a

100 pm transfer gap this would give a time of flight estimate of between 0.1-10 ps.

So far, there has been relatively limited research into the effect of the confined geometry on the LIRT
process. Time resolved shadowgraphy was used to directly image the morphology of flyers in the
LIFT process by Fardel et al. as shown in Figure 5.2(d) [291]. The transfer dynamics of thin
aluminium film flyers with a polymer release layer were investigated for different film thicknesses
and transfer separation distances. An interesting observation which is highly relevant to the LIRT
process was the presence of a rebounding pressure shockwave in the confined geometry. When the
rebounding pressure shockwave met the thin film flyer it caused deformation and deceleration of the
thin film flyer. The confinement of an ablation plume in a 50 um air gap has been investigated with
emission spectroscopy, in the confined geometry the plasma lifetime was shown to be sustained at
high densities for much longer than the case of free ablation [292]. It is anticipated that confinement
will significantly affect the behaviour of the shockwave, the ablation plume and ultimately the quality

of deposition.
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Figure 6.2: (a) Schematic of the processes involved in laser ablation material ejection [88] (b)
Intensified-CCD Camera images of the ablation plume produced by femtosecond ablation of silicon
[289] (c) Displacement-time graph of the leading edge of a graphite ablation plume in atmospheres
with varying pressure (d) Shadowgraphy imaging of a thin film flyer produced by LIFT travelling
from target to receiver [291]. Labels have been added to show the components of the system and the

direction of flyer travel.
6.2.2.3 Deposition

The transferred species condense and solidify on the underside surface of the substrate in the final
deposition stage of LIRT. This deposition process is relatively complex due to the kinetics of the
energetic plume and the interaction of the deposit with subsequent laser pulses. Dhami et al. reported
LIRT transfer of gold tracks in the range of 15-40 um onto quartz substrate using a 215 fs pulsed laser
[280]. They found that a deposition process was only obtained within a small experimental range of
laser fluence values which was related to the dynamics of the ablation process. Below a threshold
pulse-energy of 36 nJ no transfer occurred. Above the upper threshold of 82 nJ, the process was
constrained by a reduction in sticking coefficient due to higher operating temperatures and a removal
effect associated with the more energetic ablation plume. A similar observation was presented by Xu
et al. for transfer experiments of graphite using a 100 ns pulsed laser. Tuning of the applied laser
fluence allowed the process to be controlled between material removal and micromachining of the

substrate or sputtering of the graphite target [293].
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Hanada et al. tested the role of plasma generated substrate absorption sites during plasma assisted
laser ablation surface structuring. The use of double-pulse femtosecond irradiation with varied inter-
pulse-delay of 3 ps-10 ns was used to probe the plasma-substrate interaction. For small target-
substrate separations, material removal was dominated by a transient absorption site generated on the
substrate, the dominating mechanism of substrate material removal for larger separations (70 pm) was
a deposited thin metal film which results in direct absorption on the substrate surface [294]. This
research suggests that removal of material from the substrate is due to ablation of deposited species by
subsequent laser pulses. Zhang et al. also reported this ablation mechanism to describe their process

of high speed micromachining machining of glass using a non-absorbing laser wavelength [295].
6.2.3 Applications and device fabrication demonstrations

Several studies have targeted the production of conductive films with a recent report showing
deposition of copper on single crystal sapphire to produce sheet resistances in the range of 0.5 MQ/sq
[15]. Lu et al. used a nanosecond pulsed fibre laser to investigate LIPAA based metallization of
single-crystal sapphire (SCS) as shown in Figure 6.3(a) [296]. The behaviour of the generated plasma
was considered as a time-of-flight spectra of a shifted Maxwell-Boltzman distribution related to the
substrate-target separation and the velocity and energy of excited plasma. With longer time of flight,
the shape of the plasma plume and resultant deposit were less controlled. Pulse width was limited to
1-5 ns to avoid micro-thermal cracks on SCS and high overlapping of 99.25-99.9% was used. The
resistance of the deposit decreased with increasing repetition rate and fluence. The minimum deposit
sheet resistance was not reported numerically but was read from a graph in the presented results to be
in the range of <1 MQ/mm. In the work of Mir-Hosseini et al., films were produced through LIRT of
metallic targets [297]. No conductive properties were reported in the case of copper deposition. The
reflectivity measurements of the deposited films suggested that the copper film was mainly composed
of copper oxide and also that the low reflectivity values were due to non-uniformities and poor
surface coverage of the film. The authors suggested that the oxidation pathway of the metals was due

to interaction with the background air whilst ‘in transit’ between the target and substrate.

A recent study involving transfer of AZO showed the capability to deposit electrode patterns with
optimised resistivity of 34.75 Q/sq [298]. LIRT has also been used to deposit graphite to fabricate
patterns with resistivity of 444.44 mQ.cm, with subsequent nickel electroplating used to improve the
resistivity to 22 pQ.cm [16]. Importantly, this work also demonstrated the use of LIRT for device
prototyping, with the fabrication of an embedded electrofluidics chips and resistive heaters as shown
in Figure 6.3(b).

In addition to electronic functionality, LIRT has been used to deposit optical elements such as:

generation and transfer of gold nanoparticles for nanooptics devices Figure 6.3(c) [299], phase-
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diffraction gratings [300] and plasmonically active films (McCann et al., 2017). One report
investigated ablation of different transition metal compounds to deliver RGB colour marking Figure
6.3(d) [302]. Further novel applications involve decontamination of radioactive surfaces without the
use of chemicals [303], and by switching to a hydrogel suspension target material LIRT has been used
to pattern mammalian cells with a high survival rate [304,305]. These studies have shown the
capability of LIRT to transfer functional materials both as a film, tracks or even as isolated droplets.
More research is required to validate the unanswered questions arising from these studies such as
material compatibility in a manufacturing context, chemical behaviour of ejected material during

transfer and selection of laser processing approach for optimal conductivity.
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Figure 6.3: Research demonstrations of LIRT applications: (a) deposition of conductive copper films

a)

[296], (b) fabrication of a resistive heater with tracks deposited by LIRT then electroplated [293], (¢)
deposition of gold nanoparticles for plasmonic and metamaterial applications [299], (d) RGB colour

marking with variation of target material [302].

The literature shows that laser direct-write deposition approaches offer significant potential in
manufacturing due to their versatility, patterning rate and high resolution. However, current
techniques such as LIFT and LECVD require relatively complex preparation steps. LIRT has received
less research attention because it is only suitable for transparent substrates such as glass. The deposit
morphology is a product of the material ejection dynamics which is complex and multiphase in
nature. A key research gap is in understanding the interaction of the ablation plume with the air
environment and substrate in the confined LIRT system. Current studies have demonstrated the use of
LIRT to fabricate basic embedded electronic devices however this has required high hatching overlaps
which can cause excessive damage to the substrate or the use of post-process steps such as
electroplating. Therefore, experiments will focus firstly on the dynamics of ablation plume interaction
in LIRT geometry using high-speed digital holography to capture plasma plume morphology and
composition changes. This approach is used to inform the study of single spot and linear track
deposition of silver, copper and graphite. The deposited morphology, composition and electrical
properties are analysed to gain insight into the capabilities of LIRT for direct-write material
deposition and improve the potential of this technique to transition from the lab to the manufacturing

environment.
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6.3 Design of experiments

This section describes how the research aim and literature findings were synthesized to formulate
research objectives and experimental approach.

6.3.1 Research Aim

o Determine the viability of laser induced reverse transfer using a nanosecond pulsed fibre laser

for deposition of functional material to flat glass surfaces

The literature review shows that the processes of ablation plume production, transfer and laser energy
deposition occur on overlapping timescales. This temporal profile of the process may result in
complex interactions such as plasma shielding which affect the characteristics of the deposit. The use
of holographic camera imaging aims to characterise the temporal profile of the process, plume
morphology and probe plasma behaviour. Building on this understanding of transfer mechanics a
process of high laser incidence angle transfer can be then tested to avoid deleterious laser-deposit

interactions.

Copper, silver, and graphite target materials are explored as candidates for conductive path patterning.
Copper and silver are both widely used materials for patterning of interconnects in microelectronics
applications. Although their conductivity and applications are similar, they have different oxidation
and laser interaction properties which affect their interaction in the LIRT system. Graphite was
selected because of its applications in electronics and sensing devices. Published research has also
shown room temperature laser ablation synthesis of graphene [306] and carbon nanotubes [307].
Additionally, graphite has a high absorption and is easily ablated by near infrared lasers to enable
transfer experiments at lower laser intensities than when metal targets were used. For the selected
target materials, the structure, chemical composition, and electrical properties of deposits were

analysed and related to the laser interaction mechanics.
6.3.2 Research Objectives

1. Analyse the material ejection mode of LIRT using nanosecond laser pulses.

2. Test the use of target materials with different ablation responses for functional material deposition

and device fabrication.

3. Use holographic camera imaging to assess the temporal profile of the process and the morphology

and compositional changes of the ablation plume.
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6.4 Experimental approach and methodology

6.4.1 Materials and surface preparation

The work focuses on three donor materials which were obtained as solid targets to investigate the
potential for transfer from solid targets. The sacrificial target materials selected were silver (1 mm
thick, 72 nm Ra, 99.97% purity), graphite (0.8 mm thick, 386nm Ra, 99.5% purity), copper (0.9 mm
thick, 134 nm Ra, C11000 grade). Figure 6.4 shows interferometry measurements of target surface
roughness. Standard 1 mm thick microscope slides (Thermo Scientific) were used as the substrate

material.

The separation distance between target and substrate was spaced using stainless-steel feeler gauge of
102 pum thickness. In early experiments targeting copper film production, a fixture with the requisite
separation between target and substrate was CNC machined from aluminium. This aimed to improve
heat removal by conduction from the processing zone and prevent warpage.

Figure 6.4: White light interferometry surface roughness measurements of target materials
(a) graphite (b) silver and (c) copper used for LIRT experiments.

6.4.2 Patterning system approach

Track patterning and single pulse exposure experiments were carried out with an SPI™ G3 laser
marker system with power of 20 W, repetition rate of 25 kHz, Pulse duration of 200 ns, wavelength of
1064 nm and spot size of 40 um as described fully in Section 2.2. The effect of static overlapping
pulses with varying power were tested to investigate process dynamics. A range of laser energy
profiles were investigated for track production which involved variance of power and scan speed to
modify the linear dose of energy (J/cm). The power of the defocused laser beam was measured before
and after being transmitted through the substrate using an Ophir 30A-SH-V1 laser power sensor and
showed negligible attenuation due to substrate absorbance although a small loss of power is expected

due to reflection losses at the air-glass interface.
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Characterisation equipment has been fully introduced in the experimental tools and analytical
techniques section of this thesis (Chapter 2). Deposit morphology was investigated using optical
microscopy, white light interferometry and focused ion beam imaging. Deposit chemistry was
investigated using EDS and Raman spectroscopy. Deposit conductivity was tested using a four point
probe test.

6.4.3 Holographic camera imaging system

A digital holographic imaging system was used to image the dynamics of ablation plumes created by
individual pulses in the laser induced transfer geometry. A TEEM photonics frequency-doubled Q-
switched PowerChip series platform (PNP-M08010) was used as the imaging laser operating at 532
nm wavelength. The system operates with a pulse duration of 400 ps which determines the temporal
resolution of the images. The imaging laser passes through a beam splitter (BS1) to produce the
reference and object beam paths. The object beam is expanded and propagates through the laser
induced ‘event’. The two beams are then recombined on the camera CCD chip where they form an
interference pattern. From this intensity distribution holographic reconstruction is carried out to
extract phase plots. A full description of the imaging system is provided in [308]. To ablate the target
materials an SPI™ G4 laser was used, producing single pulses of energy 158 pJ and 125 ns. The

processing laser was focused to the surface with a 100 mm FL lens to a spot size of 29.0 um.

A signal generator is used to trigger the processing laser and imaging laser sequentially, the imaging
time delay is determined with integrated photodiodes. Several hundred hologram frames were
captured in the time range of 10 to 10 seconds for unconfined and LIRT geometries with a 1 mm
target-substrate separation, after each pulse the target surface was translated so fresh surface was
exposed. The holograms were processed to produce unwrapped plots of phase and reconstructed as a
time resolved sequence of images. These images show the evolution of plume morphology with the
imaging signal capturing both the solid and liquid ablation products and also the plasma of the
ablation plume. Refractive index was inferred using numerical methods to approximate the Abel
inversion [309]. Plotting contours of refractive index allowed the measurement of the presence of a
plasma (n < 1) in the ablation plume. ImageJ [269,310] was used to measure the width and height of

the propagating ablation plumes.
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6.5 Results and Discussion

6.5.1 Plume dynamics insights through Holographic camera analysis

Fundamental studies were carried out to better understand the LIRT process, focusing on the plume
dynamics and deposition behaviour, prior to more application-focused experiments examining single
pulse and continuous line deposition. For these fundamental studies, holographic imaging was carried
out to observe laser ablation of a graphite target. This recently developed technique enables imaging
of the ablation plume propagation at the ablation event (t,) and for 500 ps afterwards to capture the
process lifetime, using nanosecond temporal resolution. This included analysis of unconfined plumes
that propagate into an open environment and confined plumes, where the glass substrate to be coated
was close to the graphite surface. Figure 6.5(a) shows a sequence of frames over the time period for
the unconfined plume. A rapid pressure wave is observed emitting from the location of the laser pulse.
This manifests as a bright white emission in the images, that dissipates quickly. A slower ablation
plume is then observed to form and propagate normal to the target surface, seen as the darker
component in the images. This is an unconfined geometry and so these two separate waves do not
interact again or impinge on any surface. While the LIRT process normally takes place with
microscale gaps between the target metal and the substrate to be patterned, these gap sizes are not
feasible for imaging. To help understand the behaviour of plume dynamics in a confined spacing, the
gap size was reduced to the minimum that could be reliably imaged, and Figure 6.5(b) shows a

sequence of frames in this confined geometry of a 1 mm gap.

As can be seen from Figure 6.5(a), a pressure shockwave is generated after the 150 ns laser pulse.
Heating and material ejection effects result in compressive forces acting on the air [88]. Over the
timescale 0 — 3.4 ps, this shockwave is seen to expand with hemispherical symmetry. While this
dissipates in the unconfined system, in the confined system the leading edge of the shockwave is
observed to reach the substrate surface at 1.6 ps. It is then reflected and dissipates. Over the scale of
several microseconds a dense plume of ablated target material is produced and then expands upwards.
In the confined geometry with the conditions described, the plume front first reaches the substrate at
around 35 ps and by around 140 ps the plume detaches from the target surface. The vaporised
material in the confined geometry condenses on the substrate surface with evidence of the lingering

ablation plume seen even 400 ps after the laser pulse.

132 James Macdonald — March 2021



Chapter 6: Laser induced reverse transfer of functional material

Figure 6.5: (a) Holographic imaging of the evolution of plume morphology during unconfined laser
ablation. A rapid pressure wave is seen as a light colour, with the mass transfer of ablated material
indicated by the dark colour. (b) Holographic imaging of the evolution of plume morphology in
confined geometry, showing pressure wave reflection and plume spreading. Times shown are relative

to the triggering of the laser pulse.

The displacement of the leading edge of the ablation plumes was measured for both confined and
unconfined geometries. As shown in Figure 6.6(a), the ablation plumes were observed to decelerate
rapidly in both cases. The rapid deceleration is attributed to viscous drag forces acting on the
expanding ablation plume. Classical drag force models have been applied to plume expansion in
previous studies to produce displacement-time variance of the form Y= (o/B)(1-e*) for up to 8 ps
after the ablation event [290,311]. When this modelling approach was tested in this study, it was not
found to capture the dynamics of the entire plume lifetime and account for both short and long
timescales simultaneously with a single set of fitting parameters. To provide a basic qualification of
the plume displacement curve, the unconfined data set was fitted with regression analysis to produce
the relationship, Y= 53.18t%2°*% with R? = 0.9605.

While the approach above focuses on the vertical motion of the plume, Figure 6.6(b) plots the width
of the confined and unconfined plumes over time. Both plumes expand laterally at the same rate
initially. When the plumes reach the 1 mm separation distance, they have a measured width in the
range of 800-1000 um. The unconfined plume does not show significant further widening and stays
within this range as it propagates vertically. The confined plume expands laterally after reaching the
substrate as pressure is dissipated, a maximum width of 1751 um was measured at 470 ps.
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Figure 6.6: (a) Progression in plume leading edge vertical displacement with time. (b) Measured

plume width over time.

Refractive index mapping of the ablation plume was used to measure the propagation of the energetic
plasma core of the ablation plume and estimate its lifetime, as described earlier in Section 6.3. This is
critical to understand because there is no longer just a single pulse when translating the technique to
manufacturing. It is anticipated that there will be attenuation of pulse energy while travelling through
the plume that is already present due to previous pulses. There is also expected to be an etching effect
of the plasma on the transparent substrate. It was found that the plasma core was significantly slowed
by the confined geometry. Figure 6.7(b) plots the height of the leading edge of the plasma component
of the ablation plumes. Both confined and unconfined plumes display an initial velocity of
approximately 440 ms* for 1 ps, after which the confined plume begins to slow. It has been shown
that ablation plumes have shorter stopping distances and decelerate more rapidly in pressurised
atmospheres [288]. The deceleration of the plasma plume in the confined geometry occurs due to
increased atmospheric pressure and coincides with the presence of the rebounding pressure
shockwave. This observation concurs with the study of Fardel et al. [291] who observed deformation
and deceleration of a thin film flyer due to a rebounding shockwave in the LIFT process. In the
unconfined geometry, no regions with refractive index less than 1 (indicating the presence of the
plasma) were observed after 125 ps. In the confined geometry the plasma lifetime was found to be
230ps, which indicated an 81% longer plasma lifetime associated with densification effects when the
plume impinges on the substrate. This finding is supported by the emission spectroscopy experiments
of Donnelly et al. [292], who observed that the plasma in confined ablation was sustained at high
density for longer times than in free ablation. An important implication of our imaging experiments is
that the laser induced plasma persists for the duration of multiple laser pulses at a typical kHz
repetition rate. As subsequent pulses interact with the ablation plume this could result in plume
shielding and incubation effects. Future research should seek to optimise repetition rate selection
through this knowledge of plume dynamics, for example, by selecting an interval between pulses

which allows the plasma to dissipate.
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Figure 6.7: (a) Refractive index plot of graphite ablation plume, with processing pulse incident in an
unconfined geometry and at a 1 mm confinement. (b) Measurement of the plasma core plume height

during processing
6.5.2 Single pulse deposition

With the goal of better understanding how to fabricate repeatable conductive tracks with LIRT, the
new understanding of plume dynamics described here was used to explore the mechanism of material
deposition in the LIRT geometry. No deposition was observed in experiments using the 1 mm
separation distance. One insight from the holographic camera imaging was that the expansion velocity
of the ablation plume is a factor of 3.5 slower at the position of 1 mm compared to 100 pm according
to the derived displacement-time curve. This loss in kinetic energy and further cooling effects are
likely to be responsible for reducing the sticking probability of impinging species. As noted in Section
(6.6), a G3 laser patterning system was used with 100 pm target-substrate separation for deposition
studies. Sequences of static laser pulses were triggered at constant pulse energy with target ablation
observed in all cases. After processing, the receiving side of the glass substrate was inspected with
optical microscopy, as shown in Figure 6.8. Experiments examined single pulse, 10 pulses and 100
pulses. Graphite was easily ablated and showed a small amount of deposited material after a single
pulse. Single pulse ablation of silver and copper did not produce substantial deposition, indicating the
LIRT deposition threshold is higher than the material ablation threshold. This observation suggests
that the optimum processing regime requires laser fluence high enough to trigger explosive material
ejection, which has enough energy to stick to the substrate, whilst not so high as to damage the glass

substrate.

After 10 pulses, deposited material was observed for all the tested target materials. The deposits
consisted of a central circular feature with a width equivalent to the incident laser spot size,
surrounded by scattered particles. The presence of deposited material after multiple pulses is
attributed to an increase in material ejection as target absorptivity and temperature rise during the

pulse train. The 200 ns pulse duration is much longer than the typical electron-lattice relaxation time
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of metals (1-10ps) [312], which means that a significant portion of the incident laser energy diffuses
into the target material as heat. As multiple pulses arrive, a damage feature at the centre of the deposit
region becomes more pronounced, suggesting that deposited material produces a laser absorption site
on the glass surface and subsequent laser pulses are partially absorbed by this site resulting in ablation
to the glass substrate [294,313]. Zhang et al. demonstrated that this damage mechanism could be
exploited with the use of higher pulse energies for micromachining or drilling of the glass substrate
[295]. No damage was observed to the glass when the laser was focused to its surface without a target
in place. This indicates that not enough energy is directly absorbed by the glass to cause ablation and
the central circular feature is produced by interaction with the laser ablation plume. The results
indicate that the mass transfer of the fine vapour produced by a single pulse is superseded by
explosive particle ejection of subsequent pulses and the dominant additive mechanism in LIRT using
nanosecond laser pulses is fragmentation of solid or molten particles.

Silver Graphite Copper

1 pulse

10 pulses

100 pulses

Figure 6.8: Optical imaging of silver, graphite and copper deposits produced by static laser beam

with 1 pulse, 10 pulses and 100 pulses.
6.5.3 Conductive Track LIRT deposition

The next experimental steps were to generate understanding of the industrial applications, the
characteristics of patterned track depositions and to maximise deposit conductivity. Up to now the
potential of LIRT as a direct-write technology to produce conductive tracks through single pass laser
scanning calls for further attention due to the small number of current studies [298]. Application-
targeted experiments aimed to form continuous conductive tracks using three commonly used
conductive materials, namely silver, graphite and copper.
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6.5.3.1 Comparison of 3 target materials

Initial experiments used fixed laser parameters to compare the characteristics of the selected
materials. These experiments were carried out using an incident laser beam scanned at 100 mm/s to
produce a 90 % overlap between pulses. Figure 6.9(a) shows the micro and nanoscale morphology of
the fabricated tracks across a range of magnifications. At the macro scale it was found that tracks in
the range of 200-700 um were formed. A central depression was observed in the channels which is
particularly visible in the FIB imaging of copper shown in Figure 6.9(a). Based on the plume
observations noted earlier we believe the depressions were caused by pulse overlap etching. In the
case of the metallic target materials, silver and copper, the deposited tracks were mainly composed of
molten microparticles which had fused together and solidified. The copper deposit showed less
material deposition, which is attributed to the low absorption at the laser wavelength of 1.064 um.
The morphology of the graphite deposit was observed to be a dense covering of clustered
nanoparticles as shown in Figure 6.9(a). EDS measurements were used to probe the composition of
the deposited material to assess the deposition quality and degree of oxidation. Figure 6.9(b) shows
the EDS spectra for the deposited tracks produced by scanning areas of 20 um?in the center of each
track. The spectra are mainly composed of the respective target element, silicon, oxygen and other

elements from the glass.

A composition analysis was also applied to the graphitic deposit. In the EDS measurement the high
percentage of carbon indicated good surface coverage. Raman spectroscopy was used to probe the
structure of the deposit, with spectra collected for the graphite target and for LIRT deposited graphite,
as shown in Figure 6.9(c). In the spectra for the deposit the D (1308cm™) and G (1578cm?) peaks
have broadened, shifted and merged to form a broad band which indicates a transition to an

amorphous carbon structure [314].

Four probe resistivity measurements of deposited tracks were carried out to measure electrical
resistivity, and these measurements are summarised in Figure 6.9(d). The silver track shows the best
electrical performance, with a resistivity of 0.03 uQm, around twice the bulk resistivity value. The
resistivity of the graphite was measured to be 340 pQm, around ten times the bulk resistivity value.
One possible effect is that the fusing of the molten droplets produces more continuous electrical
pathways compared to the clustered particles observed with the graphite deposit. The deposited
copper tracks did not have a measurable resistivity, this was attributed to the low volume of
transferred material and a lack of continuous electrical pathway. EDS experiments also indicated that
the transferred copper track exhibited a higher level of oxidation than the silver track resulting in the
formation of nonconductive copper oxide. It is likely that the oxidation process occurs due to reaction

of the metal elements in the ablation plume with the oxygen in the background air [297]. The
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measured resistivity correlates with the composition of each sample because less oxidation was linked
to better resistivity.
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Figure 6.9: (a) Helium GFIS FIB imaging of tracks deposited by LIRT. (b) EDS spectra for the LIRT
deposits. (¢) Raman spectra of the graphite LIRT deposit and the graphite target. (d) Four-point probe
resistivity measurements of the LIRT deposits compared to the bulk material.

Table 6.1 summarises the composition of the target material in the scanned area. A much higher
relative percentage of metallic component was observed for the silver target compared to the copper
target.

This section analysed the behaviour of each target material with constant laser parameters to produce
a direct comparison. Because each material interacted differently in the LIRT process there is the
potential to gain insight through experiments which are specific to the interaction behaviour
highlighted such as the nanocluster formation during transfer of graphite and low deposition yield of
copper. Now each material is studied in more detail to address these challenges and optimise the

functional properties of deposits.
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Table 6.1 : Comparison of deposited track elemental composition measured with EDS.

Element (At%) Silver Graphite Copper
Ag 67.3

Cu 0.0 18.5

C 8.0 73.8 26.1

0] 21.0 20.3 41.9

Si 3.7 5.9 13.5

6.5.3.2 Graphite Deposition

Graphite was selected as a candidate target material because of its applications in electronics and
sensing devices. Initial LIRT deposition with graphite in Section 6.6.1 showed that it had a high
deposition rate and a deposit morphology consisting of nanostructured clusters of amorphous carbon.
Further experiments were carried with the aim of gaining a more detailed understanding of how
varying laser parameters influenced the nano and micro scale deposition morphology. This aimed to

achieve an optimum laser patterning approach for high deposit conductivity and device fabrication.

To explore the effect of varying pulse energy from 150-400 pJ tracks were fabricated and deposit
width and thickness was measured with interferometry. Significant micro-structure morphology
variance was found in this range as evidenced in Figure 6.10. Both track width and thickness were
found to increase with pulse energy, this was attributed to stronger target ablation producing a higher
volume of ejected material. Width and thickness increased from an average of 189 um at 100 pJ pulse
energy up to 279 um at 400 pJ pulse energy. Over the same range deposit thickness increased from
55.8 nm up to 396 nm. At higher pulse energy there was more substantial variation in deposit
thickness as observed with range bars in Figure 6.10(b). This was attributed to a more chaotic
thermally driven processing regime and the potential for more material removal from the deposited

track due to laser pulses overlapping.

The deposit morphology at the nanoscale was also investigated, this was characterised through a
combination of SEM imaging and ImageJ thresholding as shown in Figure 6.10(c). As laser pulse
energy was increased from 150 to 400 pJ, the size range (25"-75™ percentile) of the carbon clusters
deposited on the surface increased from 45-65 nm to 106-164 nm. This effect was attributed to the
laser interaction mechanics, during laser ablation solid clusters may be directly ejected from the target
surface or formed by condensation of atoms and molecules during the ablation plume expansion [88].
Numerical analysis by Ohkubo et al. suggested that the trend of increasing cluster size with laser light
intensity is due to the higher density of vapour and therefore a higher frequency of collisions between

species in the plume [315].
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Figure 6.10: Variance of laser pulse energy with (a) deposit width and (b) deposit thickness. (c)

Identification of carbon cluster size using thresholding in ImagelJ. (d) Variance of carbon cluster size

with pulse energy

The resistivity of the deposited tracks was measured using the four-point probe analysis technique,

Figure 6.11 plots resistivity against laser pulse energy for LIRT deposition of graphite tracks. The

minimum threshold to form a track with which conductive properties could be measured was 100 pJ

pulse energy. The resistivity of the deposited tracks remained relatively constant with increase of laser

intensity beyond this threshold, with the measured average resistivity varying between 420 to

1860 pm. This suggests that the chemical composition does not change substantially in the range of

applied laser parameters and variation is mainly due to the discussed differences in morphology and

resultant conductive pathways.
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Figure 6.11: Variation of track resistivity with applied laser parameters.
6.5.3.3 Deposition of a noble metal (silver)

Silver is a widely used material for electrodes in common devices such as LEDs, batteries,
photovoltaic panels and touch screens [316]. Typically, silver electrodes are deposited by mask based
physical vapour deposition approaches such as sputtering or analog printing techniques such as screen
printing. Silver was selected as a candidate in transfer experiments because of its very high electrical
conductivity and chemical inertness. It was also used to contrapose the transfer dynamics of copper
which is more readily oxidized. The objective of these deposition experiments was to assess the range
of parameters for which a conductive track was formed, gain insight into the LIRT process and to

explore the deposition behaviour of a noble metal.

To achieve these objectives a parameter sweep was carried out involving variance of laser pulse
energy from 200-800 pJ and scan speed from 1-100 mm/s. Deposition experiments were carried out
with both a 100 pm target-substrate standoff and with no separation in contact. The lowest laser
power for which track deposition observed was 600 pJ, which indicated the deposition threshold
using this combination of laser system and material. Because a much higher deposition threshold was
observed compared to graphite deposition there was a restricted scope to observe the effect of varying
laser parameters with the maximum power of the laser available. Table 6.2 shows the morphology of
the silver tracks characterised using optical microscopy and interferometry. Firstly, observations are
made about the interaction of specific deposits before moving to general trends from the wider

experiment.

In parameter set Ag-1 the target and substrate were placed in contact without a separation. In this case
the deposit profile showed that the central ablation channel resulting from laser overlapping was very
pronounced and resulted in excessive damage to the substrate. This behaviour is attributed to plasma

generated by ablation of the target directly etching the glass substrate [295]. In comparison, sample
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Ag-2 used the same laser parameters but with a 100 pm standoff. Here, the central etched track in the

deposit was still present but it was smaller and a continuous deposit was formed. In comparison to

Ag-1 there was also more scattered particulate debris outside of the main area of the track which

could indicate the influence of plume widening observed in the holographic camera experiments in

Section 6.5. Sample Ag-3 used a lower power of 15W but with a 100 pum standoff, in this case the

material removal effect from the glass substrate were also avoided. A narrower deposited track was

observed reducing from an average width of 534 um for parameter set Ag-2 to 342 um for parameter

set Ag-3.

Table 6.2 Optical images of deposited silver tracks compared to laser parameters and resistivity.

Ag-1

Ag-2

Ag-3

Ag-4

Parameters

200ns, 20W, 0 pm
separation

25mm/s

200ns, 20W,
100 pm separation

25mm/s

200ns, 15W,
100 pm
separation

25mm/s

200ns, 20W, 100 pm
separation

5mm/s

ﬁ 2 um i f'ﬁ‘n A
!{‘. 430 um il (l E l { W\‘ f‘\‘
T W If 1 lt{l‘ V' Wi oA
= J ¢ v i 2 |
; | ‘ ‘f E-\|
J N l‘w._. o~~~ -“‘“f { - lr».,._
Width 423 um 534 pm 342 pm 739 pm
Thickness 2.42 um 1.49 um 0.89 um 2.52 um
Resistivity 1.95X107 pQm* 0.62 pOm* 3.39 pOm? 1.48X10” pQm*

In parameter set, Ag-4 the same laser power as Ag-2 was used but scanning speed was reduced to

5 mm/s resulting in a higher pulse overlap and energy dose per unit length. This resulted in significant

damage to the glass substrate and microcracks around the tracks were observed. For the tracks Ag-1

and Ag-4 where significant damage to the glass substrate was observed a high deposit resistivity was

measured. The resistivity of the deposits was low for tracks Ag-2 and Ag-3 with values of 0.62 pQm™

and 3.39 uQm' respectively.
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Several trends were observed by looking at the experimental data set more broadly. Figure 6.12(a)
plots the deposit thickness against scan speed. Reducing scan speed and increasing power resulted in
continual increase to deposit thickness. Figure 6.12(b) plots deposit width against laser scan speed. At
the lowest scan speed of 1 mm/s the deposit width increased with power. However, at higher scan
speeds width this trend was less clear.
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Figure 6.12: Plots of (a) deposit thickness and (b) deposit width for LIRT of Ag track deposits with
varying laser parameters

Figure 6.13 plots the laser parameters with varying scan speed and laser power against their measured
track resistivity. High resistivities were measured when using scan speeds slower than 25 mm/s, this is
attributed to the removal effect at high laser overlaps. The set of parameters investigated indicate that
a small experimental range is available to deposit silver tracks with conductive properties whilst
avoiding material removal effects. Broadly two regimes were observed with resistivity in the range of
107-10° Qm and resistivity values which were less than 1 pQm. There is not a clear reason for this
partition in measured resistivities, although it is attributed primarily to a morphology effect. One
potential mechanism is that a critical density of molten particles is required to produce a continuous

path otherwise conductivity is limited to the vapor driven thin film.

_ 10° &
c 1 F
G 10? & 10w
> 10° A 15W
>
g 10° 20W
£ 10t z ]
101 ‘
1 10 100

Scan Speed(mm/s)

Figure 6.13: Variation of resistivity with applied laser parameters for Ag track deposition
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6.5.3.4 Deposition of an oxidizing metal (copper)

Copper is a metallic material possessing high thermal conductivity of 401 W/(m.K) and high electrical
resistivity of 16.8 nQ.m [317]. It is highly reflective in the near IR wavelength reflecting >95% of
incident light, which reduces rapidly as copper heats up or melts, or as copper oxide is formed during
laser ablation [318]. It was tested in transfer experiments because of its common use in electronics

applications and value as a lower cost alternative to silver interconnects.

In initial transfer experiments using a copper target reported in Section 6.6.1, the copper track showed
lower volume of transfer material in comparison to graphite and silver. This was attributed to high
reflectivity at the laser wavelength. In total, 96 parameter sets were tested for track patterning with
copper varying power (5-20W), scan speed (1-100 mm/s), and standoff (0-300 um) conductive
properties were not observed for any of the deposited copper tracks. This was attributed to low
deposition yield and oxidation during transfer.

In order to investigate this oxidation process more closely surface chemistry analysis was carried out
on copper film deposits. Sample W13 was processed with the target and substrate in contact, sample
W14 was processed with a separation of 125 um. XPS analysis was used to probe the bonding state,
EDS analysis was used to measure the deposit elemental composition.

As illustrated in XPS spectra Figure 6.14(a-b), sample W13 (0 um standoff) showed the presence of
the Cu metal peaks in the Cu.p spectrum and diminished CuO peaks, whereas sample W14 (100 um
standoff) showed much larger CuO peaks. EDS composition analsys reported in Figure 6.14(c)
showed a greater copper Wt% in sample W14 indicating more deposited metal with the use of a
standoff. The greater Wt% of glass substrate elements (Si,0) in W13 was attributed to the lower
deposition yield and redeposited ablated substrate material mixing with the metallic deposit.
Simplistically, a ratio of approximately 2:1 Oxygen:Silicon could be expected for the glass silica
matrix [319]. The ratio of Oxygen:Silicon in both samples was higher than could be accounted for by
the glass matrix indicating the presence of copper oxide compounds. These two anlayses confirms
oxidation of copper during LIRT. As more CuO was formed when an air gap was used, it is likely that
the oxidation process occurs due to reaction of the metal elements in the ablation plume with the

oxygen in the background air [297].
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Figure 6.14: (a) Comparison of XPS sample survey for samples W13 and W14. (b) Comparison of
Cu2p spectra. (c) Comparison of EDS elemental composition measurements. (d) Summary of laser

parameters.

In order to assess the functional properties of the deposited copper films the film morphology and
electrical properties were characterised. As shown in Figure 6.15 the surface structure of the copper
film W14 was characterised with optical microscopy, SEM imaging and interferometry. The
deposited copper film retained the orange colour of the copper target, a periodicity was observed in
the film with equal width to the laser scanning pattern. At the microscale, the deposit was very rough
and consisted of solidified globules of molten material. The average roughness was measured as Ra

a) b) c)

Figure 6.15: Morphology analysis of W14 deposit through (a) Optical Microscopy (b) SEM (c)

Interferometry roughness measurement

As no conductivity was measured with track scanning, areal deposits were patterned with serpentine
scanning to characterise the electrical properties of copper deposits. The patterned areas had
dimensions of 10x4 mm, a hatching separation of 40 pum between tracks was used for patterning. A
parameter sweep consisting of variance of target-separation distance and applied average power was

carried out, scanning speed was kept constant at 150 mm/s.

Variance of resistivity with comparison to laser power and target separation is shown in Figure 6.16.

LIRT areal film deposition of copper with pulse energy less than 0.52 mJ did not produce enough
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deposited material to measure conductive properties. It was found that the most conductive deposits
were produced by operating in the range 0.64-0.76 mJ pulse energy. The sample with closest
equivalent laser parameters to W13 had among the lowest resistivity of 2.24 uQ.m 0.64 mJ, 16W
pulse energy and 230 um standoff. All films deposited with no separation (similarly to sample W14)
did not produce conductive properties. Areal deposit production with no separation at the highest
pulse energy of 0.76 mJ even resulted in cracking or shattering of the glass.

This experiment showed that a narrow operating window was available to produce sufficient
deposited material whilst avoiding thermal damage. The lowest resistivity recorded was 1.28 pQ.m
which is approximately 7.5x the value for bulk copper [317]. The high conductivity effects observed
when depositing films instead of tracks is mainly attributed to better morphology. Additionally the
high number of scanning passes of the laser may result in an annealing effect which contributes to the

significantly improved resistivity [320].
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Figure 6.16: Variation of LIRT deposited copper film resistivity with laser pulse energy and standoff
6.5.3.5 High incidence angle transfer of copper

To improve the overall low net deposition when patterning copper, a process adaption was tested
which utilised a high laser incidence angle to avoid overlapping of the laser and the deposit. The aim
of the strategy was to scan the beam at a sufficiently high incident angle to prevent interaction with
the deposited track. In principle, the plume produced by laser ablation is directionally normal to the
target surface irrespective of incidence angle. Because a laser pulse has insignificant momentum the
preservation of momentum results in a density gradient maximum in the normal direction.
Specifically for copper, laser absorption and coupling coefficient at 1064 nm have been shown

experimentally to exhibit minor dependency up to an incidence angle of 60° [321].
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Microscope images from earlier track patterning experiments reported in Section 6.6.1 showed the
approximate deposited track width to be 200 pum with focused beam spot size of 36.4 um. The
minimum angle of incidence required to eliminate deposit-beam overlapping was calculated
geometrically to be 40°. The beam was assumed to be collimated as the calculated depth of focus of
3.9 mm was much larger than the target-substrate separation. Figure 6.17 shows the experimental
arrangement and labelling of axis. A 3D printed fixture was placed onto an alignment pattern on a flat
support surface. By interrogating the CAD model of the fixture, the height on the target surface could
be ascertained to focus the laser. It proved to be very difficult to focus the laser to a highly inclined

surface so only proof of concept tests were possible for high incident angle LIRT deposition.

b)

Figure 6.17: (a) geometric arrangement of high incident angle LIRT patterning (b) labelling of

machining axes

Figure 6.18 shows optical microscopy and FIB imaging characterisation of the deposits. Processing at
0° incidence resulted in a central channel in the deposit indicating ablation due to pulse overlapping.
Compared to the deposit produced by scanning at a high angle of incidence, no material removal of
the glass surface was observed. This showed successful demonstration of the high incidence angle

deposition process.

Further evidence of the proposed mechanism was given by scanning a cross pattern in the intersection
of the P and Y axis shown in Figure 6.18(c). The track in the Y Axis showed pure deposition, the
intersecting track machined in P Axis showed removal of deposited material at the intersection of the
tracks. This demonstrates that laser ablation can remove the deposited material. A scanning strategy
using this approach could allow for sequential build-up to produce thick or multilayer depositions in

future research.
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—
100 pm

Figure 6.18: Morphology characterisation of deposits created with varying laser inclination angle
(a.i) FIB image (a.ii) optical microscope image of track machined at 0° inclination. (b.i) FIB image
(b.ii) optical microscope image of track machined at 50° inclination. (c) Center of cross pattern

machined on axes Y-P with 60° inclination and separation ~100um

Holographic camera imaging was used to investigate the material ejection at a high incidence angle.
Figure 6.19 shows holographic camera frames for unconfined plumes for times 1.9 s - 255.9 ps after
the ablation event. The camera was aligned to the transfer gap across axis Y and the laser was incident
in the Z axis which is vertically straight in the frames shown. Graphite was used as the target material
in order to achieve ablation at low energy although the expected plume morphology is similar. Very
similar behaviour was observed to the experiment in Section 6.5.1 on flat target surfaces. The key
finding was that the ablation plume propagated at an angle broadly normal to the target surface
evidencing the mechanics of the high incident angle transfer technique.

1.9 us 15.9 s 31.9 s 63.9 s 1289us 2559 s

Figure 6.19: Holographic imaging of plume morphology during unconfined laser ablation at 60° laser

incidence angle
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6.5.3.6 Device Fabrication

In order to explore routes for progression of the LIRT technique a series of application focused
experiments were conducted which involved fabrication of embedded devices. These targeted
applications were logo colour marking, fabrication of a capacitive touch sensor and a temperature

dependant resistor.

Although copper tracks were not suitable for conductive interconnects, they were visibly homogenous
on a macroscopic level. With digital control of the laser scanning pattern, LIRT could be used for
colour marking of glass surfaces. Figure 6.20(a) shows text patterning onto a glass microscope slide
using LIRT of copper.

To demonstrate an application of conductive track patterning, a capacitive touch sensing grid was
deposited to a glass microscope slide. The parameters Ag-2 defined in Section 6.6.3 were used for
silver deposition to produce a grid with 2 mm pitch. The Arduino capacitive sensing library was used
to write the code for this device [322]. Figure 6.20(b-c) shows the device being used to switch an LED

based on touch.

a) b)

IfMVE 2018

UNIVERSITY OF

Figure 6.20: (a) Colour marking to a glass slide (b-c) A capacitive touch sensing grid patterned with

the LIRT process to a glass microscope slide.

Graphitic carbon and graphene compounds have been used as the functional material in the
fabrication of different sensors including humidity [323], gas sensing [324] and temperature [325].
The use of graphite is particularly attractive as a low cost and environmentally friendly alternative to
conventional thermal sensors [326]. A simple circuit pattern was deposited onto a glass slide to form a
thermoresistive sensor. Inkjet printed silver electrodes were deposited on top of the graphite deposit
to ensure good electrical contact with the probe tips using the parameters outlined in Section 5.5.4.
Figure 6.21(a) shows the deposited pattern and equipment setup. The characterisation setup consisted
of a probe station touching the deposit, a resistive heater which allowed for sample heating up to 60°C

and thermocouple glued to the device surface.
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Figure 6.21(b) shows the variation of electrical resistance with temperature. As temperature increased
from 29 to 74°C it was seen that the resistance decreased with a total resistance change of 435 Q, with
the reverse behaviour observed on cooling. The temperature dependent coefficient of resistance for a
best fit line was calculated as: -1257 ppm/°C. This was broadly in line with other investigations into
graphitic thermoresistive sensors [325], however the unique contribution here is to establish the use of
LIRT for sensing device fabrication. Previous investigators of graphite based thermoresistive sensors
have attributed the decrease in electrical resistance with temperature to thermionic emission. Because
the resistance of the boundaries between graphite grains is usually much higher than the resistance of
the grains, boundary resistance is the dominant component of the measured resistance. The low
potential barrier of graphite (33 mEV) favours a thermionic emission mechanism of temperature
dependence, where thermally excited carriers can pass through or over the barrier between graphite
clusters [326].

a) b
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Figure 6.21: (a) Fabrication of a temperature sensor device using LIRT deposition of graphite tracks
and characterisation setup. (b) Variation of resistance with temperature over a heating and cooling

cycle

6.6 Conclusion

The results in this chapter present new knowledge in the use of LIRT deposition of functional material
to glass substrates. The results prove the feasibility of the technique for functional material patterning
however there are substantial challenges to progress LIRT to an industrial process which is

competitive with other direct write deposition approaches.

The unique capabilities of holographic phase contrast imaging was used with nanosecond temporal
resolution to study LIRT in open and confined geometries, revealing previously unseen phenomena.
The deceleration of the plasma plume in confined environments was recorded and the influence of the
rebounding pressure wave observed. The speed of plume propagation was found to decelerate
exponentially from an initial velocity of over 400 m/s. Observation of the plasma core of the ablation

plume showed densification and plume widening effects due to the confined geometry. There is >80%
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longer plasma lifetime in the confined geometry, and we discussed the importance in terms of plume
shielding and incubation effects. This will become more important as the process develops towards
applications and the production rate and patterning resolution need to be improved. Static beam
experiments with silver, copper and graphite were informative when studying the mechanism of
transfer and it was observed that multiple pulses are required to produce deposited material and this
deposit is primarily composed of fused particles. In the case of graphite transfer, the deposits
consisted of nanostructured carbon clusters. The average size of these clusters was found to increase

with laser pulse energy.

Tests into producing direct-write patterns through overlapped pulses showed that the technique could
produce conductive tracks suitable for fabrication of embedded components in late-stage
customisation of glass products. Fabrication of a capacitive touch sensing device, colour marking of a
brand logo and a simple temperature sensing circuit were used to demonstrate the industrial value of
LIRT as a simple and effective printed electronics fabrication technique. The uneven morphology,
poor uniformity, inhomogeneous chemical composition and material damage highlight the challenges
in using LIRT for applications but these are all challenges that can be addressed and would lead to a
facile, reliable fabrication of conductive patterns and digitally controlled customisation of glass
products for applications such as embedded sensors and electronics.

Future research should explore process optimisation through control of the temporal energy
deposition profile in combination with a controlled atmosphere. As the target metal surface requires
minimal preparation and the environmental and process control are minimal, the new insights into the
mechanism and track formation are a step towards delivering a reliable alternative approach to direct-

writing metals.
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[ RESEARCH OUTCOMES AND

FUTURE WORK

In this work new aspects of digital surface modification have been investigated and presented, adding
to the knowledge described in the literature and bringing new capabilities for future manufacturing
processes. In the stainless steel and glass industries in particular, there is significant demand for
innovative product functionalities. These functionalities need to be imparted using scalable ultra-
precision manufacturing techniques, with digital processing technigques such as inkjet and laser
processing offering particular advantages such as customizability, low input resource usage and the
avoidance of harsh chemicals and processing conditions. This thesis has focused on surface
modification using digital manufacturing techniques involving direct laser texturing, inkjet printing of
functional material and laser induced reverse transfer. This chapter firstly summarises the main
outcomes of the work presented and then describes recommended future work that will be important

based on the findings in this thesis.

7.1 Research outcomes

A core aim of the research was to find insights through literature analysis to identify where progress
was needed in laser textured superhydrophobic surfaces. This led to fundamental studies assessing the
chemical nature of the hydrophobic transition and how this time-consuming process could be

accelerated.

Two laser processing techniques were identified of LIPSS production and ablative surface structuring.
Both surfaces were found to be capable of superhydrophobicity. The major difference between the
two techniques was that the rougher surface required longer to transition to hydrophobic, it also
unsuitable for processing of thin sheets. The LIPSS modification improved on these aspects however

it is currently a slower and more expensive approach.

The hydrophobic transition of laser textured stainless steel was investigated to high level of detail. A

range of conditions after laser processing was tested, the use of low temperature annealing at (250°C)
was found to decrease the hydrophilicity-phobicity transition from over 30 days to 24 hours however
this did not result in a stable modification. VVapour transfer and solution deposition of food safe fatty

carboxylic acids was capable of forming effective superhydrophobic surfaces. XPS surface chemistry
analysis was used to understand the transition mechanism which was attributed to chemisorption of

hydrocarbons through polar interaction with the high surface energy metal oxide.
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The main advantages of the laser texturing technique which were found in this study were:

e The very strong superhydrophobic effects possible

e Economic and fast-throughput processing

e The avoidance of toxic coating chemicals which may degrade or peel off into the end-use
environment or supply chain.

e The capability for digital wettability patterning production

Chapter 5 aimed to use surface wettability and topology modification approaches to enable functional
inkjet printing with enhanced adhesion and durability on glass surfaces. The literature review showed
that the state of the art in inkjet printing is rapidly expanding, improved performance and novel
functionalities may be enabled by hybrid processes which combine laser or plasma treatment with
inkjet printing. Advanced material deposition capabilities are sought for applications including solar

technology and embedded in electronics in automotive glass.

To build understanding into the impact of surface preparation processes, solvent cleaning and plasma
treatment were analysed for the effect on wettability and surface chemistry. Solvent cleaning
produced a hydrophilic water contact angle of 21.8° which was reduced further to less than 5° through
plasma treatment. Through XPS analysis, this reduction in contact angle was attributed to removal of
organic contaminants. Surface free energy measurement showed that the plasma treatment raised
surface free energy substantially which was attributed to generation of polar hydroxyl groups on the
glass surface. Both of these processes could be readily integrated into a production line prior to inkjet

printing to enable tailoring of fluid-ink interaction.

Inkjet printing of a water-based silver nanoparticle ink formulation was used to pattern conductive
tracks on glass. The printed tracks were analysed for morphology and electrical properties.
Experiments did not show a clear benefit of plasma treatment when used as an approach to increase
the adhesion of the printed silver tracks. However due to the very high wettability after treatment, this

surface type led to a loss of control over deposit morphology and a low coverage of nanoparticles.

Wettability patterning was explored as a technique with the motivation of combining a high surface
energy surface with a hydrophobic boundary to overcome these spreading difficulties. Masked
plasma treatment showed exciting capabilities and proved to be an effective approach but a more
refined technique is needed for microscale modification. When the fluid profile was analysed with
respect to increasing fluid volume one drawback was that the plasma technique suffered from a less
clearly defined hydrophobic boundary definition and the contrast in wettability between exposed and
nonexposed areas was smaller. The laser treatment was precise and resulted in a superhydrophilic

wettability in the patterned area. In particular the use of printing into a 1 mm track showed very
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effective containment in the spreading of the inkjet printed deposit. The major limitation on these
techniques for inkjet printing was the inconsistency of the printing which resulted in droplets
misplacement. Laser patterning of microgrooves showed an effective protection against surface

abrasion resulting in preservation of track conductivity.

In chapter 6, fundamental studies were carried out with the aim of improving understanding and
testing the viability of LIRT process for functional material deposition to flat glass surfaces. The
experiments focused on the plume dynamics and deposition behaviour, prior to more application-

focused experiments examining single pulse and continuous track deposition.

Understanding of the process mechanics when nanosecond pulsed lasers are used was developed with
optimisation of applied laser energy, scanning parameters, and target-substrate separation. By using a
long pulse width of 200 ns and a standoff of 100 um mainly evaporation driven deposits were
produced. Holographic camera imaging provided unprecedented insight into the plume dynamics in
the confined LIRT geometry including observed effects of shock wave rebound and plasma
incubation. 3 different target materials were tested and the most conductive deposits were formed
through deposition of silver which displayed conductivity in the range of 2x the bulk value. This was
attributed to reduced oxidation and a favourable deposit morphology consisting of fused molten
particles. A future processing regime utilising an incident laser tilted to scan out with the central
ablation plume and deposit area was demonstrated to eliminate laser pulse absorption by deposits
from preceding pulses. This could allow for more uniform deposits to be formed and eliminate
thermal damage to the glass substrate. The technique was shown to be capable of basic colour
marking and patterned functional deposition. A capacitive touch sensing circuit and temperature

dependant resistor were fabricated as application demonstrations.

Novel findings and capabilities using LIRT have been achieved in this project Although this progress
is significant, the challenges for LIRT remain large. In particular, the uneven morphology, poor

uniformity, inhomogeneous chemical composition and material damage.

7.2 Future Work

7.2.1 Laser Textured Superhydrophobic Surfaces

Future research into laser textured superhydrophobic surfaces should target gaining further insight
into the surface chemistry after laser processing and industrial progression. The investigation with
XPS produced exciting results such as influence of hydrocarbon terminal group and chain length.

However, the analysis was limited because of the overlap with other carbon sources and obscuration
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of the relevant carbon bonding state peaks. An interesting experiment would be the use of FTIR
solution depletion isotherms [199]. This could allow measurement of adsorption rate of different

hydrocarbons as well as monolayer binding characteristics.

To increase the processing rate of LIPSS laser texturing a system was outlined which required the use
of a high repetition rate femtosecond laser which is accessible with the current state of the art. Further
opportunities include the use of multi beam processing [118] and direct laser interference patterning

[327).
7.2.2 Functional Inkjet Printing to Glass

To increase the durability of the inkjet printed deposits on glass surfaces several strategies could be
examined in future research. One might be to print onto a polymer sheet which is then sandwiched
between laminated glass plates [328], secondly may be to deposit a protective encapsulating layer on
the deposit such as a rigid polymer [329], third would be through chemical functionalisation such as

application of a primer bonding layer [251].

Additionally, alternative digital manufacturing opportunities may be sought. The industry standard
process is to screen print a high viscosity frit paste which consists of a mix of silver and glass
particles. After firing the glass and silver particles fuse into the surface to produce a tightly bonded
and abrasion resistant deposit. This is challenging to implement with inkjet printing because of the frit
glass particle size and fluid viscosity. Investigating microextrusion [330] or LIFT [278,331] may be

an interesting opportunities to recreate this process digitally.
7.2.3 Laser Induced Reverse Transfer

Further research into LIRT would allow for further exploration of manufacturing related challenges

and novel deposit properties.

Based on findings into the temporal profile of process, future research should seek to optimise
repetition rate selection through the knowledge of plume dynamics. In particular, the use of burst
pulse processing with burst duration shorter than the plume accumulation could be used to avoid
shielding effects [332]. It will also be vital to investigate other aspects of device fabrication such as

the interface of the LIRT deposit with soldered connections.

Although crack free deposition was observed when fast scanning speed and a standoff were used, this
factor should be investigated further in wide area translation due to the potential to reduce the
mechanical strength of the glass. Standard 1 mm thick microscope slides were used in experimental

work because of their availability and for the ease of configuring in the laser processing system. The
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translation of the deposition technique to glass with different thicknesses calls for further
investigation, for example thicker glass may reduce the laser power incident on the target due to
absorption by the substrate, very thin glass may be more susceptible to cracking due to thermal
effects.

Deposition of a transparent superhydrophobic coating on glass has been demonstrated using areal
pulsed laser deposition of PTFE in high vacuum conditions [49]. LIRT deposition of PTFE could be a
unique opportunity to enable transparent superhydrophobic patterns using a laser direct write
technique. Initial experimental work suggest that a femtosecond laser source is required for this

process due to the low absorption of PTFE at NIR wavelengths.

Overall, the work presented has provided additional understanding and developed new techniques for
the field of functionalising glass and stainless-steel surfaces. The research was carried out while still
ensuring a clear route to large-scale digital manufacture was considered at every stage. The findings
and guidance made in this thesis should be useful potential routes forward to further advance these

technologies further towards industrial realisation and applications.
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APPENDIX A

A1l - LIPSS Hatch Spacing

18 um 19 pm 20 pm 21 pm

Figure Al: Comparison of LIPSS surface textures with varied hatch spacing

A2 - In-volume Modification

All tracks patterned with 10 mm/s scanning speed and 8 pm spot size

Microscope Focus Top Surface Track

0.39

0.81

1.23
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1.64

2.05

Figure A2: Formation of in-volume tracks when using laser fluence below surface damage threshold

APPENDIX B

B1 - Heat Treatment
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Figure B1: XPS spectra of (a) Fe & (b) Cr regions

B2 - Terminal Group Variance
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Figure B2: Normalized XPS spectra of (a) Fe & (b) Cr regions with terminal group variation.

B3 - Chain Length Variance

Figure B3: Normalized XPS spectra of (a) Fe & (b) Cr regions with Chain Length variance
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B4 - Deposition of 1-Octanoic acid

The experiment used in section (4.5.2.2) concerning variation of hydrocarbon terminal group was

repeated using 1-Octanoic acid (method detailed in section 4.4). As seen below a superhydrophobic

contact of 164.8 £+ 3.0 was measured. The roll off angle was measured as 6.2°.

Contact Angle

6.2° tilt (Camera also tilted)

Figure B4: Contact angle and roll off angle using 1-Octanoic acid
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