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Abstract

Carbonaceous materials such as graphite, diamond, and carbides each possesses unique
material properties distinctive to their chemical structure, and have been applied to a wide
range of applications. Laser-induced carbonization and graphitization, or LICG, offers
the patterning of carbonaceous structures composed of various carbonaceous materials by
simply scanning laser light on a polymer. This thesis discusses the chemical and physical
processes that ensues as a result of light-matter interactions between the laser light and a
transparent elastomer, polydimethylsiloxane (PDMS), and aims to clarify the mechanism
in which carbonaceous structures form by LICG and the effects of the carbonaceous
materials on the electrical properties of the carbonaceous structure, as well as to apply the
carbonaceous structures towards novel devices. This thesis consists of seven chapters.
Chapter 1 introduces the background and aim of this thesis. Chapter 2 outlines the
chemical and physical processes that ensues as a result of laser irradiation, and provides
the theoretical concepts required to discuss the subsequent experimental results. Chapters
3 and 4 will describe the experimental results regarding the basic characterizations of the
carbonaceous structures patterned on the PDMS surface by LICG. Chapter 3 will examine
the structural aspects of the carbonaceous structures. The mechanisms regarding the
formation of carbonaceous structures, and the relationship between laser parameters and
structure morphology will be discussed. Chapter 4 will address the electrical property of
the carbonaceous structures. The patterning of carbonaceous structures exhibiting
different electrical properties is demonstrated by LICG, and the effects of graphitic carbon
and SiC-NCs on the electrical property of the overall structure will be discussed. Chapters
5 and 6 will describe the experimental results regarding the application of carbonaceous
structures patterned on PDMS by LICG. Chapter 5 will focus on electrical applications
using the carbonaceous structures. The piezoresistive properties of the structures are
assessed by strain tests, and the fabrication of a micro-pressure sensor and an anisotropic
strain sensor will be demonstrated. Chapter 6 will explore optical applications using the
carbonaceous structures. It is revealed that fluorescent carbonaceous structures can be
patterned by the LICG of PDMS, and the fabrication of an anti-counterfeiting security tag
will be demonstrated. Moreover, by utilizing multiphoton interactions. the patterning of
fluorescent carbonaceous structures inside PDMS will be demonstrated. Chapter 7 will
provide the conclusion of this thesis, summarizing the key findings of each chapter and
the thesis, then discuss future studies which have been triggered by this thesis.
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Chapter 1. Background

1. Background

1.1. Introduction

Carbon is the sixth most abundant element in the universe, and exists in most of the
things around us, even in our bodies.! In fact, the Earth’s crust contains more than 3x10'®
tons of carbon which exists in various forms, whether it be an allotype or a composite,
each with a uniquely different material property.! Humans have long held a fascination
for this material, and the utilization of carbonaceous materials date back to 3750 BC in
Egypt, where Egyptians used coal to disinfect wounds.? Since then, the development of
new carbonaceous materials, such as graphene, has contributed to the advancement of
science and technology. Moreover, in recent years, with the constantly depleting reserve
of rare earth minerals carbonaceous materials have been discussed to be a realistic
replacement, as the material properties can be vastly tuned.? In Section 1.2., different
types of carbonaceous materials will be briefly reviewed. From Section 1.3. to Section
1.5., various techniques to synthesize and/or pattern carbonaceous materials will be
introduced, and the characteristics of each technique will be discussed. In Section 1.6.,
the objective of this thesis will be given.

1.2. Different types of carbonaceous materials

Carbon is considered to be one of the most chemically versatile elements, capable of
bonding with a wide range of different atoms in various combinations.® For example,
carbon can have an oxidation value of +4 to form compounds such as carbon dioxide
(CO2), or have an oxidation value of -4 to form methane (CH4). Carbon can also have
intermediate oxidation values such as +2 or -2 to form compounds such as carbon
monoxide (CO) or methanol (CH3OH), respectively. In addition, carbon can form single,
double, or triple bonds with other carbon atoms or other heteroatoms. This versatile
chemistry of carbon leads to different allotropes with unique physical and chemical
properties, which reflects their differences in atomic orientation (Figure 1.1).2 Solid
carbonaceous materials can be largely divided by their atomic orientation being ordered
(i.e., crystalline) or disordered (i.e., amorphous). Below different types of carbonaceous
materials will be introduced.
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Figure 1.1 (a) Schematic description of sp, sp?, and sp® hybridization in carbon with an illustration of
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the bonding structure. (b) Ternary phase diagram of carbon (nano)allotropes/nanostructures depending
on the hybridization state they show. The positions/intervals of the most common carbon
(nano)allotropes/nanostructures are indicated. Carbon forms with a single hybridization state are found
at the vertices of the triangle, carbon species with mixed hybridization states lie along the sides of the
triangle, and carbon compounds with all the three hybridization states are placed inside the triangle.
The representative bond lengths between carbon atoms with specific hybridizations are also listed.

Reprinted and reformatted with permission from the Royal Society of Chemistry, Copyright ©2018.*

1.2.1. Crystalline material

1.2.1.1. Graphitic carbon

Graphitic carbon, is a crystalline material ideally consisting purely of carbon atoms.
The carbon atoms in graphitic carbon are each covalently bonded to three neighboring
carbon atoms via three o and one = bond. This trigonal bonding results from a hybridized
orientation of three carbon orbitals; appropriately referred to as sp?-hybridization, as one
2s orbital mixes, or hybridizes, with two 2p orbitals (Figure 1.1 (a)). The repeating of this
trigonal bonding forms a hexagonal honeycomb layer, which is further stacked to form a
three-dimensional (3D) crystal lattice. Depending on the number of layers, overall size,
and shape of the crystal, the resulting graphitic carbon possesses vastly different material
properties. For example, graphene (i.e., two-dimensional (2D) single layer of graphite),

2
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carbon nanotubes (CNTSs) (i.e., one-dimensional rolled tube of graphene), and graphene
quantum dots (GQDs) (i.e., zero-dimensional particle of graphene), each uniquely
exhibits high optical transparency, mechanical tensile strength, and fluorescence,
respectively.*® One of the most common natural graphitic carbon is graphite, which has
been used as lead in pencils since the 1600’s.% As graphite is a crystalline material, the
formation of graphite requires high temperatures and pressures and thus naturally forms
at deeper regions of the Earth’s crust near the mantle.}*’

1.2.1.2. Diamond

Diamond, is another crystalline material ideally consisting purely of carbon in which
each carbon atom is covalently bonded to four neighboring carbon atoms via four o bonds.
This tetrahedral bonding results from a hybridized orientation of four carbon orbitals;
referred to as sp-hybridization, as one 2s orbital hybridizes with three 2p orbitals (Figure
1.1 (a)). The repeating of this tetrahedral bonding forms a cubic 3D lattice. Owing to this
uniquely stable lattice and strong chemical bonds, diamond exhibits exceptionally high
strength, and chemical inertness; therefore, has been utilized in various industrial cutting
and drilling tools. Moreover, due to the strong bonds, the material interacts minimally
with light and thus is visibly transparent. Recently, as nanosized diamonds, or
nanodiamonds (NDs), also possesses these unique material properties, in addition to its
small size, NDs have become a promising candidate to use for nanotechnologies in harsh
environments (i.e., drug delivery).?2 As sp®-hybridized bonds require more energy for
formation compared to sp?-hybridized bonds, significantly higher temperatures and
pressures are required for the formation of diamond compared to graphite. Therefore,
diamond is naturally formed deep in the Earth’s mantle.>” Such diamonds are brought
near the Earth’s surface through volcanic eruptions, where they can then be mined.%’

1.2.1.3. Carbide

Carbides are crystalline alloys of carbon, in which a carbon atom is bonded to a
different metal atom. The material property of the carbide is strongly related to the
electronegativity of the non-carbon metal atom. For example, depending on if the non-
carbon metal atom is an alkali metal or a transitional metal, the resulting carbide can be
utilized as a reactive chemical catalyst or an inert drilling tool.® Currently there are ten
different types of carbides known to exist naturally, for example cohenite (iron carbide,
(Fe,Ni,C0)3C), qusongite (tungsten carbide, WC), and moissanite (silicon carbide, SiC),
to name a few.? Particularly SiC has become a top candidate to use for next-generation

3



Chapter 1. Background

semiconductor applications, owing to its wide bandgap, high electric field strength, high
thermal conductivity, and chemical inertness.®° Carbides are an extremely rare natural
material, as the formation requires specific conditions, including precise atomic
concentrations and the presence of reducing agents, in addition to extremely high
temperatures and pressures. For example, on the Earth’s surface, SiC may naturally form
only at the boundaries between silicate-based magmas and carbon-rich coal beds, with
appropriate pressures and cooling rates.®

1.2.2. Non-crystalline material

1.2.2.1. Amorphous carbon

Amorphous carbon is a non-crystalline material with a mix of sp? and sp3-hybridized
bonds (Figure 1.1 (b)). Amorphous carbon typically contains traces of various
heteroatoms, for example hydrogen, sulfur, oxygen, and nitrogen, in addition to
carbon.*” As amorphous carbon in part contains ordered sp? and sp3-hybridized nano-
domains, the clear transition between amorphous carbon and graphitic carbon or diamond
is ambiguous. Atypical example of this is graphite oxide (GO), which is a highly oxidized
form of graphite.!! Graphite is considered to be an electrically conductive material owing
to the ordered sp?-hybridized crystal lattice (mechanism of electrical conductivity is
discussed in Section 2.4.1.), whereas GO is considered to be an insulating material due to
the high content of sp3-hybridized bonds. Due to the abundant oxygen-containing
functional groups, the crystal lattice is highly defective to the point where the material
loses its electrical conductivity. Regardless, GO has been commonly referred to be a
crystalline material, making the transition between amorphous carbon and graphitic
carbon unclear. On a side note, it can be understood from this that depending on the
content of heteroatoms, and the ratio between disordered sp? and sp3-hybridized bonds
the properties of the resulting material will be completely different. For example,
depending on if the heteroatom content is more than 40wt% (i.e., soot) or less than 3wt%
(i.e., carbon black) the chemical inertness of the material changes,*? and if the sp®-
hybridized bonds are significantly greater in ratio than sp?-hybridized bonds (i.e., glassy
carbon) the density and hardness of the material increases.® One of the most important
naturally forming amorphous carbon is coal, as it is used as fuel to generate electricity for
our daily lives. Coal forms from biomass wastes, namely plant debris, which are
compacted, hardened, chemically altered, and metamorphosed over time in the Earth’s
crust by heat and pressure.>®” Notably, the formation of coal takes thousands of years,
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and requires more than ten times the volume of debris to the volume of formed coal >3’

1.3. Synthesis of carbonaceous materials

Owing to the growing interest of carbonaceous materials, the value and potential of
such materials for various devices became evident. The types of applications can be
generalized as either homogeneous or heterogeneous, depending on if the application
requires one or multiple materials to perform its minimal functions, respectively.
Homogeneous applications are the simplest type of application, as the carbonaceous
material is the only functioning component for the application. Examples of
homogeneous applications are air filters using porous amorphous carbon, or activated
carbon, and biomarkers using fluorescent GQDs. Heterogenous applications, such as
electronic devices, are more complex in that these applications require multiple materials
(i.e., different material for the substrate, conductive wire, and semiconductive unit), and
also require that these materials be combined in desired orientations. The realization of
heterogenous applications require advanced patterning techniques, and will be discussed
in more detail later (Section 1.4.).

With the development of a wide range of applications, the demand of carbonaceous
materials also escalated rapidly. The most basic approach to supply carbonaceous
materials is from mining; however, the natural formation of such materials requires
thousands of years and therefore cannot keep up with the demands simply from mining.
To answer these demands, humans have over time developed new techniques which allow
for the synthesis of carbonaceous materials. Currently there are a multitude of available
techniques, each with its own unique advantages and disadvantages. The material
synthesis techniques can be divided into either a top-down or a bottom-up technique
(Figure 1.2). Although top-down techniques are also highly effective, such techniques
generally require high-value precursors, such as those mentioned in Section 1.2., and
therefore require extensive mining. Here, bottom-up techniques will be focused on, as
these techniques offer the synthesis of high-value carbonaceous materials from relatively
lower-value precursors (i.e., hydrocarbons, biomasses, and synthetic polymers).
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Figure 1.2 Synthesis techniques of graphene. Synthesis techniques can be generalized into two types:
Top-down or bottom-up. Reprinted and reformatted with permission from MDPI, Copyright ©2022.1

Open Access Creative Commons Attribution license.

1.3.1. Thermal carbonization

Generally speaking, carbonization is a process in which an organic material is
converted into a carbonaceous material by thermal treatment. By thermally treating a
carbon-containing precursor, non-carbon atoms (i.e., oxygen and hydrogen) are desorbed,
forming a carbon-rich product. During the stone ages, more than twenty thousand years
ago, cave artists lighted wood on fire and used the resulting carbon black as color
pigments to draw cave paintings.l” Considering this, the oldest form of artificial synthesis
of carbonaceous materials can be denoted as the carbonization of wood using “fire” as
the heat source for thermal treatment. With time, more complex systems, including
furnaces and microwaves,** have been implemented to allow for better control of
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processing parameters (i.e., temperature, reaction time, and pressure) and the processing
environments (i.e., Ar, N2, and O2 atmospheres). Depending on these variables, a wide
range of carbonaceous materials can be synthesized by the thermal carbonization (TC)
technique, including gaseous carbon (i.e., hydrocarbons), liquid carbon (i.e., tar and oil),
carbon black, carbon fibers, carbon aerogels, graphite, and carbides.>514

Hydrothermal carbonization (HTC) is a widely used variant of TC in which precursors,
typically biomasses, are thermally treated in water.’> As biomasses are 40-60% oxygen,
thermal treatment typically leads to combustion before converting into carbonaceous
materials, such as graphite. It has been discussed that water assists the carbonization
process by serving as both a reactant and a medium, allowing for the efficient
carbonization of biomasses.!® However, as water is used as a medium, the resulting
carbonaceous material is typically low in crystallinity, as diffusion kinetics are limited
due to viscosity and the existence of heteroatoms derived from water.’

1.3.2. Chemical vapor deposition

Chemical vapor deposition (CVD) is a widely known technique to synthesize 2D
crystalline carbonaceous films. In this technique, gaseous precursors are flown into a
heated tube furnace, and deposited onto a metal-catalyzed substrate to “grow” crystalline
films (Figure 1.3). By changing the composition of the gaseous precursors, films of
various material compositions can be synthesized.!® For example, whether the gaseous
precursors contain only hydrocarbon gases (i.e., methane, ethylene), a mixture of silane
and hydrocarbon gases,® or a mixture of tungsten hexafluoride and hydrocarbon gases,?°
the resulting material can be films of graphene, SiC, or WC, respectively. The most
notable advantage of CVD is that it allows for the precise control of crystal growth,
realizing the synthesis of high-quality thin films with specific thicknesses and material
compositions with atomic precision.’® However, as a tradeoff, the CVD technique has a
relatively slow processing speed. Moreover, as extremely thin films are grown onto a
catalytic surface, subsequent removal and transferring of the grown film onto a desired
substrate without damaging the film is a constant challenge.?*
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Figure 1.3 Schematic of the CVD setup. Reprinted and reformatted with permission from Springer,
Copyright ©2015.2

1.3.3. Detonation

Detonation (DET) is a technique to synthesize carbonaceous particles, by chemical
reactions induced by explosions. In this technique, a closed chamber is filled with
precursors, charge mixture (i.e., trinitrotoluene and hexogen), and stabilizers (i.e., inert
gas, water, or ice), then subsequently ignited by an electric spark to initiate a blast
explosion.? The high temperature and pressure conditions induced in the closed chamber
creates a supersaturated environment, leading to the nucleation and growth of particles.
With regards to carbonaceous-material synthesis, the charge mixture, in addition to the
precursor, can also serve as a source of carbon atoms; however, can also become a source
of contamination reducing the purity of the resulting material.?* As DET is based on the
nucleation of blast products in high temperature and pressure conditions, it offers the fast,
efficient, and low-cost synthesis of nano and sub-micrometer sized crystalline
carbonaceous materials, for example, nanocrystals (NCs) of SiC and FesC, or NDs, to
name a few.2>?
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Figure 1.4 Schematic of the DET setup. Reprinted and reformatted with permission from the Royal
Society of Chemistry, Copyright ©2017.2

1.3.4. Electric arc discharge

Electric arc discharge (EAD) is a technique to synthesize carbonaceous materials by
plasma-assisted sublimation of precursors.?® The EAD technique generally consists of a
pair of electrodes and a closed chamber filled with some kind of gaseous medium,
typically Hz, He, or Ar (Figure 1.5). The anode electrode is a compacted rod composed
of powdered precursor material and a metal catalyst (i.e., Ni, Fe, Co, etc.), whereas the
cathode electrode is a conductive bulk material.*® By applying a voltage between the
electrodes, and bringing the two electrodes sufficiently close, an electric arc is generated
between. The high temperature plasma of the arc sublimes the precursor material into a
gas. Subsequently, the gas condenses onto the cathode and/or walls of the chamber,
forming clusters of carbonaceous material. In the case of EAD, since the direction of
growth after nucleation can be driven preferentially in one direction via the arc, it is an
effective synthesis technique of fibrous carbonaceous materials, such as CNTs and SiC
nanowires.3!3?
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Figure 1.5 Schematic of the EAD setup. Reprinted and reformatted with permission from Elsevier,
Copyright ©2014.2°

1.3.5. Flash joule heating

Flash joule heating (FJH), or more commercially recognized as field-assisted sintering,
is a technique in which precursors are thermally treated by joule heating.®® Typically,
powder mixtures containing carbon or metallic precursors are tightly compacted, and a
current is passed through to internally generate heat and convert the material. FJH is
similar to EAD in many aspects, for example, it is desirable that the precursor is in powder
form, the powder mixture should be lightly conductive, and an electrical source is used
for synthesis. While FJH is not as effective in synthesizing fibrous materials as EAD, it
offers significantly larger synthesis volumes per process (gram-scale) of large
carbonaceous crystals, such as graphene, graphite, and carbides.333* Also, as heat rates as
high as 1000 K/min can be reached in FJH, it has been regarded to be more efficient than
other techniques in synthesizing amorphous glassy carbon, as the Kkinetics for
crystallization can be limited.Z In recent years, the advantageous of FJH for the recycling
of valuable metals from discarded old electronic devices has been indicated.>>3®
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1.3.6. Self-propagating high-temperature synthesis

Self-propagating high-temperature synthesis (SHS) is a chemical technique to
synthesize carbonaceous materials by oxidation-reduction, or redox, reactions (Figure
1.7).3” A mixture of precursor and a reducing agent is prepared, and a redox reaction is
initiated typically through thermal stimulation.®® The initiation induces exothermic redox
reactions, which generate large amounts of heat and self-propagate the conversion process
of the precursor into a carbonaceous material, hence the name. The processing times of
SHS can vary greatly (i.e., seconds to hours) depending on the volume and surface area
of the precursor, as well as the reactivity of the precursor with the reducing agent.
Initiation temperatures as low as 90 °C can be used for the synthesis of graphitic carbon
in the case of SHS,% which is significantly lower than that typically used for TC (1000
3000 °C). Moreover, as materials such as CO2 and biomasses can be used as precursors,
SHS has been regarded as an environmentally friendly and sustainable synthesis
technique of carbonaceous materials.3¥4° Due to the nature of the technique, the resulting
material is typically low in crystallinity, and inevitably contains many impurities and
defects.
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Figure 1.7 Schematic diagram of the synthesis process by the SHS technique. Reprinted and
reformatted with permission from Springer Nature, Copyright ©2021.3” Open Access Creative

Commons Attribution license.

1.4. Patterning for device fabrication

As new synthesis techniques as well as new types of carbonaceous materials were
established, different ways of using the carbonaceous materials were also explored.
Although the carbonaceous materials synthesized by the techniques mentioned in Section
1.3. can also be directly used in bulk (i.e., homogenous applications), the integration and
structuring, hereon collectively referred to as patterning, of such materials onto different
substrates can further expand the possibilities for application (i.e., heterogeneous
applications). The possibilities are endless as the resulting application can be changed
with a multitude of variables, such as the type of patterned carbonaceous material, the
type of substrate, and the pattern of the carbonaceous material. For example, by patterning
either bilayer or monolayer graphene films onto silicon substrates, electronic or
optoelectronic devices can be fabricated, such as field-effect transistors* or solar cells*.
Moreover, by substituting the rigid silicon substrate with a soft substrate, such as
polymers, flexible and skin-conformable electronic and optoelectronic devices can be
fabricated.** The carbonaceous materials can also be structured into arbitrary
architectures, such as a serpentine architecture, to endow additional functions or improve
existing functions, such as bendability and stretchability.** Depending on the desired
device, the appropriate patterning technigue should be chosen, as each technique has its
unique advantages (i.e., patternable material, usable substrate, patterning resolution, etc.)
according to the patterning mechanism. For example, traditional semiconductor-based
patterning techniques are generally not suitable for the fabrication of flexible electronic
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devices, as the essential chemical and thermal treatments involved may lead to the severe
damaging of the polymer substrate. Below, notable patterning techniques of carbonaceous
materials for the fabrication of devices will be introduced.

1.4.1. Selective etching

Selective etching (SE) is a subtractive technique in which a film of carbonaceous
material that was either transferred or grown on a substrate is selectively removed by
etching.* The etching process can be conducted by different approaches, such as photon
or electron beam activation followed by dry or wet etching,*~*8 or simply by ion or laser
ablation.*®® The first approach is based on the localized alternation of the chemical
reactivity of the target film by the irradiation of photons or electrons, typically assisted
with the use of a resist mask. Then the film is treated with an etching agent (i.e., gas,
plasma, or solvent), which selectively removes the irradiated (positive etching) or non-
irradiated (negative etching) areas, depending on the change in chemical reactivity. The
second approach is based on the localized removal of the film by the irradiation of ions
or photons. As the second approach does not require any etching agents, unintended
alternations (i.e., defect formation) in the resulting material properties are significantly
less.>* However, since the removal process is performed typically point-by-point, the
throughput of the second approach tends to be lower than the first approach. Nonetheless,
as various approaches are available for etching, SE offers the precise patterning of almost
any type of carbonaceous material, even if the material is extremely delicate. For example,
a single-atom thick graphene film was precisely patterned into a mesh architecture to
significantly improve the mechanical flexibility, realizing a highly transparent and
flexible electrode for foldable devices (Figure 1.8).5?
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Figure 1.8 Schematic diagram of the patterning process by the SE technique. (a) Schematic illustration
of the fabrication process of a graphene mesh (GP) using conventional wet transfer and photoresist
(PR) lithography processes. (b) A hexagonally arranged circular hole array. (c) Photographs of the GP
(left) and the graphene monolayer (right) on the polyethylene terephthalate (PET) film. Reprinted and
reformatted with permission from the Royal Society of Chemistry, Copyright ©2018.%

1.4.2. Transfer printing

Transfer printing (TP), or microcontact printing, is an additive technique in which
carbonaceous materials are transferred onto a target substrate using an elastic stamp
(Figure 1.9). Successful transfer depends on the relationship between the adhesion
energies of the transferred material, the stamp, and the target substrate. If the adhesion
between the transferred material and the stamp is equal or greater than that with the target
substrate, partial or no transferring will occur. Therefore, the fine tuning of adhesion
energies via the control of the stamp material and/or surface treatment of the target
substrate is important for successful printing.>® In other words, as long as the adhesion
energies are considered, almost any material can be transferred. Once the adhesion
considerations are complete, TP is an extremely simple and straight forward technique as
the dimensions and patterns of the transferred material depend on the shape of the contact
surface of the stamp.>* Moreover, as transferring only occurs at the contacted areas,
multiple materials can be easily transferred onto a single substrate. For example, a multi-
material microarray sensor was fabricated using TP, realizing the sensing of chemical and
electrical signals with one device.>® However, as the transferring process requires direct
contact between the stamp and the transferred material, undesired mechanical damaging
of the transferred material and the deterioration in the material properties due to patterning
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Figure 1.9 Schematic diagram of the patterning process by the TP technique. (a) Polydimethylsiloxane
(PDMS) surface coating with dimethyl sulfoxide (DMSO) for increasing the surface energy of PDMS
and CVD-grown graphene on the initial substrate. (b) Contact of the PDMS coated with DMSO on
the graphene. (c) Patterning of the graphene layer on the initial substrate. (d) Contact of the PDMS
stamp on a target substrate. (e) Transferring graphene on the PMDS stamp to the target substrate.
Reprinted and reformatted with permission from the Royal Society of Chemistry, Copyright ©2013.%°

1.4.3. Inkjet printing

Inkjet printing (IP), is an additive technique in which carbonaceous materials are
deposited onto a target substrate in the form of a liquid solution.®” In IP, a nozzle deposits
a liquid solution containing carbonaceous material, or an “ink”, onto the target substrate.
After deposition, the ink dries up, precipitating the carbonaceous material onto the surface
(Figure 1.10). As IP does not require any masks or stamps for patterning, and the nozzle
can be digitally controlled, complex patterns, such as fingerprints,>® can be easily
patterned on the fly. However, in order to achieve accurate patterning, the careful
formulation of the ink is crucial. For example, as the viscosity of the ink determines the
radial spread of the ink after deposition, higher viscosity inks result in significantly higher
patterning resolutions. At the same time, higher viscosity inks may also lead to the
clogging of the nozzle, causing unstable patterning or chaotic behavior during patterning.
Moreover, the type of carbonaceous material patternable is generally limited to
hydrophilic materials, as a liquid ink is required for patterning.
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Figure 1.10 Schematic diagram showing the general process flow the IP technique. Right image is a
printed ‘Graphene’ logo on a paper substrate. Scale bar is 2 mm. Reprinted and reformatted with

permission from Elsevier, Copyright ©2019.%°

1.4.4. Laser-induced forward transfer

Laser-induced forward transfer (LIFT) is a laser-based additive technique in which
carbonaceous materials are transferred from a donor substrate to a receiver substrate in
small amounts by the irradiation of a laser pulse.®® The LIFT technique consists of four
components as shown in Figure 1.11: a pulsed laser, a transparent donor substrate, a thin
film of a desired material being transferred, and a receiver substrate. When laser pulses
are absorbed at the interface between the transparent donor substrate and the thin film,
blistering occurs at the interface, “ejecting” the film material onto a receiver substrate. As
long as the desired material can be prepared in film-form, LIFT offers the transferring of
almost any material, whether it be a solid or liquid, with relatively minimal alteration of
the material properties. Moreover, materials can be transferred layer-by-layer, offering
the patterning of stacked multi-layered structures. Owing to this, LIFT has been regarded
as a promising technique for the fabrication of multi-layered components of electronic
devices, for instance thin-film transistors, light-emitting diodes, and micro-
electromechanical systems (MEMS).®°
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Figure 1.11 Schematic of the LIFT setup. The setup consists of four important components: a pulsed
laser, a transparent donor substrate, a thin film of a desired material being transferred, and a receiver

substrate. Reprinted and reformatted with permission from John Wiley & Sons, Copyright ©2019.5!

1.5. Simultaneous synthesis and patterning

As discussed thus far, the patterning of carbonaceous materials realizes the fabrication
of novel devices possessing various attractive properties. However, the patterning
techniques mentioned thus far are all based on two separate synthesis and patterning
processes; where materials are first synthesized and finely tuned, then subsequently
patterned. In this regard, the two-stepped process tends to have two major drawbacks.
One, by the simple fact that multiple techniques are required, the overall processing speed
is low. Two, as some sort of mechanical or chemical treatment is required for patterning,
the finely tuned material can be altered in some degree due to the patterning procedure.
To overcome these issues, the development of techniques capable of the simultaneous
synthesis and patterning of carbonaceous materials have been explored. In other words,
techniques in which the material properties are decided concurrently with its position.
Below, introduces notable techniques capable of the simultaneous synthesis and
patterning of carbonaceous materials.

1.5.1. Substrate-assisted growth

Substrate-assisted growth (SAG) is an CVD-based additive technique in which
crystalline carbonaceous materials are selectively grown at specific areas of the target
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substrate. As SAG is a variation of the CVD technique, the advantages and disadvantages
of CVD also applies for this technique. By locally catalyzing the target substrate with
metallic templates to spatially promote precursor adhesion, or using a mask to spatially
prevent precursor adhesion, the simultaneous synthesis and patterning can be realized.5?
In addition to patterned growth, the use of metallic templates offers the fine control of
crystal orientation and growth direction, as the growth of the resulting material will be
influenced by the crystal structure of the metal template.*® However, it is generally
required that the metal template be etched away afterwards, which may lead to damaging
of the grown material. On the contrary, the mask-based approach is an etching-free option,
offering the growth of high-quality patterned structures. However, regardless of the
approach used, SAG requires a pre-prepared template or mask, therefore the patterns
cannot be changed on the fly limiting its patterning versatility.

2 [Ocatalyst [l TiN
Msio. [dsi 2D catalyst pattern CNT microstructure

Figure 1.12 Schematic diagram of the SAG technique. (a) From left to right: standard catalyst
microfeature design, optical microscope image of catalyst (Fe/Al,Os) on SiO/Si substrate, scanning
electron microscopy (SEM) image of resulting CNT microstructures vertically grown from the
substrate by chemical vapor deposition, and high magnification SEM image of CNTs within the
microstructure. (b) From left to right: multi-layer offset pattern of catalyst and TiN underlayer, optical
microscope image of offset pattern, SEM image of curved CNT micropillar grown from this pattern,
and high magnification SEM image of CNTs near the SiO,/TiN interface. Reprinted and reformatted
with permission from John Wiley & Sons, Copyright ©2016.%
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1.5.2. Laser-induced photoreduction of graphene oxide

Laser-induced photoreduction of GO (LIPR) is a modificative laser direct writing
(LDW) technique in which GO is locally converted into reduced GO (rGO) by the laser
irradiation.®* Laser irradiation of electrically insulating GO (>20 Mohm/sq) induces
localized desorption of oxygen-containing functional groups and the rearrangement of
carbon atoms, reducing the material into ordered graphitic carbon, which exhibits metal-
like electrical properties (80-500 ohm/sq).%* By simply scanning a laser pulses over a film
of GO (Figure 1.13), conductive rGO can be simultaneously synthesized and patterned.
Moreover, as LIPR is a LDW technique where the laser path can be digitally controlled,
patterns can be changed on the fly, offering high patterning versatility. As GO films can
be prepared on different substrates, notably flexible polymers (i.e., PET®® and polyimide
(P1)®®), LIPR offers the rapid fabrication of flexible electronic devices, such as flexible

sensors and photovoltaic cells.6”:%
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Figure 1.13 Schematic diagram of (left) the patterning process by the LIPR technique and (right) the
conversion of GO film to reduced and patterned GO (RP-GO) induced by the irradiation of
femtosecond (fs) laser pulses. Reprinted and reformatted with permission from Elsevier, Copyright
©2010.%°

1.5.3. Laser-induced carbonization and graphitization

Laser-induced carbonization and graphitization (LICG) is another modificative LDW
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technique in which a polymer precursor is locally converted into carbonaceous materials
by laser irradiation (Figure 1.14).%° Contrary to the other techniques, in the case of LICG,
a variety of carbonaceous materials are “synthesized” simultaneously, resulting in the
formation of a composite structure, hereon referred to as a carbonaceous structure. The
carbonaceous structure is typically composed of electrically conductive graphitic carbon,
or turbostratic graphite, which has been generally termed as laser-induced graphene (LIG).
LICG can be understood as a variant of TC (Section 1.3.1.), in which laser light is used
as the heat source for thermal treatment. However, contrary to conventional TC
techniques, as a laser light is used as the heat source, carbonaceous structures can be
locally patterned with minimal alternation to the bulk. The most notable advantage of
LICG over the two other patterning techniques introduced in Section 1.5. is that the
material preparation is extremely simple. For example, in the case of SAG, a
template/mask and a gaseous precursor, and in the case of LIPR, GO in film form, needs
to be prepared in addition to the substrate. In the case of LICG, only a polymer film is
required, as the polymer serves as both the precursor and the substrate.
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Figure 1.14 Schematic diagram of the LICG technique. Under laser irradiation, the carbon precursors
are rapidly converted to amorphous carbon (AC) and LIG. The structural and material properties of
LIG can be easily tuned offering a wide range of potential applications, such as biosensors, physical
sensors, supercapacitors, batteries, and triboelectric nanogenerators (TENGSs). Reprinted and
reformatted with permission from John Wiley & Sons, Copyright ©2022.7
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1.5.3.1. Progress of LICG

A progress timeline of LICG technique is presented in Figure 1.15.5°71-% The initial
reports of the LICG technique date back as early as 1983, where Pl was converted into
conductive carbonaceous structures by laser irradiation.”* Moreover, in 1986 the synthesis
of carbides, such as SiC, by the LICG of organosilane polymers has been reported.’
However, most of these reports were proof-of-concept demonstrations aimed at
developing new synthesis methods of carbonaceous materials; therefore, detailed
analyses of the synthesized materials, but more importantly demonstrations of device
fabrication utilizing the patterning capabilities of LICG were lacking.

1983 2014 2017 2019 2022
LICG of PI Formation of LICG of wood Fabrication of Fabrication of
into graphitic into elastic sustainable
conductive carbon by the conductive strain sensors devices
structures LICG of PI structures (PDMS) (Biomasses)

1986 2016 2018 2020
Formation of Fabrication of LICG of Fabrication of
SiC by the flexible PDMS into wearable and
LICG of all-solid-state conductive implantable
organosilane capacitors structures devices
polymers (PI) (PDMS)

Figure 1.15 Progress timeline of the LICG technique. %7180

Although there have been a few reports of the LICG technique over the years, the
number of reports increased drastically in the 2010s, revitalized by the study in 2014.°
In this report, the macro (i.e., structural morphology and electrical properties) and micro
(i.e., material composition) details of the carbonaceous structures resulting from the LICG
of PI were investigated (Figure 1.16). Since then, a multitude of studies exploring the
possible applications of the carbonaceous structures have been reported in the context of
flexible electronics.”® To further expand the possibilities for application, polymer
precursors other than Pl were also heavily investigated.’*>#2
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Figure 1.16 (a) SEM image of LIG formed on the surface of the PI substrate; scale bar, 10 mm. (b)
Cross-sectional SEM image of LIG; scale bar, 20 mm. Both insets are higher magnification SEM
images; scale bar, 1 mm. (c) Raman spectrum of Pl and LIG. (d) X-ray diffraction (XRD) spectra of
Pl and LIG. (e) Transmission electron microscopy (TEM) image of LIG; scale bar, 10 nm. (f) TEM
image of LIG showing lattice spacings which corresponds to the (002) planes of graphitic materials;
scale bar, 5 nm. (g) Corrector-spherical aberration scanning TEM (Cs-STEM) image taken at the edge
of LIG; scale bar, 2 nm. (h) TEM image of the selected area indicated as a rectangle in (g); scale bar,
5 A. Reprinted and reformatted with permission from Springer Nature, Copyright ©2014.5° Open
Access Creative Commons Attribution license.

Elastomers, such as PDMS, are a group of polymers widely used in medical, food, and
other industries owing to its high flexibility and stretchability, chemical and thermal
stability, optical transparency, and biocompatibility. The LICG of elastomers realizes the
one-stepped fabrication of strain sensors with significantly higher sensitivities, since such
materials undergoes larger deformations when the same degree of strain is applied.’68
Moreover, for the development of wearable and implantable electronics, elastomers are
better suited, as they can better conform with the skin.”” The LICG of PDMS into
carbonaceous structures have been reported since 2009;%* however, the first study of
electrically conducting carbonaceous structures was reported in 2018.” Since this report
in 2018, the number of studies regarding the LICG of PDMS has been steadily increasing
every year. Furthermore, as PDMS is an organosilane polymer, in addition to graphitic
carbon, crystalline SiC forms. Combined with the inherent high elasticity of PDMS, the
formation of SiC nanocrystals (SiC-NCs) may be one of the unique reasons the LICG of
PDMS has been actively investigated in recent years. As SiC is an attractive
semiconducting material, the selective LDW of highly conductive and semiconductive

22



Chapter 1. Background

structures on PDMS may realize the rapid fabrication of complex electronic devices
simply by irradiating PDMS. A literature review on the LICG of silicon-based elastomers
is presented in Table 1.1.

Table 1.1 Literature review on the LICG of silicon-based elastomers. For the substrate column,
silicone refers to silicone rubber. For the environment column, blank cell indicates ambient air
conditions. For the graphitic carbon (GC) and SiC columns, X indicates that the formation of graphitic
carbon and/or SiC was experimentally evidenced in the study. RR, CW, and TEG are abbreviations

for repetition rate, continuous wave, and triethylene glycol, respectively.

Year  Substrate Additiveffiller Laser type Wavelength RR Environment Aim GC SiC Ref.
2009 PDMS Pulse (ns) 266 nm 10 Hz Texturing X X 84
2013 PDMS Carbon NPs cw 785 nm Texturing X 85
2015 PDMS Pulse (fs) 800 nm 1 kHz Optical 86
2016 PDMS Pulse (ns) 1064 - 266 nm 1-10 Hz Fundamental 87
2016 PDMS Pulse (fs) 1055 - 263 nm 33 Hz Fundamental 88
2017 PDMS cw 10.6 ym Texturing 89
2018 PDMS Pulse (fs) 522 nm 63 MHz Electrical X 75
2019 Silicone CwW 532 nm Electrical X X 76
2019 PDMS cw 405 nm Electrical X 83
2019 PDMS Pulse (fs) 522 nm 63 MHz Electrical 90
2019 PDMS Pl cw 10.6 pm Electrical X 91
2020 PDMS Gold NPs Pulse (ns) 1064 nm 10 Hz Vacuum Fundamental 92
2020 PDMS Ge-derivatives Pulse (fs) 1030, 515 nm 101, 606 kHz Optical 93
2020 PDMS Pulse (fs) 522 nm 63 MHz Fundamental X X 94
2020 PDMS CW 10.6 pym Nitrogen Electrical X X 77
2021 PDMS Lignin CW 410 nm Electrical X 95
2021 PDMS Pl Pulse (ns) 355 nm 1 Hz - 300 kHz Electrical X 96
2021 PDMS Pulse (fs) 522 nm 63 MHz Electrical X 97
2021 PDMS Ccw 532 nm Texturing X 98
2021 PDMS TEG Ccw 10.6 ym Electrical X 99
2022 PDMS Pulse (fs) 522 nm 63 MHz Optical X X 100
2022 PDMS Lignin Pulse (ns) 355 nm 1 Hz - 300 kHz Electrical X 101
2022 PDMS CuAc: or NiAc2 Pulse (fs) 515 nm 50 kHz Electrical X X 102
2022 Silicone Ccw 10.6 ym Texturing 103
2022 PDMS Pl cw 10.6 ym Electrical X 104
2022 PDMS Cloth cw 10.6 pm Electrical X X 105
2023 PDMS Cloth cw 10.6 pm Fundamental X X 106
2023 PDMS Pulse (fs) 522 nm 4.2 -21 MHz Fundamental X X 107

It had been generally understood that the LICG of biomasses, such as wood,’* results
in carbonaceous structures with significantly lower electrical conductivities than those
formed by the LICG of synthetic polymers, such as Pl. However, accompanied by the
deeper understanding of the LICG technique, the formation of highly conductive
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carbonaceous structures by the LICG of biomasses have been recently achieved.®108.109
As a result, the LICG of biomasses for “sustainable” applications have been a growing
interest in the past years.’®-80109

TR
Flexible and wearable
electronic circuit on leaf ®

Figure 1.17 Photograph of (left) an LIG electronic circuit on a thin leaf for flexible and wearable
devices, and (right) a LIG electronic device on a leaf for green electronics. The inset on the left shows
an enlarged optical image of the temperature sensor (scale bar: 1 mm). Reprinted and reformatted with

permission from John Wiley & Sons, Copyright ©2019.1%

As shown so far, the formation of spatially patterned carbonaceous structures on
polymer substrates by LICG offers the potential for the rapid roll-to-roll manufacturing
of a variety of key applications, including large area sensors, flexible electronics, energy
storage/conversion, and other consumer applications. In this technique, laser irradiation
induces permanent photothermal changes to a polymer substrate, endowing it with
attractive properties such as high optical absorption, surface area, electrical conductivity,
and thermal stability 508110 While the application aspects of LICG have been heavily
investigated (i.e., possible applications, optimum laser parameters, etc.), the basic aspects
of LICG have been largely ignored (i.e., formation mechanism, effect of carbonaceous
material on structural properties, etc.). Despite the versatility and scalability of this
technique, a deeper understanding of the underlying mechanisms is required to
exquisitely control the resulting morphology and properties of the carbonaceous
structures to allow for the successful implementation of LICG into commercial settings.
Especially towards future automated manufacturing schemes, the accurate prediction of
the resulting structure simply from the combination of laser parameters is ideal. The
specific formation mechanism of the carbonaceous structures has been an issue of debate
for many years with the prevailing notion of a simple photothermal conversion reaction
that mainly depends on the total laser energy. 1112 However, this view has been shown
to be inconsistent with experimental observations of nonlinear changes in the resulting
structures when multiple processing parameters are simultaneously changed, and an
improved model is required. The theoretical mechanisms and the nonlinearity of LICG
will be discussed in more detail later (Sections 2.6. and 2.7.).
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1.6. Aim of this thesis

Carbon and humans have had a close relationship throughout history; correspondingly,
various techniques have been developed to synthesize and/or pattern a wide range of
carbonaceous materials and/or structures. Out of the many techniques, laser-induced
carbonization and graphitization, or LICG, offers the simultaneous synthesis and
patterning of carbonaceous structures composed of various carbonaceous materials by the
direct conversion of the polymer substrate. As the polymer serves as both the precursor
and the substrate, material preparation is extremely simple in the case of LICG. Moreover,
as electrically conductive carbonaceous structures can be seamlessly integrated onto
flexible and stretchable polymers simply by laser irradiation, LICG has been regarded as
a facile technique to rapidly fabricate polymer-based devices, such as flexible electronics.
However, as mentioned in Section 1.5.3.1., the underlying mechanisms of LICG is still
not well understood. The aim of this thesis is to discuss the chemical and physical
processes that ensue when a transparent elastomer, PDMS, is irradiated by laser light to
reveal the mechanism in which carbonaceous structures form by LICG, to clarify the
effect of the carbonaceous materials on the electrical properties of the overall structure,
and to indicate the applicability of the carbonaceous structures towards electrical and
optical applications.

The organization of this thesis is provided in Figure 1.18. Chapter 2 lays down the
fundamentals required to discuss the experimental results provided in the subsequent
chapters. The chemical and physical processes that ensues as a result of laser irradiation
are outlined, and the principles of LICG is established. Chapter 3 and 4 describe the
experimental results regarding the basic characterizations of the carbonaceous structures
patterned on the PDMS surface by LICG. Chapter 3 examines the structural aspects of
the carbonaceous structures. The mechanisms regarding the formation of carbonaceous
structures, and the relationship between laser parameters and structure morphology is
discussed. Chapter 4 addresses the electrical property of the carbonaceous structures. The
patterning of carbonaceous structures exhibiting different electrical properties is
demonstrated by LICG, and the effects of graphitic carbon and SiC-NCs on the electrical
property of the overall structure are discussed. Chapters 5 and 6 describes the
experimental results regarding the application of carbonaceous structures patterned on
PDMS by LICG. Chapter 5 focuses on electrical applications using the carbonaceous
structures. The piezoresistive properties of the structures are assessed by strain tests, and
the fabrication a micro-pressure sensor and an anisotropic strain sensor, which apply the
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piezoresistive properties of the structures, is demonstrated. Chapter 6 explores optical
applications using the carbonaceous structures. It is revealed that fluorescent
carbonaceous structures can be patterned by the LICG of PDMS, and the fabrication of
an anti-counterfeiting security tag, which apply the fluorescent property, is demonstrated.
Moreover, by utilizing multiphoton interactions. the patterning of fluorescent
carbonaceous structures inside PDMS is demonstrated. Chapter 7 provides the
conclusions, summarizing the key findings of each chapter and the entire thesis, then
discusses future studies which have been triggered by the findings in this thesis.

[ Chapter 1 Background and aim ]

h

Chapter 2 Fundamentals

# Principles of carbonization and graphitization

# Relationship between material and structural properties

# Principles of light-material interactions

# Principles of laser-induced carbonization and graphitization

Basics G

{ R : )
Chapter 3 Morphology of carbonaceous structures Chapter 4 Electrical property of carbonaceous structures
# Patterning of structures using a CW and/or fs laser # Patterning of carbonaceous structures exhibiting different properties
# Formation mechanism of carbonaceous structures # Effect of graphitic carbon on the electrical properties
2 # Relationship between laser parameters and structure morphology A # Effect of silicon carbide on the electrical properties )
Applications @
£ 2 =T B = voogs i
Chapter 5 Electrical application of carbonaceous structures Chapter 6 Towards optical applications
# Assessment of the piezoresistive property of the structures # Patterning of fluorescent carbonaceous structures
# Fabrication of a sensitive micro-pressure sensor # Fabrication of a fluorescent anti-counterfeiting security tag
\_0 Fabrication of an anisotropic strain sensor ) \_0 Patterning of 3D fluorescent structures inside an elastomer o)

h

[ Chapter 7 Conclusions and future studies ]

Figure 1.18 Flow chart summarizing the organization of this thesis.
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2. Fundamentals

2.1. Introduction

The laser irradiation of a material induces various chemical and physical processes that
can lead to permanent changes to the material that depend greatly on the target material
and the laser parameters. By irradiating an organic material, such as a polymer, the
material can be converted into a carbonaceous structure composed of graphitic carbon
through the combination of various processes. The aim of Chapter 2 is to provide the
fundamental theories necessary to understand and discuss the experimental results
described in Chapters 3 to 6. In Section 2.2., the general process in which organic material
Is converted into graphitic carbon via thermal treatment will be described. Building on
this, in Section 2.3., the effect of various variables on the carbonization and graphitization
processes will be discussed. Furthermore, the relationship between the material and the
structural property will be explained in Section 2.4. In Section 2.5., a sequence of
processes involved in light-material interactions will be introduced. Then, based on the
theories discussed in Sections 2.2. and 2.5., the principles of LICG will be established in
Section 2.6.; and in Section 2.7., the nonlinearity in LICG will be briefly discussed
according to the established principles of LICG. Lastly, in Section 2.8., a summary of this
chapter will be given.

2.2. Principles of carbonization and graphitization

Carbonization is an exothermal process in which an organic precursor is converted into
a carbon-rich product. Graphitization is, in a sense, a later stage of carbonization in which
crystalline graphitic product is obtained.® There are three phases regarding the
carbonization of an organic precursor into graphitic products (Figure 2.1).1*31* The
transition between phases is not a gradual shift, but more of a step-wise shift with an
activation energy barrier Ea. The Ea for each phase mentioned below are estimated values
for aromatic organic sediments, such as coals and kerogens, and thus may not apply for
every material 13
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Figure 2.1 Phases of the carbonization and graphitization process. Reprinted and reformatted with
permission from Elsevier, Copyright ©1984.114

2.2.1. Phase A: Nucleation of BSUs

During Phase A (Ea: 70-80 kcal/mol), the fragmentation of mainly aliphatic groups
occurs.''® This leads to the release of condensable hydrocarbon gases and the formation
of radicals. The recombination of the radicals results in the nucleation of a basic structural
unit (BSU) (Figure 2.1, Phase A). BSU is a conceptual basic unit of the final product.
However, BSU is difficult to define as the concept of “basic unit” is subjective, and can
also differ greatly depending on the precursor type and final product.** Nonetheless, the
BSUs of graphitic products are considered to be polyaromatic compounds with diameters
less than 1 nm, consisting of two to four stacked layers of carbon atoms in a sp? hybridized
orientation.!!3

2.2.2. Phase B: Growth of BSUs into crystallites

During Phase B (Ea: 120-150 kcal/mol), the fragmentation of aromatic groups
28



Chapter 2. Fundamentals

occurs.'*® Aromatic groups include those native to the precursor as well as those of the
BSUs. Contrary to Phase A, smaller and lighter non-condensable gases (i.e., H2 and CHa)
are released during this phase. The fragmentation of aromatic groups forms heavier
radicals, which rapidly recombine with neighboring radicals to form larger aromatic
compounds. Phase B consists of two stages, which depend on the temperature. In the first
stage (relatively lower temperatures), mainly columnar coherence ensues (Figure 2.1,
Phase B-1). The vertical reordering within individual BSUs, as well as the stacking of
neighboring BSUs, results in the ordered vertical growth of BSUs. The reordering of
BSUs typically results in the slight decrease in inter-plane distance. In the second stage
(relatively higher temperatures), lateral coherence ensues, along with the progression of
columnar coherence (Figure 2.1, Phase B-2). Adjacent BSUs coalesce to form continuous,
but distorted (either by twisting or gliding), layers. Moreover, the number of layers
significantly increase in this stage, and turbostratic graphite forms (Figure 2.2). After the
second stage of Phase B, theoretically, heteroatoms are completely removed and pure-
carbon products are obtained.5* Furthermore, it is generally understood that the concept
of BSU disappears as such basic units mostly coalesced to form significantly larger
crystalline structures.

Figure 2.2 Structure of turbostratic graphite. Reprinted and reformatted with permission from Elsevier,
Copyright ©1994.°

2.2.3. Phase C: Improvement in structural order

During Phase C (Ea: 250-280 kcal/mol), the sudden increase in carbon mobility
occurs.'*®* This leads to single-carbon-atom and vacancy displacements, and the
subsequent decrease in in-plane defects (Figure 2.1, Phase C). As a result, the structural
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morphology of the product typically shifts from porous to smooth during this phase.
Moreover, inter-plane stacking is rearranged into ABAB stacking (Figure 2.3), and the
inter-plane distance significantly decreases. The probability P of finding a pair of ordered
graphitic layers in ABAB stacking is often mentioned to discuss the degree of
graphitization, where a higher P indicates a greater degree of graphitization. Pi depends
greatly on the reaction time in Phase C as well as other variables, such as the precursor
and environment. Note that the exact moment at which the process shifts from simple
“carbonization” to “graphitization” is difficult to specify, as the definition of a “crystalline
graphitic product” is ambiguous. Nonetheless, for simplicity, in this thesis graphitization
will be defined as when turbostratic graphite forms.

Figure 2.3 Crystal structure of graphite showing ABAB stacking sequence and unit cell. Reprinted

and reformatted with permission from Elsevier, Copyright ©1994.°

2.3. Variables of carbonization and graphitization

2.3.1. Temperature

The main role of heat is to overcome the activation barriers for compound
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fragmentation and atom rearrangement, and has been regarded to be the key condition for
the carbonization and graphitization processes. Since the peak temperature determines
which phase of carbonization the process can progress to, the resulting material depends
highly on the temperature. Depending on the progressed phase, the products can vary
from liquid tar and solid amorphous carbon (typical products of Phase A) to solid graphite
(typical product of Phase B and C).®

2.3.2. Heating rate

As kinetic reactions are involved, changing the reaction times will result in different
products. The reaction time can be mainly changed by adjusting the heating rates during
processing. For example, if sufficient time is not provided for the removal of heavier
condensable gases (Phase A) prior to the formation of graphitic layers (Phase B), the
released gases can adhere or penetrate the layers, resulting in chemical (i.e., functional
groups) and mechanical (i.e., pores) defects, respectively.>'* Moreover, as longer
reaction times will allow for sufficient rearrangement times (Phase C), this will result in
highly ordered and uniform products (i.e., higher Py).513

2.3.3. Pressure

Pressure can assist the formation and growth of crystals according to nucleation
theory.''® However, in the case of carbonization and graphitization, the effect of pressure
requires different considerations depending on the phase of the process. In Phase A, the
effect of gas pressure is considerable as pressure assists the removal of condensable gases
and increases non-released radical density, facilitating BSU nucleation.® In Phase B and
C, it has been regarded that pressure may assist in the stacking and rearrangement of
carbon atoms, improving anisotropy.''® However, improvement in structural order is
achieved only when a unidirectional pressure is applied perpendicularly to the layer plane.
For example, if pressure is applied perpendicularly to the layer plane, the reordering of
the distorted planes can be accelerated, transitioning the graphitic carbon from
turbostratic graphite to “ideal” graphite.!t” Therefore, in the case of Phase B and C,
consideration of the direction of pressure is important, where as in the case of Phase A,
the direction of pressure is not important. In the case of the formation of carbonaceous
materials that are less anisotropic, such as SiC, the direction of pressure is not as important,
as the crystal can grow in any direction. Therefore, higher pressures, regardless of the
direction, will generally progress formation and growth for such crystals.t®
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2.3.4. Environment

The radicals formed during Phase A and B can react with the environment forming
unintended products. Accordingly, with the aim of forming crystalline graphitic products,
the carbonization and graphitization processes are typically conducted in inert media,
such as Ar or N2 gases.!** Conducting the process in non-inert media, such as Oz gas
or H20 liquid, can result in oxidized products (i.e., lower Pi). However, the use of such
non-inert media is not necessarily a disadvantage. For example, as mentioned in Section
1.3.1, water can serve as both a medium and a reactant, and therefore under optimum
conditions can assist the carbonization process. High temperature thermal treatment using
water can assist with the removal of heteroatoms by hydrolysis and subsequent
dehydration and decarboxylation.*”!® Moreover, the presence of the liquid medium
causes an increase in localized pressures, facilitating BSU nucleation.t”118

2.3.5. Precursor

Possible organic precursors for carbonization and graphitization can be divided into
simple hydrocarbons and complex polymers. Hydrocarbons are organic compounds
which consists of only hydrogen and carbon (Figure 2.4). Aliphatic hydrocarbons are
difficult to graphitize, as the aliphatic carbon backbone is easily fragmented into lighter
compounds during Phase A.® Such compounds are readily released as gases, leaving no
carbon residue for BSU nucleation. On the contrary, aromatic hydrocarbons will start to
fragment during Phase B.® The heavier radicals are difficult to be released as gases, and
thus condense into larger aromatic compounds, leading to efficient BSU nucleation. As
gas release is minimal and the residual mass of the resulting product is high, aromatic
hydrocarbons are considered to be an efficient precursor to obtain carbon-rich products.

Naphtalene, C,,H,
Iii H
LN M
H H
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Figure 2.4 Chemical structure of a hydrocarbon precursor commonly used. Reprinted and reformatted

with permission from Elsevier, Copyright ©1994.°
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Polymers are organic materials which consists of large compounds composed of
multiple repeating subunits. The viability of a particular polymer as a precursor for
carbonization and graphitization can be roughly estimated by the chemical structure as in
the case of hydrocarbons.® For example, low molecular weight polymers containing
mostly aliphatic groups are generally not suitable as a precursor, for the same reasons as
an aliphatic hydrocarbon. On the contrary, high molecular weight polymers containing
mostly aromatic groups can generally graphitize more efficiently, for the same reasons as
an aromatic hydrocarbon (Figure 2.5). Among polymers which can undergo
graphitization, the resulting material composition and structural morphology can vary
greatly depending on various factors, such as polymer cross-linking, type of heteroatoms,
and aromatic-to-aliphatic group ratio.53
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Figure 2.5 Chemical structure of a polymer precursor commonly used. Reprinted and reformatted with

permission from Elsevier, Copyright ©1994.°

However, as the chemical structure of polymers is considerably more intricate than
hydrocarbons, the conversion process is significantly more complex. Therefore,
considerations of intermediate products are also required to better assess the viability of
a particular polymer as a precursor. For example, considering that PDMS possesses a
linear backbone, the carbonization of PDMS should yield minimal residue, similar to the
case of polymers containing mostly aliphatic groups. However, as PDMS is carbonized,
stable cyclic oligomers (i.e., hexamethylcyclotrisiloxane, HCS) are formed as an
intermediate product (Figure 2.6).1° Since HCS cannot be readily removed due to its
large size, gas release is minimal and the residual mass stays high. The formation of HCS
can occur at any point of the polymer chain, and will continuously occur until the chain
is too short to cyclize. 119120
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Figure 2.6 Mechanism for the formation of HCS from PDMS. Reprinted and reformatted with
permission from Elsevier S.A., Copyright ©2001.1°

With the increase in temperature, the dehydration of HCS and subsequent
recombination of neighboring HCS radicals (similar in concept to Phase B) will form an
SiCO matrix, consisting of nanodomains of silica and sp?-hybridized carbon, and an
interdomain boundary of SiCxOa-x interconnecting the nanodomains (Figure 2.7).12122 In
the case of PDMS, the nanodomains of sp?-hybridized carbon will become the BSU for
the formation of graphitic carbon. As the temperature is further increased, the dimensions
of sp?-hybridized carbon will increase, forming a network of graphitic carbon. However,
above a temperature threshold the carbon content will start to decrease as the graphitic
carbon reacts with the nanodomains of silica to form crystalline SiC and gaseous CO via
chemical reduction (Eq. 2.1 and Eq. 2.2).}%

S5i0,(s) + C(s) - Si0(s) + CO(g) Eq.21
Si0(s) + 2C(s) - SiC(s) + CO(g) Eq. 2.2
This threshold temperature has been mentioned to be approximately 1500 °C, but could

differ depending on the form of the material (i.e., bulk or powdered) or environment (i.e.,
atmosphere and pressure).?
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Figure 2.7 A concept of the molecular make-up of the nanodomains. Note that the interdomain
boundary consists of graphene layers with mixed Si-C-O bonds forming the interface with the silica
domains. Reprinted and reformatted with permission from John Wiley & Sons, Copyright ©2006.1%2

2.4. Relationship between material and property

2.4.1. Electrical properties

In general, the conduction of “electricity” can be carried out either by electrons or by
ions. As ionic compounds are out of the scope of this thesis, only electron conduction will
be discussed. How “easy” electrons can travel through a material, or the electrical
conductivity, depends on the mobility of the electron. For materials such as
semiconductors and dielectrics, since the valence electrons are strongly bounded by the
nucleus (i.e., low mobility), the electrical conductivity is low. On the contrary, for
materials such as metals, since the valence electrons are loosely bounded by the nucleus
(i.e., high mobility), the electrical conductivity is high. In the case of ideal graphite, three
valence electrons of the carbon atoms are covalently bonded to three adjacent atoms to
form a hexagonal honeycomb layer. The fourth valance electron is delocalized and
projected out of plane, forming a toroidal “cloud” of mobile electrons along the plane
(Figure 2.8). Owing to this, graphite has a high electrical conductivity (metal-like) within
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its planes (i.e., ab direction). However, between the planes (i.e., c direction), as the atomic
distances are comparatively larger than the ab direction, graphite has a low electrical
conductivity (dielectric-like) in the c direction.

q,.
39 0 y
$ % a\

Figure 2.8 Schematic of the carbon atoms in graphite. Reprinted and reformatted with permission from

Cengage Learning, Copyright ©2002.1%*

The existence of defects, such as vacancies, impurities, and distortions, within the
layers can significantly affect the electrical conductivity of graphitic materials.’?® Such
defects can lead to an increase in atomic distances, localized curvature of the planes, and
electron scattering, causing a decrease in electron mean free path distance. This indicates
a decrease in electron mobility, or electrical conductivity. As the size of defects
significantly increase, the defects will appear as potential barriers (i.e., emergence of a
bandgap), as electrons will need to be transported through a combination of tunneling,
hopping, and percolation conduction pathways,!>126

In the case of composites structures which are composed of various materials with
different material properties, the considerations of the material features are required. For
example, as the carbonaceous structures formed by the carbonization and graphitization
of PDMS is a composite structure composed of ribbons of graphitic carbon (conducting)
and NCs of SiC (semiconducting), the structure can exhibit two different conducting
regimes (Figure 2.9). The transition between the two regimes can be discussed by the
required concentration of material to form a continuous network, or percolation
threshold.1212" For example, if the concentration of graphitic carbon is greater than the
percolation threshold, the structure will exhibit a metal-like electrical property, distinctive
of the graphitic carbon (Figure 2.9 (a)).!?® On the other hand, if the concentration of
graphitic carbon is less than the percolation threshold, the structure will exhibit a
semiconductor-like, or insulator-like, electrical property, distinctive of the SiC-NCs or
the amorphous material (Figure 2.9 (b)).
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Conducting regime Semiconducting regime

Figure 2.9 Models for composite structures with different conducting regimes. (1), (2) and (3) are SiC-
based nanodomains, graphitic carbon nanodomains, and other nanodomains (SiC polytypes or
amorphous carbonaceous material), respectively. Reprinted and reformatted with permission from
Elsevier, Copyright ©2020.'%

The percolation threshold is highly dependent on the mean size and shape of the
material. For example, in the case of wider and longer ribbons of graphitic carbon, the
concentration required for percolation will decrease. Moreover, the concentration, size,
and shape of the other materials consisting the composite structure can also affect the
percolation threshold.*?8-130 For example, if the composite structure consists of extremely
large SiC-NCs at a relatively high concentration, the percolation threshold for the
graphitic carbon will increase as it will become more difficult to form a network.

2.4.2. Optical properties

Photoluminescence, including fluorescence and phosphorescence, is a process in which
a material absorbs light and then re-emits light.2*%*32 The initial illumination of light
excites an electron from the valence band to the conduction band, and as the electron
relaxes from the conduction band to the valence band, light with energy equal to that of
radiative relaxation energy is emitted. As the electron relaxes, it may undergo multiple
decay processes, including internal and external conversion, vibrational relaxation, and
intersystem crossing;**! therefore, the emitted light typically possesses less energy (i.e.,
longer wavelength) than the excitation light. This shift in the wavelength between
excitation and emission light is referred to as the Stoke’s shift. As the wavelength of
emission light depends on the radiative relaxation energy, different materials emit light of
different wavelengths. Moreover, by altering the band structure of the material, the
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wavelength can be vastly tuned.'®? In the case of metals and metal-like materials, such as
graphite, as there is no bandgap, photoluminescence is generally not observed. However,
such materials can exhibit fluorescence, by introducing a bandgap. For example, in the
case of graphite, a bandgap can be introduced by forming structural defects or by reducing
the structural size, such as in the case of GQDs.

As energy bands are simply a collection of individual energy levels of the atoms in a
material, by reducing the dimensions of materials from 100 nm or less towards the de-
Broglie wavelength of the atom, discrete energy levels emerge (Figure 2.10).1%? This
emergence of levels due to the reduction in dimensions is referred to as the quantum
confinement effect, and results in narrow emission bands.**? Such materials which exhibit
fluorescence owing to its small size are referred collectively as quantum dots (QDSs).
Moreover, as the dimensions of the material is reduced, the surface states can also affect
the fluorescent properties as the surface-area-to-volume ratio increases.'**3* For QDs
composed of semiconductors, as the probability density of the excited electrons is largely
distributed inside the material and very small at the edges (i.e., surface), the fluorescent
properties are closely related to the bulk properties (i.e., size, crystallinity, and shape),
rather than the surface states.'*® On the other hand, for QDs composed of metals, as the
probability density of the excited electrons at the edges are significant, the fluorescent
properties are closely related to the surface states, rather than the bulk properties.®*®
Therefore, in the case of GQDs, the fluorescent properties have been largely tuned by
doping or edge functionalization. Thus far the correlation between the size of the GQDs
and the fluorescent properties have been inconclusive. 1**> Moreover, due to the chemical
versatility of carbon atoms (as mentioned in Section 1.2.), the edge groups as well as edge
crystal structure (i.e., zig-zag or armchair) can vary greatly, leading to a significantly
broader fluorescence spectra compared to conventional semiconductor QDs.**®°
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Figure 2.10 A schematic diagram of the molecular orbital model for band structure. Reprinted and
reformatted with permission from IntechOpen, Copyright ©2020.1*2 Open Access Creative Commons
Attribution license.

2.5. Principles of light-material interactions

When light comes into contact with a material interface, the electrons or the lattice of
the surface material may resonate with the incident light. Lattice resonance generally
occurs in the case of light with far infrared wavelengths, and are not of particular
importance regarding the discussions for this thesis (to discuss the results described in
Chapters 3 to 6). Therefore, Section 2.5. will focus on the light-material interactions for
visible and ultraviolet wavelengths, unless otherwise mentioned. When the electrons
cannot resonate with the incident light, the incident light is transmitted though the
material without any interaction. On the other hand, when the electrons can resonate with
the incident light, an electric dipole is formed (Figure 2.11). As the electric dipole
oscillates, it can emit light, referred to as electric dipole radiation, in the opposite and
same direction as the incident light.}*® The electric dipole radiation traveling in the
opposite direction of the incident light is called reflected light, whereas electric dipole
radiation traveling in the same direction of the incident light is called propagating light.13®
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Figure 2.11 Schematic process of electric dipole radiation: (a) an external electric field applied to a
material and (b—f) the behavior of an electric dipole when the external field of 1-5 in (a) is applied,
respectively. (h) Propagation process of light and (i) propagation of light according to Huygen’s
principle. In (h), atoms are shown with the interval of the light wavelength 1. In (i), st shows a distance
to which light travels with a speed s during a time t. Reprinted and reformatted with permission from
John Wiley & Sons, Copyright ©2007.%3

As the propagating light travels through the material, the light can be absorbed by the
material gradually attenuating the propagating light. Light absorption can induce a
sequence of processes which can lead to structural changes to the material. Figure 2.12
shows the different processes that could occur when laser light is irradiated and its
respective timescales. Note that these timescales are for semiconductors (i.e., GaAs and
GeSh),"*” and therefore may be slightly different for different materials, such as metals
and polymers. As the charge-to-mass ratio of electrons are comparably higher than that
of the protons in the nucleus of an atom, the electronic state of a material is closely related
to the optical response of a material. As previously mentioned, the electronic states of a
material can be understood by energy levels describing the energy distribution of
electrons in an individual atom, or by energy bands indicating the energy distribution of
a collection of atoms in a material (Figure 2.10).% The processes in Figure 2.12 will be
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discussed using such energy levels in more detail below.

CARRIER Absorption of photons
EXCITATION Impact ionization
Carmier—camier scattering
THERMALIZATION
Camer-phonon scattening
Auger recombination
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Radiative recombination
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Carrier diffusion
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Figure 2.12 Timescales of various electron and lattice processes in laser-excited solids. Each green
bar represents an approximate range of characteristic times over a range of carrier densities from 107
cm~3 to 10?2 cm™3. Reprinted and reformatted with permission from Springer Nature, Copyright
©2002.1%

2.5.1. Electron excitation

When light is irradiated to a material, whether or not electron resonance occurs mainly
depends on the relationship between the energy of a photon of light and the energy
required for electronic transitions of electrons between levels or bands. If the energy of
the photon is sufficient for electronic transitions, the bounded electrons gain energy and
are transitioned to a higher level or band (i.e., absorption). This increase in energy
increases the mobility of electrons, allowing for inter-atom movements (i.e., excitation).
As the transition energies of inner orbital electrons are much greater than the photon
energies of light, the valence or outer orbital electrons generally contribute to
absorption.'3 On the other hand, if the photon energy is less than the energy required for
electronic transitions, no interaction occurs and the light is transmitted. In the case of
metals (Figure 2.13), as the electrons are loosely bounded to the nucleus, these electrons
can move relatively freely. Therefore, photons of light of various wavelengths can be
easily absorbed by the material surface, forming a layer of electric dipoles mentioned
previously (Figure 2.11). The formation of this dipole layer results in a collection of
reflecting and propagating light. However, as it is difficult for light to propagate through
metals, reflected light is considerable for metals. On the contrary, in the case of
semiconductors and dielectrics (Figure 2.13), as the electrons are tightly bounded to the
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nucleus (in the valence band), a certain photon energy is required to loosen the binding
of electrons for inter-atom movements (in the conduction band). The energy required for
the loosening of this binding is referred to as the energy bandgap AEband, and can be
considered as an indicator of the degree of bounding between the valence electron and
the nucleus. The wider the bandgap is, the tighter the binding of electrons is, and therefore,
more photon energy is required to induce the excitation of electrons. Especially in the
case of dielectrics such as glass, since a single photon of a visible-wavelength light
generally does not have sufficient energy to induce excitation and therefore mostly
transmitted, such materials appear transparent.

Insulator Metal Semimetal Semiconductor Semiconductor

Figure 2.13 Schematic electron occupancy of allowed energy bands for an insulator, metal, semimetal,
and semiconductor. The vertical extent of the boxes indicates the allowed energy regions; the shaded
areas indicate the regions filled with electrons. The left of the two semiconductors shown is at a finite
temperature, with carriers excited thermally. The other semiconductor is electron-deficient because of

impurities. Reprinted and reformatted with permission from John Wiley & Sons, Copyright ©2005.1%°

Nonetheless even in the case of a wide bandgap materials, excitation can be induced
by a visible-wavelength light with sufficiently high intensities, such as in the case of
ultrashort laser pulses. In the case of high intensities, or high photon densities, multiple
photons can interact simultaneously with a single electron to induce excitation. The
energy requirement for excitation induced by multiple photons, or multiphoton excitation,
Is expressed by Eq. 2.3 as,

AEpgng S n X hw Eg.2.3

where n is the number of photons, # is the reduced Planck’s constant, and w is the angular
frequency of the photon (i.e., laser frequency). zw is the energy per unit photon.

Once the electrons of semiconductors and dielectrics are excited, they can behave
similarly to valence electrons of metals. If the excited electron e1 gains more than twice
the energy for electronic transitions, e1 can subsequently collide and excite a non-excited
electron ez, by impact excitation. As a result, both e1 and ez will be excited. These
electrons can then absorb additional photons and gain energy to further excite additional

42



Chapter 2. Fundamentals

non-excited electrons by impact excitation (i.e., es and es). As long as the laser light is
being irradiated, the density of excited electrons will increase exponentially, and
accordingly this process is referred to as avalanche effect.

2.5.2. Energy transfer

The excitation of electrons through the absorption of photons leads to the transfer of
energy throughout the electronic system and the lattice (Figure 2.14).237138 Initially,
absorption will result in an electronic system of excited electrons with a narrow
distribution of momentum. The electrons will quickly go out of phase with one another
by electrostatic interactions and the distribution of momentum will widen (i.e., electron-
electron scattering).'®® This scattering is merely a “redistribution” of energy between
excited electrons and thus the number of excited electrons nor the total energy of the
electronic system does not change. The timescale for electron-electron scattering depends
on the initial density of excited electrons, but it has been regarded to occur in less than 20
fs.24% Through multiple electron-electron scatterings the momentum distribution of the
excited electrons will approach a Fermi-Dirac distribution within a few hundred fs (Figure
2.14, Phase 1).138

While electron-electron scattering pursues, electrons can lose or gain energy and
momentum by the emission or absorption of phonons (i.e., electron-phonon scattering).
Since electron-phonon coupling is weaker than electron-electron coupling, the timescale
for electron-phonon scattering is longer than electron-electron scattering, and is on the
order of a few hundred fs.'*® Moreover, as electron-phonon scattering can only transfer
small amounts of energy per scatter, multiple electron-phonon scatterings is required to
transfer the excess energy of the electronic system to the lattice and bring the material to
equilibrium. Therefore, the timescale for the material to reach equilibrium is generally in
the order of ps.13"1%8 Electron-phonon scattering can occur within the initial band, referred
to as intravalley scattering (Figure 2.14, Phase 2), or into a different band, referred to as
intervalley scattering (Figure 2.14, Phase 3). In the case of intervalley scattering, the
energy of the electron after the emission or absorption of phonons must be greater than
the energy required for excitation in that band.

As the energy of electrons decrease due to scattering, the excited electrons can become
rebounded and return to the valence band (i.e., relaxation). Two of the most important
relaxation processes are radiative relaxation and Auger relaxation.’*"1% In radiative
relaxation, as an excited electron returns to the valence band, the spontaneous emission
of a photon occurs (i.e., photoluminescence). Therefore, in the case of radiative relaxation,
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both the number of excited electrons and the total energy of the electronic system decrease.
In Auger relaxation, as an excited electron returns to the valence band, the excess energy
is transferred to another excited electron (Figure 2.14, Phase 4). In Auger relaxation, the
number of excited electrons decreases; however, the total energy of the electronic system
remains unchanged. The excited electron can then undergo additional energy transferring
and relaxation processes to further decrease the total energy of the electronic system.

Although not a “relaxation” process, electron diffusion is another important process
that can locally reduce the density of excited electrons. The diffusion rate of excited
electrons Rq can be expressed by Eq. 2.4 as,

Rg = (kgTolta/€) X V2N Eq. 24
where ks is the Boltzmann constant, Te is the electronic system temperature, ua is the
electron mobility in the excited state, e is the electrical charge, and N is the electron
density. Determining Rq is extremely complicated as Te dynamically changes during laser
irradiation, as well as the implicit dependency of ua to Te combined with the difficulty of
determining wa. In general, higher Te will result in higher Ra. However, in the case of high
densities of excited electrons, diffusion can be hindered by electron confinement,
decreasing Ra.**!

initial electron
population
distribution

Figure 2.14 Representation of scattering processes following laser excitation. Process 1 indicates the
spreading out of the initial carrier distribution in k-space through carrier-carrier scattering. Processes
2 and 3 show intravalley and intervalley carrier-phonon scattering, respectively. The interaction of
carriers and phonons leads to electron-lattice equilibration. Carrier-density relaxation occurs through
recombination processes such as Auger recombination, shown by process 4. Reprinted and reformatted

with permission from Annual Reviews, Inc., Copyright ©1995.%8
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2.5.3. Thermalization

As the energy of the electronic system is transferred to the lattice by electron-phonon
scattering, the temperature of the material T increases (i.e., thermalization).'*? The spatial
and temporal distribution of T when laser light is irradiated can be expressed by Eq. 2.5
as a function of x, y, z, and t,

c dT (x,y,z,t)

Pv ot
where p, Cp, and « are the density, specific heat capacity, and thermal conductivity of the
material, respectively, and Q is the heat input distribution due to laser irradiation.
Considering a stationary laser light centered at xy-coordinates (0,0) being irradiated from
the top surface of a material (z = 0), Q can be estimated by Eq. 2.6 as a function of x, y, z,

=V- (KVT(x, Y, 2, t)) +0(x,y,2) Eg. 2.5

. 22 .\ 2
2052 20y°

] Eq. 2.6

Q(x,y,z) =P(1—R) X e "4z

e
TOx 0y,

where, P is the max laser power of the laser light, ox and oy are the focal beam radius in
the x and y dimensions, respectively, and R and A are the reflection and absorption
coefficients of the material, respectively. As the peak temperatures reach the melting and
boiling temperatures of the material by thermalization, structural changes to the material,
such as melting and vaporization, respectively, can occur.*¥’

Assuming material properties do not change dynamically, it is relatively
straightforward when discussing attained peak temperatures in the case of CW lasers, as
there is a continuous heat input.1*? However, in the case of ultrashort pulsed lasers, as
thermalization occurs in intervals, the repetition rate (RR), or the frequency of pulses frr,
becomes important when determining peak temperatures. If the time between pulses 1/
frr is less than the time for the complete dissipation of heat energy inputted by a single
pulse out of the laser spot diameter tq, expressed by Eq. 2.7 as,

1
<ty Eq. 2.7
RR

accumulation of heat within the irradiated area will occur. As the RR increases, the time
allowed for heat dissipation between pulses decreases, leading to more heat accumulation
(i.e., higher peak temperatures).

When thermalization occurs due to laser irradiation, thermomechanical effects can
occur simultaneously. The instantaneous temperature increase and subsequent material
expansion due to laser irradiation generates a radial thermoelastic stress (i.e., laser-
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induced shockwave), and a localized increase in pressure.}*4 The instantaneous
pressure p induced by thermalization can be generalized by Eq. 2.8 as,

p=CCZ—fQ=FQ Eq.28

where c is the speed of light and f is the thermal expansion coefficient of the material. I
is the Griuneisen coefficient, which is a dimensionless value that indicates the efficiency
of the material in converting heat into pressure. It can be seen from Eg. 2.8 that the
magnitude of pressure depends linearly on Q, or the amount of energy absorbed per unit
volume and unit time. As high intensities can be readily realized using ultrashort pulsed
lasers, the irradiation of ultrashort laser pulses, such as fs laser pulses, can induce
localized pressures in the magnitude of MPa and GPa.1*>1% Generally, rigid materials,
such as metals, have a higher 7" than soft materials, such as polymers; therefore, with the
same Q, higher instantaneous pressures will be induced for such materials. Note that Eq.
2.8 is just a generalization and is overly simplified. For example, the current equation
considers that the confined region is uniformly surrounded in all direction by a single
material. Therefore, depending on if the thermalized region is exactly at the material
surface, slightly below the material surface, or deep within the bulk material, the
instantaneous pressures, as well as the temporal decay in localized pressures will be vastly
different.

2.5.4. lonization

In the case of extremely high intensities, electrons can become completely unbounded
from the nucleus and removed from the material (i.e., ionization). Two of the most
prominent ionization processes are multiphoton ionization and tunnel ionization, 4”148
The transition between these ionization processes have been discussed using the Keldysh
parameter y which can be expressed by Eg. 2.9 as,

/21, Eq. 2.9

F
where lo is the ionization potential and F is the laser electrical field strength. The
relationship between laser intensity | and F can be expressed by Eq. 2.10 as,

'}/:

| = SOCTllElz Eq 2.10
where o is the vacuum permeability and n is the refractive index.

Multiphoton ionization is a similar concept to multiphoton excitation discussed in
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Section 2.5.1, where AEband is simply substituted for lo. In tunnel ionization, the electrons
are unbounded from the nucleus by the electrical field of the laser light. The Keldysh
parameter can be interpreted as a ratio between the intrinsic atomic momentum (2lo)*?
and the laser induced momentum F/w. Therefore, when (210)*? is sufficiently greater than
F/w, or y >> 1, multiphoton ionization is dominant; whereas, when (210)*? is sufficiently
smaller than F/w, or y << 1, tunnel ionization is dominant. Note that although the Keldysh
parameter assists in providing a general boundary between multiphoton and tunnel
ionization, it cannot provide an accurate characterization of the details regarding the
ionization process for every material 14

As the unbounded electrons, commonly referred to as “free” electrons, escape from the
material, such electrons can collide with bounded electrons and unbind them by impact
ionization. This concept is similar to impact excitation, and the free electron must have
sufficient energy to ionize a bounded electron without relaxing. This sequential ionization
leads to avalanche ionization, and the total density of free electrons ne exponentially
grows. The rate at which ne increases due to laser irradiation can be expressed by Eq. 2.11
as,

an Eq. 2.11
a_te = Nmpi+ti + 5impne a

where nmpi+ti 1S the combined ionization rate of multiphoton and tunnel ionization, and
oimp 1S the probability of impact ionization. As ne goes above a certain critical density,
irreversible changes to the material are induced without thermalization, such as ablation
due to coulomb explosion. 37147

2.6. Principles of LICG

The specific formation mechanism of carbonaceous structures composed of graphitic
carbon by LICG has been an issue of debate for many years with the prevailing notion of
a simple photothermal conversion reaction that mainly depends on the amount of energy
input, or laser fluence.”® However, this view has been shown to be inconsistent with
experimental observations of nonlinear changes in the resulting structures when multiple
processing parameters are simultaneously changed.**®152 This may be due to the lack of
consideration regarding two points. Firstly, the laser light is oversimplified as a simple
source of heat energy, and most of the light-material interaction processes are not
considered. Secondly, from the carbonization and graphitization processes discussed in
Section 2.2., it can be easily understood that the consideration of peak temperature alone
is insufficient, and temporal considerations are also crucial. Here, the principle of LICG
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is discussed by combining the principles of carbonization and graphitization (Section 2.2.
and 2.3.) with the principles of light-material interactions (Section 2.5.).

2.6.1. Light absorption

As the laser light is irradiated onto a polymer, the incident light can either be
transmitted through the material, reflected at the surface, or propagated into the material
(as discussed in Section 2.5.). Absorption will occur when the incident light propagates
into the material, where the efficiency of light absorption is highly dependent on the
relationship between the irradiated polymer and the wavelength of the incident light. This
relationship is quantitatively expressed by the absorption coefficient, which defines how
far the incident light propagates into the material before being completely absorbed. The
wavelengths of commonly used lasers for LICG can be grouped into ultraviolet (< 405
nm), visible (405-750 nm), and infrared (0.75-25 pum).’® In the case of ultraviolet and
visible wavelengths, the irradiated light will be absorbed by the electrons and
subsequently transferred to the lattice via electron-phonon scattering. For the LICG of
transparent polymers, such as PDMS, as a single photon of visible-wavelength light
typically does not have sufficient energy to induce electron excitation, multiphoton
excitation using ultrashort pulsed lasers is preferred for such wavelengths (i.e., nonlinear
absorption). On the other hand, for infrared wavelengths, the irradiated light can be
absorbed directly by the lattice, as the frequency of the incident light resonates with the
vibration modes of the lattice bonds.*>® For example, infrared wavelengths in the range
of 9 to 11 um, resonate with the vibration modes of C-C bonds of polymers; therefore,
the use of a COz laser can realize the heating of polymers without electron excitation.'>*

2.6.2. Bond fragmentation

Due to the absorption of photons, localized heating of the material will occur. Since the
photons will be absorbed while propagating into the material, a thin near-surface layer
will be heated, in which the thickness depends on the inverse of the absorption coefficient
(i.e., penetration depth). However, due to the environment-polymer surface boundary
effects, such as light scattering and/or thermal conduction, the peak temperature will be

reached, not at the surface, but rather few um below the surface (hot spot in Figure
2.15).112,155,156
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Figure 2.15 Schematic illustrating the formation mechanism of a porous structure by the laser
irradiation of a poly-2,2’-p-oxydiphenylene-5,5’-bis-benzimidazole (OPBI) and formic acid (FA)
composite polymer. Scanning of a CW laser beam with a diameter of d at a speed of v, will induce a
hot spot at a depth of h from the surface. Reprinted and reformatted with permission from MDPI,

Copyright ©2021.%% Open Access Creative Commons Attribution license.

The high temperatures induced by laser irradiation will be sufficient for the bond
fragmentation (Phase A and B-1 in Section 2.2.), initiating BSU formation. In addition to
this, the irradiated light can also induce the fragmentation of bonds non-thermally by
ionization. As ionization is prominent for extremely high laser intensities, considerations
of non-thermal fragmentation may only become important in the case of LICG using
ultrashort pulsed lasers. The non-thermal fragmentation of bonds by ionization has been
commonly referred to as photolysis or photochemical degradation, and consists of three
steps: initiation, propagation, and termination.’>” Most radicals formed non-thermally
cannot diffuse easily through the polymer and rapidly recombine with neighboring
radicals, due to their low mobility. Hydrogen radicals can diffuse easily through the
polymer matrix, owing to their small size, and recombine with other hydrogen radicals to
be released as Hz gas.’” Therefore, non-thermal fragmentation typically results in slight
alterations in the chemical structure of the polymer, and release of heteroatoms by non-
thermal fragmentation alone is difficult. As heteroatoms cannot be removed to increase
the carbon content by non-thermal fragmentation, the formation of graphitic carbon by
laser irradiation is assumed to be a thermally-dominated phenomenon rather than an
optically-dominated phenomenon. Nonetheless, this slight alteration in the chemical
structure could be significant in the case of LICG, as the absorption coefficient of the
irradiated material could increase. Moreover, by combining thermal and non-thermal
fragmentation, BSU formation may be accelerated. However, excessive fragmentation
will result in the formation of light compounds that are easily removed as gases (as in the
case of aliphatic hydrocarbons in Section 2.3.5.), leaving no carbon residue for BSU
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nucleation (i.e., laser ablation).

2.6.3. Structural formation

As the polymer is heated, it will undergo the graphitization process to form
carbonaceous structures composed of graphitic carbon. The heating rates due to laser
irradiation can easily reach values up to 1000 °C/s,” leading to the rapid release of
condensable gases (Phase A in Section 2.2.). As the hotspot is slightly below the surface,
the release of gases will form multiple highly-compressed microbubbles below the
surface (explosive boiling in Figure 2.15).1%1%6 As condensable gases are further released,
the microbubbles will expand into macrobubbles. The expansion of the macrobubbles
will be directed towards the polymer surface, and eventually explode through the surface.
This commonly results in the formation of a protruding carbonaceous structure containing
large amounts of macro-pores. The concentration and sizes of the macro-pores will
depend highly on the degree in which the released gases condense. For example, in the
case of higher heating rates, although more gases may be released leading to a higher
concentration of macro-pores, the sizes of the macro-pores may be low as time for
condensation of gases is insufficient. Moreover, as the macrobubble explodes, the gases
rapidly cool and condense into solid debris, which can further precipitate onto the
surface.!®

Due to the high heating rate, nucleation and growth of BSUs can start while the gases
are still being released. The previously mentioned explosive bubbling, in addition to the
generation of laser-induced shockwaves owing to the high heating rate, can result in
highly pressurized regions which can assist BSU nucleation. As the BSUs grow, the
released non-condensable gases (Phase B in Section 2.2.) can puncture the graphitic
layers, forming a graphitic carbon crystal with nano-pores throughout its layers. By
changing the heating rate, the degree and timing of gas release can be adjusted to tune the
macro- and nano-morphology of the resulting structure and material (Figure 2.16).1%
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Figure 2.16 (a—i) SEM images of side views of the structures formed with different laser defocus
distances z (Scale bar: 100 um). (j—o0) Higher resolution SEM images. (j) SEM showing the swelling
of polyimide. (k) SEM showing pore formation and growth. (i) SEM showing increase in pore shape
anisotropy. (m) SEM showing the formation of anisotropic cellular networks. (n) SEM showing the
formation of carbon nanofibers. (0) High resolution image showing 60-nm thick nanofibers. (p)
Schematic illustrating the structural evolution with increasing fluence, showing the transitions
between different morphologies. Reprinted and reformatted with permission from the American
Chemical Society, Copyright ©2021.%8

In addition to the importance of rapid gas release on structuring, this rapid gas release
may also minimize the effect of the processing environment on the resulting structure.
Typically for conventional carbonization and graphitization, inert atmospheres are
necessary to prevent oxidation (as mentioned in Section 2.3.4.). On the other hand, the
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carbonization and graphitization processes using a laser can be performed in air without
consequential oxidation.”® The fast-heating rates, in combination to the rapid release of
gases, hinders atmospheric gases from reacting with the radicals formed by laser
irradiation. Note that the graphitic carbon formed by LICG is by no means defect-free,
and is typically distorted (i.e., turbostratic), as the reaction times for the reordering of the
graphitic lattice is insufficient (Phase C in Section 2.2.). Moreover, if the heating rate is
significantly slowed down, the considerable oxidation of the resulting graphitic carbon
can occur even in the case of LICG, as gas release weakens and there is sufficient time
for atmospheric gases to diffuse.

2.7. Discussions on the nonlinearity in LICG

Conditions that critically affect the material and/or structure resulting from LICG, such
as the peak temperature and heating rate, can be easily changed by altering the laser
parameters. For example, the attained peak temperature and heating rate can be adjusted
by changing the amount of laser energy absorbed by the material via combination of laser
parameters, including the laser wavelength, pulse duration, focal beam diameter, laser
power, pulse energy, repetition rate, and scanning speed. As the peak temperature
determines which phase of carbonization and graphitization the LICG process can
progress to (Section 2.3.1.), the resulting material is expected to be correlated linearly to
the energy input. However, considering that the LICG process is governed by light-
material interactions and the irradiated material is dynamically changing, the resulting
material is expected to be correlated nonlinearly to the energy input.

As the polymer initially absorbs light, the thermal and non-thermal fragmentation leads
to localized changes in the absorption coefficient of the irradiated area. Typically, this
leads to a slight increase in light absorption, which further continuously increases to a
certain value as laser irradiation proceeds. However, this increases in absorption during
irradiation and resultant high peak temperature can also induce unexpected damaging of
the material and/or structure. While this ensues, the thermal stability of the material can
also change significantly during laser irradiation. Compared to polymers, intermediate
products of LICG, notably amorphous carbon, have significantly higher thermal stability.
Therefore, if a substantial amount of amorphous carbon forms during laser irradiation, it
can suppress the unexpected damaging even if there is an increase in light absorption.
Moreover, as this increase in thermal stability will also allow for more energy input,
graphitic products with higher crystallinity can be obtained. Nonetheless, if the energy
input is excessive, damaging of the material and/or structure via oxidation and/or laser
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ablation can occur regardless of the formation of thermally stable intermediates. The
effects of these two aspects have been previously indicated by Chyan et al. when a CW
laser beam was scanned multiple times.®? Typically in the case of biomass-based polymers,
such as bread, cardboard, and wood, the irradiation with laser fluences necessary for
graphitization leads to laser ablation. On the other hand, by intentionally scanning the
CW laser beam with a lower laser fluence first, a layer of non-graphitic amorphous carbon
can be formed. By subsequently scanning the CW laser beam, the amorphous carbon can
be further converted into graphitic carbon without laser ablation.®2 Considering that
graphitization requires a certain activation energy, it can be understood that the amount
of absorbed energy increased during the subsequent scan. Chyan et al. further discussed
that the multiple scanning concept can be easily achieved by defocusing the CW laser
beam. Chyan et al. claimed that by defocusing the CW laser beam, the laser fluence can
be decreased, while increasing the beam overlap leading to the same effect as multiple
scanning. Although Chyan et al. indicated the importance of laser fluence and graduation
conversion of the polymer, the critical temporal aspects of LICG was not clearly indicated.

Recently, Murray, et al. conducted an orthogonal parameter study and assessed the
applicability of machine learning in predicting the morphologies and properties of the
structures formed by LICG.* Their results clearly indicated that even in the case of two
parameters (i.e., laser power and scanning speed), the relationship between the laser
parameter and resulting structure was highly nonlinear and required polynomial terms in
the fifth order to predict with sufficient accuracy. The fact that scanning speed was
involved in the nonlinearity suggests that there is a critical temporal aspect of LICG, in
addition to the laser fluence; however, this aspect was not discussed, and this study was
purely focused on the engineering aspect rather than the mechanisms. Just from the brief
discussions above regarding the dynamic change in light absorption and thermal stability,
it can be easily understood that LICG is a highly complex, multivariable process which
cannot be explained solely by the energy input, or laser fluence.

2.8. Summary

In Chapter 2, the fundamentals required to discuss the experimental results in Chapters
3 to 6 were provided. This included the fundamentals regarding carbonization and
graphitization, relationship between material and structural properties, light-material
interactions, and laser-induced carbonization and graphitization, or LICG. The principles
of LICG were discussed to consists of three steps: light absorption, bond fragmentation,
and structural formation. As the LICG of polymers is governed by light-material
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interactions, the absorption of light determines the total amount of energy inputted into
the polymer. Therefore, the wavelength of light and the absorption coefficient of the
irradiated material becomes crucial variables when discussing the results of LICG. After
the photons of light are absorbed by the polymer, the fragmentation of bonds and
subsequent formation of structures ensues. The fragmentation of bonds can be induced
thermally and/or nonthermally, and this fragmentation results in the release of gases.
Especially in the case of thermal fragmentation, as a hotspot is induced slightly below the
surface, this release of gases will result in the formation of a microbubble. With the
continuous release of gases, the microbubble will grow into a macrobubble and eventually
explode through the surface resulting in a protruding structure. Moreover, owing to the
high heating rate of LICG, structural formation occurs concurrently with gas release. This
typically results in the formation of highly porous carbonaceous structures with many
macro- and nano-pores. By changing the laser parameters, the rate of gas release, and
resultantly, the porosity of the resulting carbonaceous structure can be tuned making
LICG a highly versatile technique. However, as the light-material interactions
dynamically change during the process, LICG is a highly complex and multivariable
process which cannot be explained solely by the energy input, or laser fluence, and require
temporal considerations.
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3. Morphology of carbonaceous structures

3.1. Introduction

The specific mechanism in which carbonaceous structures form by the laser irradiation
of polymers has been an issue of debate for many years with the prevailing notion of a
simple photothermal conversion reaction that mainly depends on the laser fluence.
However, this view has been shown to be inconsistent and Chapter 3 aims to provide a
deeper understanding of the mechanisms for structural formation regarding LICG. In
Section 3.2, the LICG of PDMS will be demonstrated by irradiating a CW laser beam. By
examining structures formed with various combinations of laser parameters, the effect of
laser parameters on structural formation will be discussed. Through this, a formation
mechanism based on laser-induced defects will be proposed. As the irradiation of fs laser
pulses realizes the efficient nucleation of laser-induced defects owing to the high laser
intensity, in Section 3.3, a fs laser will be used for the LICG of PDMS. However, as the
irradiation of a single fs laser pulse cannot induce sufficient thermalization for the
conversion of cavities into carbonaceous structures, a CW laser will be used in addition
to a fs laser in this section. As the implications of establishing a two-laser setup that
combines both defect nucleation and thermal conversion, in Section 3.4, a high RR fs
laser will be used for the LICG of PDMS. The differences in the morphologies of
carbonaceous structures formed using the different lasers will be discussed, and the
necessary considerations when using a high RR fs laser for LICG will be indicated.

3.2. Using a continuous wave laser
3.2.1. Materials and methods

3.2.1.1. Material preparation

A 10:1 mixture of polymer to curing agent of thermally-cured SYLGARD 184 PDMS
(Dow Corning, USA) was prepared. The mixture was drop casted onto a glass slab and
degassed in vacuum to remove any air bubbles trapped during the mixing procedure.
Furthermore, the mixture was cured in an oven at 80°C for 60 min to prepare PDMS
sheets. The PDMS sheets prepared in this study were approximately 1 mm in thickness.
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Before irradiation experiments, the surfaces of PDMS were washed with ethanol to
remove any debris.

3.2.1.2. Laser irradiation

Laser irradiation experiments were conducted using a YLR-100 CW laser (IPG
Photonics, USA) which generated a CW laser beam with a central wavelength of 1060
nm. The CW laser beam was focused and scanned across the top surface of the PDMS
sheet using a Focus Shifter digital galvo laser scanner (Raylase GmbH, Germany).

All irradiation experiments were conducted in ambient conditions.

3.2.1.3. Characterization

Optical microscopy (OM) and confocal laser scanning microscopy (CLSM) intensity
images were obtained using an LEXT confocal laser scanning microscope (Olympus,
Japan). Raman spectra were obtained using a LabRAM Aramis laser-excited Raman
spectrometer (Horiba, Japan). The excitation wavelength and laser power for Raman
analyses were set to 532 nm and approximately 36 mW, respectively. SEM images were
obtained using an Inspect F50 scanning electron microscope (FEI, USA). Prior to SEM
observations, iridium coatings with a thickness of approximately 10 nm were applied by
ion sputtering.

3.2.1.4. Temperature simulation

The increase in surface temperature of a PDMS sheet when irradiated by a stationary
CW laser beam with a constant laser power was simulated using a 2D axisymmetric finite
element model in COMSOL Multiphysics software™ (version 5.5). The default Heat
Transfer in Solids module was used for the simulations, and the initial temperature was
set at 293 K. Q was expressed by Eq. 3.1 as a function of r and z.

T

A 2
Qrz) = P——e(5) x e Eq. 3.1
o

R was assumed to be 0 for the simulations. The top surface of the PDMS sheet was set to
be z = 0. The CW laser beam was irradiated at coordinates of (0,0). The simulated
temperatures at (0,0) were recorded for different resident times. The material properties
were assumed to be constant throughout the simulations, as the simulations at this time
were focused on understanding the initial growth mechanics of defects (before
considerable material conversion). To calculate the induced temperatures with more

56



Chapter 3. Morphology of carbonaceous structures

accuracy, the dynamic change in material properties should be considered; however, are
out of the scope of the current study and are a subject for future studies. Table 3.1 lists
the properties, variables, and values used for the simulations.

Table 3.1 Parameters for COMSOL simulations.

Parameter Variable Value
Laser power P 20, 40, 60, 80 (J/s)
Focal beam radius o 25 (um)
Absorption coefficient A 2.86 (1/cm)
Heat capacity Co 1460 (J/kg K)
Density o) 970 (kg/m?3)
Thermal conductivity k 0.16 (I/s m K)

3.2.2. Results and discussions

3.2.2.1. Effect of laser parameters on structural formation

A CW laser beam was focused and scanned across the surface of a PDMS sheet once
to pattern a line structure, or track (Figure 3.1 (a)). From the SEM images of the track
patterned with 5 W, 75 mm/s, it can be observed that the track surface is highly porous
and possess a flake-like morphology (Figure 3.1 (a,b)). In the case of LICG, it has been
commonly discussed that the violent gas release during structural formation results in a
porous morphology. The formation mechanism of the flakes will be further discussed later
(Section 3.3.2.1.). To assess which parameter combinations allow for the continuous
formation of tracks, CW laser beams were scanned once with different parameter
combinations of laser powers and scanning speeds. The parameter combination was
defined to be “continuous”, if there is a visibly continuous track 2 mm or longer in at least
three out of five experiments. Parameter combinations resulting in anything else,
including no visible modification of the PDMS surface, was deemed “discontinuous”.
Note that material compositions and properties of the resulting structures were
disregarded from defining the continuity. Figure 3.1 (c-h) shows OM and CLSM intensity
images of representative discontinuous and continuous structures patterned with a
constant laser power of 80 W. From the OM images (Figure 3.1 (a—c)), it can be observed
that the surface of the transparent PDMS sheet was modified into a visibly black-colored
material after laser scanning, suggesting carbonization. For a scanning speed of 720 mm/s
(Figure 3.1 (c)), 480 mm/s (Figure 3.1 (d)), and 240 mm/s (Figure 3.1 (e)), the formation
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of a defect, island, and a track is observed, respectively. From the CLSM intensity images
(Figure 3.1 (d-)), especially for those of defects (Figure 3.1 (d)), it is clearly shown that
the structures are 3D and slightly protruding from the surface. As discussed in Section
2.6., hot spots are induced a few um below the surface due to the environment-polymer
surface boundary effects.}t2155156 As the polymer is fragmentated, a microbubble filled
with gaseous products will form below the surface. With continued laser irradiation, the
microbubble will expand into a macrobubble, and eventually explode through the
polymer surface, resulting in a protruding defect.’® As the surrounding polymer is
stretched due to the formation of the protruding defect, a mechanical stress will be
oriented circularly around the structure.™®® Since wrinkling will be induced
perpendicularly to the direction of mechanical stress, the wrinkles will be oriented radially
from the structures as observed in Figure 3.1 (c-h).

The type of structure formed for each laser power and scanning speed parameter
combination is summarized in Figure 3.1 (i). It is observed that the scanning speed
required for the continuous formation of tracks tends to increase as the laser power is
increased. However, it can be observed that the parameter combinations which yield
continuous formation cannot be determined solely from the laser fluence F, which can be
calculated using Eq. 3.2.

R Eq. 3.2
v-20

where v is the scanning speed. Note that the focal beam radius was fixed at 50 pum in this
study. With the same laser fluence, continuous tracks were able to be formed with low
laser power and slow scanning speed parameter combinations, whereas tracks could not
be formed with high laser power and fast scanning speed parameter combinations. The
results of Figure 3.1 (i) clearly indicates that the resulting structure does not strictly
depend on the combined parameter of laser fluence, consistent with the discussions in
Section 2.7., but rather on the scanning speed, or the resident time of the CW laser beam.
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Figure 3.1 (a) SEM image of a continuous track patterned with a laser power and scanning speed of 5
W and 75 mm/s, respectively. (b) Enlarged SEM image of the area indicated by the yellow square in
(a). Respective OM and CLSM intensity images of structures formed with ((a) and (d)) 720 mm/s, ((b)
and (e)) 480 mm/s, and ((c) and (f)) 240 mm/s, with a constant laser power of 80 W. (g) Structural
formation for different combinations of laser power and scanning speed. Discontinuous and

continuous combinations are indicated by red crosses and blue circle markers, respectively.

3.2.2.2. Temporal evolution of carbonaceous structures

To shed some light on the effect of resident time on structure formation, a stationary
CW laser beam was irradiated onto the surface of a PDMS sheet and the resident time
was changed. Figure 3.2 (a—e) shows OM images of structures formed with different
resident times with a constant laser power of 40 W. At 90 ps, the formation of a defect
smaller than the focal beam diameter (26 ~ 50 um), with a polymeric flap (indicated by
A), is observed on the surface (Figure 3.2 (b)). As the resident time is increased, the defect
grows in diameter (Figure 3.2 (c)), and the emergence of evident bubble-like bumps are
observed on the defect surface (indicated by B) (Figure 3.2 (d,e)). Moreover, the surfaces
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neighboring the defects (Figure 3.2 (b—e)) are considerably contaminated compared to
before laser irradiation (Figure 3.2 (a)), possibly due to the ejection of debris during
explosive formation (indicated by C). These observations are consistent with the
theoretical mechanism discussed in Section 2.6. regarding structural formation. The filled
circles in Figure 3.2 (f) shows the experimentally measured diameters of the defects
formed at different resident times with various laser powers. For all laser powers, the
defects significantly grew in diameters at a critical resident time, teriticar (indicated by the
black asterisks in Figure 3.2 (f)). Moreover, the increase in diameter after tcriticar Was
linearly related to t¥2 (inset Figure 3.2 (f)). This linear increase in diameter after tcriticar is
expected, as defect growth beyond the focal beam diameter is driven by radial diffusion
of thermal energy, and should correspond to the thermal diffusion length ls, which is
approximated with Eg. 3.3 as.

d
ldzizm Eqg. 3.3

where a is the thermal diffusivity of the material. From the results shown in the inset of
Figure 3.2 (f), a can be calculated to be approximately 0.9 cm?/s, which agrees with the
thermal diffusivity of pristine PDMS which is approximately 1.1 cm?/s.

Since the growth mechanics of the defects are closely related with thermal effects,®°
the time-dependent temperature change in the PDMS surface resulting from the
irradiation of a stationary CW laser beam with a constant laser power was simulated using
COMSOL. The properties of the target material, in this case PDMS, were set to be
constant throughout the simulation. The increase in peak temperature with respect to
resident time for each laser power is plotted in Figure 3.2 () as dashed lines. PDMS starts
carbonizing at a temperature of approximately 600 K, and starts graphitizing into
crystallites of graphitic carbon within a temperature range of 1100 K to 1300 K.!?
Accordingly, teriticat coincides with the critical translation time in which the temperature
shifts from the carbonization temperature (indicated as the orange region) to the
graphitization temperature (indicated as the blue region). In other words, the defects
significantly grow in size when the temperature induced by laser irradiation reaches the
temperature threshold for graphitization. As graphitic carbon forms, the properties of the
irradiated material, specifically the absorption coefficient, increases substantially from
approximately 3 cm™ for pristine PDMS®’ to 40000 cm for graphite®®!. This will result
in a drastic increase in the absorbed laser energy, and a sudden increase in defect size.
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Figure 3.2 OM images of defects formed with resident times of t = (a) 0 ps, (b) 90 s, (c) 166 s, (d)
250 ps, and (e) 500 ps, with a constant laser power of 40 W. Black asterisks indicate the teritical for each
laser power. (f) Experimentally measured diameters of defects formed with different laser powers and
resident times. Dashed lines indicate the peak temperatures with respect to resident time simulated
with COMSOL for different laser powers. Inset shows the measured diameters of defects for resident

times greater than teriticat With respect to t¥2,

To investigate if the COMSOL temperature simulations align with the actual resulting
material due to laser irradiation, material analyses were conducted on the defects. Figure
3.3 (a) shows Raman spectra obtained from the defects formed at different resident times
with a constant laser power of 40 W. The Raman peaks and their originating bonds for
pristine PDMS are listed in Table 3.2. Note that each spectrum was normalized with
respect to its individual raw maximum intensity measured for the peak originating from
the methyl groups at 2800 cm™ to 3000 cm™, hereon referred to as the m band. For
resident times shorter than 166 us, only PDMS-related peaks are confirmed, indicating
no significant graphitization of the material. At a resident time of 200 ps, the emergence
extremely weak peaks are observed at 1350 cm™ and 1580 cm™. Such peaks are
commonly referred to as the D and G bands and originate from out-plane vibrational
modes of defects and edge functional groups of sp-hybridized carbon domains, and in-
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plane vibrational modes of sp>-hybridized carbon domains, respectively.®2 For resident
times of 200 ps and 250 ps, a significant increase in the relative intensities of the D and
G bands, as well as the emergence of broad peaks at 860 cm™*and 2700 cm are observed.
The 860 cm™ peak originates from vibration modes of SiC, and is consistent with previous
results indicating the formation of SiC-NCs due to the thermal treatment of PDMS 182
The fact that sharp transverse optical and longitudinal optical vibration modes of SiC
cannot be distinguished indicates that the formed SiC-NCs are extremely small or highly
defective.'®® The 2700 cm™ peak is commonly referred to as the 2D band, and originates
from the second-order resonance modes of sp?-hybridized carbon domains.’®* The
emergence of the broad symmetrical 2D band suggests that the graphitic carbon is
multilayered and turbostratic in orientation, consistent with previous results regarding the
LICG of polymers.2651% The emergence of the strong D and G bands, in addition to the
2D band, after resident times of 200 us and longer, is consistent with the COMSOL results
suggesting the transition into the graphitization temperature.

Table 3.2 Typical Raman peaks of pristine PDMS.

Wavenumber (cm™) Originating bond
488 Si-O-Si symmetric stretching
687 Si-C symmetric rocking
708 Si-C symmetric stretching
787 Si-C asymmetric stretching
1262 Si-C symmetric bending
1412 Si-C asymmetric bending
2907 C-H symmetric stretching
2965 C-H asymmetric stretching

Figure 3.3 (b) shows the relative intensities of the m band Im and the G band I for each
resident time. The Imand I values for each resident time were normalized with respect to
the raw Im and I values for a resident time of 90 ps. Although significant differences in
the shape of the spectra could not be distinguished for resident times shorter than 166 ps,
a gradual decrease in Im is observed with an increase in resident time, suggesting
progressive fragmentation of methyl bonds by laser irradiation and the carbonization of
PDMS. As the resident time is further increased to 250 ps, Im continues to decrease to less
than 1% of the initial intensity at 90 us. Contrarily, an increase in the I is observed with
the increase in resident time. For resident times of 143 us and 166 ps, slight increases in
relative I are observed. Considering the extremely weak intensity, this is indicative of
the formation of amorphous carbon domains within a polymeric matrix rather than
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formation of distinct crystalline graphitic domains.!?>%7 For resident times of 200 us and
250 ps, a comparably higher lc is observed, indicating the formation of larger
distinguished graphitic domains. The critical time in which significant transformation in
material composition to graphitic carbon occurs, suggested by the large change in lg,
matches well with teritical for the significant growth of defects (Figure 3.2 (f) and Figure
3.3 (b)).
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Figure 3.3 (a) Raman spectrum of defects formed with different resident times. Each spectrum was
normalized with respect to its individual raw I, value. (b) Relative Iy, and I for each resident time. In
and Ig values for each resident time were normalized with respect to the raw I, and I value for a
resident time of 90 ps.

Table 3.3 summarizes the times where growths of defects tcriticar Were observed in
Figure 3.2 (f), scanning speeds where shifts from discontinuous to continuous structures
Veontinuity Were observed in Figure 3.1 (b), and assumed resident times tcontinuity calculated
from Veontinuity for each laser power.

Table 3.3 Summary of resident times.

P (W) teritical (MS) Veontinuity (Mm/s) teontinuity (US)
80 100-111 480-400 104-125
60 125-142 420-360 119-139
40 166-200 320-280 156-179
20 250-333 260-240 192-208

In the case of laser powers of 80 W, 60 W, and 40 W, tcriticat matches well with teontinuity,
and suggests that continuous track formation occurs when the temperature reaches that

for the initiation of graphitization. However, in the case of a laser power of 20 W, tcritical
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is significantly longer than teontinuity, Suggesting temperature lower than the graphitization
temperature are sufficient for the formation of continuous tracks.

3.2.2.3. Proposal of a mechanism based on laser-induced defects

A formation mechanism which explains the difference in resident times required for
continuous track formation is proposed in Figure 3.4.

Phase 1: Phase 2: Phase 3:

Carbonization temperature Carbonization temperature Graphitization temperature

- Formation of defects - Growth and increase in defects - Significant growth of defects
(31 ) Defec\ts (32) Continuous track (33) Continuous track
20 4’

D.O’

Scan di |rectr0n

(b1 ) De/fects (b2) Islands (bB) Continuous track
e, ¢ ©
o ®

Scan direction

Figure 3.4 Schematic of the proposed formation mechanism of continuous tracks in the case of (a)

slow and (b) fast heating by laser irradiation. Subscripts correspond to the respective phases.

Scanning of the PDMS surface by a CW laser beam will induce an increase in
temperature, in which the total increase in temperature should depend on the laser fluence.
Considering the same laser fluence, low laser powers and slow scanning speed parameter
combinations will induce slower heating of the PDMS sheet surface compared to high
laser power and fast scanning speeds parameter combinations. As the PDMS sheet is
heated to the carbonization temperature, the material will undergo thermal fragmentation
and the formation of bubbles below the surface will initiate the nucleation of a protruding
defect (Phase 1). Such defects will be initially scattered as nucleation is
inhomogeneous.*® In the case of slow heating (Figure 3.4 (a1)), as there is sufficient time
for the nucleation of laser-induced defects, the overall number of defects will be greater
than in the case of fast heating (Figure 3.4 (b1)). As the PDMS sheet is further heated, the
preexisting defects will act as initiation sites and slightly grow in size. Moreover, the
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number of defects will steadily increase due to additional nucleation. As the defects come
into contact with neighboring defects, they will merge to form larger structures (Phase 2).
In the case of slow heating, since the density of defect formation is high, the merging of
neighboring defects will result in a continuous track (Figure 3.4 (a2)). On the contrary, in
the case of fast heating, since the density of defect formation is low, the merging of
neighboring defects will only result in a discontinuous island (Figure 3.4 (b2)), as
observed in Figure 3.1 (b). Once the temperature reaches the graphitization threshold, the
defects will significantly grow in size, further bridging neighboring unmerged structures
(Phase 3). Unlike the case of slow heating, in the case of fast heating, the exponential
growth in defect size owing to graphitization is required to compensate for the low defect
density in order to achieve a continuous track (Figure 3.4 (bs)). Due to the differences in
defect densities, the resulting graphitic track in Phase 3 is expected to be more uniform
and denser in the case of slow heating (Figure 3.4 (as)) compared to fast heating (Figure
3.4 (b3)).

3.2.2.4. Validation of proposed formation mechanism

To validate the proposed formation mechanism, structures formed by relatively slow
heating and fast heating were compared. Material analyses preformed on structures
formed with assumed temperatures in the carbonization temperature (low laser fluence),
are shown in Figure 3.5 (a—c). For 20 W, 200 mm/s (slow heating), the formation of a
continuous track can be observed (Figure 3.5 (a)). On the other hand, for 80 W, 800 mm/s
(fast heating), the formation of discontinuous defects can be observed (Figure 3.5 (b)).
However, comparing the Raman spectra obtained from the structures, it is revealed that
the material compositions of the track and defects are comparable (Figure 3.5 (c)).
Moreover, the relatively low I and high Im supports the assumption that the induced
temperatures are in the carbonization temperature. These results clearly support the
differences in Phase 2 between slow and fast heating illustrated in Figure 3.4 (a2) and
Figure 3.4 (b2), respectively.
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Figure 3.5 OM images of the structure formed with (a) 20 W, 200 mm/s and (b) 80 W, 800 mm/s. (c)
Raman spectrum of structures shown in (a) and (b).

Next, material analyses preformed on structures formed with assumed temperatures in
the graphitization temperature (high laser fluence), are shown in Figure 3.6. Compared to
the structures in Figure 3.5 (a), all structures are visibly continuous regardless of
parameter combinations (Figure 3.6 (a—d)). For 20 W, 80 mm/s (slow heating), the
entirety of the track appears black colored (Figure 3.6 (a)). However, as the laser power
and scanning speed increase (shift towards faster heating), non-black-colored regions
start to emerge (Figure 3.6 (b—d)). Moreover, for 80 W, 320 mm/s (Figure 3.6 (d)), the
black-colored regions are distributed in patches (red circles). Figure 3.6 (e-h) shows 2D
Raman intensity maps with regards to Im for a 72 um x 72 um area. The bright regions
represent a high Im, indicating a low degree of graphitization, whereas dark regions
represent a low Im, suggesting a high degree of graphitization. For the Raman intensity
map of 20 W, 80 mm/s (Figure 3.6 (e)), the whole field-of-view is dark, suggesting high
degree of graphitization of the entire area. As the laser power and scanning speed increase
(Figure 3.6 (f-h)), bright regions start to emerge. The bright regions observed in the
Raman intensity maps corresponded to the non-black-colored boundaries observed in the
OM images. For the Raman intensity map of 80 W, 320 mm/s (Figure 3.6 (h)), dark
regions, or graphitic structures, are observed as dark patches (yellow arrows), consistent
with OM observations (Figure 3.6 (d)). These results clearly support this difference in
Phase 3 between slow and fast heating mentioned in Figure 3.4 (as) and Figure 3.4 (bs),
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Figure 3.6 Respective OM images and Raman intensity maps of structures formed with ((a) and (e))
20 W, 80 mm/s, ((b) and (f)) 40 W, 160 mm/s, ((c) and (g)) 60 W, 240 mm/s, and ((d) and (h)) 80 W,
320 mm/s. Mapping intensity is normalized with respect to the highest Iy recorded for 80 W, 320

mm/s. Each pixel of the map is 4 um, and the total area of each map is 72 um x 72 pm.

Comparing the Raman spectra of the graphitized black-colored regions of 80 W, 320
mm/s and 20 W, 80 mm/s (Figure 3.7), evident differences in the spectra can be observed.
Firstly, the m band peak, as well as other PDMS-related peaks, are virtually absent in the
case of 20 W, 80 mm/s, suggesting minimal residual PDMS. Secondly, the 2D band peak
is slightly sharper and stronger in the case of 20 W, 80 mm/s. Generally, in the case of
turbostratic graphite, thinner 2D band peaks and higher intensity ratios between the 2D
and G band I2o/lc suggest a greater vertical dimension (i.e., more layers) of the graphitic
carbon.%®17% Comparing the full width at half-maximum (FWHM) of the 2D band and
the l20/lg, it can be inferred that the vertical dimensions of the graphitic carbon are greater
in the case of 20 W, 80 mm/s, indicating the formation of thicker graphitic carbon crystals.
Therefore, it can be inferred that graphitization of PDMS progressed with 20 W, 80 mm/s
compared to 80 W, 320 mm/s, although the laser fluence was constant. For slow heating
(i.e., 20 W, 80 mm/s), continuous tracks form at an earlier time than for fast heating (i.e.,
80 W, 320 mm/s) as illustrated in Figure 3.4. As the material converts into carbonaceous
material, the absorption coefficient of the material increases dynamically and thus the
attained peak temperatures in the case of slow heating will become relatively higher than
fast heating even if the energy input is constant. This is consistent with the nonlinearity
of LICG previously discussed (Section 2.7.). Moreover, the intensity ratio between the D
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and G band (Io/ls) can be used to approximate the lateral dimensions La of the graphitic
carbon by Eq. 3.4 as,

a=(24%x10710) x A* x (I, /I;)t Eq.3.4

where, 4 is the excitation wavelength during Raman analyses.'®? According to this, when
comparing the Ipo/lc of the two spectra, it is indicated that the lateral dimensions (i.e., ab
direction) of the graphitic carbon formed are similar, although the vertical dimensions
(i.e., c direction) are different. This preferential growth of the graphitic carbon in the ¢
direction over the ab direction is consistent with the principles of carbonization and
graphitization discussed in Section 2.2. and suggests the LICG process is in Phase B-1 of
Figure 2.1.
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Figure 3.7 Raman spectra obtained from the observed black-colored regions of 80 W, 320 mm/s (red)
and 20 W, 80 mm/s (blue). The spectrum is obtained from the region which indicated the highest Ig

within the black-colored regions.

Thus far, it has been discussed that the continuous tracks are a result of the merging of
smaller defects. In other words, even with parameter combinations that result in
discontinuous structures, continuous tracks should be obtainable by increasing the defect
density via multiple laser scans. By forming defects with the first scan, such defects can
function as initiation sites for the second scan, and the formation process can start at Phase
2 of the proposed model (Figure 3.4). Figure 3.8 (a—c) shows OM images of structures
formed with multiple scans for a constant parameter combination of 80 W, 800 mm/s.
With 1 scan (Figure 3.8 (a)), the formation of scattered defects can be observed. As the
number of scans increase (Figure 3.8 (b,c)), a gradual growth of structure into a
continuous track can be observed. The multi-parameter orthogonal experiment was
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repeated with multiple scans, and the type of structure formed for each parameter
combination is summarized in Figure 3.8 (d). As the number of scans increase, the
parameter combinations which yield continuous formation increases, particularly for
higher laser powers and faster scanning speeds. Moreover, in the case of multiple scans,
it can be observed that the parameter combinations which yield continuous formation can
be determined from laser fluence. The results thus far clearly indicates that the processing
speed limit for the formation of continuous tracks is restrained due to the time required
for the nucleation and growth of laser-induced defects.
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Figure 3.8 OM images of structures formed with (a) 1, (b) 2, and (c) 3 laser scans, for a constant
parameter combination of 80 W, 800 mm/s. (d) Structural formation for different laser power and
scanning speed combinations, with different number of laser scans. Structural formation for different
laser power and scanning speed combinations. Discontinuous and continuous combinations are

indicated by red crosses and blue circle markers, respectively.
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3.3. Using a femtosecond and continuous wave laser
3.3.1. Materials and methods

3.3.1.1. Material preparation

A 10:1 mixture of polymer to curing agent of thermally-cured SYLGARD 184 PDMS
(Dow Corning, USA) was prepared. The mixture was drop casted onto a glass slab and
degassed in vacuum to remove any air bubbles trapped during the mixing procedure.
Furthermore, the mixture was cured in an oven at 80°C for 60 min to prepare PDMS
sheets. The PDMS sheets prepared in this study were approximately 1 mm in thickness.
Before irradiation experiments, the surfaces of PDMS were washed with ethanol to
remove any debris.

3.3.1.2. Laser irradiation

Fs-LDW laser irradiation experiments were conducted using a Solstice Ace fs laser
(Spectra Physics, USA) which generated 100-fs laser pulses with a central wavelength of
800 nm at a RR of 1 kHz. Laser pulses were focused onto the top surface of the PDMS
sheet using a 10x objective lens, with a numerical aperture (NA) of 0.25. The defocusing
method was not used for the patterning of all structures in this section, and the energy per
laser pulse, or pulse energy (PE), was 20 pJ. A three-axis (xyz) translation stage was
utilized to scan laser pulses in three dimensions.

CW-LDW laser irradiation experiments were conducted using a YLR-100 CW laser
(IPG Photonics, USA) which generated a CW laser beam with a central wavelength of
1060 nm. The CW laser beam was tightly focused and scanned across the top surface of
the PDMS sheet using a Focus Shifter digital galvo laser scanner (Raylase GmbH,
Germany).

All irradiation experiments were conducted in ambient conditions.

3.3.1.3. Characterization

OM images were obtained using an LEXT confocal laser scanning microscope
(Olympus, Japan). Raman spectra were obtained using a LabRAM Aramis laser-excited
Raman spectrometer (Horiba, Japan). The excitation wavelength and laser power for
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Raman analyses were set to 532 nm and approximately 36 mW, respectively. SEM images
were obtained using an Inspect F50 scanning electron microscope (FEI, USA). Prior to
SEM observations, iridium coatings with a thickness of approximately 10 nm were
applied by ion sputtering.

3.3.2. Results and discussions

3.3.2.1. Implications of using a fs laser for defect nucleation

In order to further validate the importance of defects on the formation of continuous
tracks, defects were intentionally introduced to the PDMS surface by irradiating fs laser
pulses (Figure 3.9 (a)), prior to the scanning of a CW laser beam (Figure 3.9 (b)).

(a) Step 1: Fs LDW (p) Step 2: CW LDW
114141011 000000000
Défe{ts S ——

Continuous track

Scan direction Scan direction

Figure 3.9 Two-laser LDW technique in which (a) first, fs laser pulses are scanned to mark defects,

(b) then, a CW laser beam is traced to form a continuous track.

Figure 3.10 (a) shows a SEM image of an array of defects marked with a spacing of s
on the surface of a PDMS sheet via fs LDW. Each defect was formed by the irradiation
of a single fs laser pulse. From the Raman spectra obtained from various locations of the
defect, the formation of graphitic carbon was not confirmed by the irradiation of a single
fs laser pulse (Figure 3.10 (b,c)). Moreover, the visible surface of the defect formed by
the irradiation of fs laser pulses (Figure 3.10 (b)) were significantly smoother than those
formed by the irradiation of a CW laser beam (Figure 3.10 (d)). This may suggest that the
formation mechanism of the defects is different depending on the laser used. In the case
of a CW laser, it is expected that the defects formed as a result of the explosion of the
below-surface macrobubble (Section 2.6.3.). On the other hand, in the case of a fs laser,
it can be expected that the defects were formed by non-thermal laser ablation (i.e.,
coulomb explosion), without significant thermalization (discussions in Section 2.5.4.).
Consistent with this assumption, a polymeric flap, as those observed for the defect formed
by irradiation of a CW laser beam (Figure 3.10 (d)), is not observed for a defect formed
by the irradiation of a fs laser pulse (Figure 3.10 (b)).
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Figure 3.10 SEM images of (a) an array of defects and (b) a single defect formed by fs LDW. (c)
Raman spectra obtained from the fs-LDW defect. (d) SEM image of a defect formed by CW LDW.

Although a continuous track could not be formed with a parameter combination of 80
W, 800 mm/s in the case of an un-marked PDMS surface (Figure 3.1 (g)), a continuous
track was successfully formed along the defects in the case of the marked PDMS surface
(Figure 3.11 (a)). Moreover, the Raman spectra obtained from the track indicates the
formation of graphitic carbon; suggesting the successful thermal conversion of the defect
into a carbonaceous structure by the subsequent scanning of a CW laser beam (Figure
3.11 (b)). Therefore, it is demonstrated that the formation threshold for continuous
carbonaceous tracks was lowered due to the initial introduction of laser-induced defects
on the PDMS surface. It is suggested that a continuous carbonaceous track was
successfully patterned even with a parameter combination of 80 W, 800 mm/s in the case
of a marked PDMS surface due to slight alterations in the PDMS surface due to pulse
irradiation, such as the absorption properties. However, the surface morphology of the
track patterned using two lasers (Figure 3.11 (b)) is significantly less flaky compared to
the track patterned using only a CW laser (Figure 3.1 (a)). This difference in the surface
morphology will be discussed later (Section 3.4.2.1.).
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Figure 3.11 (a) SEM image of a continuous track formed by the scanning of a CW laser beam over fs-

LDW defects. (b) Raman spectra obtained from the continuous track indicating evident graphitization.
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The relationship between the defect spacing for fs LDW, and the laser power and
scanning speed of CW LDW determined if the resulting structure was continuous or not
(Figure 3.12 (a—c)). For example, for a constant laser power, the defect spacing required
for continuous track formation decreased with an increase scanning speed of the CW laser
beam (Figure 3.9 (a—f)). This is expected as the increase in scanning speed will decrease
the laser fluence for CW LDW, resulting in smaller growths of the defects to become
continuous. Nonetheless, this demonstration of the two-laser LDW technique evidently
shows that the temporal aspect of LICG, and furthermore, indicates that the processing
scanning speed is limited by the nucleation of defects, in addition to the growth kinetics
of structures.

s=20pm (f) S 3 s$=20um
80 W, 960 mm/s 80 W, 1200 mm/s

Increase in scanning speed

Increase in defect spacing |

Figure 3.12 OM images of structures formed by CW LDW with defect spacings s and scanning speeds
of (a) 20 um, 800 mm/s, (b) 40 um, 800 mm/s, (c) 60 um, 800 mm/s, (d) 20 um, 960 mm/s, (e) 20 um,
960 mm/s, and (f) 20 um, 1200 mm/s, for a constant laser power of 80 W.

3.3.2.2. Discussions on the processing limits

The current results shows that the temporal limitations for the formation of continuous
carbonaceous tracks can be significantly improved by the intentional introduction of
laser-induced defects via fs LDW. Therefore, for example, by designing an optical setup
which incorporates a fs laser system for defect formation and a CW laser system for
thermal conversion into the same beam path the current processing limits may be

73



Chapter 3. Morphology of carbonaceous structures

overcome. According to Figure 3.13, the necessary condition for the formation of
continuous tracks for such a technique can be expressed by Eq. 3.5 as,

2x+A4x = s Eqg. 3.5

where x is the radius of the defect and 4x is the radial growth in size from the edge of the
defect.

Figure 3.13 OM images of structures indicating the necessary condition for the formation of

continuous tracks.

The initial size and spacing of the defects, will be determined by fs LDW, and can be
approximated by Eq. 3.6 and Eq. 3.7 as,

Res | Fr c
x=— |In(= g. 3.6
72 "y
S s Eq. 3.7
f

where Rss is the focal beam radius, Frs is the laser fluence, vss is the scanning speed, and f
is the RR of the fs laser system. Fw is the laser fluence threshold for ablation, and will be
dependent on the target material.

The radial growth in size will be determined by CW LDW, and more specifically the
temperature gradient induced by laser irradiation. The temperature gradient induced due
to heating of the defect as a function of distance T(r) can be expressed Eq. 3.8 by as,

(T _y2
T() = Toye ia? Eq.3.8

where Tcw is the peak temperature induced at the defect and t is the resident time of the
CW laser beam. Note that the temperature induced within the defect is approximated to
be constant for this case.

To determine the position of the growth front rgrowth, the r when the temperature reaches
the threshold for modification Tw needs to be solved. Eq. 3.8 can be rewritten as,
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Tgrowtn = |4atIn—— Eg. 3.9

Moreover, rgrowth Will be greatest for a maximum resident time t’. t” will be determined
by the focal beam radius Rcw and the scanning speed vcw of the CW laser system as
expressed by Eq. 3.10 as,

_ 2Rew
B Uew

By substituting Eq. 3.10 to Eqg. 3.9, the maximum growth distance 4x can be

determined as,

!

Eq. 3.10

2Rew T,
Ax:\/w WL Zew Eqg. 3.11

Substituting x and s expressed as Eqg. 3.6 and Eq. 3.7, respectively, as well as Ax
expressed as Eqg. 3.11 into the initial condition for the formation of continuous tracks
expressed as Eq. 3.5 gives,

2R F, 2R T,
=L M) + [4a - > Urs Eg. 3.12
V2 Fin vew  Ten f

which can be further rearranged to be rewritten as a relationship between the conditions
of the two laser systems as,

j4a 2R Tow o Vs _ZRys |1 sy Eq. 3.13

Uew Tin f V2 Fin

To offer a more accurate way to estimate the parameter combinations which allow for
continuous formation of tracks using the two-laser LDW technique, Tcw can also be
expressed in terms on laser parameters. However, this requires more consideration of the
processing conditions. For example, for a complete surface source (absorption length
does not exist), the temperature increase with respect to laser parameters of the CW laser
system can be expressed by Eq. 3.14 as,

Pewvaat Eq. 3.14

T(t) =
© kTR oy

where Kk is the thermal conductivity of the target material.

Moreover, to calculate Tew, t” expressed in Eq. 3.10 can be substituted for tin Eq. 3.14
to be rewritten as,
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 Pow Jta Y Eq. 3.15

However, if a penetrating source (absorption length exists) is considered, Eq. 3.14 will

not hold true and the expression will change. Note that this discussion is aimed to provide
a starting point or framework towards future manufacturing. Parameter combinations can
be predicted with more accuracy by further considering other complex factors, such as a
moving heat source or dynamic changes in beam and material properties, and is a target
of future studies.

3.4. Using a high repetition rate femtosecond laser
3.4.1. Materials and methods

3.4.1.1. Material preparation

A 1:1 mixture of polymer to curing agent of optically-cured KER-4690 PDMS (Shin-
Etsu Chemical Co., Ltd., Japan) was prepared. The mixture was poured into a rectangular
mold and degassed in vacuum to remove any air bubbles trapped during the mixing
procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp for 30
min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 2 mm in thickness. Before irradiation experiments, the surfaces of PDMS
were washed with ethanol to remove any debris.

3.4.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. PDMS sheets were
placed onto a cover glass with a 140-um spacing (Figure 3.14). Then, laser pulses were
focused onto the bottom surface of the PDMS sheet using a 20x objective lens, with a NA
of 0.4. The laser power and scanning speed when the defocusing method was not used
was 150 mW and 2.00 mm/s, and when the defocusing method was used was 100 mW
and 2.00 mm/s, respectively. A three-axis (xyz) translation stage was utilized to scan laser
pulses in three dimensions. All irradiation experiments were conducted in ambient
conditions.
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Figure 3.14 Schematic illustration of the laser irradiation setup.

3.4.1.3. Characterization

OM images were obtained using a MS-100 optical microscope (Asahikogaku, Japan).
SEM images were obtained using a Inspect F50 scanning electron microscope (FEI, USA).
Energy-dispersive X-ray (EDX) mappings were obtained during SEM observations using
an Octane Elect energy-dispersive X-ray spectrometer (EDAX, USA). Prior to SEM
observations, osmium coatings with a thickness of approximately 12 nm were applied by
ion sputtering. TEM images were obtained using a Tecnai G2 transmission electron
microscope (FEI, USA). Raman spectra were obtained using a InVia laser-excited Raman
spectrometer (Renishaw, UK). The excitation wavelength and laser power for Raman
analyses were set to 532 nm and approximately 0.075 mW, respectively.

3.4.2. Results and discussions

3.4.2.1. Patterning using a high repetition rate fs laser

As the implications of establishing a two-laser setup that combines defect formation
and thermal conversion was indicated in Section 3.2.2.4., a high RR (63 MHz) fs laser
was used for the LICG of PDMS. The high laser intensity of the individual fs laser pulses
will facilitate defect nucleation, while the high RR will allow for heat accumulation and
the subsequent formation of carbonaceous structures with a single irradiation step (HR-
fs LDW). Fs laser pulses were focused tightly onto the surface of a PDMS sheet and
scanned once to pattern a track. Figure 3.15 shows an OM image of the track patterned
on the surface of PDMS by HR-fs LDW. The width of the track was significantly larger
than the focal beam diameter (approximately 2 pm), which is attributable to heat
accumulation owing to the high RR (63 MHz). Moreover, consistent with the case of CW
LDW (Figure 3.1 (e)), the modification of the transparent PDMS sheet into a black-
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colored material is confirmed, suggesting carbonization. It should be noted that a
continuous track could be patterned with a significantly lower laser power using a fs laser
compared to when a CW laser was used, which is attributable to the difference in laser
wavelengths. PDMS is visibly transparent and has a relatively low linear absorbance of
522-nm-wavelength (fs laser) and 1060-nm-wavelength (CW laser) light. Using a fs laser,
by tightly focusing the laser pulses onto the surface of PDMS, carbonization can be
induced via nonlinear absorption owing to the high laser intensity. On the other hand,
using a CW laser, as it is difficult to induce nonlinear absorption, a significantly higher
laser power is required to induce sufficient thermalization by linear absorption for
carbonization. However, a unidirectional groove can be observed at the center of the
resulting track. The formation of such groove is attributable to laser ablation, due to the
high peak laser intensity at the center.

Figure 3.15 OM image of the track patterned on PDMS by HR-fs LDW. Green arrow indicates the

location of laser scanning and not the direction.

It can be observed that the surface of the track patterned by HR-fs LDW (Figure 3.15)
is visibly different from the surface of the track patterned by CW LDW (Figure 3.1 (a)).
Consistent with the case when two lasers were used, for tracks patterned using a fs laser,
the surface is relatively flat and continuous; whereas for tracks patterned using a CW laser,
the surface possessed a flake-like morphology. The difference between the structural
morphologies can be explained by considering the formation mechanism discussed in
Section 3.2.2.3. based on laser-induced defects. In the case of fs LDW, the laser-induced
defects will form along the irradiated path with relatively high uniformity and stability
owing to the high laser intensity (Figure 3.4). If the defects form non-thermally, the
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entirety of the defect surface will be smooth, as observed in Figure 3.10 (a). On the other
hand, if the defects form thermally, they will protrude from the surface and the peripherals
may possess a flake-like morphology owing to the formation of polymeric flaps during
explosive formation (Section 2.6.), as observed in Figure 3.10 (d). Currently it is unclear
whether defect nucleation in the case of HR-fs LDW is non-thermal and/or thermal. It is
expected that the laser intensity of each laser pulse will determine if the defect form non-
thermally and/or thermally, but the specifics of this is out of the scope of the current study
and should be a topic for future studies. Nonetheless, as heat accumulation ensues, the
defects will grow and merge with neighboring defects to eventually form a continuous
carbonaceous track (as discussed in Section 3.2.2.3.). It is expected that defect formation
occurs prominently within the irradiated area, and considering that multiphoton
absorption takes place when tightly focused fs laser pulses are irradiated, defect formation
is most likely confined within a small portion of the irradiated area in the case of fs LDW
(assumed focal beam diameter is 2 um). Therefore, as the track width is approximately
130 um in the case of HR-fs LDW (Figure 3.15), it can be speculated that structural
formation is dominated by thermal diffusion out of the irradiated area.

For CW LDW, the laser-induced defects will form along the irradiated path with
significantly lower uniformity and stability due to the low laser intensity. Moreover, most,
if not all, defects will form thermally by below-surface bubbling. Considering the
wavelength of the CW laser (i.e., infrared), and that only single-photon absorption takes
place, the induced hotspot will be deeper within the material compared to when fs laser
pulses were irradiated (i.e., visible). The deeper hotspot induced by the irradiation of a
CW laser beam will result in the formation of a larger macrobubble surrounded by a
thicker layer of polymeric material. As the macrobubble explodes, a larger polymeric flap
will form (as discussed in Section 2.6. and Section 3.2.), and with sufficient
thermalization, the polymeric flap can be converted into a carbonaceous flake.
Additionally, as the macrobubbles explodes, it can rupture neighboring carbonaceous
structures, resulting in the increase in carbonaceous flakes. Therefore, it can be
understood that of the track patterned by CW LDW possess a flaky morphology due to
the explosive formation of defects. For the tracks patterned by CW LDW after defects
were formed on the surface non-thermally (Figure 3.11 (a)), the surface did not possess a
flaky morphology. This is attributable to the change in depth of the induced hotspots (i.e.,
shallower) due to the initial fs LDW step. Since the fs-LDW defects will serve as initiation
sites for structure formation, the subsequent CW laser beam will not penetrate as deep
within the surface, resulting in a smaller macrobubble, and consequently, significantly
smaller flaps. Note that the above discussions have not been thoroughly investigated yet,
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for example, structural evolutions of the flakes in Figure 3.1 (a,b), and future studies are
required to reveal the reason for the differences in structural morphologies depending on
the used laser type.

Figure 3.16 (a) and (b) are SEM images of the surface and cross-section of the track
patterned by HR-fs LDW, respectively. In the case of the surface adjacent to the
unidirectional groove at the center (area A in Figure 3.16 (a)), non-distinctive masses are
observed, for area B in Figure 3.16 (a), distinctive spherical particles are observed, and
for area C in Figure 3.16 (a), particles smaller than those observed for area B are observed.
It is assumed that such spherical particles formed by the precipitation of materials
removed by laser ablation rather than below-surface bubbling, as such particles were
observed for areas beyond C where black-colored material was not observed (i.e., non-
carbonized areas). After the ablated material is deposited, thermalization due to laser
irradiation may lead to the merging of neighboring small particles, such as the particles
observed at area C. Since thermalization will be the greatest at the center and
exponentially decrease as the distance from the center increases, this difference in
temperature between area A and B may have resulted in a different number of particles
merging, leading to the formation of non-distinctive masses and the larger particles,
respectively. From the cross-sectional SEM image shown in Figure 3.16 (b), the clean
edge resulting from laser ablation is observed. Moreover, the visible density of the
structure appears different depending on the distance from the center. For example, for
area Ain Figure 3.16 (b), the modified region appears significantly denser than area B in
Figure 3.16 (b). Considering a thermalization gradient similar to the case of the surface,
the temperature will be higher for area A compared to area B. As discussed in Section
2.6.3., macro-pores can form during structural formation due to the release of condensable
gases. Since the heating rate would be higher for area A as it is closer to the center, this
may result in the rapid release of gases without gas condensation. Moreover, as mentioned
in Section 2.5.3., the instantaneous thermalization can result in high localized pressures
due to laser-induced shockwaves. The rapid release of gases, in conjunction with the laser-
induced shockwaves, may have suppressed the formation of large macro-pores, resulting
in a highly dense region. On the other hand, for area B, the heating rate will be
significantly lower, allowing for sufficient time for the condensation of gases and lower
localized pressures. This in turn will lead to the formation of larger macro-pores, resulting
in a less dense region. For area C in Figure 3.16 (b), a visibly smooth material can be
observed. Since area C is the boundary between the modified region and the PDMS sheet,
the observed material may be amorphous polymeric intermediate products due to
insufficient thermalization.
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Figure 3.16 SEM images of the (a) surface, and (b) cross-section of the structure patterned by HR-fs

LDW. A, B, and C are enlarged images of the respective areas. Green arrow indicates the location of

laser scanning and not the direction.

3.4.2.2. Material composition of the carbonaceous structure

To reveal the material compositions of the tracks formed by HR-fs LDW, TEM
observations were performed. Figure 3.17 (a) shows a typical TEM image of the materials
obtained from the patterned track. From the TEM image, nanoparticles, with an average
grain size of approximately 50 nm, can be observed throughout the observed area. From
the selected area electron diffraction (SAED) pattern of the field-of-view shown in Figure
3.17 (a), clear spot diffractions are confirmed, indicating that the observed nanoparticles
are crystalline (i.e., NC). Figure 3.17 (b) is a higher magnification TEM image of the area
A'in Figure 3.17 (a). A single NC is outlined by the dashed red line in Figure 3.17 (b),
and two distinctively different lattice spacings can be observed at areas B and C, besides
and on the NC, respectively. Furthermore, the material observed in the area C seems to
be sprouting from the edge of the NC. Figure 3.17 (c) and (d) are enlarged images of areas
B and C, respectively. In Figure 3.17 (c), lattice spacings of approximately 0.34 nm were
measured, which corresponds to the (002) plane of graphitic carbon. In Figure 3.17 (d),
lattice spacings of approximately 0.25 nm are measured. This spacing corresponds to the
(111) plane of 3C-SiC, and confirms the formation of SiC-NCs. Additionally, since the
direction of the fringes is uniform throughout the entirely of the observed NC, the
observed NC is presumed to be a single crystal of SiC. These TEM observations are
consistent with the previously Raman results indicating the formation of graphitic carbon
and SiC-NCs by the LICG of PDMS (Figure 3.3), and confirms that the carbonaceous
structure formed by the irradiation of a train of high RR fs pulses are also composed of
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these two carbonaceous materials. In Section 2.3.5., it was discussed that SiC-NCs form
as a result of the reduction of silica domains by carbon species. However, this is in the
case of carbonization using a conventional furnace and may not apply completely for the
carbonization of PDMS using a laser. In the future, by revealing if the formation
mechanism of SiC-NCs in the case of LICG of PDMS, further control of the resulting
materials may be realized.

Figure 3.17 (a) Typical TEM image of the formed carbonaceous materials. Inset is a corresponding
SAED pattern of the field-of-view. (b) Enlarged image of the area marked A in (a). (d,e) Enlarged

images of the areas marked B and C in (b), respectively.

3.4.2.3. Defocusing and ablation suppression

Although the successful patterning of a carbonaceous composite structure composed
of graphitic carbon and SiC-NCs was demonstrated by HR-fs LDW, the center of the
patterned structure was severely damaged due to laser irradiation. To overcome this issue,
a defocusing method was applied to suppress laser ablation during structural formation
(Figure 3.18 (a)). First, fs laser pulses were tightly focused onto the bottom surface of the
PDMS sheet for 2 sec to pattern a black dot on the surface (Figure 3.18 (b)). Then, the
PDMS sheet was shifted along the z-axis (incident laser pulse axis) without laser
irradiation, to defocus the fs laser pulses at the surface. The distance of the z-axis shift is
hereon referred to as the defocus distance (DD). Finally, the PDMS sheet was irradiated
by the defocused laser pulses and scanned in the xy-plane to pattern tracks (Figure 3.18

(©).
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Figure 3.18 (a) Schematic of the defocusing method for ablation suppression (not drawn to scale). OM
images of (b) the black dot which acts as an absorber, and (c) the track patterned by scanning a train

of defocused fs laser pulses. Scale bars indicate 100 pm.

As pristine PDMS is transparent and has a relatively low linear absorbance in the
visible wavelength range, 1* when defocused fs laser pulses are irradiated onto a pristine
PDMS sheet there is no visible carbonization due to the substantial decrease in laser
intensity. By initially irradiating tightly focused laser pulses, a black dot structure which
acts as an absorber of the 522 nm wavelength light can be patterned, to subsequently
carbonization the PDMS sheet presumably via linear absorption. It can be hypothesized
that there are two vastly different laser intensity thresholds for the initial carbonization of
the transparent PDMS sheet Ith1, and the subsequent continuous growth of the
carbonaceous structure Itnz, where Ithi>>ltn2. This difference in laser intensity threshold
can be explained by the significant change in absorption after carbonization (as discussed
in Section 2.6.3. and Section 3.2.2.). Therefore, if fs laser pulses are continuously
irradiated with Ith1 after the initial formation of the carbonaceous structure, the high laser
intensity will result in the excessive thermalization and subsequent ablation. The
defocusing step after the initial formation of the black dot will alleviate the large
difference between Ith1 and Ith2, preventing ablation.

SEM images of the tracks patterned with various DDs are shown in Figure 3.19. For a
DD of 0 um, consistent with Figure 3.15, a unidirectional groove attributable to the laser
ablation is observed at the center of the track (Figure 3.19 (a)). For a DD of 50 um, a
similar but thinner groove can be observed at the center of the track (Figure 3.19 (b)). On
the other hand, for the tracks patterned with a DD of 100 or 150 um, no grooves are
observed (Figure 3.19 (c,d)). Especially for the track patterned with a DD of 150 um, the
center of the track is continuous, and gaps or holes, such as those observed for a DD of
100 um (Figure 3.19 (c)), are not observed throughout the entirety of the structure surface
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(Figure 3.19 (d)). No surface modification was observed for a defocus distance of 200
um, indicating that the laser intensity became less than Itna.

Figure 3.19 SEM surface images of the tracks patterned with a DD of (a) 0 um, (b) 50 um, (c) 100 um,
and (d) 150 um. Enlarged SEM images of the mapping area and the obtained EDX mapping of C, O,

and Si for tracks patterned with a DD of (e) 0 um, (f) 50 um, (g) 100 um, and (h) 150 um. The mapping
areas shown in (e-h) are enlarged images of the areas indicated by the respective colored rectangle in
(a—d).

From the enlarged images of the areas indicated by the respective colored rectangles
(Figure 3.19 (e—h)), two distinctive regions are confirmed for all the tracks. For the tracks
patterned with DDs of 0-100 um (Figure 3.19 (e—g)), a smooth region is observed
proximal to the groove, followed by a rougher region with particles. EDX mappings of
the observed areas indicate a strong C signal mainly for the smooth regions, and a strong
O signal for the entire field-of-view (Figure 3.19 (e—g)). Since the peak temperatures are
higher at the center, the strong C signals may be attributable to the progression of LICG
and the formation of graphitic carbon. Furthermore, considering the low C signal, high O
signal, and high Si signal for the rough regions, the particles observed on the surface are
considered to be silica particles. On the other hand, for the track patterned with a DD of
150 um (Figure 3.19 (h)), a smooth region is observed at the center, followed by a uniform
region without particles. EDX mapping of the observed area indicates a strong C signal
for the smooth region, similar to the case for the tracks patterned with DDs of 0-100 um.
However, the strong C signal is confirmed for a larger area, suggesting the existence of
graphitic carbon in a larger area. Moreover, a relatively weaker O, as well as Si, signal is
indicated for both the smooth regions and the adjacent uniform area (Figure 3.19 (h)),
compared to the case for the tracks patterned with DDs of 0-100 um. The low O and Si
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signals is attributable to the lack of silica particles on the surface of the track patterned
with DDs of 150 um. The fact that the particles were only observed for the tracks in which
grooves or gaps were observed supports the previous assumption that the particles formed
due to the precipitation of ablated material rather than carbonization and/or graphitization
(discussed in Section 3.4.2.1.).

SEM images of the tracks patterned at various scanning speeds with a constant DD of
150 um are shown in Figure 3.20 (a—p). For relatively fast scanning speeds (ie., 4.00 and
3.50 mm/s, Figure 3.20 (a,b)), a groove is observed at the center, followed by flakes
similar to those observed for tracks patterned by CW LDW (Figure 3.1 (a,b)) at the edges
of the groove. As the scanning speed is decreased (i.e., 3.00-2.00 mm/s, Figure 3.20 (c—
e)), both the groove as well as the flakes become less prominent, and relatively continuous
structure is observed. However, as the scanning speed is further decreased (i.e., 1.50-0.50
mm/s, Figure 3.20 (f-h)), a groove visibly different from that observed for fast scanning
speeds is observed, indicating the reoccurrence of ablation. Considering that the laser
intensity is constant and the number of irradiated pulses is different for the patterning of
all structures shown in Figure 3.20, it can be speculated that the unidirectional groove at
the center is a result of thermalization, rather than non-thermal ablation. However, as the
visible morphologies of the grooves in Figure 3.20 are different from those observed for
Figure 3.19 (a), further investigation on the formation mechanism of the grooves may be
required.

Figure 3.20 SEM images of the surfaces of tracks patterned with a scanning speed of (a) 4.00 mm/s,
(b) 3.50 mm/s, (c) 3.00 mm/s, (d) 2.50 mm/s, (e) 2.00 mm/s, (f) 1.50 mm/s, (g) 1.00 mm/s, and (h)
0.50 mm/s, with a constant DD of 150 pum.

With the decrease in scanning speed, thermalization should increase as a result of the
increase in laser fluence. Therefore, it is expected that laser ablation should gradually
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increase as the scanning speed is increased. However, it can be clearly seen that the
structural morphologies transition from “yes groove” to “no groove” to “yes groove”,
rather than a simple transition from “no groove” to “yes groove”. One explanation for the
initial transition from *“yes groove” to “no groove” as the scanning speed is decreased is
the sufficient formation of thermally stable intermediates (as discussed in Section 2.7.).
As the resident times were too short in the case of fast scanning speeds, the formation of
thermally stable intermediates, such as amorphous carbon, may have been insufficient.
As the scanning speed is decreased, such intermediate products will increase in volume,
suppressing laser ablation although the laser fluence is increased. Another explanation for
the transition between the initial “yes groove” to “no groove” as the scanning speed is
decreased, is the merging of the flakes due to the increase in laser fluence. Considering
that the flakes are a result of the explosive formation (as discussed in Section 3.3.2.2. and
3.4.2.1.), the flakes may be mostly composed of partially carbonized polymeric materials.
Thermalization induced by the subsequent irradiation of laser pulses, may lead to the
flattening, stacking, and/or merging of the flakes to form a continuous carbonaceous
structure. Agreeably, the formation of a layered structure can be observed as the scanning
speed is decreased, for example from 4.00 mm/s (Figure 3.20 (a)) to 3.00 mm/s (Figure
3.20 (c)). However, regardless of the reason for the initial transition between “yes groove”
to “no groove”, the reappearance of the groove at slower scanning speeds is attributable
to the excessive thermalization due to the excessive laser fluence. Appropriately, surface
ripples disappear and the structure becomes visible smoother, possibly due to melting.

3.5. Summary

In Chapter 3, the experimental results regarding the structural formation of
carbonaceous structures by the LICG of PDMS was described. Orthogonal multi-
parameter experiments conducted by scanning a CW laser beam across a PDMS surface
indicated that structure formation is not solely dependent on the laser fluence but rather
on the resident time of the CW laser beam. According to this, a formation mechanism
based on the nucleation and growth of laser-induced defects was proposed, and further
validated by intentionally introducing laser-induced defects in a controlled manner using
a fs laser. As the implications of establishing a two-laser system which incorporates defect
formation and thermal conversion was indicated, a high RR fs laser was used for the LICG
of PDMS. The formation of a carbonaceous structure composed of graphitic carbon and
SiC-NCs was demonstrated using a high RR fs laser; however, the center of the structure
was severely damaged by laser ablation due to the high peak laser intensity. By using the

86



Chapter 3. Morphology of carbonaceous structures

defocusing method, laser ablation was significantly suppressed, realizing the successful
patterning of continuous carbonaceous structures using a high RR fs laser.

The contents of this chapter were reused and built upon the following references with
permission from the Royal Society of Chemistry ©2020 and John Wiley & Sons ©2021,
respectively.

e Hayashi, S., Morosawa, F. & Terakawa, M. Synthesis of silicon carbide
nanocrystals and multilayer graphitic carbon by femtosecond laser irradiation of
polydimethylsiloxane. Nanoscale Adv 2, 1886-1893 (2020).

* Hayashi, S., Morosawa, F. & Terakawa, M. Laser Direct Writing of Highly
Crystalline Graphene on Polydimethylsiloxane for Fingertip-Sized Piezoelectric
Sensors. Adv Eng Mater 23, 2100457 (2021).
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4. Electrical property of carbonaceous structures

4.1. Introduction

As the carbonaceous structures formed by LICG are generally composed of graphitic
carbon, specifically turbostratic graphite, the structures can conduct electricity. Moreover,
as discussed in Section 2.4.1., the electrical conductivity of graphitic carbon is highly
dependent on the structural order, or crystallinity, of the graphitic carbon. However, as
the carbonaceous structures formed by the LICG of PDMS is also composed of SiC-NCs,
the electrical property can transition from a conducting to semiconducting regime
depending on the features of SiC-NCs. The aim of Chapter 4 is to reveal the relationship
between the carbonaceous material and the electrical property for the carbonaceous
structure formed by the LICG of PDMS. In Section 4.2., the patterning of electrically
conductive structures is demonstrated and the effect of graphitic carbon on the electrical
property will be indicated. Then, in Section 4.3., the transition from the electrically
conducting regime to the semiconducting regime is demonstrated, and the effect of SiC-
NCs on the electrical property is indicated. According to this, it is concluded that the key
to achieving semiconducting structures is to suppress graphitization while enhancing SiC-
NCs formation, and the laser parameters capable of achieving this will be discussed.

4.2. Graphitic carbon and the conducting regime
4.2.1. Materials and methods

4.2.1.1. Material preparation

A 1:1 mixture of polymer to curing agent of optically-cured KER-4690 PDMS (Shin-
Etsu Chemical Co., Ltd., Japan) was prepared. The mixture was poured into a rectangular
mold and degassed in vacuum to remove any air bubbles trapped during the mixing
procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp for 30
min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 2 mm in thickness. Before irradiation experiments, the surfaces of PDMS
were washed with ethanol to remove any debris.
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4.2.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. PDMS sheets were
placed onto a cover glass with a 140-um spacing (Figure 3.14). Then, laser pulses were
focused onto the bottom surface of the PDMS sheet using a 20x objective lens, with a NA
of 0.4. A three-axis (xyz) translation stage was utilized to scan laser pulses in three
dimensions. The defocusing method was used for the patterning of conductive tracks (DD
= 150 pum), and the laser power and scanning speed was 100 mW and 2.00 mm/s,
respectively. The defocusing method was not used for the patterning of conductive 2D
structures (DD = 0 um), and the laser power and scanning speed was 150 mW and 2.00
mm/s, respectively. All irradiation experiments were conducted in ambient conditions.

4.2.1.3. Characterization

Electrical conductivity measurements of the structures were obtained using a 2401
digital source meter (Keithley, USA). Before electrical conductivity measurements, a
gold electrode with a thickness of approximate 50 nm was deposited on both ends of the
structures (total of 2 electrodes). A probe was contacted onto each of the gold electrodes
deposited on the ends, and the electrical resistance was measured by the two-probe
method. OM images were obtained using a MS-100 optical microscope (Asahikogaku,
Japan). SEM images were obtained using a Inspect F50 scanning electron microscope
(FEI, USA). Prior to SEM observations, osmium coatings with a thickness of
approximately 12 nm were applied by ion sputtering.

4.2.2. Results and discussions

4.2.2.1. Electrically conductivity of carbonaceous structures

The electrical conductivity of tracks patterned by HR-fs LDW with different DDs was
assessed via the two-probe method for a 2-mm length (Figure 4.1). Although the
formation of electrically conductive graphitic carbon was confirmed (Figure 3.17) evident
electrical conductivity was not confirmed for the track patterned with a DD of 0 um
(conductance = 0 uS). This is attributable to the severe damaging of the patterned track
due to laser ablation (Figure 3.15). Due to laser ablation, for example, the formed
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graphitic carbon could be partially removed preventing the formation of the conductive
network (discussion on percolation in Section 2.4.1.), or portions of the ablated material
could adhere during the formation of graphitic carbon making the material highly
defective (discussion on defects in Section 2.4.1.). On the other hand, in the case of tracks
patterned using the defocusing method (i.e., DD > 0 um), notable electrical conductivity
was confirmed. Moreover, with the increase in DD, the electrical conductance of the
structures increased exponentially to a maximum of approximately 117 uS for a DD of
150 um (Figure 4.1). These results clearly indicate that the suppression of ablation by
implementing the defocusing method is crucial for the patterning of electrically
conductive tracks in the case of HR-fs LDW. Considering the cross-sectional area of the
structure, the electrical conductivity of the structure was calculated to be approximately
51.6 S/m (resistivity: approximately 0.0194 ohm-cm). Compared to pristine graphite
(approximately 10° S/m), the calculated electrical conductivity was significantly lower.
As the carbonaceous structure is a composite structure, the existence of low conducting
intermediates, such as amorphous carbon and silica, and semiconducting SiC-NCs can
decrease the overall electrical conductivity of the structure.
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Figure 4.1 Electrical conductance of tracks patterned with various DDs. The error bars indicate the
standard deviation for n = 5 samples.

Representative Raman spectra obtained from the tracks are shown in Figure 4.2. Note
that the spectra were all obtained from the smooth regions which exhibited relatively
stronger C signals near the center of tracks observed in Figure 3.19 (a—d). For the Raman
spectra obtained from the tracks patterned with a DD of 100 um and smaller, the D and
G bands are observed, indicating the formation of graphitic carbon. However, consistent
with the EDX results (Figure 3.19 (e—h)), it is suggested that the formed graphitic carbon
is highly defective, and only exist as small crystals.}’?>1"3 As a groove, gap, and/or hole
was observed for all of these tracks, it is suggested that laser ablation hindered the growth
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of graphitic carbon into larger crystals. In contrast, for the Raman spectrum obtained from
the track patterned with a DD of 150 um, in addition to the D and G band peaks, a sharp
2D band can be observed. The confirmation of both a low Io/lc ratio (approximately 0.34)
and a sharp 2D band for the track patterned with a DD of 150 um suggests the existence
of graphitic carbon crystals with lateral and vertical dimensions significantly greater than
those for the tracks patterned with a DD of 100 um and smaller. Considering that electrical
conductivity was confirmed for all of the tracks patterned using the defocusing method,
it can be concluded that the concentration of graphitic carbon is higher than the
percolation threshold. However, the larger crystal dimensions for a DD of 150 um may
have resulted in higher electron mobilities and/or number of conductive paths within the
conductive network, leading to the significantly higher electrical conductance. However,
even for a DD of 150 um, a prominent D band peak is observed suggesting the existence
of a notable amount of crystal defects, which may also be partially responsible for the
lower electrical conductivity compared to ideal graphite. Note that the evolution in Raman
spectra can only suggest that the increase in crystal size of the graphitic carbon is related
to the increase in electrical conductance with an increase in DD, and cannot conclude
whether there was any increase in concentration of graphitic carbon.
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Figure 4.2 Raman spectra obtained from the center of the tracks patterned with various DDs.

To evaluate the uniformity of graphitic carbon for the track patterned with a DD of 150
um, 1D Raman mapping was performed. The Raman spectra obtained point-by-point
from the center (O um) to the edge of the track (52 um) are shown in Figure 4.3 (a). The
Raman spectrum for a DD of 150 um in Figure 4.2 corresponds to the Raman spectrum
for 0 um in Figure 4.3 (a). As the distance from the center increased, the Raman spectrum
distinctively evolved. At 14 um, the D, G, and 2D bands, as observed at 0 um, were also
observed; however, the relative intensity of the D band was significantly stronger at 14
pum than at 0 um. Furthermore, at 24 um, only the D and G bands were observed. At 40
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um, two peaks were observed at 1100 cm™and 1200 cm™, in addition to the D band. These
peaks originated from the stretching vibration of the aliphatic group and are sometimes
referred to as the trans-polyacetylene (TPA) bands, suggesting the formation of
amorphous carbons with partially aromatic domains.t’41> At 52 um, the m band is
observed, suggesting the existence of methyl bonds, possibly derived from the partially
modified or pristine PDMS. For distances in which graphitic carbon was formed (< 30
um), the degree of graphitization was evaluated using Io/lc and l2o with respect to the
distance from the center. As the distance from the center increased, the Io/lc decreased
accordingly, indicating that the graphitic carbon crystals are larger, the closer to the center
of the track (Figure 4.3 (b)). The observation of graphitic carbon at distances < 30 um
from the center (with fewer defects near the center), partially aromatic amorphous carbon
at distances of 30-50 um from the center, and polymeric materials with no significant
modification at distances > 50 um from the center, agrees well with the general process
of carbonization and graphitization of polymers. Owing to the Gaussian nature of the laser
pulses, the laser intensity will be the highest at the center, and correspondingly, LICG will
progress closer to the center. This results in a carbonaceous structure with relatively low
uniformity. Therefore, as in the case of laser-induced powder bed fusion®’®, it can be
expected that by irradiating laser pulses with a gentler spatial distribution in laser intensity,
the spatial gradient of thermalization may become gentler, leading to an enhancement in
uniformity. By improving the uniformity of the graphitized regions, the overall electrical
conductivity of the patterned track may be significantly improved.
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Figure 4.3 (a) SEM images indicating the analyzed locations of the track patterned with a DD of 150
um, and the Raman spectra obtained from the respective locations. (b) Ip/lg (red) and Iop (blue) at

various distances from the center. Scale bars indicate 10 um.

4.2.2.2. Raster scanning and growth in conductive network

2D carbonaceous structures were patterned on the surface of a PDMS sheet by HR-fs

92



Chapter 4. Electrical property of carbonaceous structures

LDW without using the defocusing method (i.e., DD = 0 um). Figure 4.4 (a) shows the
electrical conductance of the structures patterned with a different number of raster scans.
The hatch spacing was set to be 50 um. Assuming that the width of a single track patterned
with the current laser power and scanning speed parameter combinations (i.e., 150 mW,
2.00 mm/s) was approximately 130 um (Figure 3.15), each subsequent structure should
overlap approximately 40% with the adjacent structure. Evident electrical conductivity
was not confirmed for the structure patterned with 1 scan (conductance ~ 0 uS), which is
consistent with the previous results regarding the electrical conductivity of tracks
patterned with a DD of 0 um (Figure 4.1 (a)). Evident electrical conductivity was not
confirmed for the structure patterned with 2 scans either (conductance = 0 puS). On the
contrary, structures patterned with 3 or more raster scans indicated electrical conductivity.
Moreover, the electrical conductance of the carbonaceous structures increased
exponentially with an increase in the number of raster scans (Figure 4.4 (a)). The change
in electrical conductance with the increase in the number of scanned lanes could be
explained by various factors, such as the increase in cross-sectional area and/or further
modification of the initially patterned carbonaceous structures due to the subsequent
scanning.
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Figure 4.4 Change in electrical conductance with respect to number of raster scans. Electrical

conductivity was confirmed for structures patterned with 3 or more scans.

The carbonaceous structures mentioned in Figure 4.4 were cut perpendicular to the
laser scanning direction to analyze the cross-sections. Figure 4.5 (a—c) shows the OM
images of the cross-sections of the 2D structures patterned with 1 scan (Figure 4.5 (b)), 2
scans (Figure 4.5 (c)), and 3 scans (Figure 4.5 (d)). Laser pulses were raster scanned in to
and out of the page from the right side to the left side of the image. It can be clearly
observed that the structures formed by the consecutive scans (Figure 4.5 (b,c)) are visibly
different from than the structure formed by the initial laser scan (Figure 4.5 (a)).
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Specifically, the structure formed by the second laser scan is clearly smaller than the
structure formed by the initial laser scan, and less expansion of the structure, both
horizontally and vertically, is confirmed for the second laser scan (Figure 4.5 (b)). Since
the location of the second laser scan overlaps the carbonaceous structure formed by the
initial laser scan, the laser pulses of the second laser scan will be absorbed by the
carbonaceous structure rather than the PDMS sheet. Considering that graphitic carbon has
a significantly higher thermal conductivity than pristine PDMS, the thermalization due to
the second laser scan may rapidly dissipate through the pre-existing carbonaceous
structure instead of radially through the PDMS sheet, resulting in the formation of a
significantly smaller structure. On the other hand, the location of the third laser scan will
not overlap the carbonaceous structure formed by the second laser scan since the structure
for the second laser scan is not as wide as the initial laser scan (Figure 4.5 (c)). However,
contrary to the case of the initial laser scan, a carbonaceous structure exists to the right
side of the scan, therefore the formed structure will not expand as much as the initial laser
scan, although more than the second laser scan. Considering that the cross-sectional area
did not increase exponentially (Figure 4.5 (a—c)), whereas the electrical conductivity did
(Figure 4.4), the change in electrical conductance with the increase in the number of raster
scans cannot be explained with the change in cross-sectional area alone.

Figure 4.5 (d) shows the Raman spectra obtained from the cross-sections of the 2D
structures patterned with a different number of raster scans. Analysis for each structure
was conducted for the location slightly left of the first unidirectional groove formed due
to the first laser scan, indicated by the respective blue arrows in Figure 4.5 (a—c). With an
increase in the number of raster scans, the Io/lc changed from approximately 1.4 to 1.2 to
1.0, indicating a respective growth in the graphitic carbon crystals in the ab direction with
consecutive laser scans. Furthermore, for the spectrum obtained from the structure
patterned with 3 scans, the appearance of the 2D band is observed, indicating the stacking
of ordered layers and the growth of the graphitic carbon crystals in the ¢ direction. With
successive raster scanning, the subsequent laser scans can thermalize the pre-existing
structure, and in-turn progress carbonization and graphitization. Considering the cross-
sectional area of the structures, the electrical conductivity of the carbonaceous structures
patterned with 1, 2, 3, and 4 scans were calculated to be approximately 2.56 x 10712 S/m,
2.08 x 102 S/m, 1.60 x 10 S/m, and 1.20 x 102 S/m, respectively. As the electrical
conductivity increased nonlinearly, this clearly indicates the formation of percolation
networks within the structure with an increase in the number of raster scans. By
continuing the raster scanning process, it can be expected that the size of the graphitic
carbon crystals can be further increased, until the location of laser scanning is too far from
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the pre-existing structure to thermalize. Moreover, with the increase in laser scans, the
concentration of large graphitic carbon crystals may also increase as graphitization can
progress. Therefore, although laser ablation prevents the formation of a conductive
network when tightly focused fs laser pulses are scanned once (DD = 0 um), by raster
scanning, the percolation threshold can also be overcome through the increase in size
and/or concentration of graphitic carbon.
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Figure 4.5 Cross-sectional OM images of carbonaceous structures patterned with (a) 1 scan, (b) 2
scans, and (c) 3 scans. Green arrow indicates the location of laser scanning. (d) Raman spectra obtained
from different locations of the cross-section. Arrows indicate the location of analysis, and the color of

the arrow corresponds to the color of the obtained Raman spectrum.

4.3. Silicon carbide and the semiconducting regime
4.3.1. Materials and methods

4.3.1.1. Material preparation

A 1:1 mixture of polymer to curing agent of optically-cured KER-4690 PDMS (Shin-
Etsu Chemical Co., Ltd., Japan) was prepared. The mixture was poured into a rectangular
mold and degassed in vacuum to remove any air bubbles trapped during the mixing
procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp for 30
min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 2 mm in thickness. Before irradiation experiments, the surfaces of PDMS
were washed with ethanol to remove any debris.
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4.3.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. PDMS sheets were
placed onto a cover glass with a 140-um spacing (Figure 3.14). Then, laser pulses were
focused onto the bottom surface of PDMS using a 50% objective lens, with a NA of 0.75.
The defocusing method was not used for the patterning of all tracks in this Section (DD
=0 um). The PE and RR for patterning was altered using a NDHN-100 round continuous
variable neutral density filter (OptoSigma, Japan) and a 3250-220 acousto-optic
modulator (Gooch & Housego, UK), respectively.

Depending on the RR, the time between consecutive pulses of the pulse train will be
different, and thus the time required to irradiate the same number of pulses will be
different (Figure 4.6 (a)). To keep the number of irradiated pulses per unit spot (pps) the
same between RRs, the scanning speed was adjusted accordingly. For example, for slower
RRs the scanning speed was set slower compared to higher RRs to keep the distance
between pulses, and resultantly the pps, the same with the case of higher RRs (Figure 4.6
(b)). All structures mentioned in Section 4.3. were patterned with a pps of 2500, and the
scanning speed was 8.40 mm/s, 3.60 mm/s, 2.29 mm/s, and 1.68 mm/s for a RR of 21
MHz, 9.0 MHz, 5.7 MHz, and 4.2 MHz, respectively. For the patterning of carbonaceous
structures, a two-stepped method was implemented. First, fs laser pulses were focused
and scanned onto the bottom surface of PDMS to pattern a black structure on the surface,
which acted as an absorber (Step 1). The PE, RR, and scanning speed for the patterning
of the absorber were set to 1.27 nJ, 63 MHz, 3.00 mm/s, respectively. Then, structures
were patterned with various laser parameters from the absorber (Step 2).
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Figure 4.6 Schematics illustrating (a) pulse trains with different RRs consisting of the same number

of pulses (i.e., 7 pulses), and (b) scanning of a pulse train.
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4.3.1.3. Characterization

Structures patterned in Step 2 were subject to characterizations. SEM images were
obtained using an Inspect F50 scanning electron microscope (FEI, USA). Prior to SEM
observations, osmium coatings with a thickness of approximately 12 nm were applied to
the patterned structures by ion sputtering. Raman spectra were obtained using a InVia
laser-excited Raman spectrometer (Renishaw, UK). The excitation wavelength and laser
power for Raman analyses were set to 532 nm and 0.075 mW, respectively. Current-
voltage (I-V) curves were obtained using a 2401 digital source meter (Keithley, USA),
for the range of -5V to 5V in 0.1 V steps. Prior to electrical conductivity measurements,
gold electrodes with a thickness of approximately 50 nm were deposited on both ends of
the structures by ion sputtering. Distance between electrodes was approximately 2 mm.
TEM images were obtained using Tecnai G2 F20 and Tecnai Osiris transmission electron
microscopes (both FEI, USA). Prior to TEM observations, the patterned structures were
removed from the PDMS surface and dispersed in an ethanol solution. The prepared
sample-containing solution was dropped onto a TEM grid and air dried before
observations. XRD spectra were obtained using a D8 Discover X-ray diffractometer
(Bruker, USA).

4.3.2. Results and discussions

4.3.2.1. Transition into the semiconducting regime

Fs laser pulses with varying PEs were irradiated at different RRs and scanned across
the surface of a PDMS sheet to pattern tracks by HR-fs LDW. Figure 4.7 (a—d) and Figure
4.7 (e-h) shows the SEM images of the tracks patterned with various PEs at a constant
RR of 21 MHz, and tracks patterned at different RRs with a constant PE of 3.96 nJ,
respectively. Although the defocusing method was not used, evident ablation of the
surface is not confirmed for any of the tracks. It is assumed that the lower laser powers in
this section (approximately 10% of that in Section 4.2.), suppressed the laser ablation.
Note that tracks cannot be patterned with such laser powers without the initial patterning
of an absorber (as indicated in the Materials and methods for this section). The measured
widths of the tracks patterned with a PE in the range of 0.40 nJ to 3.96 nJ, at a RR in the
range of 4.2 MHz to 21 MHz, are summarized in Figure 4.7 (i). Note that the PE could
not be set greater than 3.96 nJ, since this was the maximum output of the current laser
setup. The track width was greater when the PE and/or RR was relatively higher, as it is
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expected that thermalization increases. It is worth mentioning that for tracks with similar
widths, the visible surface morphology was also analogous (Figure 4.7 (b) and Figure 4.7
(e)). Visible modification of the PDMS sheet could not be confirmed for the
corresponding parameter combinations where data is not plotted. For such parameter
combinations, it is assumed that thermalization was too low to induce the LICG of PDMS.

Figure 4.7 (j) and Figure 4.7 (k) shows the Raman spectra obtained from the tracks
patterned with various PEs at a constant RR of 21 MHz, and the tracks patterned at
different RRs with a constant PE of 3.96 nJ, respectively. For all of the Raman spectra
obtained, distinctive peaks corresponding to the D, G, and 2D bands were observed,
indicating the formation of graphitic carbon. However, the Io/lc differed depending on
the parameter combination. As the general trend, the Ip/ls ratios were lower for tracks
patterned with higher PEs and/or RRs, and suggests the formation of larger graphitic
carbon crystals for such parameter combinations.®*
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Figure 4.7 SEM images of the tracks patterned with a PE of (a) 0.40 nJ, (b) 0.81 nJ, (c) 1.86 nJ, or (d)
2.91 nJ at a constant RR of 21 MHz. SEM images of the tracks patterned at a RR of (¢) 4.2 MHz, (f)
5.7 MHz, (g) 9.0 MHz, and (h) 21 MHz, with a constant PE of 3.96 nJ. (i) Measured widths of the
tracks patterned with various parameter combinations. (j) Raman spectra obtained from the tracks
patterned with various PEs at a constant RR of 21 MHz. (k) Raman spectra obtained from the tracks
patterned at different RRs with a constant PE of 3.96 nJ. (I) Ip/l¢ ratios for the tracks patterned with

various parameter combinations.
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When a material is irradiated by a train of fs laser pulses, localized heat accumulation
occurs when the time between consecutive pulses is shorter than the time required for the
effects of the former pulse to completely relax (as discussed in Section 2.5.3.). If the total
number of irradiated pulses is kept constant, by increasing the PE and/or RR, heat
accumulation will increase correspondingly. Agreeably, the track width was wider for
such parameter combinations, as the attained peak temperatures will be higher.
Comparing the results of Figure 4.7 (i) with Figure 4.7 (1), the track width and Ip/lc was
inversely correlated. As discussed in Sections 2.2. and 2.3., carbonization is a complex
process consisting of three phases, in which the peak temperature determines which phase
the process can progress to. Consistent with the assumption that the attained peak
temperatures were higher for wider tracks, the formation of larger graphitic carbon
crystals was confirmed. For tracks where the structural widths were relatively similar
even if the parameter combinations for patterning were vastly different, the degree of
graphitization was comparable, and the attained peak temperatures were deduced to be
analogous.

Figure 4.8 (a) shows the I-V curves for the tracks which possessed similar widths and
Io/ls (indicated with blue squares in Figure 4.7 (i) and Figure 4.7 (l)). The parameter
combinations for the patterning of these tracks were, 0.81 nJ at 21 MHz, 1.86 nJ at 9.0
MHz, 2.91 nJ at 5.7 MHz, and 3.96 nJ at 4.2 MHz. Although the tracks possessed similar
widths and Io/lg, these structures exhibited strikingly different electrical properties. For
the track patterned with a PE of 0.81 nJ, the electrical current increased linearly with
applied voltage, indicate a metal-like electrical property. As the PE for patterning
increased and the RR for patterning decreased, the I-V curves became progressively
nonlinear, indicating a transition from the conducting to semiconducting regime. Figure
4.8 (b) shows the relative electrical resistances with regards to the electrical resistance at
-5V for an applied voltage range of -5 V to 5 V. For the track patterned with a PE of 0.81
nJ, the electrical resistance was for the most part constant with applied voltage. The
voltage-dependency of the electrical resistance becomes significantly greater as the PE
increases, and for the track patterned with a PE of 3.96 nJ, the electrical resistance varied
greatly depending on the applied voltage, exhibiting evident semiconducting behavior.
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Figure 4.8 (a) 1-V curves of tracks patterned with 0.81 nJ at 21 MHz, 1.86 nJ at 9.0 MHz, 2.91 nJ at
5.7 MHz, and 3.96 nJ at 4.2 MHz. (b) Change in relative resistances with respect to applied voltage.

4.3.2.2. Change in material composition with laser parameters

Analyses performed hereafter were conducted on the tracks mentioned in Figure 4.8
which exhibited different electrical properties. TEM images of the material formed with
different parameter combinations are shown in Figure 4.9 (a—h). For the TEM image of
the material formed with 0.81 nJ at 21 MHz (Figure 4.9 (a)), NCs (indicated with red
arrows) can be observed. For the NCs, lattice spacings that correspond to the (111) planes
of 3C-SiC are identified (Figure 4.9 (b)), indicating that the observed NCs are 3C-SiC-
NCs. The formation of NCs is also confirmed for the tracks patterned with 1.86 nJ at 9.0
MHz (Figure 4.9 (¢)), 2.91 nJ at 5.7 MHz (Figure 4.9 (e)), and 3.96 nJ at 4.2 MHz (Figure
4.9 (g)). As the lattice spacings are all comparable (Figure 4.9 (d,f,h)), it is inferred that
the observed crystals are all 3C-SiC. Particularly for the TEM image of the material
formed with 3.96 nJ at 4.2 MHz (Figure 4.9 (a)), it can be observed the formed SiC-NCs
are surrounded by sheets which resemble wrinkled graphitic sheets (indicated with blue
arrows).X”” Moreover, it is interesting to note that lattice spacings that correspond to the
(002) planes of graphitic carbon are also identified at the outer edges of the SiC-NCs,
suggesting surface exfoliation.'’® Peaks corresponding to the vibrational modes of 3C-
SiC were not confirmed from the Raman analyses (Figure 4.7 (j,k)) probably due to the
hinderance of excitation of SiC-NCs by the surrounding graphitic carbon as observed in
Figure 4.9 (g).1"®

100



Chapter 4. Electrical property of carbonaceous structures

Figure 4.9 TEM images of the material formed with parameter combinations of (a) 0.81 nJ at 21 MHz,
(c) 1.86 nJ at 9.0 MHz, (e) 2.91 nJ at 5.7 MHz, and (g) 3.96 nJ at 4.2 MHz. (b), (d), (f), and (h) are

enlarged images of the areas indicated by the yellow square in (a), (c), (€), and (g), respectively.

However, the crystal size varied greatly depending on the parameter combination
(Figure 4.10 (a)). For the track patterned with 0.81 nJ at 21 MHz, only SiC-NCs smaller
than 20 nm were observed. With an increase in PE and decrease in RR, the distribution
of crystal size becomes narrower, and for the track patterned with 3.96 nJ at 4.2 MHz, the
crystal size of the observed SiC-NCs ranged from smaller than 10 nm to larger than 100
nm. The average crystal size was measured to be approximately 7.7 nm, 16.9 nm, 40.3
nm, and 49.2 nm, for the tracks patterned with 0.81 nJ at 21 MHz, 1.86 nJ at 9.0 MHz,
2.91 nJ at 5.7 MHz, and 3.96 nJ at 4.2 MHz, respectively. For the XRD spectra obtained
from the structures, diffraction peaks corresponding to the (111), (220), and (311) planes
of 3C-SiC were observed for all spectra at approximately 36, 60, and 72 degrees,
respectively (Figure 4.9 (j)). As the PE increased and RR decreased, the relative
diffraction intensity of the (111) peak of SiC increased, suggesting the existence of a
greater quantity of SiC-NCs for the track patterned with 3.96 nJ at 4.2 MHz compared to
the other tracks. Therefore, the difference in electrical property measured in Figure 4.8 is
attributable to the difference in SiC-NCs, as the difference in graphitic carbon was not
confirmed from the Raman spectra (Figure 4.7 (j,k)).
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Figure 4.10 (a) Frequency of the measured crystal size of 100 observed SiC-NCs. (b) XRD spectra
obtained from the tracks patterned with different parameter combinations.

Thus far, it was indicated that a low PE but high RR parameter combination (0.81 nJ
at 21 MHz) results in a track with low SiC-NC content which exhibits a conducting
property; whereas, a high PE but low RR parameter combination (3.96 nJ at 4.2 MHz)
results in a track with high SiC-NC content which exhibits a semiconducting property. To
further investigate the effect of parameter combinations on the electrical property, a track
was patterned with a high PE and high RR parameter combination (3.96 nJ at 21 MHz).
From the XRD spectrum obtained from the track patterned with 3.96 nJ at 21 MHz,
diffraction peaks corresponding to the (111), (220), and (311) planes of 3C-SiC were also
observed. Note that the diffraction intensity was substantially greater compared to that
observed for the track patterned with a PE of 3.96 nJ at a RR of 4.2 MHz, suggesting the
existence of a significantly greater quantity of SiC-NCs (Figure 4.11 (a)). Moreover, the
small diffraction peak at 42 degrees corresponds to the (100) plane of graphitic carbon,
and suggests that the quantity of graphitic carbon is also significantly greater. Despite the
high content of SiC-NCs suggested by the XRD spectrum, evident semiconducting
behavior was not confirmed for this track (Figure 4.11 (b,c)).
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Figure 4.11 (a) XRD spectra, (b) I-V curves, and (c) change in relative electrical resistances with
respect to applied voltage, for tracks patterned with a PE of 3.96 nJ at a RR of 21 MHz or 4.2 MHz.

4.3.2.3. Discussions on the transition in conducting regimes

As indicated by the material analyses thus far, the carbonaceous structure resulting
from the LICG of PDMS is a composite structure consisting of two notable carbonaceous
materials: graphitic carbon and SiC-NCs (Figure 4.12). As discussed in Section 2.4.1., the
transition in the electrical conduction regime of the composite structure can be discussed
in terms of the percolation threshold. The theoretical combinations of material
concentrations can be simplified into the following four types: low graphitic carbon and
low SiC-NC (i.e., both concentrations are below the percolation threshold), high graphitic
carbon but low SiC-NC (i.e., only graphitic carbon concentration is above the percolation
threshold), low graphitic carbon but high SiC-NC (i.e., only SiC-NC concentration is
above the percolation threshold), and high graphitic carbon and high SiC-NC (i.e., both
concentrations are above the percolation threshold). When both concentrations are below
the percolation threshold, the resulting structure will be electrically insulating as neither
conductive nor semiconductive networks are existent. On the other hand, when only the
graphitic carbon concentration is above the percolation threshold, the resulting structure
will exhibit a metal-like electrical property, distinctive of graphitic carbon. Moreover,
when only the SiC-NC concentration is above the percolation threshold, the resulting
structure will exhibit a semiconductor-like electrical property, distinctive of SiC. As the
electron mobility of SiC-NC is significantly lower than that of turbostratic graphite, the
overall electrical conductivity will be lower for such a composite structure. When both
concentrations are above the percolation threshold, the resulting structure will once again
exhibit a metal-like electrical property, as the electrons will preferentially conduct
through the metal-like graphitic carbon.
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Figure 4.12 Schematic illustrating the LICG of PDMS into composite carbonaceous structures

composed of graphitic carbon and SiC-NCs.

The parameter combinations in this study can be simplified into the following four
types: low PE and low RR, low PE but high RR, high PE but low RR, and high PE and
high RR. Summarizing the material analyses thus far, the relative concentrations of
graphitic carbon and SiC-NCs and the overall electrical property of the resulting
composite structure with the four types of parameter combinations can be organized by
Table 4.1.

Table 4.1 Effect of parameter combinations on the resulting material composition.

PE RR Example Graphitic carbon SiC-NCs Property
Low Low 0.81nJat4.2 MHz No modification No modification N/A

Low High 0.81 nJ at 21 MHz Moderate Low Metal-like
High Low 3.96 nJ at 4.2 MHz Moderate High Semiconductor-like
High High 3.96 nJ at 21 MHz Very high Very high Metal-like

Considering that the tracks patterned with a low PE but a high RR exhibited a metal-
like electrical property, it is indicated that the concentration of graphitic carbon was above
the percolation threshold for a parameter combination of 0.81 nJ at 21 MHz (Figure 4.8
(@)). Therefore, as the Raman spectra for the track patterned with a low PE but a high RR
(0.81 nJ at 21 MHz) was comparable with that for the track patterned a high PE but a low
RR (3.96 nJ at 4.2 MHz), it can be assumed that the that the concentration of graphitic
carbon was also above the percolation threshold for a parameter combination of 3.96 nJ
at 4.2 MHz (Figure 4.7 (1)). However, for the track patterned with a high PE but a low RR
a semiconductor-like electrical property was confirmed. This suggests that the percolation
threshold for graphitic carbon was increased due to the formation of large SiC-NCs in
greater quantities in the case of high PE but low RR parameter combinations (Figure 4.9
and Figure 4.10). Due to this, for example, a greater concentration and/or longer ribbons
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of graphitic carbon are required to form a conductive network, increasing the percolation
threshold (as discussed in Section 2.4.1.). Nonetheless, when the concentration of the
graphitic carbon was significantly high, the resulting track exhibited a metal-like
electrical property regardless of the high concentration of SiC-NCs (3.96 nJ at 21 MHz,
Figure 4.11). Therefore, it can be concluded that the key to achieving semiconducting
composite structures is to suppress graphitization while enhancing SiC-NCs formation.
Considering that the electrical conductivity values of the patterned carbonaceous
structures were well below that of pure graphite, as discussed in Section 4.2.2., it can be
expected that perfect ohmic contact is not achieved even for structures which linear 1-V
curves were measured. In other words, it can be expected that in the case of all structures
the percolation network is composed of both graphitic carbon and SiC-NCs. Therefore, it
can be deduced that the differences in measured I-V curves are a result of the differences
in the ratios of the material compositions of the conductive network, rather than the
presence or absence of a conductive network.

Analyzing the parameter combinations which yielded high SiC-NC concentrations, the
PE may have an important role in SiC formation in the case of LICG. As also discussed
in Section 2.5.3., it has been widely accepted that by utilizing ultrashort-pulsed lasers the
efficient crystallization of wvarious materials can be driven by laser-induced
shockwaves.'®%18! For the thermalization of materials due to ultrashort-pulse irradiation,
the generated shockwaves can induce instantaneous pressures in the MPa and GPa regime,
particularly for shorter pulse durations and higher PEs. Since high-temperature and high-
pressure conditions are generally favorable for the nucleation and growth of SiC, it is
presumed that SiC-NCs formed more easily by irradiating fs laser pulses with higher PEs.
In the case of graphitic carbons, there are several reports suggesting that unidirectional
pressure may assist in the rearrangement of carbon atoms during graphitization; however,
the facilitation of graphitization by radial pressure as those induced via laser irradiation
has been inconclusive (as discussed in Section 2.5.3.). Moreover, the low RR may also
play a role in the enhanced formation of SiC-NCs, as the heating rate can be slowed down
to allow for more nucleation. However, if this was the main reason for the facilitation of
SiC-NC formation, it should also aid in the formation of graphitic carbon equally. In this
study, the range of PEs and RRs, as well as the number of tunable laser parameters, was
limited by the current laser setup. In the future, by designing a new laser setup, which
incorporates a laser with higher output powers or optical elements that allows, for
example, pulse duration or beam shape modulation, the influence of a wider range of laser
parameters on the LICG of PDMS can be further explored to uncover more details
regarding the formation mechanism of carbonaceous materials.
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4.4, Summary

In Chapter 4, the electrical property of the carbonaceous structure formed by the LICG
of PDMS by HR-fs LDW was investigated. Furthermore, the relationship between the
carbonaceous material and the overall electrical property of the carbonaceous structure
was discussed. Although the carbonaceous structure patterned by scanning tightly focused
fs laser pulses was composed of graphitic carbon, electrical conductivity was not
confirmed. However, it was demonstrated that conductive carbonaceous structures could
be successfully patterned by suppressing laser ablation using the defocusing method. By
suppression in laser ablation, progresses carbonization and graphitization, leading to the
formation of large crystals of graphitic carbon. Moreover, even without using the
defocusing method, conductive carbonaceous structures were patterned by raster
scanning. It was discussed that the subsequent laser scans increased the crystal size and/or
concentration of graphitic carbon leading to the successful formation of a conductive
network. Depending on the parameter combinations for patterning (i.e., PE and RR), the
electrical property of the carbonaceous structures patterned by the LICG of PDMS
transitioned from the conducting regime to the semiconducting regime. Semiconductive
carbonaceous structures were patterned by suppressing graphitization while progressing
SiC formation through the combination of laser parameters. It was discussed that the PE
may have an important role in SiC formation, as higher PEs can assist the crystallization
of materials by laser-induced shockwaves.

The contents of this chapter were reused and built upon the following references with
permission from John Wiley & Sons ©2021, the Royal Society of Chemistry ©2020, and
the American Chemical Society ©2023, respectively.

* Hayashi, S., Morosawa, F. & Terakawa, M. Laser Direct Writing of Highly
Crystalline Graphene on Polydimethylsiloxane for Fingertip-Sized Piezoelectric
Sensors. Adv Eng Mater 23, 2100457 (2021).

e Hayashi, S., Morosawa, F. & Terakawa, M. Synthesis of silicon carbide nanocrystals
and multilayer graphitic carbon by femtosecond laser irradiation of
polydimethylsiloxane. Nanoscale Adv 2, 1886-1893 (2020).

* Hayashi, S. & Terakawa, M. Direct Writing of Fluorescent Semiconducting
Nanoparticles on Polydimethylsiloxane by Ultrashort-Pulsed Laser Processing:
Implications for Electronic and Photonic Device Fabrication. ACS Appl Nano Mater
6, 2125-2132 (2023).
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5. Electrical application of carbonaceous structures

5.1. Introduction

The spatially selective and high-resolution patterning of electrically conductive
carbonaceous structures directly on an elastomer offers the rapid fabrication of flexible
electronics. The aim of Chapter 5 is to reveal the applicability of the carbonaceous
structures formed by the LICG of PDMS using a high RR fs laser towards electrical
applications. When considering the applicability of the electrically conductive
carbonaceous structures for flexible electronics, the assessment of the effects of
mechanical deformations on the electrical conductance is crucial. For example, if the
electrical conductance changes according to mechanical deformations, in other words the
carbonaceous structures exhibit piezoresistive property, such structures can be utilized for
mechanical sensing. In Section 5.2., the piezoresistive property of the carbonaceous
structures patterned by LICG will be indicated, and the carbonaceous structures will be
applied towards pressure sensing. Furthermore, the patterning capabilities of LICG will
be explored in Section 5.3., and the directional sensing of strain using the carbonaceous
structures will be demonstrated.

5.2. Fabrication of a sensitive micro-pressure sensor
5.2.1. Materials and methods

5.2.1.1. Material preparation

A 1:1 mixture of polymer to curing agent of optically-cured KER-4690 PDMS (Shin-
Etsu Chemical Co., Ltd., Japan) was prepared. The mixture was poured into a rectangular
mold and degassed in vacuum to remove any air bubbles trapped during the mixing
procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp for 30
min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 2 mm in thickness. Before irradiation experiments, the surfaces of PDMS
were washed with ethanol to remove any debris.
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5.2.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. PDMS sheets were
placed onto a cover glass with a 140-um spacing (Figure 3.14). Then, laser pulses were
focused onto the bottom surface of the PDMS sheet using a 20x objective lens, with a NA
of 0.4. A three-axis (xyz) translation stage was utilized to scan laser pulses in three
dimensions. The defocusing method was used for the patterning of all structures in this
section (DD = 150 um), and the laser power and scanning speed was 100 mW and 2.00
mm/s, respectively. All irradiation experiments were conducted in ambient conditions.

5.2.1.3. Characterization

OM images were obtained using a MS-100 optical microscope (Asahikogaku, Japan)
and an HRX-01 optical microscope (HIROX, Japan). Electrical conductivity
measurements of the structures were obtained using a 2401 digital source meter (Keithley,
USA). Before electrical conductivity measurements, a gold electrode with a thickness of
approximate 50 nm was deposited on both ends of the structures (total of 2 electrodes). A
probe was contacted onto each of the gold electrodes deposited on the ends, and the
electrical resistance was measured by the two-probe method. For pressure sensing
experiments, objects with varying masses and surface areas were placed on the structure,
and the change in electrical resistance was recorded after sufficient time has passed for
the electrical resistance to become stable (>> 3 sec). A constant voltage of 5V was applied
to the structures. The pressure p induced by gravitational force G for a placed object with
a surface area of S was approximated by Eg. 5.1 as,

G mg Eq.5.1

PES

where m is the mass of the object, g is the gravitational acceleration constant, | is the
length of the object, and w is the width of the object. Mass of the object was measured
using an AUX 120 digital analytical balance (Shimadzu, Japan). For heart rate (HR)
sensing experiments, the structure was placed on various locations of a voluntary human
subject (structure-side facing the human subject), and the change in electrical resistance
was recorded. To prevent electrical shocks, a piece of dielectric tape was placed between
the structure and the voluntary human subject. All physiological data were obtained from
the same voluntary human subject, with consent. Necessary procedures to perform human
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experiments were followed, and approval from an institutional ethics committee was
obtained.

5.2.2. Results and discussions

5.2.2.1. Piezoresistive properties of the carbonaceous structures

Conductive carbonaceous tracks were patterned on the surface of a PDMS sheet by
HR-fs LDW using the defocusing method (Figure 5.1 (a)). When a downward pressure
was applied to and released from the track, a change in relative electrical resistance with
respect to the initial electrical resistance R/Ro was confirmed only when the pressure was
applied, indicating evident piezoresistive property (Figure 5.1 (b)). There are two
distinctively different mechanisms that contribute to the piezoresistive property of
carbonaceous structures: change in the distance between nanodomains or macrodomains.
In the case of nanodomains, the applied pressure can alter the distance between the
graphitic carbon nanodomains of the composite structure leading to the brief formation
of a conducting network during compression. Moreover, even if the graphitic carbon
nanodomains do not come into contact, if the distance is sufficiently close, electrons can
conduct via tunneling effects. Therefore, piezoresistive properties dominated by the
changes in the nanodomains typically exhibits in a decrease in electrical resistance with
respect to applied pressure. On the other hand, in the case of macrodomains, the applied
pressure can alter the porous structure, forming or severing conductive pathways.'82183
As the end number of conductive pathways depend heavily on various properties of
compressed structure (i.e., porosity, electrical conductivity, and flexibility),
macrodomains can exhibit both an increase and decrease in electrical resistance with
respect to applied pressure. Nonetheless, as the electrical resistance did not decrease with
respect to applied pressure in this study, it can be concluded that the piezoresistive
property for the carbonaceous structures are dominated by the changes in the
macrodomains.

The PDMS sheet with a track patterned on the surface will be hereby referred to as
sensor. The sensor was able to detect a pressure as low as approximately 0.1 Pa (Figure
5.1 (b)), and exhibited a linear response to pressure in the investigated range (0 Pa—1 kPa)
(Figure 5.1 (c)). Moreover, the sensor exhibited a sensitivity of approximately 2.2 kPa?,
a response time of < 50 ms, and a recovery time of < 50 ms. The mechanical durability
of the sensor was assessed by conducting 1000 compression cycles at a loading pressure
of approximately 250 Pa (Figure 5.1 (d)). The R/Ro at the end of the compression cycles
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were comparable to those at the beginning, indicating high stability and repeatability of
the sensor (Figure 5.1 (e)). Furthermore, the electrical resistance at the un-strained state
was minimal even after 1000 compression cycles (< 0.1%), indicating high mechanical
durability.
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Figure 5.1 (a) Photograph of fabricated fingertip-sized pressure sensor. Blue inset is a higher-
magnification photograph of the sensor. Red inset is an OM image of the track. (b) Relative changes
in electrical resistance R/Rg to applied pressure (applied pressure: approximately 0.1 Pa). (c) Sensor
responses for various applied pressures. The error bars indicate the standard deviation for n = 5
samples. (d) Compression cycles conducted on the sensor at a loading pressure of approximately 250
Pa, and (e) enlarged plots of the first three (left) and last three cycles (right).

The high performance indicated by the pressure sensor fabricated by the LICG of
PDMS, regardless of the small size, is attributable to the high elasticity of PDMS. An
elastic substrate facilitates greater deformation of the substrate for the same force,
resulting in improved sensitivity. This concept has been presented in previous reports, in
which electrically conductive carbonaceous structures patterned on Pl by LICG were
subsequently transferred onto a PDMS sheet to improve the sensitivity of the resulting
strain sensor.'®18 In this study, the patterning of conductive carbonaceous structures
directly on a PDMS sheet was achieved without pre- and post-procedures, such as
transferring. Furthermore, complex architectures, such as 2D or multilayered
architectures reported previously, were not required in this study to achieve a highly-
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sensitive pressure sensor owing to the inherent elasticity of PDMS.8318218 The current
response and recovery times in this study were limited by the sampling rate of the utilized
multimeter (approximately 50 ms). However, the use of a higher-resolution multimeter
and proper assessment of the sensor performance can be expected in the future (i.e., faster
response and recovery times).

For practical applications, a simple demonstration of the pressure mapping was
performed by placing five independent sensors in an array orientation. Various objects
(i.e., screw (approximately 1.0 g), oral tablet (approximately 0.3 g), magnetic stirring bar
(approximately 0.5 g), and cotton ball (< 0.001 g)) were placed on the 5-sensor array, and
the R/Ro at each sensor (i.e., position) was measured (Figure 5.2 (a—d)). The positions
where the changes in electrical resistance was measured agreed well with the positions
where the contact between the object and the sensor was visibly confirmed. In addition
to the contact positions, the relative weight distribution of the objects was clearly
identified, where a larger R/Ro indicated a greater weight and vice versa. For example, in
the case of the screw, because the head of the screw is considerably heavier than its tip, a
significantly larger R/Ro was measured at contact position two compared to position four
(Figure 5.2 (a)). However, in the case of the oral tablet, because the weight distribution is
balanced between the left and right sides of the object, a similar R/Ro was measured at
contact positions two and three (Figure 5.2 (b)). The demonstrated five-sensor array is
capable of subtle detection, in addition to the weight distribution of small and extremely
lightweight objects (Figure 5.2 (c,d)), indicating its potential for electronic skin
applications. In this study, the width of each sensor was approximately 2.0 mm and the
distance between each sensor was approximately 1.0 mm. The width of the carbonaceous
track that were used for sensing was approximately 100 um; hence, by preparing PDMS
sheets with sub-millimeter widths, the width of each sensor could be significantly reduced
without significantly altering the sensing capabilities. Furthermore, by simply placing
each sensor closer, a higher resolution mapping of pressure can be realized for tactile
sensor applications.
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Figure 5.2 Photographs of five-sensor arrays with various objects placed on top, such as (a) screw, (b)
oral tablet, (c) magnetic stirring bar, and (d) cotton ball, and the respective R/Ry at each position for

each object.

5.2.2.2. Elastic PDMS-based health monitor

To demonstrate the potential for health-monitoring applications, the sensor was used
for human pulse-wave monitoring. A sensor was placed on the wrist and at the backside
of the palm of a human subject, indicated as A and B in Figure 5.3 (a), respectively, and
the R/Ro was measured. Evident pulses were detected by the sensor placed on the wrist as
the radial artery was located at A (Figure 5.3 (b), blue). In contrast, no pulses were
detected by the sensor placed on the backside of the palm, as there were no major arteries
located at B (Figure 5.3 (b), red). The obtained pulse waveform is similar to the typical
two-peaked pulse waveforms previously reported for radial arteries.’®”188 Moreover, a
HR of approximately 72 beats/min (bpm) can be estimated using the obtained waveform,
which is within the range of an average male HR in the rest state.

112



Chapter 5. Electrical application of carbonaceous structures

(a) . (b)

1.3

A: Wrist

T2

11

RIR,

1.0

0.9 B: Back of Hand

i i i i Og L
0 1 2 3 4 b 42 44 48
Time (s) Time (s)

0.8

Figure 5.3 (a) Photograph indicating the locations where the sensor was placed. Note that the sensor
surface with the patterned structures faced the human subject’s skin. (b) Pulse waveforms obtained
when the sensor was placed on the wrist and at the backside of the palm (left). Enlarged plot of a single

pulse, indicating two peaks that originate from the first S1 and second S2 systolic pressure (right).

The two peaks of the radial artery pulse originate from the increase in pressure due to
the ejection of blood from the heart to the fingertips, called the first systolic pressure S1,
and the reflection of blood back from the fingertips to the heart, called the second systolic
pressure S2.188 It has been previously recognized that, the ratio between the S1 and S2
peak intensities, referred to as the augmentation index Al expressed by Eqg. 5.2 as,

S2
Al =25 Eqg.5.2
S1
Is an important clinical information and an effective method to assess the stiffness of the
radial artery.®® The radial Al calculated from the obtained pulse waveform was
approximately 56%, which corresponds to the reference values of a male in his twenties,

and is consistent with the age and gender of the human subject.®®

To further demonstrate the sensitivity and advantages of the fabricated sensor, a ring-
shaped HR monitor composed entirely of PDMS was developed (Figure 5.4 (a)). The
radialis indicis artery is a branch of the radial artery that supplies blood to the index finger.
Similar to the mechanism of detecting pulses at the wrist, by placing the sensor at the
location of radialis indicis artery, although extremely minimal, the changes in electrical
resistance corresponding to the swelling of the artery (i.e., pulse) could be measured at
the index finger. The obtained pulse waveform from the index finger of the human subject
at rest is shown in Figure 5.4 (b). Two-peaked pulse waveforms, comparable to those
obtained at the wrist, were also obtained from the index finger using the sensor. As
expected, the R/Ro measured for the index finger were significantly small compared to
the wrist, as the artery is thinner at the finger and the pressure is substantially less. A

113



Chapter 5. Electrical application of carbonaceous structures

different HR of approximately 85 bpm can be estimated for the same human subject,
which is also within the range of a healthy male in his twenties. Considering that the
pressure measurements at the wrist and finger were conducted on different dates, the
discrepancies in the rested-state HR can be attributed to various environmental factors,
such as the time-of-day (i.e., before or after noon), intake of caffeine, etc. Nonetheless,
for the pulse waveform obtained from the same subject following hard-intensity exercise
(i.e., running up and down six flights of stairs), an increase in arterial pressure, larger
between the wrist and, and notably faster HR (approximately 136 bpm) was observed,
indicating the potential of the sensor in health monitoring applications (Figure 5.4 (c)).

M) (b) .., )i
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Figure 5.4 (a) Photograph of PDMS-based ring-shaped HR monitor. Pulse waveform obtained from

the index finger, (b) before and (c) after exercise using the ring-shaped HR monitor.

5.3. Fabrication of an anisotropic strain sensor
5.3.1. Materials and methods

5.3.1.1. Material preparation

To prepare thinner PDMS sheets, a 5:5:1 mixture of polymer to curing agent of
optically-cured KER-4690 PDMS (Shin-Etsu Chemical Co., Ltd., Japan) to hexane was
prepared. 3.0 mL of the mixture was poured into a rectangular mold with base dimensions
of 3.5 cm x 6.5 cm and degassed in vacuum to remove any air bubbles trapped during the
mixing procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp
for 30 min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 680 um in thickness. Before irradiation experiments, the surfaces of
PDMS were washed with ethanol to remove any debris.
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5.3.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. PDMS sheets were
placed onto a cover glass with a 140-um spacing (Figure 3.14). Then, laser pulses were
focused onto the bottom surface of the PDMS sheet using a 20x objective lens, with a NA
of 0.4. A three-axis (xyz) translation stage was utilized to scan laser pulses in three
dimensions. The defocusing method was not used for the patterning of all structures in
this section (DD = 0 um), and the laser power and scanning speed was 150 mW and 2.00
mm/s, respectively. All irradiation experiments were conducted in ambient conditions.

5.3.1.3. Characterization

OM images were obtained using a MS-100 optical microscope (Asahikogaku, Japan).
SEM images were obtained using a Inspect F50 scanning electron microscope (FEI, USA).
Electrical conductivity measurements of the structures were obtained using a 2401 digital
source meter (Keithley, USA). Before electrical conductivity measurements, a gold
electrode with a thickness of approximate 72 nm was deposited on both ends of the
structures (total of 2 electrodes). A probe was contacted onto each of the gold electrodes
deposited on the ends, and the electrical resistance was measured by the two-probe
method. Surface morphology observations and electrical conductivity measurements for
the bent state were conducted by placing the PDMS sheets onto curved polyvinyl chloride
platforms with different radii.

5.3.2. Results and discussions

5.3.2.1. Piezoresistive properties of the 2D structures

As raster scanning allows for the patterning of electrically conductive 2D carbonaceous
structures without defocusing, two types of 8 mm x 3 mm structures, S1 and S2, were
patterned on the PDMS surface with different laser scanning directions. For S1, laser
pulses were raster scanned in the longitudinal direction (8 mm direction), as shown in
Figure 5.5 (a). On the other hand, for S2, laser pulses were raster scanned in the
transversal direction (3 mm direction), as shown in Figure 5.5 (b). The hatch spacing was
25 um for the patterning of both S1 and S2. Figure 5.5 (c) shows a SEM image of the
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surface morphology of the patterned structure. Unidirectional grooves with directions and
periods corresponding to the scanning direction and hatch spacing were observed on the
surface. As the DD was 0 um for the patterning of this structure, such grooves are
attributable to laser ablation, consistent with Figure 3.15. Moreover, bridges that connect
adjacent grooves were observed on the surface. The formation of a bridge is attributable
to the melting and subsequent solidification of materials. However, it should be noted that
PDMS, graphitic carbon, nor SiC, have a melting point, and therefore, the bridging is
assumed to be due to the melting and solidification of intermediate products. For example,
the formation of silica particles was observed on the surface when tightly focused fs laser
pulses were scanned over the PDMS surface (Figure 3.16 and Figure 3.19). The
thermalization of such silica particles due to subsequent laser scanning may result in the
melting and merging of neighboring particles to form a large molten pool of silicon-based
products. If the molten pool is large enough, it can crossover adjacent grooves and
eventually solidify to form bridges that cross the grooves. During thermalization of the
particles, other carbon-based products can be trapped within the molten pool to form a
bridge that is composed of various materials.

Bending tests were performed on the patterned 2D structures by measuring the
electrical resistance when bent to various radii. Note that both S1 and S2 were bent in the
longitudinal direction. Figure 5.5 (d) shows the R/Ro when the structures were bent to
various bending radii. For both S1 and S2, an increase in R/Ro with respect to the decrease
in bending radii was measured. S1 initially exhibited a gradual increase in R/Ro for
bending radii greater than 38 mm. However, when the bending radii was < 38 mm, the
R/Ro increased drastically to more than 2000%. Contrarily, S2 exhibited a significantly
smaller increase in R/Ro throughout the entire range of bending radii investigated in this
study, even for bending radii < 38 mm. In other words, the R/Rowas significant when the
2D structures were bent parallel to the laser scanning direction; whereas, was almost
negligible when the 2D structures were bent perpendicularly to the laser scanning
direction. This indicates that the 2D structures patterned by raster scanning exhibits
directional sensitivity to strain, according to the relationship between laser scanning
direction for patterning and the direction of applied strain.
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Figure 5.5 (a,b) Schematics of the two types of 2D structures patterned with different laser scanning
directions: (a) S1 was patterned by scanning in the longitudinal direction (8 mm) and (b) S2 was
patterned by scanning in the transversal direction (3 mm). (¢) SEM image of the surface of the
patterned 2D structure. The green double-headed arrow indicates the laser scanning direction. (¢) R/Ro

of the 2D structures when bent to different radii.

5.3.2.2. Discussion of the reason for anisotropy

To discuss the reason for the directional sensitivity to strain, the surfaces of the 2D
structures during bending were observed by SEM. SEM images of the surfaces, for both
S1 and S2, are shown in Figure 5.6. Note that the same location of the same sample at
different bending radii was observed. For bending radii of 134 mm and 83 mm, no
obvious differences in the surface morphology were observed for both S1 (Figure 5.6
(a,b)) and S2 (Figure 5.6 (f,g)), compared to the un-strained state (Figure 5.5 (c)). For
bending radii of 38 mm and 19 mm, the generation of large cracks perpendicular to the
laser scanning direction were observed on the surface of S1, Figure 5.6 (c,d). When the
2D structure was returned to the un-strained state, such cracks could not be identified
(Figure 5.6 (e)). On the contrary, the generation of such cracks were not observed on the
surface of S2 (Figure 5.6 (h,i)). Therefore, the substantial increase in R/Ro at small
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bending radii measured for S1 ((Figure 5.5 (d)) is attributable to the generation of the
large cracks perpendicular to the laser scanning direction. As such cracks did not generate
even at small bending radii in the case of S2, the measured increase in R/Rowas minimal.

Figure 5.6 SEM images of the surface of the 2D structures when bent to different radii. S1: (a) 134
mm, (b) 83 mm, (c) 38 mm, and (d) 19 mm. S2: (f) 134 mm, (g) 83 mm, (h) 38 mm, and (i) 19 mm.
(e) and (j) are SEM images of the surface when returned to the un-strained state for S1 and S2,
respectively. Large cracks can be observed on the surface in (d) and (d), indicated by the red arrows.
The green double-headed arrow indicates the direction of laser scanning.

It has been previously reported that the texturing of a surface with grooves enhances
the mechanical flexibility and the prevention of fracturing of structures.!®®%! As the
grooves are only formed along one direction of the 2D structures, the stiffness of the
structure will be significantly decreased only in one direction. Accordingly, the existence
of periodic grooves perpendicular to the bending direction for S2 will lower the stiffness
of the structure, and in-turn, enhance the mechanical flexibility and prevent the generation
of large cracks. Therefore, the anisotropy of the 2D structures is attributable to the
periodic unidirectional grooves on the surface. In the future, it can be expected that by
tuning the depth as well as the period of the formed grooves via laser parameters, such as
the laser power and hatch spacing, the optimization of surface-textures may be achieved
to further tune the directional sensitivity of the structures to strain. Moreover, by tuning
the thickness of the PDMS sheet, which is currently approximately 700 um, as well as the
2D structure, which is currently approximately 60 um, the sensitivity of the fabricated
structures to strain may be also tuned.

The effect of repeated bending on the 2D structures was evaluated by subjecting both
S1 and S2 to 10 bending cycles. The 2D structure was bent to a specific bending radius
(either, 134 mm, 83 mm, or 35 mm), and then the 2D structure was returned to the un-
strained state to measure the change in electrical resistance at the un-strained state Ro’/Ro
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(Figure 5.7). In the case of bending cycles conducted with a bending radius of 134 mm,
no apparent change in electrical resistance was measured after 10 cycles (Ro’/Ro<2%), for
both S1 and S2. In the case of bending cycles conducted with bending radii of 83 mm and
35 mm, Ro’/Ro increased by 20% to 30% after 10 bending cycles for S1; while, Ro’/Ro
was relatively constant even after 10 bending cycles for S2.
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Figure 5.7 Change in Ro’/Ro with repeated bending (10 cycles) for different bending radii (35 mm, 83

mm, 134 mm).

As indicated in Figure 5.6, the significant changes in electrical resistance in the case of
small bending radii is due to the generation of large cracks. Therefore, for S1, with
repeated bending to such small bending radii (83 and 35 mm) it is assumed that the
structural destruction due to additional generation and propagation of cracks lead to the
increase in electrical resistance. In the case of larger bending radii (134 mm), since large
cracks did not generate, the electrical resistance did not increase with more cycles.
Moreover, for S2, it is expected that since large cracks did not generate for any of the
tested bending radii, there was no significant change in electrical resistance with repeated
bending. Nonetheless, considering that S1 was progressively destroyed due to repeated
bending to small bending radii, the increase in electrical resistance at the flat state after
10 bending cycles was relatively small (i.e., approximately 30% increase for a bending
radius of 35 mm). This could be explained by the fact that, although the cracks are still
existent, when the structures are returned to the flat-state, the opposite walls of the cracks
can re-contact without significant distortion (Figure 5.6 (fk)), restoring conductivity.
Nonetheless, such generation of cracks may be detrimental for the repeated used, and the
overall durability of the sensor when considering commercial applications. However, as
a fs laser is used for the fabrication of the strain sensors mentioned in this study, by
fabricating such sensors inside PDMS the durability may be significantly improved
allowing for commercial applications in the future.
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5.4. Summary

In Chapter 5, it was revealed that the carbonaceous structures patterned by the LICG
of PDMS exhibit piezoresistive property, and the applicability of the structures for
mechanical sensing was indicated. Using the defocusing method, a highly sensitive
micro-pressure sensor was fabricated by patterning a track with a single laser scan. The
fabricated sensor was capable of not only detecting the relative weight distribution of
small objects, but also monitoring subtle vital signs of a human subject (i.e., HR).
Moreover, without using the defocusing method, an anisotropic strain sensor was
fabricated by patterning a 2D structure with multiple laser scans. Depending on if the 2D
structure was bent parallel or perpendicular to the laser scanning direction, the structure
exhibited a contrastive piezoresistive response. The periodic unidirectional grooves
formed on the surface as a result of scanning tightly focused fs laser pulses was considered
to contribute to the directional sensitivity. Depending on the patterning scheme (i.e.,
defocusing or focusing, single scan or raster scan), strain sensors with different
functionalities (i.e., miniature size, high sensitivity, or directional sensing) can be easily
fabricated, indicating the versatility of the LICG of PDMS for the fabrication of
mechanical sensors. Moreover, as the PDMS substrate can be prepared in any shape
and/or thickness, the fabrication of highly customized PDMS-based healthcare devices
may be realized in the future owing to the LICG of PDMS.

The contents of this chapter were reused and built upon the following references with
permission from John Wiley & Sons ©2021 and the Optica Publishing Group ©2019,
respectively.

e Hayashi, S., Morosawa, F. & Terakawa, M. Laser Direct Writing of Highly
Crystalline Graphene on Polydimethylsiloxane for Fingertip-Sized Piezoelectric
Sensors. Adv Eng Mater 23, 2100457 (2021).

* Hayashi, S., Nakajima, Y. & Terakawa, M. Strain sensing using electrically
conductive structures fabricated by femtosecond-laser-based modification of PDMS.
Opt Mater Express 9, 2672 (2019).
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6. Towards optical applications

6.1. Introduction

LICG offers the simultaneous synthesis and patterning of graphitic carbon; however,
to date, most, if not all, studies regarding LICG has been concentrated on electrical
applications and aimed to pattern large crystals of graphitic carbon. Over the past decade,
carbon-based QDs, particularly GQDs, have emerged as a promising new class of
cadmium-free QDs to be used towards a variety of optical applications. However, two
major issues have been hindering the development of GQDs: (1) complex synthesis
procedures (i.e., initial preparation of precursors, time-consuming post-treatment
processes) and (2) restrictions of conventional patterning techniques (i.e., not suitable for
organic materials, limited to 2D planar patterning). As the formation of large crystals of
graphitic carbon can be easily achieved by LICG, the aim of Chapter 6 is to explore the
possibility of using LICG for the patterning of small fluorescent crystals of graphitic
carbon, or GQDs. In Section 6.2., the patterning of fluorescent carbonaceous structures
composed of GQDs by the LICG of PDMS will be demonstrated. Furthermore, in Section
6.3., the applicability of the fluorescent carbonaceous structures for optical applications
will be indicated.

6.2. Formation of fluorescent carbonaceous structures
6.2.1. Materials and methods

6.2.1.1. Material preparation

A 1:1 mixture of polymer to curing agent of optically-cured KER-4690 PDMS (Shin-
Etsu Chemical Co., Ltd., Japan) was prepared. The mixture was poured into a rectangular
mold and degassed in vacuum to remove any air bubbles trapped during the mixing
procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp for 30
min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 2 mm in thickness. Before irradiation experiments, the surfaces of PDMS
were washed with ethanol to remove any debris.
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6.2.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. The defocusing method
was not used for the patterning of all structures in this section. PDMS sheets were placed
onto a cover glass with a 140-um spacing (Figure 3.14). Then, laser pulses were focused
onto the bottom surface of the PDMS sheet using a 20x objective lens, with a NA of 0.4.
The defocusing method was not used for the patterning of all structures in this section
(DD = 0 um), and the laser power was 150 mW. All irradiation experiments were
conducted in ambient conditions.

6.2.1.3. Characterization

2D fluorescence images were obtained using an Eclipse Ti-E (Nikon, Japan) and a BZ-
X800 (Keyence, Japan) fluorescence microscope. X-ray photoelectron spectroscopy
(XPS) spectra were obtained using an JPS-9010 X-ray photoelectron spectrometer (JEOL,
Japan). FTIR spectra were obtained using an Alpha Fourier transform infrared
spectrometer (Bruker, USA). Fluorescence and absorbance spectra were obtained using a
Duetta spectrophotometer (Horiba, Japan). TEM images were obtained using a Tecnai G2
F20 (Thermo Fisher Scientific, USA) and Tecnai Osiris (Thermo Fisher Scientific, USA)
transmission electron microscope. Raman spectra were obtained using a InVia laser-
excited Raman spectrometer (Renishaw, UK), using an objective lens with a NA of 0.75,
an excitation wavelength of 532 nm, and a laser power of 0.075 mW. Prior to Raman
analyses, the sample was cut perpendicular to the laser scanning direction, and the
exposed cross-section was analyzed. XRD spectra were obtained using a D8 Discover X-
ray diffractometer (Bruker, USA).

6.2.2. Results and discussions

6.2.2.1. Patterning of fluorescent carbonaceous structures

By scanning tightly focused fs laser pulses onto the surface of pristine PDMS (DD =0
um), a carbonaceous structure exhibiting bright blue fluorescence was directly patterned
on the surface by HR-fs LDW. Blue fluorescence is typical of GQDs prepared by the
hydrothermal cleavage of graphene sheets, as reported previously.}®2'% Using a
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computer-controlled translation stage, such fluorescent structures can be readily patterned
into arbitrary designs, such as intersecting fountain pens (Figure 6.1 (a—c)). Moreover, the
fluorescence intensity of the structure depended highly on the scanning speed for
patterning. Generally, a slower scanning speed led to higher fluorescence intensity (Figure
6.1 (a)); however, no significant increase in fluorescence was observed for scanning
speeds slower than 0.25 mm/s.

anff (.

5 mm

(C) Pristine PDMS 4.00 mm/s 2.00 mm/s 1.00 mm/s 0.50 mm/s 0.25 mm/s

Top-side

Bottom-side

Figure 6.1 (a) Photograph and (b) fluorescence images of intersecting fountain pens patterned on the

surface of PDMS (excitation wavelength (ex.): 360 nm). (c) Fluorescence images of the top-side and

bottom-side of pristine PDMS and tracks patterned with different scanning speeds (ex. 360 nm).

6.2.2.2. Characterization of fluorescent carbonaceous structures

Changes to the material induced by laser irradiation were assessed by comparing
pristine PDMS with the fluorescent structures patterned via HR-fs LDW. As
carbonaceous structures that exhibit exceptionally strong fluorescence were obtained with
a scanning speed of 0.25 mm/s, the following characterizations were performed on these
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structures. The analyzed carbonaceous structures are denoted as “irradiated PDMS”. XPS
spectra showed a decrease in the intensities of Os1, Cs1, Sizs, and Sizp peaks, particularly
those of Si, after laser irradiation (Figure 6.2 (a)). This observation suggests bond
cleavage and the release of atoms as gaseous products.'?® Additionally, all of the XPS
peak locations were shifted toward higher binding energies after laser irradiation,
implying oxidation (Figure 6.2 (b)).!** For the FTIR spectra (Figure 6.2 (c)), the
elimination of FTIR peaks corresponding to pristine PDMS bonds and the appearance of
FTIR peaks corresponding to C-H, C=C, and C-C bonds signify the graphitization of
PDMS. Moreover, peaks corresponding to the O-H, C=0, C-O, and C-O-C bonds of
oxygen-containing functional groups were detected after laser irradiation, consistent with
the XPS analyses.
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Figure 6.2 (a) Wide-area XPS, (b) narrow-area XPS, and (c) FTIR spectra obtained from pristine
PDMS and irradiated PDMS.

The chemical changes induced by laser irradiation will also result in the changes in
optical properties of the material. From the absorption spectra shown in Figure 6.3 (a), a
broad elevation in the visible wavelengths is observed for the irradiated PDMS, which
agrees well with the visible change in the material from transparent to black-colored.
Moreover, absorption peaks at approximately 225 nm and approximately 320 nm in the
ultraviolet-wavelength range are observed, which corresponds to the n-z* transitions of
graphitic sp? domains and n-n* transitions of C=0 bonds, respectively. Such peaks are
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typically observed for functionalized GQDs.%>1% From the fluorescence spectra (Figure
6.3 (b)), a strong emission in the high-energy visible wavelength (i.e., 400-500 nm) range
is observed for the irradiated PDMS, which agrees well with the observed blue
fluorescence. Moreover, a sharp emission peak is observed at approximately 405 nm,
followed by a less-pronounced emission peak at approximately 420 nm. Such emission
peaks have been associated with the C(=0)OH and C-O-C surface functional groups of
GQDs, respectively.*®” Therefore, it is suggested that the observed fluorescence originates
from GQDs decorated with oxygen-containing surface functional groups.
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Figure 6.3 (a) Optical absorption, and (b) fluorescence spectra obtained from pristine PDMS and
irradiated PDMS. Insets in (a) are magnified views of the peaks assigned to n-7* and n-z* transitions.
Inset in (b) is a magnified view of emission peaks associated with C(=O)OH and C-O-C surface
functional groups.

Figure 6.4 (a) shows a typical cluster complex formed for the structure which exhibited
strong fluorescence (scanning speed: 0.25 mm/s). The enlarged images show that the
cluster complex is an aggregation of circular NCs (Figure 6.4 (b,c)). The observed NCs
have an average lateral dimension of 11.59 + 2.24 nm, which is consistent with the
dimensions previously reported for GQDs that exhibit blue fluorescence.1931%:19 | attice
spacings of approximately 0.213 and approximately 0.237 nm (Figure 6.4 (d)) and fast
Fourier transform (FFT) patterns (Figure 6.4 (e)) clearly show the presence of the (1100)
and (1120) planes of graphitic carbon crystals, confirming the formation of GQDs. As
mentioned in Section 2.4.2, the fluorescent properties of GQDs are closely related to the
degree of confinement and surface states. It can be observed from Figure 6.4 (a) that the
GQDs are slightly overlapped with one another, each with different degrees of
overlapping. The addition of graphitic layers, for example by overlapping, can quench
confinement and alter the fluorescent properties.’*® Such overlapping, in addition to
different surface states (i.e, edge groups as confirmed from Figure 6.2 (c)) may have led
to the broad fluorescence spectrum observed in Figure 6.3 (b). Note that the lattice
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spacings distinctive of those for SiC-NCs were not observed.

Figure 6.4 (a) TEM image of a typical cluster complex of GQDs. (b) Enlarged image of the area
indicated by the red square in (a). (c) Enlarged image of the area indicated by the green square in (b).
(d) Enlarged image of the area indicated by the blue square in (c). (e) FFT pattern obtained from the

field-of-view shown in (d).

Figure 6.5 (a,b) shows another cluster complex composed of characteristically different
NCs. These particular NCs have an average lateral dimension of 62.07 £ 14.97 nm, and a
lattice spacing of approximately 0.204 and approximately 0.225 nm, which correspond to
the (111) and (100) planes of ND and graphitic carbon, respectively (Figure 6.5 (c)).
Contrary to those obtained from Figure 6.4 (d), distinctive spots located at distances that
correspond to the (111) and (200) of NDs, in addition to those that correspond to the (100)
plane of graphitic carbon, are observed from the FFT, revealing the formation of NDs
containing partially graphitic domains (Figure 6.5 (d)). Moreover, these particular NDs
possesses a multilayered shell with an interlayer spacing of approximately 0.335 nm
which corresponds to the (002) plane of graphitic carbon (Figure 6.5 (e)). Such NDs with
a multilayered shell are analogous to graphitized NDs prepared by the thermal annealing
of NDs.1%2% However, considering that such cluster complexes of NDs were observed
rarely, in addition to the fact that FTIR peaks corresponding to typical ND-related bonds
were not confirmed, it can be implied that the formation volume of graphitized NDs was
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insignificant.
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Figure 6.5 (a) TEM image of a cluster complex of NDs. (b) Enlarged image of the area indicated by
the light blue square in (a). (c) Enlarged image of the area indicated by the orange square in (b). (d)
FFT pattern obtained from the entire field-of-view shown in (c). Lattice planes without underlining
correspond to planes of graphitic carbon, and with underlining correspond to planes of ND. (e)

Enlarged image of the area indicated by the green square in (e).

6.2.2.3. Discussions on the formation mechanism

Figure 6.6 (a) shows the representative Raman spectra obtained from carbonaceous
structures patterned with different scanning speeds. The Raman peaks distinctive of
graphitic carbon are confirmed for all spectra, and the formation of graphitic carbon is
indicated. However, the disappearance in the 2D band is observed as the scanning speed
is decreased, suggesting the decoupling between graphitic layers in the ¢ direction, and a
decrease in overall crystal order (Figure 6.6 (a)). Such decoupling is attributable to the
damaging of the 3D crystal structure of the graphitic carbon due to significant oxidation
and/or exfoliation of the graphitic layers.?®* Moreover, notable shifts in the D and G band
peak wavenumbers from commonly assigned wavenumbers (for D approximately 1350
cm™ and for G approximately 1580 cm™) are also observed at slower scanning speeds
(Figure 6.6 (b)). The red-shifts in the D band can be attributed to an increase in functional
group edge defects, particularly those of C(=O)OH, as well as to sp>to-sp®
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transitions.?°22%% On the other hand, the blue-shifts in the G band are attributable to a
decrease in the lateral dimensions of the graphitic sp? domains.?** The evolution in the
Raman spectra can be explained by the cleavage of larger structures (i.e., multilayered
graphitic carbon) into smaller fragments (i.e., GQDSs). The intensity ratio of the D and G
bands for the highly fluorescent structure (at 0.25 mm/s) was 1.21, which is comparable
to previously reported results for GQDs prepared by thermal cleavage of oxidized
graphitic carbon (i.e., 1.26).1%

From the XRD spectra shown in Figure 6.6 (c), the formation of SiC-NCs is confirmed
by the diffraction peaks. However, it can be observed that the intensity of the diffraction
peaks distinctive of SiC decreases as the scanning speed is decreased, suggesting the
existence of a lower concentration of SiC-NCs for slower scanning speeds (Figure 6.6
(d)). This decrease in concentration with respect to the scanning speed is attributable to
the thermal modification of SiC-NCs into GQDs due to the sublimation of Si atoms.?%
Appropriately, a specific decrease in the Si atom content was observed upon laser
irradiation in the XPS spectra (Figure 6.2 (a))
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Figure 6.6 (a) Raman spectra obtained from the fluorescent structures patterned with different
scanning speeds. (b) Measured D and G band peak wavenumbers for each structure. (¢) XRD spectra
obtained from the fluorescent structures patterned at different scanning speeds. (d) Measured peak

intensity of the SiC (111) diffraction plane for each structure.
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The results suggest that the formation mechanism of the GQDs in this study is a top-
down method based on the laser-induced pyrolysis of the formed graphitic carbon and
SiC-NCs. From the Raman and XRD spectra (Figure 6.6), both graphitic carbon and SiC-
NCs formed even at a scanning speed of 4.00 mm/s. The graphitic carbon formed by the
initial pulses are continuously irradiated by consecutive pulses, and thus, the attained peak
temperatures due to heat accumulation will be different for each scanning speed. This is
because the number of irradiated pulses and the irradiation time per spot are different.
Owing to the reactive nature of the LICG process in air, the graphitic carbon subsequently
contains defects, as indicated by the D band peak in the Raman spectra. With heat
accumulation, the in-plane functional groups attached at the defect sites are desorbed,
cleaving the graphitic carbon into smaller nano-sized graphitic particle fragments. Similar
to previously reported synthesis methods based on the thermal cleavage of oxidized
graphene derivatives,'®319 the in-plane linear defects, particularly epoxy functional
groups, make the graphitic lattice fragile and reactive, resulting in cleavage under thermal
treatment. Moreover, when SiC crystals are thermally treated at high temperatures, Si
atoms are desorbed first, leaving excess C atoms, which can then rearrange to form
carbon-rich crystals, specifically GQDs.?%® However, it is currently unclear whether these
two formation mechanisms are related or independent. In the future, the controlled surface
functionalization and diameter control of the GQDs, realized by the elucidation of the
formation mechanism, may allow for the fine-tuning of the emission wavelength and will
be a target for future studies.

6.3. Application of fluorescent carbonaceous structures
6.3.1. Materials and methods

6.3.1.1. Material preparation

A 1:1 mixture of polymer to curing agent of optically-cured KER-4690 PDMS (Shin-
Etsu Chemical Co., Ltd., Japan) was prepared. The mixture was poured into a rectangular
mold and degassed in vacuum to remove any air bubbles trapped during the mixing
procedure. Furthermore, the mixture was cured under a 365-nm ultraviolet lamp for 30
min to prepared PDMS sheets. The PDMS sheets prepared in this study were
approximately 2 mm in thickness. Before irradiation experiments, the surfaces of PDMS
were washed with ethanol to remove any debris.
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6.3.1.2. Laser irradiation

Laser irradiation experiments were conducted using a High Q-2 fs laser (Spectra-
Physics, USA) which generated 192-fs laser pulses with a central wavelength of 522 nm
(second harmonic wave of a 1045-nm fs laser) at a RR of 63 MHz. For the patterning of
structures on the surface, PDMS sheets were placed onto a cover glass with a 140-um
spacing (Figure 3.14), and laser pulses were focused onto the bottom surface of the PDMS
sheet using a 20x objective lens, with a NA of 0.4. For the patterning of structures inside,
PDMS sheets were placed onto a cover glass without air-spacing, and laser pulses were
focused inside the PDMS sheet using a water-immersion 60x objective lens, with a NA
of 1.0. The defocusing method was not used for the patterning of all structures in this
section, and the laser power for the patterning of structures on the surface and inside was
150 mW and 50 mW, respectively. All irradiation experiments were conducted in ambient
conditions.

6.3.1.3. Characterization

2D fluorescence images were obtained using an Eclipse Ti-E (Nikon, Japan) and a BZ-
X800 (Keyence, Japan) fluorescence microscope. 3D fluorescence images were obtained
using an FVMPE-RS multiphoton laser scanning microscope (Olympus, Japan). Coherent
light with a wavelength of 720 nm was irradiated to excite the structures via two-photon
absorption for 3D fluorescence images.

6.3.2. Results and discussions

6.3.2.1. Fabrication of a 2D anticounterfeiting security tag

Although the fluorescence intensity differed greatly depending on the scanning speed
for patterning, no distinctive differences between the visible color of the carbonaceous
structures could be distinguished under normal lighting (Figure 6.7 (a)). Since
indistinguishable, black-colored structures with differing fluorescence intensities could
be patterned by altering the scanning speeds, a security tag with a hidden QR code was
patterned. In this study an inverted QR code was realized by patterning the dark-colored
regions with a fast-scanning speed and by patterning the bright-colored regions with a
slow scanning speed. The QR code is imperceptible under normal light, and only a black-
colored square is observed on the surface (Figure 6.7 (b)). By contrast, under 360-nm
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wavelength light the QR code is revealed (Figure 6.7 (c)), demonstrating the practicality
of the HR-fs LDW technique in fabricating security tags with concealed information
visible only under light with ultraviolet wavelengths.
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Figure 6.7 (a) Photograph of tracks patterned on the surface of PDMS using different scanning speeds.
From left to right, the scanning speed for patterning was 4.00 mm/s, 2.00 mm/s, 1.00 mm/s, 0.50 mm/s,
and 0.25 mm/s. (b) Photograph of the security tag patterned on the PDMS surface. (c) Normal (left)

and greyscale (right) fluorescence images of the security tag under 360-nm wavelength light.

6.3.2.2. Implications as an elastic 3D data storage device

As the transparent PDMS sheet has low linear absorption of 522-nm wavelength light,
and that nonlinear absorption initiates the formation of fluorescent structures, a 4 x 4
array of fluorescent dots was generated by tightly focusing fs laser pulses inside the
PDMS sheet. The two left columns of the array were generated 300 um from the bottom
surface, where the two right columns were generated 500 um from the bottom surface
(Figure 6.8 (a)). The dots generated inside the PDMS sheet exhibited bright blue
fluorescence, comparable to when fs laser pulses were focused onto the PDMS surface.
When the dot array on the left side was focused on (z = 300 um), fluorescence was
observed exclusively from the two left columns, and vice versa (Figure 6.8 (b)). Figure
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6.8 (c—e) show fluorescence images obtained by multiphoton microscopy, demonstrating
that the fluorescent structures composed of GQDs can be precisely generated in three
dimensions directly inside a transparent elastomer by LICG using a high RR fs laser. The
fluorescent structures patterned internally are oval-shaped and elongated along the pulse
propagation direction, possibly due to the elliptical focal spot and/or slight growth of the
resulting carbonaceous structure due to subsequent absorption of defocused pulses.

z =300 pm z =500 pm

Figure 6.8 (a) Schematic of the dot array. (b) 2D fluorescence images obtained at different z-axis
focuses. Scale bars in (a,b) indicate 100 um. (c) 3D reconstruction fluorescence image. (d) and (e) are

side and front views, respectively. Scale bars in (c—e) indicate 250 um.

In the context of dynamic applications, such as chemical sensing, the reactivity of the
surface functional groups of the GQDs is beneficial, as the fluorescence intensity changes
according to the surrounding environment.?®” However, for static applications, such as
security tags, the deterioration in fluorescence intensity over time is undesirable. It should
be emphasized that the dots generated inside of the PDMS sheet in this study are naturally
encased by the chemically stable PDMS matrix, and therefore is significantly less affected
by the surrounding environment. For example, no significant decay in fluorescence
intensity was observed for the generated dots, regardless of the stored medium (i.e., air,
water, acid, base) even after 75 days (Figure 6.9 (a)). Moreover, even when the PDMS
sheet containing the fluorescent dots were compressed (i.e., mechanical stress), although
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the spacings between the dots changed, no evident deterioration of the fluorescence
intensity was observed (Figure 6.9 (b)).

(a)
Air

100 pm

100 pm

Figure 6.9 (a) Fluorescence images showing the stable fluorescence of the dot array after being stored
in different environments for 75 days. The samples were stored in a 1.0 mol acetic acid solution and
1.0 mol sodium hydroxide solution for the acid and base environments, respectively. (b) Fluorescence
images showing the stable fluorescence of the dot array before (left) and after compression (right) of

the PDMS substrate. Pressure was applied to the PDMS substrate along the y-axis (up/down).

As fluorescent dots can be generated directly inside an optically transparent,
chemically stable, and elastic material, the LICG of PDMS may become an effective
technique to rapidly fabricate elastic 3D data storage devices.2%® It should be emphasized
that 3D fluorescent structures were successfully achieved in this current study as pristine
PDMS exhibited high optical transparency towards the wavelengths of both the laser light
and the excitation light. For example, if a CW laser outputting light with a wavelength in
which PDMS efficiently absorbs linearly was used, the spatially selective patterning of
GQDs inside the bulk material cannot be achieved. Moreover, if the polymer substrate
was Pl instead of PDMS in this study, as Pl exhibits high absorption towards 360-nm-
wavelength light, sufficient excitation of the GQDs patterned internally cannot be
achieved. Nonetheless, the currently achieved average voxel dimensions of the dots are
approximately 26.23 um x 35.75 um, and limits the storage capacity. Moreover, since the
fluorescent structures are black-colored if multiple layers of the arrays are generated
inside bulk PDMS, the inner layers may exhibit weaker fluorescence intensities due to
the hindrance of excitation by the surrounding layers. The significant improvement in the

133



Chapter 6. Towards optical applications

resolution of the graphitized regions down to a few microns or less may lessen the
hindrance of the upper layers. In practice, the resolution of the fluorescent tracks is able
to be controlled by, for example, the laser power and the confinement of the light-material
interaction area by utilizing a higher NA objective lens (Figure 6.10); however,
sufficiently small resolutions have not been achieved at this point, and is subject to future
studies.
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Figure 6.10 (a) Fluorescence images of the fluorescent carbonaceous structures patterned with
different laser powers (ex. 360 nm). Scanning speed was set to 0.25 mm/s. (b) Relationship between
the track width and the NA when the laser intensity was kept constant (approximately 6.2 x 10!
W/cm?).

6.4. Summary

In Chapter 6, the formation of carbonaceous structures exhibiting blue fluorescence by
the LICG of PDMS was demonstrated. TEM observations confirmed that the fluorescent
carbonaceous structures were composed of NCs of graphitic carbon, or GQDs. Material
analyses on the structures patterned with different scanning speeds suggests that the
formation mechanism of the GQDs in this study is a top-down method based on the
thermal degradation of graphitic carbon and SiC-NCs into smaller crystals of graphitic
carbon. By adjusting the laser parameters and selectively controlling the GQD content, a
black security tag with a concealed QR code, which is imperceptible under normal light
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but is revealed under excitation, is realized. Furthermore, the 3D generation of fluorescent
dos inside a transparent polymer is demonstrated by utilizing multiphoton interactions.
This study indicates the applicability of LICG towards the patterning of GQDs directly
on and inside polymer substrates, and open novel routes for the direct fabrication of 2D
and 3D elastic optical devices.

The contents of this chapter were reused and built upon the following reference with
permission from the American Chemical Society ©2022.

* Hayashi, S., Tsunemitsu, K. & Terakawa, M. Laser Direct Writing of Graphene
Quantum Dots inside a Transparent Polymer. Nano Lett 22, 775-782 (2022).

135



Chapter 7. Conclusions and future studies

7. Conclusions and future studies
7.1. Conclusions

7.1.1. Chapter conclusions

Various techniques to synthesize and/or pattern a variety of carbonaceous materials
and/or structures towards a multitude of applications have been developed over time. Out
of the many techniques, LICG offers the seamless integration of carbonaceous structures
with flexible and/or elastic polymers, and accordingly, has been regarded as a facile
technique to rapidly fabricate polymer-based devices. In this thesis, the chemical and
physical processes that ensue when a transparent elastomer, PDMS, is irradiated by a laser
light were discussed to reveal the fundamental mechanisms in which carbonaceous
structures form by LICG. Moreover, by analyzing the carbonaceous structures formed by
LICG, the relationship between the material and the electrical property of the structure
was revealed. Lastly, the electrical and optical properties of the carbonaceous structures
were applied towards different applications to indicate the possibilities of the LICG of
PDMS for the fabrication of various devices. Below, the key points of this thesis are
recapped.

Chapter 2 established a theoretical framework of LICG, outlining the various chemical
and physical process which can be involved. Considering the fundamental principles of
carbonization and graphitization and light-material interactions, it was established in this
thesis that the principles of LICG consists of three parts: light absorption, bond
fragmentation, and structural formation. By changing the laser parameters, the details
regarding these three parts can be vastly altered making LICG a highly versatile, but
complicated, technique.

Chapter 3 proposed and further validated a mechanism for the formation of
carbonaceous structures by LICG. Although the formation mechanism was thought to be
a simple photothermal conversion reaction, this thesis successfully revealed that the
formation mechanism of the carbonaceous structures is based on the nucleation and
growth of laser-induced defects. As the implications of establishing a laser setup which
enables both efficient nucleation of defects and thermal conversion was indicated, a high
RR fs laser was used for the LICG of PDMS. However, due to the high laser intensity, the
scanning of tightly focused fs laser pulses resulted in the severe damaging of the resulting
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carbonaceous structure by laser ablation. In order to suppress laser ablation, a defocusing
method was devised, and the successful patterning of continuous carbonaceous structures
using a high RR fs laser was demonstrated.

Chapter 4 revealed the effects of the graphitic carbon and SiC-NCs consisting the
carbonaceous structures on the electrical property of the resulting carbonaceous structure.
As displayed in this thesis, in order to realize electrically conductive structures by LICG,
it is required that the crystal dimension and/or formation content of graphitic carbon is
sufficiently large/high to form a conductive network. On the other hand, in order to realize
electrically semiconductive structures by LICG, it is required that the crystal dimension
and/or formation content of SiC-NCs is sufficiently large/high while those of graphitic
carbon are small/low. Moreover, it was discussed that the PE may have an important role
in achieving such semiconducting carbonaceous structures, as can affect the localized
pressures resulting from laser-induced shockwaves.

Chapter 5 indicated the applicability of the carbonaceous structures patterned by LICG
towards electrical mechanical sensors. The electrical resistance of the patterned
carbonaceous structure changed with respect to structural deformation, exhibiting evident
piezoresistive property. By applying the small size of the carbonaceous structure
patterned by a single scan with the defocusing method, a sensitive micro-pressure sensor
was realized. Whereas, by applying the unidirectional grooves of the carbonaceous
structure patterned by multiple scans without the defocusing method, an anisotropic strain
sensor was realized. Not only did this thesis indicate the possibility of LICG for the
fabrication of electrical mechanical sensors, it showed that depending on the patterning
scheme, strain sensors with different functionalities can be easily fabricated.

Chapter 6 unveiled the hidden possibilities of LICG for the fabrication of optical
devices. The patterning of carbonaceous structures composed of fluorescent GQDs was
demonstrated. It was discussed the formation mechanism of the GQDs in this study is
based on the thermal decomposition of larger crystals or graphitic carbon and SiC-NCs
into smaller carbon-rich particles. By simply adjusting the laser parameters and
selectively controlling the GQD content, a black security tag with a concealed QR code,
which is imperceptible under normal light but is revealed under excitation, was realized.
Furthermore, by utilizing multiphoton interactions, the patterning of 3D fluorescent
structures inside PDMS was achieved. This thesis indicated the applicability of LICG
towards the fabrication of, not only electrical applications, but also optical devices.
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7.1.2. General conclusions

The aim of this thesis was to discuss the processes that ensue when PDMS is irradiated
by laser light (1) to reveal the mechanisms in which carbonaceous structures form by
LICG, (2) to clarify the effect of the materials on the electrical properties, and (3) to
indicate the applicability of the carbonaceous structures for application. The first point
was engaged through theoretical and experimental approaches. Previous theories
regarded LICG considered the laser light as a simple heat source, and thus largely ignored
the general aspects of light-material interactions. Therefore, the previous theories were
insufficient in understanding the experimental results. In Chapter 2, a new theoretical set
of processes involved in LICG which considered light-material interactions was outlined.
As the new theory considers light-material interactions, the nonlinearity in LICG can be
discussed in more depth and insight. Although this is currently only a theory, the ideas
mentioned in this thesis may provide a foundation in developing a computational model
of LICG to, for example, predict the morphologies and characteristics of the resulting
structures with high accuracy simply from the laser parameters. In Chapter 3, it was
experimentally revealed that the formation of carbonaceous structures by LICG is based
on the nucleation and growth of laser-induced defects. and the consideration of “time”,
such as in the form of heating rates, is crucial for the patterning of continuous
carbonaceous structures. It was further indicated that the use of a fs laser is advantageous
for LICG as the efficient nucleation of laser-induced defects can be realized, and may
allow for faster processing speeds compared to CW lasers. However, when using a fs laser
careful consideration of the laser intensity is required since the inherently high laser
intensity leads to undesirable damaging of the resulting structure by laser ablation.
Therefore, in the case of LICG using a fs laser the laser intensity should be decreased, for
example, by implementing a defocusing method for the patterning of continuous
carbonaceous structures. The second point was worked on by assessing the electrical
properties and material compositions of the resulting carbonaceous structures. It was
demonstrated in Chapter 4 that carbonaceous structures that exhibit conducting or
semiconducting behavior can be selectively patterned on PDMS by tuning the laser
parameters. This transition in conducting regimes was attributed to the relative changes
in size and concentration of the graphitic carbon and SiC-NCs consisting the structure,
and the effect of the carbonaceous materials on the electrical property of the overall
structure was clarified. Lastly, the third point was tackled by applying the carbonaceous
structures towards various electrical and optical applications. It was demonstrated that the
electrically conductive carbonaceous structures possess piezoresistive property, and
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therefore could be successfully applied towards mechanical sensing. Thus far, LICG has
been mostly used for the fabrication of electrical devices, and the application of LICG for
non-electrical applications was extremely minimal. However, it was demonstrated in this
thesis for the first time that fluorescent carbonaceous structures can also be patterned by
LICG. Since the patterning of fluorescent carbonaceous structures on elastomers offers
the development of attractive polymer-based optical devices, such as soft security tags, it
is expected that the application of LICG for optical applications will become a hot topic
in the future owing to this study. Nonetheless, in this thesis it was shown that the
carbonaceous structures patterned by LICG can be applied towards various practical
consumer applications. The exquisite control and prediction of the morphologies and
properties of the resulting carbonaceous structures realized by the development of a
computational model may allow for the LICG technique to transition towards a viable
manufacturing process capable of the rapid roll-to-roll fabrication of highly-customized
polymer-based devices in the future.

7.2. Future studies

However, the insights shown in this thesis also raises new questions and points which
are worth exploring in the future. Below possible future studies will be discussed.

7.2.1. Fundamental aspects

Previous results regarding the LICG of polymers should be re-examined and re-
discussed according to the principles of LICG established in Chapter 2. For example,
although the effect of the laser wavelength has been investigated, it has only been
discussed mostly in terms of “efficiency”. In this thesis, the initial absorption process of
LICG was discussed to result in a hotspot slightly below the surface leading to the
formation of a microbubble below the surface. Therefore, the effect of the laser
wavelength may need to be discussed in terms of “penetration depth” in addition to
efficiency. This difference in the penetration depth will affect the formation of
microbubbles and consequently, the surface morphology of the carbonaceous structure.
Although this was suggested by the difference in morphology of the tracks patterned by
CW LDW and HR-fs LDW (Figure 3.1 (a) and Figure 3.15 (b), respectively), the results
shown in this thesis are not definitive, as various laser parameters are different, such as
laser intensity, scanning speed, and pulse duration. In the future, by irradiating CW laser
beams with different wavelengths, while keeping the absorbed laser energy constant, the
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effects of penetration depth may be revealed. By concurrently analyzing the flakes formed
by LICG, the formation mechanism of the flakes may be identified.

Moreover, the re-examination of previous results with the newly established principles
may also provide new insight into the evolution of nano-scaled details of the structures.
For example, although many of the studies on LICG discussed the effect of laser
parameters on the micropores of the resulting carbonaceous structure (as Figure 2.16), the
effect of laser parameters on the nanopores of the individual graphitic layers have not
been heavily investigated. As discussed in Chapter 2, the rapid release of gases during
graphitization leads to the formation of nanopores. Theoretically, the formation of such
nanopores will appear as an increase in Io/lc of the obtained Raman spectrum. However,
most of the previous studies would have concluded this increase in Io/lc simply as a
deterioration in crystallinity of the formed graphitic carbon, implying a negative result.
However, the same increase in Io/lc may also indicate an increase in overall porosity of
the graphitic carbon owing to the nanopores, which would be a positive result with regards
to high surface-area applications (i.e., supercapacitors). Of course, if the formation of
nanopores is excessive (i.e., high Io/lg), this will result in low electron mobilities and a
low electrical conductivity; and therefore, there should be an optimum concentration of
nanopores for the desired application. Nonetheless, this discussion may encourage to re-
examine the idea that a low Io/lc is always optimum for all electronic applications.

The effects of peak temperature on the fragmentation of the chemical bonds have been
well established. However, the effects of the non-thermal fragmentation of bonds, which
may be induced in the case of the irradiation of high intensity laser light, on LICG have
not been revealed yet. As discussed in this thesis, the non-thermal fragmentation of bonds
may assist in the carbonization and graphitization processes owing to the slight alterations
in the absorption coefficient and/or acceleration of bond fragmentation. For the former
effect, as the use of a fs laser can facilitate LICG through the formation of laser-induced
defects (Section 3.3.), this has been primitively suggested by this thesis. But in addition
to this, the LICG threshold for polymers that have been photodegraded to different
degrees, by for example the irradiation of light with ultraviolet wavelengths, can be
investigated to further validate this theory. For the latter effect, the peak temperatures
required for the formation of similar graphitic products by LICG depending on the laser
intensity can be investigated. As a simple approach to this, thermographic analyses can
be conducted for the tracks composed of similar graphitic products patterned by either
CW-LDW or HR-fs LDW.
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7.2.2. Material aspects

The selective patterning of conducting or semiconducting structures may offer the
fabrication of complex electric devices by simply irradiating a transparent elastomer.
However, in order to achieve complex electric devices, such as transistors, various
challenges need to be overcome. For instance, currently, the semiconducting behavior of
the patterned structures in this study are too weak for practical applications and need to
be enhanced. By further revealing the formation mechanism of the carbonaceous
materials through, for example, the development of a new laser setup, the further increase
in SiC-NC formation may be achieved. Moreover, the inclusion of additives before the
LICG of PDMS may enhance the semiconducting behavior of the resulting structure by
progressing SiC-NC formation. However, as discussed in Section 4.3., it is imperative
that the additive preferably aids in the formation of SiC-NC and not graphitic carbon.
Moreover, the careful consideration between the laser wavelength and the added material
is required, as the addition of additives may negatively alter the absorption and/or
scattering behavior of the irradiated material. It is also expected that depending on the
chemical composition of the additive, the formation of n or p-doped SiC-NCs may be
achieved by LICG.

7.2.3. Application aspects

A variety of practical devices was fabricated by the LICG of PDMS, and the
applicability of the carbonaceous structures towards electrical and optical applications
was indicated by this thesis. However, as the current study mainly aimed to develop proof-
of-concept devices using the carbonaceous structures, the optimization in device
performance and the investigation of device limits was not comprehensive. For example,
although it was indicated in Section 5.3. that anisotropic strain sensors can be fabricated
by patterning 2D structures by raster scanning, the effect of laser parameters, such as laser
power, scanning speed, and hatch spacing, on the performance, such as anisotropy,
sensitivity, and bending limits, of the strain sensor was not revealed. By investigating the
relationships between the parameter combinations, structure morphology, and structure
properties, the fabrication of mechanical sensors with different or improved performances,
for example higher sensitivities, may be realized in the future.

For optical applications, it was indicated that fluorescent structures can be patterned in
three dimensions inside of a transparent elastomer, which is extremely difficult to achieve
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with conventional patterning techniques. Although it has not been demonstrated, as
discussed in Section 6.3., the 3D fluorescent carbonaceous structures patterned inside
PDMS by LICG has implications to be applied towards elastic 3D data storage devices in
the future. In the current study, the carbonaceous structures patterned inside PDMS were
assumed to be similar to the carbonaceous structures patterned on the PDMS surface;
however, it is expected that the environmental conditions are significantly different
between the surface and inside and the carbonaceous structures patterned inside PDMS
should be characterized in more detail. Comparing the structures formed on the surface
and inside may provide a deeper understanding of the formation mechanism, realizing the
fine tuning of the size and fluorescent properties of the patterned carbonaceous structures.

If the patterning of highly semiconducting structures, as well as the selective doping of
the resulting structures, are achieved (as discussed in 7.2.2.), the development of
semiconductor devices and high-performance electronic devices can be expected. By
simply irradiating an elastomer with laser light, these complex devices can be rapidly
fabricated with minimal procedures. Furthermore, if the selective doping of
semiconducting structures can be realized, various optoelectrical devices, such as
photovoltaics, light emitting diodes, and solar cells, may be realized by utilizing the high
optical transparency of PDMS. It should be noted that these resulting devices can be
potentially flexible and stretchable as the substrate, PDMS, is also highly elastic.
Moreover, by utilizing a high repetition rate femtosecond laser, such structures can be
spatially patterned inside the substrate, realizing the fabrication of more complex
electronic devices which are inherently incased in an insulating material.

It is evident the future potential of the LICG of PDMS is limitless, but there are still
many challenges that need to be overcome.
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