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Abstract

Abstract

Graphene is a single hexagonal atomic carbon layer. Since its discovery, graphene is emerging as
an exciting and promising new material to impact various areas of fundamental research and
technology. It has potentially useful electrical properties for device applications such as graphene
photodetectors and graphene-based sensors. This thesis focuses on the femtosecond laser processing

of graphene from both scientific and industrial points of view.

Started from the manufacturing process, a new manufacturing route for graphene devices based on
a femtosecond laser system is explored. In this thesis, the graphene ablation threshold was
determined in the range of 100 mJ/cm® In this deposited fluence range, selective removal of
graphene was achieved using femtosecond laser processing with little damage to the SiO; /Si
substrate. This finding supports the feasibility of direct patterning of graphene for silicon-substrate
field effect transistors (FETSs) as the gate dielectric, silicon dioxide is only negligibly removed (2~10

nm) and no damage occurs to the silicon.

Beyond the selective removal of graphene, the effects of exposing femtosecond laser pulses on a
monolayer of graphene deposited on a SiO»/Si substrate is also studied under subthreshold
irradiation conditions. It has been demonstrated that a femtosecond laser can induce defects on
exposure. The dependence of the D, G, and 2D Raman spectrum lines on various laser pulse energies
was evaluated using Raman Spectroscopy. The I (D)/I (G) ratio was seen to increase with increasing
laser energy. The increase in the D’ (intravalley phonon and defect scattering) peak at 1620 cm™
appeared as defective graphene. These findings provide an opportunity for tuning graphene
properties locally by applying femtosecond laser pulses. Applications might include p-n junctions,

and the graphene doping process.

To explore the power absorption process in graphene and the SiO»/Si substrate, a theoretical model
was developed based on the transfer-matrix method. The results revealed that the most significant
absorption was in the silicon substrate. The light reflection form each layer was considered. The
model shows the temperature oscillations are more significant in the silicon layer compared to the
silicon dioxide which can provide a theoretical rationale for the swelling effect observed in the
experiments. This model can assist in the choice of laser parameters chosen for future laser systems

used in the production of graphene devices.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Background

Graphene is a form of carbon with atoms arranged in a hexagonal lattice that was isolated decades

earlier [1], [2], as shown in Fig 1.1. Recognised as the world thinnest but strongest material,

graphene arouses great interest in scientific research [3], [4]. The extremely high carrier mobility

[5], mechanical flexibility [6], and optical transparency [7] make graphene an exciting new material

with the potential to impact many areas of fundamental research and high-performance devices [8],

[91, [10], [11].

Fig 1. 1 Schematic diagram of graphene.

The current methods applied in patterning graphene are photolithographic techniques. Lithography

can precisely fabricate nano/micropatterns. Lithography involves a long sequence of process

operations, and in turn increases the risk of polymeric contamination. Furthermore, slow processing

and costly procedures may limit the industrial-scale fabrication of graphene devices.

Although femtosecond laser micromachining may not be able to achieve nanoscale resolution [12],

its advantages are limited undesirable thermal effects [13], high processing speed, and low cost

compared to e-beam lithography. Recent studies have shown the potential for indirect patterning,

which offers free-form post-patterning of general graphene. Roberts et al. used a single pulse laser

shot (pulse duration 50 fs) to process a clean micro-hole (diameter 20 um) [14] and Zhang et al.

obtained 25 pm wide channels of graphene on a glass substrate by using a 100 fs pulse from a Ti:
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sapphire laser with a central wavelength of 800 nm [15]. Sahin et al. achieved a 400 nm wide ablation
channel on Si0,/Si substrates by using a 550 fs laser with a wavelength of 343 nm to prove the
capability of the femtosecond laser in nanoscale patterning, with a focus on the generation of

periodic graphene stripes without complete removal [16].

Transferring lab-based research into industrial-scale production in the graphene industry is still
challenging, especially for the large area production of graphene and graphene device fabrication.
This thesis addresses the femtosecond laser’s potential integration in graphene devices production,

with emphasis on the direct ablation and locally induced defects on graphene.

1.2 Scientific novelty and importance of the investigation

The thesis explores a low-cost, fast and flexible patterning process of graphene that is enabled by a
femtosecond laser. Direct removal of graphene on a SiO,/Si substrate using a laser leads to a
lithography-free method for graphene device fabrication. The defect induced by femtosecond laser
on graphene surface can also create new functional graphene properties that will potentially increase
the range of graphene applications. The absorption study during the femtosecond laser processing
on graphene and Si0»/Si substrate could provide a better insight on the laser interaction mechanism.
In general, the success of the scientific research would pave the way for other 2D materials

processing and manufacturing techniques.

According to a recent report, the global market for graphene will be over $390 million in 2024 at
material level [17] and $25 billion in 2023 in terms of applications [18], [19]. Recently, a significant
investment has been made in research which could accelerate the pace into more practical
applications of graphene and other new technologies. For instance, the European Union has invested
$ 1.3 billion in “The Graphene Flagship” [20]. The UK government has provided £ 235 million to
fund graphene-related research [21]. The extremely high heat conductivity (up to 5150 W/ m-K [22])
and superconductivity of single-layer graphene [23] are vital features driving the market as they
increase the possibility of integrating graphene-based devices into various applications in the
electronics industry. Graphene can be used as an electrode material in solar chips, transistors,
integrated chips and solar packaging. Each application will be environmentally friendly, lightweight
and practical. For instance, graphene has a large surface to mass ratio and high electrical
conductivity, it can be a potential material for electrodes of lithium-ion batteries [24], which could
be used in electrically powered vehicles. Additionally, it can be applied in lithium-ion batteries in

smartphones, laptops and tablet PCs. It can significantly lower the sizes and weights for such devices.
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For the same energy that required to be storage, the higher the surface to mass ratio, the lower the

mass required. Thus, graphene can not only lower the sizes but also lower the weight.

1.3 Research aims and objectives

By taking a step forward toward industrial fabrication, the potential of graphene devices could be
realised in a cost-effective way. The main aim of this research is to overcome the problems of long
sequences of conventional lithography, strict conditions (clean room) and expensive lab process
steps for graphene device fabrication by using direct femtosecond laser processing. More
specifically, to explore the feasibility using femtosecond laser system in future graphene fabrication
technology. In addition, gaining a better understanding of the interaction between femtosecond laser

light and monolayer graphene on SiO,/Si substrates.
To achieve these aims, four fundamental research questions need to be answered:

e s it possible to use the femtosecond laser pulses to replace lithographic techniques in
fabricating graphene channels on Si0O,/Si substrate?

e  What is the influence of the femtosecond laser on the SiO,/Si substrate?

e Can femtosecond laser generate defects on the graphene and what are the properties of the
defects introduced into graphene by the fs laser?

e What is the nature of the energy absorption for a graphene, SiO,/Si substrate during a

femtosecond laser pulse?

By understanding the way in which the graphene structure varies with laser processing parameters
such as wavelength, frequency, pulse energy, pulse duration, patterning speeds, as well as the
underlying physics such as energy absorption, we can take a step forward in designing a controllable

femtosecond laser manufacturing process for graphene devices.
1.4 Scope of the thesis
This thesis is structured into seven chapters, a summary of each chapter is given below.

Chapter 2 reviews different fabrication methods for graphene and evaluation techniques, such as
Raman spectroscopy. This chapter also summarises the state-of-art patterning techniques on

graphene, including electron-beam irradiation, lithography methods, chemical patterning, and laser
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processing of single/multi-layer graphene. This provides the background information for this thesis

and identifies the research gaps.

Chapter 3 focuses on the material and methods applied in this work. The experimental system
applied in this research is detailed, in addition to the study of the femtosecond laser exposure on
graphene deposited on SiO»/Si substrate. Characterisation methods such as optical microscopy,

scanning electron microscopy, atomic force microscopy, and Raman spectroscopy are explained.

Chapter 4 investigates the various exposure parameters, such as pulse energies and scan speeds on
the monolayer graphene on SiO,/Si substrate. The focus of this chapter is the ablation effect of the
femtosecond laser on the modification of the graphene at the ablated edge, with comparison results

conducted in ambient air and nitrogen.

Chapter 5 explores the region of the non-ablated area of graphene on SiO,/Si substrate after

femtosecond laser exposure. The results are analysed with Raman Spectroscopy.

Chapter 6 presents a theoretical study of the energy absorption of the femtosecond laser exposure
on a graphene, Si0,/Si system. It considers the refractive index variation with laser exposure, using

matrix transfer method with a Gaussian laser input.

Chapter 7 summarises the main findings of this study with suggestions for future work.
1.5 Publications resulting from this work

Articles:

Tianqi Dong, Martin Sparkes, Colm Durkan, William O’Neill, “Evaluating femtosecond laser

ablation of graphene on SiO,/Si substrate”, Journal of Laser Applications, Volume 28, Issue 2.

Tiangi Dong, Karolina Milowska, Martin Sparkes, William O’Neill, Defects induced by

femtosecond laser on graphene deposited on SiO,/Si substrate, in preparation.

Tianqgi Dong, Martin Sparkes, William O’Neill, Optical transmission for femtosecond pulsed laser

interact with graphene deposited on Si0O,/Si substrate, in preparation.

Conference proceedings &presentations
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Tianqgi Dong, Martin Sparkes, William O’Neill, A study of defects induced by femtosecond laser on
monolayer graphene, Euspen’s 16th International Conference&Exhibition, Nottingham, UK, May

2016, proceedings and Poster presentation.

Tianqi Dong, Martin Sparkes, Colm Durkan, William O’Neill, Evaluating femtosecond laser
ablation of graphene on SiO2/Si substrate, ICALEO, October, Atlanta, US, 2015, proceedings and

Oral presentation.

Tiangi Dong, Femtosecond laser direct micro-cutting graphene for device applications, Ultra-
Precision Manufacturing Conference, May, University of Cambridge, 2015, Poster & Oral

presentation.

Tiangi Dong, Matteo Bruna, Martin Sparkes, Andrea C. Ferrari, William O’Neill, Femtosecond laser
direct micro-cutting of graphene for device applications, presented at Graphene & 2D Materials
Conference: From Research to Applications, National Physics Laboratory, London, 12-13

November 2014, poster presentation.

Tiangi Dong, Martin Sparkes, William O’Neill, Fabrication of graphene based on laser-induced
shock wave, 1% year Ph.D. conference, the IfM, University of Cambridge, 21st May 2014, Poster &

Oral presentation.
Awards:

3" Place of Poster Prize for euspen’s 16th International Conference & Exhibition, Nottingham, UK,
May 2016.

1* Place of Best Student Paper Award in 34th the International Congress on Applications of Lasers
& Electro-Optics (ICALEO), Atlanta, US, 18th-22nd Oct 2015.

Roger Kelly Award, Best Young Researcher Presentation in 4th International School on Lasers in

Materials Science (SLIMS), Venice, Italy, 13th -20th July 2014.

Joint 2™ place of poster prize at the 1st Year Ph.D. Students’ Conference at the IfM, 21st May 2014.
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Chapter 2 Literature review

2.1 Introduction

This chapter presents the current state of graphene fabrication methods, graphene properties, and its
application, as shown in Fig 2.1. Section 2.4 reviews the state-of-the-art of multiple types of
graphene patterning techniques, with emphasis on electron beam irradiation, photolithography,
plasmas/chemical etching and direct laser cutting. Femtosecond laser pulse interactions with the
material, light propagation, absorption mechanisms, plasma formation, as well as the comparison of
ultrafast and conventional laser interactions are also reviewed (section 2.5). In sections 2.6, the

research gaps and research questions are discussed throughout the literature review.

2.2 &2.3 Background 2.4 Current graphene patterning 2.5 Background of laser-matter
knowledge of graphene techniques interactions
TT T
l___________l} ______________ 1 T T T T T T T Tt Tt T T T T T 1 l____________ii ____________ 1
Properties of graphene Light propagation
(fabrication methods & [ Electron-beam irradiation ]
L properties ) )

e Applications of graphene h [ Photolithography methods]

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
: (sensing, electronic, life }
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

Plasma formation

science, battery ) [ Plasma/ chemical Etching ]

G band, 2D band, D
band and D’ band

‘ Comparison of ultrafast
& conventional laser

[ Laser direct cutting ]

2.6 Research gaps and research
questions

Fig 2. 1 Structure of chapter 2.

2.2 Properties and applications of Graphene

2.2.1 Properties of graphene

Although scientists knew that monolayer graphene existed, it was not until 2004 that this two-
dimensional graphene was isolated by Prof. Andre Geim and Prof. Kostya Novoselov [25]. Six years
after the ground-breaking isolation of graphene, they were awarded the Nobel Prize in physics in

2010. The first graphene was manufactured using scotch tape. This approach is low cost and easy
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but not suitable for large-scale production. The widespread application of graphene required scalable
production techniques, several methods have been steadily developed in producing large area and
high quantities, necessary for industrial applications. These include mechanical exfoliation [26],
chemical vapour deposition [27], [28], [29], liquid-phase exfoliation [30], [31], [32], and synthesis
on SiC [33], [34], [35]. Other graphene growth methods such as unzipping carbon nanotubes [36],
[37], molecular beam epitaxy [38], [39] and reduction of graphene oxide [40], [41] are also
investigated to enrich the possibility of fabrication methods. However, these are unlikely to be used
on a large scale since they require higher cost than CVD methods. Table 2.1 summarizes the methods
of mass-production of graphene regarding size, cost, and quality. Graphene growth based on CVD
method still holds the greatest promise in device applications due to its relatively low cost, high

quality, and large area performance.

Table 2. 1 Graphene fabrication methods.

Methods Properties Purpose Ref.
Micromechanical Small-scale  production, Research purpose [42]
Exfoliation Flakes high cost, high quality,

uneven films
CVD (on Ni, Cu) Moderate scalability, high Touchscreens, solar cells, smart [43],
thin films cost, high quality, windows, flexible LCDs & [44]
temperature (>1000°C) OLEDs
Liquid Phase High scalability, low yield, Polymer fillers, Transparent [31]
Exfoliation moderate quality, low cost, = electrodes
impure
Epitaxial growth on Low scalability, high cost, Transistors, circuits, interconnect, = [45]
SiC high quality, high process, = memory, semiconductors.
temperature (1500°C),
very expensive substrate
Carbon Nanotube Moderate scalability, high FETs, interconnects, NEMs, [37],
Unzipping yield, high  quality, composites [46]
potentially low cost
Chemical Reduction High scalability, low Conductive inks & paints, [47]
of Graphite oxide purity, low cost, high polymer fillers, battery electrodes,

(nanoflakes/powder)

defect density

20
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The application potential of graphene is based on its many unique properties, as shown in Table 2.2.
Its ability to deform creates great interest in the application of flexible touch screens [48]. The high
thermal conductivity suggests that graphene could be applied in applications where thermal
management is required [22]. The saturated absorption of light permits it to be used in mode-locking
of fiber lasers, acting as a saturable absorber [49]. Its high charge carrier mobility in ambient
conditions, allows graphene to be a potential candidate for next generation of high-performance

electronics [50].

When the large-scale production of graphene has the same outstanding performance as the best
samples fabricated in the research laboratory, graphene will be of even more significant interest for

industrial applications.

Table 2. 2 Properties of graphene.

Property Value Comparison with other Ref.
material

Tensile strength  ~130 Gpa 200 times larger than steel, [51],[52]
larger than CNT fibre 8.8 Gpa

Young’s ~1100 Gpa (monolayer | 3 times larger than CNT fibre [52]

modulus graphene) 357 Gpa

Thermal ~4.84x10° to 5.30 x10° More than 10 times higher than = [53], [54]

conductivity W m'K! copper, and higher than CNT
3x10° W-m™ ‘K

Charge carrier 2.5x10°cm*V '’ More than 100 times silicon [55], [56]

mobility (1350 cm*-V's7™)

Absorptivity ~2.3% (400 nm ~2.5 Larger than silicon dioxide [57],

pum ) (absorption index 10”7 @1um ) [58], [59]

2.2.2 Applications of graphene

Graphene research has made a substantial impact on the range of potential industry applications such
as electronics, energy, medicine and desalination. In this section, the well-known applications of
graphene in the field of sensing, photodetector, electronic industry are listed, along with new areas

in life science and battery industry.
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(a) Graphene in field of sensor

Mass production of graphene from either graphene oxide or chemical vapour deposition has been
demonstrated for conductive polymer composites that utilize the mechanical and tensile strength of
graphene. In the field of sensing, Tian et al. show graphene micro-ribbons (20 pm width, Smm long)
used as a strain sensor with a gauge factor (GF) of up to 9.49 [60]. The graphene strain sensor shows
a good linear response to strain and multi-cycle operations. Zhao et al. demonstrated nano-graphene
strain sensors with GF over 300 [61], which implies that there is plenty of scope to develop better

graphene strain sensors in the future.

(b) Graphene in photodetector

The zero bandgap property of monolayer graphene enables it absorbs photons of all frequencies
from ultraviolet to the far infrared [62]. This wide absorption range of graphene makes it possible
to work over a much wider wavelength range, compared to current IV and III-V semiconductors
based photodetectors. This is because the material’s absorption limits the spectral bandwidth. When
the bandgap of the photodetector material is larger than the photon energy, the photon becomes
transparent to the photodetector. The transparency and physical properties of graphene could make
flexible and transparent photodetectors feasible [63]. Also, graphene-based photodetectors are
ultrafast (50 GBit/s) [64], which is again due to its high mobility.

(c) Graphene in the electronic industry

Supercapacitors. Fl-Kady demonstrates a scalable fabrication method of graphene micro-scale
supercapacitors over larger areas. The devices are flexible substrate based. With its low leakage
current, it can be integrated with energy harvesters to create efficient self-powered micro-

supercapacitors [65].

Transparent conductor. Graphene can achieve higher transmission with the same resistance as
other materials such as indium tin oxide (ITO), ZnO/Ag/ZnO, single wall carbon nanotubes
(SWNTs), etc. [63]. The high electrical conductivity, excellent mechanical strength, low optical
absorption, and flexibility of graphene make it a promising alternative solution in replacing the high
cost and non-flexible ITO in applications such as liquid crystal display, touch screens, and smart

windows, etc.[63].
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Logic circuits. The absence of a bandgap forbids the use of monolayer graphene for integrated
circuits. For single layer graphene on SiO; in large areas there is no bandgap [66], [67], while
graphene ribbons have shown bandgap due to lateral confinement [68], [69], [70], [71], [72]. Bilayer
graphene can be experimentally made to exhibit a tunable bandgap up to 250 meV with the
application of a suitable electrical field and can be potentially engineered up to 0.3 eV [72], [73],
[74], [75]. These tunable bandgap properties allow bilayer graphene to hold the potential as a fast

switch in logic circuits.

(d) Graphene in life science

It is worth noting that the graphene device was first focused on for its applications in transistors,
sensors, etc. Since 2014, applications have become the focus of life sciences [76]. Biomedical
applications are still in the early stages of development. In [77], the structure of graphene is applied
to enhance the absorption of biomolecules, with the substrate of silicon, gold, and prism. The silicon
in the middle layer is used to increase the sensitivity as shown in Fig 2.2. This enlarges the
application of the femtosecond laser ablation on graphene on the Si0,/Si substrate for an extended
substrate such as gold etc. For the recent applications in life sciences, a specific area of attention is
the merging of artificial tissue components and implants [76], [78], [79]. Graphene substrate has
been proposed for the engineering of implants [80], [81], [82], [83]. The graphene is engineered in

different thicknesses to allow the controlling of the penetration of various molecules.

Sensing medium (water)

X

Incident light Reflected light

Fig 2. 2 Schematic diagram of prism-based biomolecules sensor using graphene and silicon layers [77].

(e) Graphene in battery filed

As for the battery field, the conventional battery electrodes are significantly improved with the
graphene enhancement on the anode surface. There are at least two advantages that graphene can
bring into the traditional battery. First, lightweight, thanks to the light and strong graphene structures.

Second, is the high capacity energy storage. This is attributed to the large surface area of graphene.
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The greater the surface area is, the more ions it can store. Graphene batteries as a concept have been
much discussed in recent years [84]. Groups of researchers have focused on graphene
supercapacitors, and the graphene battery is aimed at bridging the gap between supercapacitors and
lithium ion batteries [85]. In addition, there are reports on the all-electric car with graphene-based
batteries [86], [87], and this again is applied with fast charging properties; however, the question is
always about mileage range. Lee et al have applied silicon nanoparticles-graphene composites for
Li-ion battery anodes with a storage capacity > 2200 mA h g”'. After 200 cycles, the storage capacity
decreased by 0.5% per cycle [88]. The positive view towards graphene in batteries is the foundation
of its feasibility from both the experimental and conceptual perspective. The challenge is the
manufacturing process as well as the real practical product. The laser has shown great potential in

fabricating graphene micro-supercapacitors [89], [90], [91].

2.3 Characterisation of graphene

Once the graphene growth methods have been developed, it is essential to discern the characteristics
of graphene. On top of a Si wafer with a thickness of 300 nm SiO,, the monolayer graphene can be
observed as a purple-to-violet in colour [66]. For monolayer graphene, scanning electron
microscopy (SEM) can be applied to view its surface topography and composition. Atomic force
microscopy (AFM) can also find graphene on the substrates. However, the techniques involve
electron beam (e-beam) irradiation of the samples may result in damage to the sample [92], and may
result in defects giving significant deterioration of the electron and heat conduction properties even
at low radiation doses [92]. Therefore, Raman spectroscopy is often applied as a useful method to

identify layers of graphene and properties of graphene in a non-invasive way [93], [94].

2.3.1 Principle of Raman spectroscopy

Raman spectroscopy is a spectroscopic technique that relies on Raman scattering of monochromatic
light. It obtains vibrational spectra of the material which are determined by molecular and the
interatomic bonds. Raman scattering applies the quantum particle interpretation, the laser light
strikes a molecular system and is inelasticity scattered. Each molecule having its own vibrational
signatures. During the interaction of the incident light and molecules, two scattering effects can
occur. One is known as Rayleigh scattering, which has the same frequency of the incident light. The
other one is Raman scattering, where the frequency shift of the incident light, being increased or
decreased by addition or subtraction of the frequency of the molecular vibration. The resultant higher
frequency of the scattered photon is known as anti-stokes, while the lower frequency is known as

Stokes shift, shown in Fig 2.3.
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Raman scattering is a low-probability process with around 1 in 10® photons inelastically scattered.
Due to the substantial probability that a molecule stays in the ground vibration state, Stokes Raman
scattering is more intense than anti-stokes scattering [95]. Fluorescence can occur at a longer
wavelength when electrons are excited to higher electronic energy levels and back to the ground

energy level with the emission of a photon [96], [97].

By filtering out the wavelength that closes to the laser line (Rayleigh scattering), the rest of the
scattering light (Raman scattering) is collected into a detector. Thus, the information of the

vibrational, rotational and other low-frequency modes of the molecules are given.

—_— e r— oo —— —— — Virtual energy state
2 @
1 L @ Vibration energy states
0 @
Rayleigh Raman

Fig 2. 3 Energy level diagram showing the states involved in Raman spectra. Red row indicates Stokes
scattering while the Green arrow indicates anti-stokes scattering.

2.3.2 G band, 2D band, D band and D’ band

In graphene, the Stokes photon energy shift caused by laser excitation creates two most definite
peaks in the Raman spectrum, namely G band (~1580 cm™) and 2D band (~2690 cm™) [98], as
shown in Fig 2.4 (a). The 2D band represents two zone-boundary phonons. The bands as shown in

Fig 2.4 (b), label as G and 2D, or G’, and the D, D’, and their combination D+D".

Before discussing the phonon vibration contribution to the significant Raman bands in graphene, it
is necessary to begin with the phonon dispersion. The phonon dispersions of monolayer graphene
contain three acoustic (A) and three optical (O) phonons. Among the six-phonon branches, there are

four modes in-plane (i) and two-modes out of the plane (o). If the direction of the zone-center mode
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is along the C-C bonds, the modes are transverse (T). If the direction is perpendicular to the C-C
bond, the modes are longitudinal (L). Both iLO and iTO play a role for the main Raman bands
observed in graphene [93], [99], [100], [101].
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Fig 2. 4 Raman spectra of a graphene (a) A pristine flake (b) A damaged flake [99].
(a) G band and 2D band

The form of G band (~1580cm™) is attributed to in-plane sp® C-C stretching mode, originating from
phonons at the first Brillouin zone-center I' point [102],[103], in Fig 2.4 (a). 2D or G’ band appears
at around 2700 cm™, which is originating from the breathing-like in-plane mode of the carbon rings,
in Fig 2.5 (b). There are two G band stretching modes of graphene. The mechanism of G band is as
shown in Fig 2.5 (a). It starts with an incident photon that excites a virtual electron-hole pair in
graphene. Then the electron or the hole is scattered by either an iTO or an iLO zone-center phonon

[99], [104].

(b) Dand2D Band

iTO atK

Fig 2. 5 Schematic descriptions of phonon vibrations in graphene that contribute to G band (a), D and 2D
band (b) [99].
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For the G band generation, when the electron-hole pair is recombined, they emit a photon. For the
2D band generation, there are two different mechanisms, one is double resonance, and the other is
triple resonance. For double resonance, the incident light generates an electron-hole pair near the K
point. The iTO phonon inelastically scatters an electron/hole to the K’ point, and another
electron/hole is scattered back by a second iTO phonon. It is called double resonance because this
process happens when the incident or scattered photon and the first or second phonon scattering are
resonant with the electronic states in graphene. For the triple resonance, the carriers are scattered by
iTO photons from the K point to the K’ point and emit a photon to recombine. Both resonances meet

the energy and momentum conservation law.
(b) D band and D’ band

The D band and 2D band share the same description of phonon vibration in Fig 2.5, which is
attributed to the breathing-like in-plane mode of the carbon rings. For the D band that occurs near
1350 cm™, it requires a defect to conserve the momentum, as shown in Fig 2.6 (a). In such case, the
electron experiences inelastic scattering through an iTO phonon to the K’ point and elastically
scattering back from K’ point through a defect [105], [106]. The D band shift is half of that in the
2D band due to only one phonon being involved in the D band generation process [93], [107]. The
defects can be controlled by using ion bombardment [108], plasma functionalization [109] or
electron beam irradiation [110], [111], [112]. Both D band and 2D band happen near both the K and

K’ point, and they are known as intervalley process [113].

(a) D band (b) D’ band
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Fig 2. 6 Sketch of intervalley and intravalley Raman scattering bands in graphene. (¢) D band (b) D'
band[114].
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Unlike the intervalley process which happens in D and 2D band, D’ band (at 1620 cm™) and 2D’
band (~3240 cm™) occurs due to intravalley processes. The mechanism of D’ band is similar to the
D band, as shown in Fig 2.6 (b). The D peak is associated with an intervalley scattering process in
the Brillouin zone (from K point to K’ point ) [114], [115], [116], [117]. The D’ band is connected
with an intravalley scattering around the K point or the K’ point. Both D’ and 2D’ band are weaker
than the D and 2D band [118], [119]. The 2D’ process is the overtone of the D’ band, and it is a two-
photon process. In general, the defect analysis is based on D band with its ratio compared with that

of G band. The D’ band gives additional information on the defects in graphene.

2.4 Current Graphene Patterning Techniques

This section aims to review the state of the art technology of graphene patterning techniques, starting
from the most commonly used electron beam irradiation to the recently developed femtosecond laser
patterning technique. Each of the methods has shown great potential and success in patterning

graphene, with advantages and disadvantages, as summarised in Table 2.3.

2.4.1 Electron-beam irradiation

High-energy electron-beam irradiation is often applied for producing graphene nanostructures.
Meyer et al. [120] used a focused electron beam in transmission electron microscopy (TEM) to
induce deposition of carbon on freestanding graphene membranes and produce nanoscale patterns
with the help of periodic grating. Then, Fischbein et al. [121] demonstrated nano sculpting of
suspended graphene sheets by the focused electron beam. This technique can produce various
structures, such as nanoscale pores, slits, and gaps, shown in Fig 2.7. However, the high energy from
the electron beam often generates unexpected defects such as undesired carbon deposition. Reducing
electron energy to 80 keV can control such defects, but low-energy beams cannot produce nanoscale
patterns efficiently. To solve this problem, Song et al. [122] introduced a method of electron-beam
nano sculpting at a temperature above 600°C, which can produce highly mobile carbon atoms to
repair the radiation damage. In this way, near-defect-free single-crystalline graphene nanostructures,

such as nanoribbons, nanopores, and nanotubes can be produced [123].
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Fig 2. 7 (a) Two ~6 nm lines cut into a graphene sheet. (b) Electron irradiation is continued to create a bridge
with ~5 nm wide. (c) A higher resolution of the bridge shows clear atomic order. (d) A small gap opened in

the nanobridge by additional electron irradiation [121].

To conclude, generally e-beam irradiation is an ideal technique when combined with in-situ TEM
observation. The edge sculpted with a condensed electron beam with Cg (spherical aberration
coefficient) corrected can achieve the resolution down to 0.8 nm with a scanning speed of 1 nm/s
[124]. This can be applied to explore the possible mechanisms during the evolution of graphene
morphology and may be used in graphene nanoribbon fabrication. However, it is difficult to apply

e-beam irradiation to fabricate graphene patterns and devices on a large scale at an affordable cost.

2.4.2. Photolithography methods

Photolithography methods have been developed to create graphene nanostructures with pre-
designed patterns, for instance, graphene nanoribbons (GNRs), which are strips of graphene with
ultra-thin (<50 nm), can be produced down to ~10 nm. The methods employ conventional e-beam
lithographical negative resist forming a protective pattern on graphene, which is subsequently

exposed to plasma oxygen [125]. The unprotected portion of the graphene is then chemically
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removed upon the attack by the reactive plasma and carried into the vapour phase. The pattern on
the mask (and the e-beam resist) is then “printed” into the graphene. Scanning tunneling microscope
(STM) probe can be used to cleave C-C bonds when operated at a bias voltage (>2 V), much higher
than that in topographical measurements (typically ~200 mV) [126]. When the probe advances on
graphene in the carving mode, GNRs can be produced as small as 10 nm [127]. The resolution of e-
beam lithography depends mainly on the electron beam size and the scattering and propagation of
electrons in the resist material. As the de Broglie wavelength of a helium ion is many times smaller
than electron beam for the same acceleration voltage, helium ion beam lithography can give an

ultimate resolution of 0.5 nm [128], [129], as shown in Fig 2.8.
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Fig 2. 8 (a) Scheme of GNR arrays fabricated by helium ion beam lithography. (B-D) Helium ion microscope
images of (b) 5 nm, (¢) 6 nm and (d) 7.5 nm half-pitch arrays. (e) Helium ion microscope image of high aspect
ratio GNRs (width X length is 5 nm %1200 nm). (f) Helium ion microscope image shows the smooth interface
between graphene and patterned GNRs. For all images, bright lines represent graphene [129].
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Though precise resolution can be achieved, maskless lithography methods using a TEM or scanning
helium/neon ion microscope suffer from relatively high costs (mask range from $1,000 to $100,000 )

[130] and scanning probe methods are usually not well suited for upscaling [131].

2.4.3 Plasma/ chemical etching

Plasma/chemical etching is another conventional technique to pattern graphene. This is generally
performed while shielding part of the graphene sheet with a contact mask in the nanometre range
[132]. Xie et al. [133] selectively etched graphene nanoribbons and graphene edges with hydrogen
plasma. They controlled the hydrogen plasma reaction at 300 °C which prevented hydrogenating the
graphene plane. GNRs with less than a 5 nm width was achieved. Dimiev et al. [134] developed a
chemical etching route for layer-by-layer removal of graphene. They first sputter-coated zinc on top
of multilayer graphene with pre-designed pattern and then removed the zinc and the adjacent single

graphene layer in dilute HCI solution [134], as shown in Fig 2.9.

Bilayer graphene

Patternmg HCI

15t Zn stripe treatment
Pattemmg HCl
2"¢ Zn stripe treatment

{Y \ﬁ

Fig 2. 9 Controlled layer-by-layer removal of graphene. (A) Schematic of the process. SEM image of the same
bilayer graphene oxide (GO) flake: (B) original, (C) after the first, and (D) after the second Zn/HCI treatment
[134].

10pm

The main advantage of solution phase chemical etching/plasma etching is that smoother edges can
be fabricated compared to e-beam or scanning probe lithographical methods. However, chemical

methods have a lack of architectural control.
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2.4.4 Laser direct patterning graphene

Laser directing patterning methods have begun to be investigated due to their potential to offer free-
form post-patterning of general graphene devices with high processing speed. Dhar et al. [135]
studied the ablation threshold energy density for single and multi-layer graphene and achieved
selective ablation/patterning or a thin graphene sheet. In these experiments, micrometre-sized
graphene flakes were placed on a 290 nm thick SiO; on Si substrates, for observation with optical
microscopy. The graphene samples were ablated by a single pulse of a 248 nm, 20 ns laser pulse
with increasing laser energy in an Ar atmosphere at room temperature. At very low laser energy
densities (0.55 J/cm?), both single and multi-layer graphene was ablated, and the ablation threshold
of graphene decreases rapidly with the increasing numbers of graphene layers originating from the
dimensional crossover of thermal conductivity. As the spot size of the excimer laser (~mm) was
much larger than the graphene flakes (tens of microns), the whole piece of graphene was affected
by laser irradiation. With smaller spot sizes from the ultrafast laser, micro-patterning graphene could

be achieved.

Laser shock can also be used in graphene patterning. Li et al. utilised the laser ablation generated
shock pressure to create 3D tunable straining in the graphene sheet, as shown in Fig 2.10 [136]. This
is an approach for the nanoscale punching of graphene film by using laser-induced shock pressure
[137]. Graphene film can be made into a circular mold of around 50 nm in diameter; the critical
breaking pressure was measured to be 1.77 GPa. The advantages of this technique are that it is fast,
tunable and low-cost. However, this approach is confined to a pre-patterned substrate, and therefore

patterning of graphene on non-porous surfaces is inapplicable.
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Fig 2. 10 Ilustration of the laser shock-induced straining of graphene (a) setup of the laser-induced strain
engineering; (b) tunable 3D nano straining of the graphene film when the strain limit is not exceeded. (c)
graphene is straining above the strain limit [136].

Another approach to obtaining graphene shapes is to synthesize epitaxial graphene by using the
laser-induced deposition with a mask [138]. Lee et al applied a KrF laser (wavelength 248 nm, pulse
length 25 ns) to deposit graphene on the Si-rich surface of a SiC [138]. The optical absorption length
(a~! = 76 nm) of SiC is much smaller than the thermal diffusion length in SiC during the laser
pulse (L7 = 4.1 pum), thus the laser can be considered as a surface-heating source on SiC. As a result,
the substrate is held at room temperature while the thin SiC surface absorbs the laser light.
Furthermore, with a shadow mask in the laser beam path, graphene with different shapes could be
synthesized (Fig 2.10). In this method, both synthesis and patterning of graphene can be achieved
in one step by simply shaping or masking the laser beam, which makes it surpasses other thermal
methods in epitaxial graphene growth on SiC substrate in terms of time-consuming. However, the

uniformity and quality of as-produced graphene could deserve a further exploration.
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186.0
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Fig 2. 11 SEM images of a laser-processed SiC with a shadow mask placed in the KrF laser beam path
[138].

2.4.5 Femtosecond laser ablation of graphene

The femtosecond laser is more beneficial in patterning graphene for its limited thermal effects
compared to the conventional lasers. Currie et al applied Ti: Sapphire laser (wavelength 800 nm,
pulse duration 50 fs) to study the laser induced damage of graphene on a sapphire substrate [139].
They found laser-induced damage on graphene. Additionally, the results showed that some
modification of graphene lattice could be observed at a laser fluence of 14 mJ/cm?®. Similarly,
Roberts et al. studied single pulse laser shot interaction with graphene on a glass substrate, as shown
in Fig 2.12. The ablation threshold was found to be around 200 mJ/cm? in the range of 50 fs to 1.6
fs [140]. The results also demonstrated a clear micro-hole formed on graphene on the glass substrate.
The edges from single shot laser ablation were found to be microscopically clean, which indicates
the potential for ultrafast laser micro-patterning of graphene. Besides monolayer graphene ablation,
the number of layers of graphene can be precisely controlled by picosecond laser and femtosecond

thinning by Lin et al. and Li et al [141], [142].
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Fig 2. 12 (a) Optical image of the single femtosecond pulse processed spot. (b) Raman probe scan across the
edge of damage spot. Raman line strengths are defined as the area under the spectral peak [140].

Zhang et al. further explored the femtosecond laser direct cutting graphene on a glass substrate and

obtained a 25 pm wide channels of graphene by using a 100 fs Ti: sapphire laser with a central

wavelength of 800 nm, as shown in Fig 2.13 [143]. The ablation threshold of graphene was

determined to be 0.16 ~ 0.21 J/cm®. When the laser fluence was higher than the ablation threshold,

graphene was obliterated and ablated rapidly without damaging the glass substrate.
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Fig 2. 13 (a) Raman microscope image of one strip of graphene ribbon. (b) Raman spectra of graphene ribbon
and pristine graphene [143].

Nanometre-scale patterning of single-layer graphene can be produced on SiO,/Si substrate through
femtosecond laser ablation. Sahin et al. applied a femtosecond laser with pulse duration of 550 fs
(wavelength of 343 nm ) obtain a 400 nm wide ablation channel on SiO,/Si substrates but caused
damage to the silicon substrate, as shown in Fig 2.14 [144]. It was reported that 400 nm
wide ablation channels could be achieved over 100 um length, by adjusting laser fluence and

translation speed. Sufficient gap is left between channels by raster scanning of the sample, which
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yields well-ordered periodic structures. By controlling the power and speed, no substrate damage
can be achieved. However, the main obstacle for this result is that it has not entirely removed the
graphene. In this respect, further study of femtosecond laser ablation on graphene deposited on

Si0,/Si substrates is worth exploring.

Fig 2. 14 Optical microscope images of produced nanostructures on monolayer graphene. Laser fluence and
scan speed values are (a) 120 nJ and 330 pm/s (b) 120 nJ and 100 pm/s (c) 200 nJ and 330 pm/s. Insets are
false-colour images, where pink region correspond to damaged Si [144].

It is worth noting that the graphene patterning methods described above have their advantages and
disadvantages for the study of precision, controllable, large-scale process as shown in Table 2.3.
The femtosecond laser manufacturing of graphene stands out because of its potential to be fast,
flexible and an easy procedure for graphene channels. This brings us to the importance of
investigating the potential of the femtosecond laser processing of graphene in details and so

broadening the applications of the femtosecond laser into the graphene industry.
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Table 2. 3 Summary of different techniques for graphene patterning.

Method Advantages Disadvantages

1. Electron beam irradiation Line width can be down Unaffordable cost, not for
2. Scanning probe lithography to the nanoscale, precise = large scale, not a free-form
3. Helium ion beam lithography pattern with any shapes

4. Photocatalytic etching Smooth edge, a low  Increase the risk of
5. Plasma etching energy required, contamination,  relatively
6. Chemical etching nanoscale, precise long process

7. Excimer laser irradiation Fast and easy procedure, High temperature

8 Laser-induced shock controllable Porous shape limited
patterning

9. Femtosecond laser patterning Precision limited

2.5 Laser-matter interactions

Having known the potential of the femtosecond laser in profiling of graphene, it is necessary to

review the related background knowledge in laser-matter interactions.

2.5.1 Light propagation

When light strikes the surface of the material, the discontinuity in the refractive index causes a partial
reflection, and the rest of the light is transmitted and through absorbed by the material. For the

incident light on a flat surface, according to Fresnel equation [145], the reflection coefficient is

—_ o~ 2
Ng — Ny
ng +nq

where 7 is the refractive index of the material, and 7y is the refractive index of an incident
atmosphere. The complex refractive index 1 = n + ik where n is the real refractive index and k

1s extinction coefficient. The real refractive index is defined as:

n=-
%
Where c is the speed of light in a vacuum and v is the speed of light inside the medium. The

transmission coefficient satisfies the energy conservation:
38



Chapter 2 Literature review

T=1-R

As the light propagates through the material, its intensity will decay due to the absorption of the
material. The intensity of decay is a function of depth. The rate is determined material’s absorption
coefficient @. The absorption coefficient can be expressed in terms of the extinction coefficient k

as:

4tk 2.1

For constant «a, the intensity I decay exponentially with depth z according to the Beer-Lambert

law [146],
1(z) = [je~% 2.2

where [ is the intensity at the surface after considering reflection loss. The penetration depth into

the material is defined as:
o=1/a 23
which is the depth where the electrical field decays to 1/e of the initial value at the surface.

When the medium is thick, the approximation z — oo can be made. There are no internal reflections
and the propagation of the beam in the medium can be described by absorption and scattering losses:

dl = — J Nol(z)dz 24

where N represents the number of scattering centers in a z = z + dz propagation interval and ¢
is the interaction cross section (absorption, scattering, and luminescence), which is typically

dependent on the wavelength.

Material absorption is directly linked to the laser wavelength via the electric field oscillation
frequency. Photon energy is transferred to matter via electronic and atomic vibrations. Electronic
excitation is dependent on the electronic transition energy AE, the band gap inherent in the

transition needs to be matched to the photon frequency:
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hc 2.
AE = — >

If direct band gaps are not possible, a photon can still couple into the material via phonon-assisted

lattice or molecular coupling.

2.5.2 Absorption mechanisms

Depending on the structure of the material and the photon energy, the absorption mechanisms vary.
For semiconductors, if E,, < E; (Eyx: photons energy; Eg: bandgap energy), the light weakly
interacts with the semiconductor and passes through as if it were transparent.; if’ E,, = E¢ , light is
strongly absorbed by the material and creates both a majority and a minority carrier [147]. For metals,
photon energy is subsequently transferred to the lattice phonons due to intraband absorption or free-
carrier absorption when a carrier is excited from a filled state to an unoccupied state in the same
band [148]. This absorbed energy can be described by the Drude model, treating the electrons
moving in the electric field and with collisions [149], [150]. Notably, interband absorption may also
play a role in the laser metal interactions. An increased absorption at certain laser frequencies has
been reported in aluminum in [151], [152]. For insulators, if sufficient laser energy is deposited into

the surface of a material through linear absorption, material ablation can occur [153], [154].

These treatments have only considered linear optical phenomena. With laser intensities increasing,
nonlinear absorption such as multi-photon absorption (Fig 2.14) and avalanche ionization which is
based on more inverse bremsstrahlung and impact ionization (Fig 2.15) [155], [156]. The former
requires multiple photons to interact simultaneously with an electron, and the sum of their energies
must exceed the bandgap energy, electrons are directly excited from the valence to the conduction
band [156]. The later involves free carrier absorption by an electron already in the conduction band
of the material followed by impact ionization [156]. These processes will increase the absorption

coefficient «, which results in the decrease of the threshold fluence.

The process of avalanche ionization requires some seed electrons in the conduction band. It can be
described as follows: an electron in the conduction band sequentially absorbs several laser photons.
When it absorbs more than the bandgap energy, its energy exceeds the minimum conduction band,
then it ionizes another electron by collision, leaving two electrons in the conduction band. As long
as the laser field is present during the process, the electron density in the conduction band will grow
exponentially [157], [158]. The two temperature model is the typical method used to analyse the

energy relaxation between electrons and lattice in conductors and semiconductors [159], [160].
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Fig 2. 15 Single-photon absorption (a) and multi-photon absorption (b).
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Fig 2. 16 Avalanche absorption process [161].

2.5.3 Comparison of ultrafast and conventional lasers

Conventional laser processing is often conducted with either a continuous wave (CW) or nanosecond
(10°) pulsed lasers [162]. Fig 2.16 shows the effect of laser processing on material by CW,
nanosecond (ns), and pico/femtosecond(ps/fs) laser pulses from left to right. For long pulses, the
material removal can be achieved by utilising melt expulsion driven by the vapour pressure and the
recoil pressure induced by evaporation caused by absorption the laser [163]. For ultrashort pulses,
since the energy deposition occurs on a timescale that is shorter compared to atomic relaxation
processes, the material removal can be attributed to thermal or non-thermal effects [164]. This

mechanism in ultrashort laser pulses results in many advantages in material processing as follows:

(a) an ultrafast laser generates a minimal amount of debris in the form of fine dust that is not bounded

to the surface [165], [166].

(b) at high fluence, the ablation rate could be reduced due to the attenuation of the incoming laser

irradiation caused by laser-induced plasma [167].
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(c) reduction or apparent absence of heat-affected zones occur and result in the fine and sharp

features being produced on the surface of materials [168], [169].
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Fig 2. 17 Comparative effects of different types of lasers interact with the target material [170].

In ultrafast laser system, pulse duration, energy, wavelength and repetition rate are essential
parameters. As the peak power equals to the pulse energy divided by the pulse duration, high peak

power is expected as the pulse duration is ultrashort. In laser-processing, the minimum achievable

structure size is determined by the diffraction limit of the optical system ( ﬁ, NA is the numerical
aperture, equal to nsin). Notably, sub-wavelength cutting could be achieved by choosing the peak
laser fluence slightly above the threshold value. The diffraction limit of laser processing can be

exceeded with the control of peak laser fluence slightly above the threshold, as shown in Fig 2.17.
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Fig 2. 18 A schematic illustration of overcoming the diffraction limit by taking advantage of the well-defined
ablation threshold [171].

The ablation threshold is defined as the minimum energy per unit surface (fluence) required to
induce detectable changes in materials. It has been documented that ablation threshold is dependent
on pulse duration in metals [172] and dielectric materials [173]. In the process of laser ablation of
metals, studies [174], [162] assume that close to the ablation threshold F;;, the ablation mechanism
is mainly thermal mode, which means the ablation is determined by the heating of the electron gas.

The ablation threshold can be calculated through the following equation [175]:

o _ 25 d? 2.6
=—=exp (——=
th Twé p( 2wk

where E, is the pulse energy, w, is the beam spot radius and d is the ablation diameter. In this
case, only the central part of the beam can modify the material and, it becomes possible to produce

sub-wavelength structures. Ablation occurs when F > F;,, which for a Gaussian beam profile,

corresponding to F = Fyexp (— d? / dz) = Fyp, where dgy is the beam diameter, F is the laser
0

fluence or energy density and F, is the maximum laser fluence. Therefore, for the ablated structure

size, one expects the following dependence on the peak laser fluency, d = do[Ln(Fy/Fen]?.

Despite laser ablation threshold, there is laser-induced damage threshold. It is an intensity of fluence

that is just high enough to facilitate noticeable damage. It depends not only on material properties
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but also the number of pulses irradiated locally. The incubation effect describes the dependence of
laser-induced damage threshold on the number of pulses: within a range of the number of pulses,
the threshold drops dramatically after the first laser shots; with more laser shots, the threshold
reaches a constant level eventually. The relationship between the laser-induced damage threshold of

a single pulse and multiple pulses is expressed as [176]:

Fip(N) = Fup(00) 4 [Fe, (1) — Fyp, (00)]e FN-D) 57

in which k is an empirical parameter: the larger it is, the fewer pulses it takes to reach the saturation

when Fy () = Fip (N).

2.6 Research gaps

The road mapping of graphene industry is shown in Fig 2.18. From the start of this project, the aim
of the graphene flagship is to shift the existing graphene laboratory work into industrialized
graphene application. Femtosecond laser processing of graphene belongs to the production &
processing sector, aiming to embed femtosecond laser manufacturing into graphene production to

broaden production methods as well as decrease the manufacturing cost.
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Fig 2. 19 Road mapping of graphene industry [177].
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As discussed in section 2.4, a number of graphene patterning techniques have been reviewed and
the advantages of the femtosecond laser in its application for manufacturing graphene device have
been identified. Although the laser graphene ablation study on the various substrates have been
studied, there is still a lack of attention on the substrate absorption behaviour. Because the graphene
device is commonly deposited on the Si0,/Si substrate, this research focuses on the ablation process
after femtosecond laser processing to achieve selective removal of graphene. The condition of the
Si0,/Si substrate will influence the operation of the graphene device. For instance, silicon dioxide
plays an important role in Complementary Metal Oxide Semiconductor (CMOS), as an insulating
layer between the gate and channels. If the laser energy is intense, it will penetrate through SiO, and
in turn cause impurities in the substrate. Therefore, this may cause a malfunction of the fabricated

device.

e Hence, whether the femtosecond laser can achieve a controllable selective removal of
graphene on Si0,/Si substrate is underexplored. Moreover, the influence on the SiO,/Si

substrate after the femtosecond laser ablation of graphene is lack of study.

The femtosecond laser can be applied in the device fabrication. Moreover, because of the precise
control of pulse energy and deposited fluence, its application may be extended to the area of
controlling the properties of graphene such as to introduce defects on the surface of monolayer

graphene deposited on SiO/Si substrate.

e Therefore, the second research gap is lack of study on the femtosecond laser interaction with

graphene under subthreshold conditions.

Researchers have explored the femtosecond laser ablated graphene on different types of substrates.
However, there is still lack of studies on the absorption mechanism of SiO,/Si substrate during the
process of a Gaussian shape temporal intensity profile laser pulse. A multi-layer absorption model

can provide a better theoretical insight to the absorption mechanism.

e Thereby, the third research gap is lack of theoretical understanding of the absorption

mechanism of SiO,/Si substrate during the process of a Gaussian shape laser pulse.

2.7 Summary

This chapter reviewed the properties and applications of graphene, and its characterisation methods,

especially Raman spectroscopy. The state of the art of graphene patterning techniques are reviewed.
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After identifying the advantage of using femtosecond laser processing of graphene, the mechanism
of femtosecond laser interactions with materials, including plasma effect, absorption, and incubation
effects are described. Three research gaps are defined. First, there is a lack of study on selective
removal of graphene on Si0,/Si substrate by using femtosecond laser. Second, to the best of author’s
knowledge, the femtosecond laser interaction with graphene under subthreshold conditions is still
underexplored. Third, a theoretical understanding of the absorption energy distribution of SiO,/Si
substrate during the process of Gaussian temporal intensity pulse should be provided. By fulfilling
these research gaps, this research explores the controllability and feasibility of using femtosecond

laser in the future graphene technology.
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Chapter 3 Research methodology

3.1 Introduction

This research explores the feasibility of using femtosecond laser to process graphene, with a more
specific aim towards the understanding of three important aspects, namely substrate reaction under
ablation of graphene layer, graphene surface defects under sub-ablation and the absorption of the
substrate. The theoretical modelling is presented separately in Chapter 6. It aims to provide a
theoretical understanding of the absorption of Si0,/Si substrate during exposure of Gaussian shape
laser pulse. Chapter 3 focuses on detailing the experimental methods applied in this thesis, and to
plot a clear picture about the design, configuration and development of the experiments in furthering
the understanding of the experiments delivered in chapter 4 and 5. Section 3.2 describes the material
and experimental design in this study. Section 3.3 lists the configuration of the applied laser system

and its procedure. Section 3.4 demonstrates the evaluation methods applied in this research.

subthreshold conditions

{ 3.2 Experimental design ’ ‘ 3.3 Configuration of laser system ’ ‘ 3.4 Evaluation methods ’
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Fig 3. 1 Schematic diagram of chapter 3.

3.2 Experimental design

3.2.1 Principle of experimental design

As described in Chapter 2, the most commonly used method associated with graphene device
fabrication is photolithography. This technique involves patterning graphene channels and followed
up with metal deposition. For patterning graphene, it includes a total of five sub-steps (in Fig. 3.2):
spin coating resist, resist soft baking, laser writing of a reversed pattern, developing and etching.

Similar operations are applied to deposit metal on the graphene. This long process costs two weeks’
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time in the laboratory and the multi-step preparation increases the risk of contamination. The
proposed lithography-free methods to obtain a desired graphene pattern can be achieved by selective
use of femtosecond laser processing parameters. The success of the fine cutting pattern technique
could shorten the as-described device fabrication process and guarantee the finest cutting quality
without inducing undesired damage. Beyond exploring the feasibility of the direct patterning of
graphene by using a femtosecond laser, the production of using laser pulses under sub-threshold

irradiation is also studied.

1. Resist spinni _, | 2.Resist | |3. Laser writing of
: JCSIST SpIiIng Soft bake reversed pattern
l —
4. Developing | — | 5. Graphene etching

J L
NS

1. Femtosecond laser processing [~

Fig 3. 2 Procedure of graphene device preparation for graphene. Traditional lithograph (red box) and
femtosecond laser processing (green box).

3.2.2 Material preparation

(a) Growth of CVD graphene

As discussed in Chapter 2,section 2.2, among the growth methods of graphene, CVD graphene can
produce high mobility and can be grown on a large area. It has been shown that many metals such
as Cu, Ni, Pd, Pt, along with their alloys can be applied as effective catalysts for graphene growth
under different conditions. Cu has been found to support the growth of a single layer of graphene
ascribed to a very low carbon solubility (<0.001 atomic %) from hydrocarbon. Fig 3.3 illustrates a
schematic of an experimental set up for CVD growth monolayer graphene by Cu or Ni catalyst. It
contains a high-temperature tube furnace and a quartz vacuum chamber. The growth condition is

controlled by several mass flow controllers (MFC) and a pressure control system.
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Fig 3. 3 Schematic diagram of CVD growth of graphene set up [178].

The scenario of CVD growth of graphene can be described as follows. First, a feedstock of carbon
is decomposed on the catalyst surface and the released carbon atoms react on the catalyst surface at
high temperature (e.g., 1000°C). Second, the diffusive carbon atoms join each other on the catalyst
surface and force carbon clusters of various sizes. The continuous graphene growth starts when a
carbon cluster is greater than the size of the 2D nucleus of graphene. Third, the matured graphene
clusters continue to absorb decomposed carbon atoms around them. A graphene island appears with
a specific shape. Finally, these graphene islands meet each other during the phase growth until the
whole surface is covered with graphene. During this process, grain boundaries occur between single

crystalline islands.

After growth, the quality and uniformity of monolayer graphene are monitored by Raman
spectroscopy (Renishaw InVia™ focal Raman spectroscopy) equipped with a 100X objective
(numerical aperture NA=0.85).

(b) Transfer process

The graphene was grown on copper with a thickness of one layer, and then transferred onto a Si0/Si
substrate. The transfer process of graphene from copper onto other substrates commonly uses
chemical etching, as shown in Fig 3.4. The process begins by spin-coating a thin polymeric layer to
provide a supportive framework for the transfer. In this research, a ~ 500 nm thick layer of
polymethyl methacrylate (PMMA) is spin coated on top of the single layer graphene/ Cu sample.
The underneath Cu substrate is then etched away by ammonium persulfate (APS) in DI water. After
the Cu is completely dissolved, the floating membrane (PMMA) is moved into DI water for cleaning
APS residuals and then transferred onto SiO,/Si substrate. The polymeric film is dissolved in acetone

after drying.
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Fig 3. 4 CVD graphene transfers to SiO,/Si substrate.

(c) Cleanness steps

The cleaning process is in three steps. First, immerse the graphene sample in Acetone for 5 min to
dilute the contamination on graphene. Second, directly put graphene sample into IPA (isopropanol)
for 2 min and then dip into DI water immediately because the delay in transferring graphene into DI
water could damage the graphene surface. The last step is to dry the graphene sample with Nitrogen

gun and then located the sample in a transparent box, as shown in Fig 3.5.

8 AFo1107 RO G
T T TYTRRAFRFEERA PEFTETR RPN

Fig 3. 5 Optical images of graphene sample. Left: Graphene deposited on SiO,/Si substrate. Right: Graphene
in the container.

3.2.3 Femtosecond laser system processing of graphene

The proposed plan is to use a femtosecond laser to pattern graphene on the SiO,/Si substrate directly
aiming to shorten the process of the graphene patterning steps. In general, SiO; has been used as an
insulator to avoid the flow of charge directly from gate to the conducting layer in MOSFET. Thus,

an appropriate graphene removal process requires limited damage to this substrate.

The research method and logic flow are shown in Fig 3.6. Monolayer graphene deposited on the
Si0,/Si substrate is chosen for this research. The remarkably wide absorption range of graphene for

monolayer graphene is appealing property for transparent and flexible optoelectronic devices.
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Starting from the monolayer graphene on the Si0O,/Si substrate, a series of femtosecond laser pulses
are fired on the surface of graphene. Three possible outcomes can be observed: the substrate is

damaged; graphene is ablated; no significant effect.

The next step in the evaluation of graphene is analysing and confirming the existence of graphene
via Raman measurement. For a partial removal of graphene, the G and 2D peaks will exist. For a
complete removal of graphene, these two peaks will disappear. For a detailed substrate condition
exploration, AFM can be applied to topography measurement and surface potential on the ablated
area. SEM is employed for the edge examination and cut width measurement. By knowing the cut

width of the sample, the ablation threshold can be calculated from the following equation [175]:

Fop = —2exp (——
T mw? p( 2wk
where E, is the pulse energy, wyis the beam spot radius after the focusing lens and d is the

ablation diameter. The ablation diameter is estimated with the kerf width.

Notably, the electronic ions from SEM measurement could introduce a small amount of doping and
weak damage. Tewelderbrhan et. al reported that disorder D peak increased with low energies (5-20
keV) [110] and attributed it to the e-beam irradiation, however, Choi et. al demonstrated the e-beam-
induced D mode originated only from the irradiated amorphous carbon other than the e-beam itself
at 1 kV [179]. Given that there is a debatable mechanism on the increased D peak, to ensure the
accuracy of Raman measurement on the laser ablation on graphene, SEM measurement is carried

out after the Raman spectroscopy, with the same parameters and same condition.
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Fig 3. 6 Experiment procedure of analyzing single lines exposure after irradiation of a femtosecond laser.

3.2.4 Femtosecond laser-induced defects on graphene

This research aims to analyse the effect of the femtosecond laser pulses interaction with a single
layer of graphene under sub-threshold condition. The idea is to study whether the femtosecond laser
could generate controllable defects on graphene. This could provide a promising technique to
combine ultrafast laser treatment with a selective doping process to achieve graphene doping, and

enhance the range of application for graphene devices.

The experiments focus on the defects induced on graphene, which was examined by Raman
spectroscopy. The experimental results were predicted to be useful for the quantitative interpretation
of the interaction of monolayer graphene with the femtosecond laser pulses. Three main topics were

considered in the investigation.

1. Whether or not sub-threshold photon energy changes the properties of graphene;
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2. Whether there exists a defect induced threshold for the femtosecond laser;

3. Whether the defects of graphene correspond with the pulse energy or are independent of the

pulse energy.

The experimental flow is similar to the femtosecond laser ablation of graphene. Starting from the
low intensity of laser exposure on the CVD growth of monolayer graphene sample transferred on
Si0,/Si substrate, the sample is examined by Raman spectroscopy. Unlike the substrate evaluation
in the femtosecond laser ablation, this research is focused on the defects evaluation, which relies on
the Raman spectroscopy measurement. The collected data are analysed by I(D)/I(G) and other
Raman lines, providing information on the property of defects generation caused by the interaction

between the femtosecond laser and graphene on the SiO,/Si substrate.

3.3 Femtosecond laser system

The principle of femtosecond lasers is based on the chirped pulsed application. Gratings are applied
to stretch a laser pulse and followed by amplification steps without disturbance the optical elements
aligned. After that, the laser pulse is recompressed by using a conjugated system to achieve a

femtosecond pulse duration output.

3.3.1 Description of the femtosecond laser system

Fig 3.7 shows the schematic diagram of the femtosecond laser system (Amplitude Systémes Satsuma)
and Fig 3.8 shows the femtosecond processing system. For the processing stage, the mechanical

shutter is used to turn the laser on/off. When the laser light comes out, the beam diameter can be

measured with a beam profiler (Spiricon LBA-FW-SCOR?20). The 1/4 wave plate is used to control

the polarisation of light. The diffractive attenuator (Del Mar DVA-800) is used to finely tune the

laser power, allowing only the order of zero diffraction to pass and divert higher orders. The

objective lens (Comar Optics 12-OI-09) is used for machining graphene on the SiO,/Si substrate.

The laser was circularly polarised and focused by a NA=0.35 objective lens (Comar Optics, 12 OI

09) with a focal length of 12.7 mm. The spot diameter is 4.16 um.

For the real-time observing stage, a dichroic mirror (Thorlabs DMLP1180L) is applied before the
objective lens with a reflectivity of 98.3% at 1030 nm. Sufficient visible light passes through the
dichroic mirror into an in-line CMOS confocal camera (Thorlabs DCC 1645 C), enabling real-time

adjustment of the beam focus and processing path of the beam. The transmission is measured as
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89.7%. The CNC stage move in X, y, z directions. The Aerotech A3200 software is a machine

controller based on G-code, and the whole stage has a position accuracy of =100 nm on all axes.

Camera
e | mmmmm - Shytter

Dichroic mirror
Beam expander

% wave plate

Objective lens
<Y

4,—'>X

» Translation stage

Attenuator

Fig 3. 7 Schematic of the experimental setup of the femtosecond laser machining system.

Mirror

Mirror

Fig 3. 8 Amplitude Systémes Satsuma laser processing platform.

Table 3. 1 Femtosecond laser specification.

Laser model Amplitude Systémes Satsuma
Wavelength 1030 nm
Pulse duration 280 fs
Repetition rate 0.001-2000 kHz
Maximum Power S59OW
Beam radius 2.2 mm
M’ 1.1
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The laser parameters are calculated and described as below:
Wavelength (um): the wavelength of a fibre laser is determined by the lasing material.

Repetition rate (kHz): number of laser pulses per second.

Average power

Pulse energy (nJ): pulse energy = :
ulse ehergy ( J) p gy Laser repetition rate

Pulse width (fs): full width half maximum for Gaussian shape.
Peak power: pulse energy/ pulse width.

Fluence (J/cm?): the energy of the laser beam/the exposed area. the uniform fluence over the beam
area is assumed, even if the beam is a Gaussian shape.

Spot size (um): exposed area of the Gaussian laser beam. A constantly exposed spot size is assumed
for fluence calculations.

Laser beam peak intensity: [, = _Peak fluence
p Y- Ip = Pulse duration’

3.3.2 Femtosecond laser procedure

All the optical elements are positioned to ensure the beam is delivered to the centre of the objective

optic.

The power is measured with a laser power meter (Thorlabs PM 100D, power range 100 pW to 200W,
Available wavelength 185 nm — 25 pm) by selecting the wavelength of 1030 nm. The average pulse

energy is calculated from the repetition rate and the average laser power.

A “UC480 Viewer” (Thornlabs) that captures the in-situ laser light from the confocal camera. It aids
control of the Aerotech 3200 CNC stage and focus finding. The adjustment of Z axis is made to
observe the smallest spot. Typically, the edge of graphene sample (~500 um thickness) is pasted on
a glass microscope slide (1.1mm thickness) with copper foil tape to avoid the slipping during the

processing.

3.4 Evaluation methods

The quality of graphene is examined both before processing and after processing. On top of a Si
wafer with a thickness of 300 nm SiO,, the monolayer graphene can be observed as a purple-to-
violet in colour. For monolayer graphene, scanning electron microscopy (SEM) can be applied to

view its surface topography and composition. The detailed processed path can be used for the
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ablation threshold calculation. Atomic force microscopy (AFM) gives topography information of
graphene on the substrates and the status of the substrate after ablation. Raman spectroscopy is used
to observe the positions of the bands for a particular region of graphene sample. Energy dispersive
spectroscopy (EDS) can determine the chemical composition of the sample through the analysis of

characteristic X-Ray emissions of the sample which is being excited using an electron beam.

3.4.1 Optical microscopy

The optical microscope is a reliable method to observe graphene on different types of substrate.
Although graphene is not entirely transparent, the atomic thickness makes it invisible to the naked
eye. A bright contrast allows graphene to be seen with a careful selection of the substrate. The visible
difference in graphene and substrate is based on Fresnel theory. The thickness of silicon dioxide
needs to be very precise and the difference as little as 15 nm can make single-layer graphene
invisible. For example, when placing graphene on SiO,/Si substrate with a carefully chosen
thickness of silicon dioxide, graphene can be assessed under an optical microscope. A SiO./Si
substrate with 300 nm SiO; layer is light purple, which appears a deeper purple when graphene is
present. Blake et al studied the visibility of graphene depend on the thickness and the layers of
graphene, and the light wavelength as shown in Fig 3.9 [180]. A comparison of graphene sample on
top of a Si wafer with a standard thickness of 300 nm is shown in Fig 3.9 (a) and (c) shows another
sample on a 200 nm SiO; thickness on Si. In Fig 3.9 (b) demonstrates that the main contrast of layers
in green light for 300 nm. The graphene The blue filter can make graphene visible on 200 nm SiO».
To conveniently observe graphene in white light under a microscope, in this research, monolayer

graphene is deposited on SiO»/Si substrate with a 300 nm SiO..
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410nm 470nm 530nm 590nm 650nm A=710nm
(a) 300nm SiO, (D). Sii=ns (c) 200nm SiO,
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Fig 3. 9 Optical images of different layers of graphene on SiO,/Si substrate. (a) graphene on 300 nm SiO,
under white light (b) green light (c) another graphene sample on 200 nm SiO;. Top and bottom present the
same flacks in (a) and (c) respective but illuminated through different bandpass filter [180].

3.4.2 Scanning electron microscopy (SEM)

SEM offers a high-quality resolution for precise structural features on sample surfaces. In this
research, a ZEISS 1640 Crossbeam SEM was used to obtain images for high-resolution examination

of graphene kerfs.

Fig 3.9 shows the schematic structure of scanning electron microscopy. The electrons are emitted in
a vacuum from an electron gun and then focused on the surface of the sample through condenser
lenses. The images are produced by collecting the backscattered electrons or secondary electrons
from the graphene surface. The secondary electron gives morphological and topographic data while
the backscattered electron presents the compositional information on the surface. The 2D graphic

can be built up by scanning the area of interest.
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Fig 3. 10 Schematic graph of Scanning electron microscopy.

3.4.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) belongs to the family of scanning probe microscopy (SPM). It
requires a physical probe for the measurement. Given that AFM is not an optical technique, the
resolution is not limited by diffraction. Instead, it is determined by the size of the tip that is applied.
The typical resolution is on the order of 10 nm or sub-nm resolutions. Fig 3.10 shows the schematic
structure of atomic force microscopy. A cantilever with a small sharp tip scans the surface of the
sample. Forces between the tip and surface of the sample lead to a deflection of the cantilever. The
force-distance curve under AFM is shown in Fig 3.11. The deflection is then measured with a laser
and a detector. The forces that can be measured in AFM include chemical bonding, mechanical
contact force, electrostatic force, etc. Depending on the application, the AFM can be operated in

contact and non-contacting mode and tapping mode.

In contact mode, the tip is close or touching to the surface. The tip can be affected by the repulsive
force with the atoms, and subsequently with their electron clouds, as the distance is as close as 0.1nm
to 100 nm. The force can be estimated with Hooke’s law because the displacement is the only
controllable parameter from the detected deflection of the cantilever. In this mode, low stiffness
cantilevers are required to reduce the risk of collision. The cantilevers have to be much softer than
the bonds between sample atoms to ensure the cantilever deforms more than the sample [181]. The

resultant image represents the topographic map of the scanned area.

58



Chapter 3 Research methodology

Photodiode
Laser

Mirror

Cantilever __

Sample

Piezoelectric scanner

Fig 3. 11 Schematic of AFM measurement.
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Fig 3. 12 Schematic of AFM force curve verse tip sample distance. In repulsive regime (Blue) the tip is in hard
contact with the surface. In attractive regime (green), the tip is pulled towards the surface. No deflection occurs
when the tip is far from the sample.

In non-contact mode, the tip is above the surface by approximately 50 - 150 Angstrom. It is applied
in the situation where any contact might influence the surface substrate in a subtle way. The overall
force is attractive and much weaker than in the contact mode. Therefore, the tip must oscillate and
changes in the resonance frequency, amplitude, and/or phase are used, to measure the difference in
height. However, in the fluid containment layer, the oscillations of the cantilever may be trapped in

the coating providing a lower topological resolution than in contact mode.
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Tapping mode is an improvement for AFM in measuring soft samples. It overcomes the problems
associated with adhesion, electrostatic forces, friction and other difficulties. Tapping modes
alternately place the tip in contact with the surface of the sample and by lifting the tip off the surface.
By oscillating the cantilever at, or close to, its resonant frequency, the tapping mode image can be
implemented in ambient air. A feedback loop is applied in tapping mode between the cantilever and
the detector to keep the oscillation amplitude constant. When the oscillating cantilever starts to
contact the surface intermittently, the energy loss causes the reduction of the cantilever oscillation,

which is used to identify the surface features.

When using AFM to measure graphene on a SiO»/Si substrate, the sample needs to go through the
cleaning process first to ensure little or no contamination on the surface. In this research, Kelvin
Probe Force Microscopy (KPFM), as a non-contact variant of AFM has been applied in measuring
the potential between the tip and surface, as well as the topography. KPFM can give information on
the electronic state and the composition of the measured structure on the surface of the solid. It can
observe the work function of the surface at the atomic scale. The work function relates to the
reconstruction of the surface, doping, etc. The difference between the work function is named as the

contact potential difference, Vipp.

For a contact potential measurement, a lock-in amplifier is applied to detect the cantilever oscillation
frequency at w. The voltage applied between the sample and tip consist of a DC bias Vp. and AC
voltage V4csin (wt) at w. Vpe will be modulated to ensure the electrostatic forces between the
sample and the tip is zero during the scan. As a consequence, the response at w becomes zero,

which minimise the w term to the contact potential.

There are two primary KPFM detection techniques: amplitude modulation KPFM (AM-KPFM) and
frequency modulation KPFM (FM-KPFM). AM-KPFM applies an AC bias between the sample and
the tip. This AC bias frequency is selected to be the resonant frequency of the AFM cantilever. The
KPFM feedback uses the oscillation amplitude as an input to adjust a DC bias until the oscillation
amplitude is zero, when Vep = Vepp. AM-KPFM is based on electronic force while FM-KPFM
rests on an electronic force gradient. When the electric force gradient is adjusted, by an AC bias, the

resonant frequency of the cantilever will be adjusted.

3.4.4 Raman spectroscopy

Raman spectroscopy is a powerful tool to verify the presence of graphene and the properties of
graphene [114], which is a technique based on inelastic scattering.

60



Chapter 3 Research methodology

Raman spectroscopy is performed with a laser-based microscope. Photons of light are focused on
the sample through the microscope objective at a defined magnification. The Raman microscope
contains an optical microscope, an excitation laser, a monochromator, optical filters, a spectrometer
and an optical detector, as shown in Fig 3.12. The reflected light from the substrates is composited
of elastic and inelastic scattering light when an incident light fires on the surface sample. Elastic
scattering which has the same frequency of incident light that is Rayleigh scattering (green lines in
Fig 3.12). The inelastic scattering is given anti-stokes Raman scattering (higher frequency in blue
lines in Fig 3.12) and stokes Raman scattering (lower frequency in red lines in Fig 3.12). In fact,
both Rayleigh scattering and Raman scattering provide useful information on graphene. Rayleigh
scattering offers the opportunity to observe the graphene on a typical 300 nm SiO- on Si substrate
under an optical microscope. Raman scattering has proven to be an incredibly powerful tool to
characterise graphene in terms of the layers, defect densities, etc. that occur when the photon loses
part of its energy during the interaction process, though it has a much lower probability than

Rayleigh scattering.

Raman spectroscopy applied in this research is Renishaw InVia micro-spectrometer with a 514 nm
wavelength from an Ar" laser excitation. The objective is 100X with a numerical aperture of 0.9.
The Raman laser spot size was 0.7 pm. The laser power was tuned to be lower than ImW to prevent

damaging the graphene [113].
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Fig 3. 13 The schematics of the Raman system.
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Typically, little preparation is required for samples undergoing Raman analysis. The sample is
manually controlled to achieve focus when placed on the stage. After the selection of the area of
interest, the acquired spectrum at a single point is generated in seconds through a charged-couple

device (CCD) detector.

As a non-invasive, non-destructive method, Raman microscopy provides a fast characterisation
technique that can perform a real-time scan. Raman spectroscopy achieves this by measuring the
relative intensities of each peak, which are directly proportional to the relative concentrations of the

compounds.

The diffraction limit is defined by the laser wavelength and microscopy objective that is used. In

theory, it is the diffraction that limits the spatial resolution. The equation is given as below

"~ 2nsind

Where 4, is the laser wavelength and 6 is the incident angle, and NA = nsinf known as the

numerical aperture of the microscope objective that is used.

The vast majority of research plots Raman spectra, as a function of the energy difference between
an incident and the scattered photon energy, which is also known as “Raman Shift”. Historically,

the spectral was plotted in wavenumbers, and the value is related to energy, giving

1 1 ) (107nm)

Bw(em™) = (/10 (nm) 1, (nm)

(cm)

3.4.5 Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy (EDS) can detect the chemical composition of the sample. The
principle of the localised chemical analysis is to make use of the X-ray spectrum emitted by the
sample when the sample is bombarded with a focused electron beam. For graphene sample, as

graphene itself is conducting, this measurement is taken after SEM measurement.

The EDS in conjunction with SEM allows elemental identification and provides a very powerful
tool for evaluating the laser ablation process, residues, etc. The EDS software applied in this study

is “AZtec” version 2.2, Oxford instruments NanoAnalysis.
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3.5 Summary

This chapter introduced the principal experimental research methodology. It started with an outline
of the research methodology. After that, the equipment and methods employed in this study are
described, including graphene growth and transfer, satsuma ultrafast laser systems, and post analysis
tools (Optical microscope, SEM, AFM and Raman spectroscopy). The SEM provides high-
resolution image on the processed surface and the edges. The knowledge of different modes in AFM
measurement can help analyse the substrate surface morphology of the substrate after ablation.
Raman measurement examines the graphene with its vibration modes appearing on the observed
lines. Data are collected by appropriate microscopes, and the obtained micrographs were the object
for analysing processes. More specifically speaking, the laser process system, as the critical platform
for manufacturing graphene has been explained in order to understand the laser exposure process in

Chapter 4 and Chapter 5.
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Chapter 4 Femtosecond laser ablation

of graphene on SiQO,/Si substrate

4.1 Introduction

This chapter attempts to answer the first research question on exploring the feasibility of fabricating
graphene devices on Si0O,/Si substrate. The chapter tests two approaches: single line processing of
graphene on a Si0»/Si substrate and area removal of graphene on SiO,/Si substrate, as shown in Fig
4.1. The analysis is carried out based on the single line experiments to understand the laser
processing effects on both graphene and the underlying substrate. More specifically, the objectives

of this chapter are as follows:

1. Identify the processing requirements for removing graphene on the SiO,/Si substrate.
Analyse the edge quality of graphene after laser ablation.

Evaluate the SiO; substrate response to the incident laser energy.

hall

Establish the process of developing area graphene channels by using femtosecond laser.

Previous studies on femtosecond laser interaction with graphene explored the interaction of a single
pulse on graphene on a glass substrate. Another approach to patterning graphene on a SiO,/Si
substrate was able to not wholly remove graphene due to the close damage threshold between the
silicon substrate (~100 mJ/cm?®) and graphene (150 mJ/cm?) [144]. Therefore, the challenge exists
to control the laser process parameter to achieve the selective ablation of graphene on SiO/Si
substrate without damaging the Si substrate, or even the thin SiO; layer (~300 nm). In this cahpter,
the apporach is investigated for the single line tracks and more applicable channel structure of

graphene to reveal the impact of the experimental parameters.
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This section identifies the essential factors that need to be evaluated for laser processing of graphene.
The purpose is to develop a laser manufacturing approach to process graphene on SiO,/Si substrate
without damaging the Si substrate. Due to the absorption of graphene, 2.3 % of light (300 nm < A<
1100 nm) [182] with the SiO, layer absorbed less than 6% in the same range compared to silicon
[59]. It means most of the light will be absorbed in the silicon. As silicon has a low ablation threshold,

it is easy to suffer damage through exposure of the laser light.

4.2.1 Absorption

It is known that the laser parameters strongly influence material processing through linear absorption,
and ablation may occur. By good choice of laser wavelength and pulse energy, selective ablation
can be achieved in theory. As shown in Table 4.1, laser light penetrates Si with an absorption depth
of around 300 um at a wavelength of 1030 nm [183]. The damage threshold of Si is reported to be
around 340 mJ/cm?[144]. This is higher than that of Si at 343 nm (~100 mJ/cm?) as indicated in the
literature [144]. Thus, this range of thresholds offers the potential to enable complete removal of

graphene without causing damage to the Silicon substrate.
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Fig 4. 2 Schematic of light penetration depth of graphene on SiO,/Si substrate at 1030 nm.

Table 4. 1 Light absorption of graphene on SiO./Si substrate at 1030 nm.

Material Thickness Absorptivity Ref.
Graphene 0.33nm (Monolayer) 2.3% [182]
SiO; 300nm (Thickness) ~1% [184]

Si 500 um 61% [185]

4.2.2 Oxidization

Oxidization is regarded as one of possible contribution occurrence of the D peak during the laser
processing of graphene [15] (800 nm, 100 fs, 1 KHz),[144](343 nm, 550 fs, 1 KHz) [186] (780 nm,
164 fs, 1IKHz ). The high peak intensity from the femtosecond laser can break down the carbon-
carbon bond in graphene, which may further cause oxidization. Meanwhile, considering the lower
bond energy of Si-C compared to the energy required to form SiO», one hypothesis is that the laser
could break the carbon bond as well as break the SiO, form new bonds between silicon and carbon
on the surface of the substrate. If the hypothesis is proved to be true, then the generated SiC will
cause contamination on the graphene channels. The chemical reaction for the formation of SiC (over

2500 °C) is written as [187]:

Si0,(s) +3C(s) = SiC(s) + CO(g)
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Table 4. 2 Average bond energies.

Bond Average bond energy (kJ/mol) Ref.

Carbon bond in graphene 480~580 [123]
Si-O bond in SiO; 408 [188]
Si-C 360 [189]

4.3 Experimental Procedure

The nomenclature for describing the effects on graphene on SiO,/Si Substrate after laser processing

1s listed as below:

1. Damaged: Laser-induced damage to SiO,/Si Substrate appears visible under an optical
microscope at 20x magnification.

2. Ablated: Monolayer graphene removed by laser from SiO»/Si Substrate by examining with
Raman spectroscopy.

3. No apparent effect: Smooth graphene under an optical microscope with no visible
removal/change under SEM.

4. Cleanness on the edge: No other bonds formed during the laser process.

4.3.1 Removal of graphene-single line tracks

A single line track means the laser path that interacts with graphene in one directional scan. Multiple
experiments are conducted from higher over ablated graphene down to slight ablated graphene. The
set of experiments define the ablation windows. Assuming there is no incubation effect, the width

of the patterning line would be always equal to the diameter of single-shot site, the estimation of

pulse number was proposed in [89], which is expressed as N = VL, where @ is the laser beam
frep

diameter, v represents processing speed and f..,, is pulse repetition rate, shown in Fig 4.3.
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l Velocity mm/s |

Pulse energy
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Fig 4. 3 The pulse number is estimated from the pulse overlap of a train of spot that moved at a constant
speed v, where @ is the beam diameter.
The ablation area can be expressed as: Area = ¢ - v+t (mm?), where t stands for the processing

time.

The average pulse energy is calculated from the equation E, = Pp,/frep , Where P, is the

average power that measured from the power meter.

The energy per unit area is also known as the deposited fluence (in J/cm?) is calculated from the

pulse energy, repetition rate and translation speed [190],

F= Epfrep
Pv

Initially, a range of laser pulse energies are used for the experiment. The edge qualities were
examined with SEM and Raman spectroscopy for different setting of speed and pulse energy.
Experiments with the same setting of speeds and pulse energies were repeated in both air and

nitrogen condition to investigate the potential oxidization.

4.3.2 Removal of graphene-area

After defining the ablation threshold thought the line tracks and evaluation of the ablation line area.
The outer contour of any pattern should be removed to obtain the proposed lithography-free method
in patterning graphene channels. The results were set with the same laser processing parameter but
different scanning gaps between each path. The average gaps with 1 um, 1.5 pm, and 2 pm of

femtosecond laser process steps have been studied and the results are shown in the following section.
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Overlap

Fig 4. 4 A schematic of laser removing graphene area.
4.4 Results and discussion
4.4.1 Removal of graphene-lines
(a) Single lines removal of graphene
Graphene line removal was studied in ten groups of different laser pulse energies and scanning
speeds at the set repetition rate of 5 kHz. The pulse numbers are calculated in Table 4. 3. Scanning

speeds were ranged from 0.05 to 3 mm/s with three different levels of pulse energies (5.90 nJ,
12.1 nJ, 23.4 nJ, 45.3 nJ).

Table 4. 3 Calculated pulse numbers vs transition speeds.

Speed (mm/s) 0.05 0.1 0.25 0.5 0.75
Pulse numbers 416 208 83 41.6 27.7
Speed (mm/s) 1 1.5 2 2.5 3
Pulse numbers 20.8 13.86 10.4 8.32 7

Fig 4.5 shows the optical images of the lines processing of graphene on SiO,/Si substrate. The black
lines imply the graphene is damaged with pulse energy of 45.3 nJ, which have been examined by
SEM. The black lines on the damage region were the remains ejected from the Si0,/Si substrate.
The lines with bright colour were where the graphene is removal with no significant damage to the
substrate. Similar results occurred with 12.1 nJ. The lines with pulse energy of 12.1 nJ are clearly
lighter than those with pulse energy of 23.4 nJ. However, the lines processed with pulse energy of
5.90 nJ have shown no observable evidence of cutting and ablation, based on the results from the
optical microscope. From the optical images, we can see that different processing energies can cause

different effects on the substrate. The laser peak fluence for a Gaussian beam can be calculated as
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Fpeak = %, where Ej, is the pulse energy, w is the focus radius. Thus, the calculated peak
T2

fluence is 0.177 J/cm? for 12.1 nJ, and 0.343 J/cm? for 23.4 nJ.

10 um

Fig 4. 5 Optical images of the processing lines after a femtosecond laser ablation. Based on the different
status of the substrate, those lines are separated into damage (black lines), ablated (lines), non-ablated
area (no observed lines) of graphene.

Table 4. 4 Deposted fluence caculation for pulse energy of 23.4 nJ@ SkHz.

Speed (mm/s) 0.05 0.1 0.25 0.5 0.75
Deposited fluence (J/cm?) 56.19 28 11.23 5.61 3.74
Speed (mm/s) 1 1.5 2 2.5 3
Deposited fluence (J/cm?) 2.80 1.81 1.41 1.12 0.936

(b) SEM of graphene line removal

In this section, scanning electron microscopy (SEM) are employed to further investigate the
processed lines, as shown in Fig 4.6. If the scanning speed is slow (at a speed of 0.05 mm/s), the
high deposited fluence of 56.19 J/cm? results in the damage of the SiO,/Si substrate as shown in the
last picture of Fig 4.6. The ejected remains from the substrate charged during SEM measurement.

The edge of the curve is rough and in the middle of the lines has shown white areas.
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Fig 4. 6 SEM image of the cut kerf of various deposited fluence, with the same scale as shown in the first
picture with deposited fluence (0.936 J/cm?).
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4.4.2 Ablation threshold

(a) Kerf width

Kerf width is defined as the width of graphene that removed by a laser beam cutting process. Fig
4.7 demonstrates the variation of kerf width with various scanning speeds. The kerf width decreases
with the transition speed. If we assume each pulse are independent of each other and there is no
incubation effect, then the kerf width should be all the same to all speeds, as long as the laser pulse
energy is the same. However, we have observed the kerf change with the speed for the same pulse
energy. For the same pulse energy, the laser operates at a lower speed, energy of laser pulses may
accumulate. As a result, the superposition of the tails areas of multiple Gaussian shape laser beams
may pass beyond the ablation threshold and cause a further increase in the width of ablation channel.
If the operating speed is higher, the graphene is subject to a lower number of laser pulses per area.
When the scanning speed is passed beyond a given threshold, the superposition of multiple pulse
energy in a local area is less significant. Thus, the width of the channel is decreased to a stable value.
In practice, a low standard deviation of the kerf width is preferable, because it indicates a more
controllable process. From Fig 4.7, it shows the standard deviations are low and stable with a
scanning speed between 0.5 mm/s and 3 mm/s. It is more applicable and controllable. Therefore, it
is more desirable to be used in the future laser manufacturing process. The waviness on the edge of
the kerf is attributed to slight variations of both the stage movements and laser giving the pulse-to-
pulse difference in diameter. The variation of the kerf width with the deposited fluence is given in
Fig 4.8. The kerf width increases with the deposited fluence, reaching the largest kerf with of
3.67£0.31 pm.
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Fig 4. 8 Variation of kerf width with deposited fluence.
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(b) Ablation threshold

If the pulse is independent of each other and there is no incubation effect, the kerf width should be
identical to different speeds. However, our experiments provide the otherwise, the kerf width is
changing with the speed. Therefore we can see the various kerf width contains the information of
the incubation effect. Therefore we have substituted the information of the various the kerf width

into the equation to estimate the ablation threshold equation 4.1, [88]:

d? (4.1)
F., =_—P _
th T[(x)g €Xp ( ng

where Epstands for the pulse energy, wyis the beam spot radius after the focusing lens and d is

the ablation diameter. Fig 4.9 has shown the calculated femtosecond laser ablation based on the

experimental results.
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Fig 4. 9 Calculated damage threshold below the deposited fluence of 3 J/cm?.

The results of the calculations can be triangulated by an alternative approach as shown in the dot

lines. The incubation effect can be expressed as equation 4.2 [89],
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Fen(N) = Fep(1)N°71 (4.2)

Where F;,(1) and F;, (N) are the single-shot and N- shot damage thresholds, respectively. S is
known as incubation coefficient, which quantifies the degree of incubation behaviour. Incubation
effect is defined as the recombination of laser pulses irradiation locally. Within a range of the
number of pulses, the laser-induced damage threshold decreased remarkably. The experimental
results of ablation thresholds in Fig 4.7 can also be well presented by using equation 4.2 (fit dot
lines). The best fit single-shot damage threshold is 0.139 J/cm?, and incubation coefficient is
calculated as 0.87. The estimated single-shot ablation thresholds are within the range reported by
with the literature, as listed in Table 4.6. Moreover, the incubation coefficients for both cases are
similar. They all together provide a statistical proof of a low ablation threshold (90 mJ/cm?) found
by experiments are caused by the incubation effect. The advantage of the discovered lower ablation

threshold shows the way to remove graphene without apparent ablation of the substrate.

0110 1 —m— Calculated threshold

—————— Allometric1 Fit of Calculated threshold

0.105

Equation y=ax"b
Adj. R-Square 0.93619

Value Standard Error
Calculated thres a 0.13931 0.0054
hold

Calculated thres b -0.12892 0.01253
hold
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Fig 4. 10 Experimental (black solid curve) and the fitting results (red dash line) of damage thresholds of graphene
under different pulse numbers. The fitted dot lines are F(N) = 139N %13 where N stands for the pulse
numbers.
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Table 4. 5 At repetition rate 1 kHz, reported damage threshold fluence of graphene.

Wavelength Pulse Duration Threshold (mJ/cm?) Ref.
790 nm 50 fs~1.6 ps ~200 [140]
800 nm 100 fs 160~210 [143]
343 nm 550 fs ~150 [144]

The optical image with 0.48 J/ cm? illustrated in Fig 4.11. Raman spectroscopy of the cutting area
is plotted in Fig 4.12. On the unprocessed area, the intense G and 2D peaks occurred at around 1580
cm’ and 2700 cm™! respectively. Within the cut line area, the G and 2D peaks have disappeared. It
implies that the laser has completely removed the monolayer graphene in the processed region. The
measurements and analysis have shown that the graphene has been completely removed when the

deposited fluence is 0.48 J/cm?.
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Fig 4. 11 Optical images of the cut base and uncut area on the graphene deposited on SiO/Si substrate,
0.48 J/cm?.
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Fig 4. 12 Raman spectra of the cut base and uncut area on the graphene deposited on SiO»/Si substrate, deposited
fluence 0.48 J/cm?,

4.4.3 Evaluation of ablated graphene edge

(a) Edge quality

The edge quality is also used to evaluate the performance and select the optimal parameters for laser
processing. The cutting quality can be observed through SEM images. Fig 4.13 gives detailed
information on the edge quality of a uniform cutting a channel with a width of 3.24 + 0.04 um. The

brighter area on the cutting edge might be caused by oxidization, or graphene curved. This will be

further examined in section 4.4.4.
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Graphene

400 nm

Fig 4. 13 SEM image of a femtosecond laser ablation process. The process parameters are with pulse energy
of 1.81 J/cm?. The edge of the ablation is focused to be evaluated.

(b) Defect at edge

The precision of cutting and the limited damage zone effect of femtosecond can be examined by a
particular focused on the edge. To characterize the subtle edge modification, the edge of the ablated
sample was scanned with the Raman microscope. In Fig 4.14 (a), the red dotted lines denote the
boundaries of a line processed with 2.85 J/em*. When y = —19 um, x = 0 um indicates the edge.
x=2um, x =4 pum, and x = 6 um represent the distance from the edge. The Raman spectra on
Fig 4.13 (b) illustrates the four positions along y = —19 pm. The low intense disorder-induced D
peak, at around 1350 cm! at x=2pum, x =4 pm, and x = 6 um are overlapped and have a
distinguishable different compared to the D peak at x = Opm. On the edge (x = 0 um), the defect-
activated D and D’ peak were observed. This showed no discernible laser-induced collateral damage

near the cutting edge, which could be regarded as one of the benefits of using an ultrafast laser.
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Fig 4. 14 Optical image of the femtosecond pulse ablated area with the focus on the edge of the graphene (a)
and Raman spectra at x=-3, -2, 0,2,4,6 pm, indicates D, G and 2D peak (b) at different locations.

The calculated ratios of I (D)/I(G) at x =0um, x =2 pm, x =4 pm,and x = 6 pm are0.11,
0.069, 0.07 and 0.079, respectively (Fig 4.15). This illustrates that during the femtosecond laser
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ablation process, there is little influence on the area beyond 2 um. This demonstrates the prospect

using a femtosecond laser to create a graphene area that is clear and undamaged.
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Fig 4. 15 Ratios of peak intensities at the edge area of graphene at x=0, 2, 4, 6 pnm, where x=0 stands for

the edge.

The future analysis on the laser affected region at x = 1 pm, another sample with a fluence of 5.61

J/cm? was measured with Raman at the edge x = 0 um, x = 1 um, the graphene ablated region as

well as the non-ablated region as a reference. Even though the sample was processed with higher

laser fluence than that shown in Fig 4.14 and 4.15, the sample at x = 1 um still shown a decrease

of I(D)/I(G) and I(G)/I(2D). This again indicated that at x=0, where stands for the edge, the D peak

increase. Hence, there is no evidence of the D peak that increased in the region that is 1 pm from

the ablation line. This could enlarge the potential of the femtosecond laser ablation process for

graphene micrometre-scale devices.
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The edge shows a higher D peak compared to the further areas. The higher D peak remains to be
fully understood since this might be caused by the ultrafast laser pulse. However, the edges break
the translation symmetry of graphene; they can be treated as defects [191], [192]. It is known that
the D peak could be caused by the edge itself. In the literature, a possible contribution to this D peak
was argued to be oxidation [15], [182], [186]. However, the explanation requires further validation.
Thus, the later section of Kelvin Prove Force Microscopy will examine the material of edge in detail
with the measurement of the potential difference between the cut region and the non-ablated

graphene region.

4.4.4 Substrate Evaluation

The lower ablation threshold for graphene achieved in this process can avoid damage to the Si
substrate. Furthermore, the smaller ablation threshold can also preserve the SiO; film, so that it could
be used in a graphene field effect transistor (FET) device. As for optimising further fabrication steps
of using the femtosecond laser to pattern graphene for devices, a thorough examination of potential

damage is necessary.

(a) Topography of kerf under air condition

To explore the quality and dimension of the post-ablation graphene sample, tapping mode of atomic
force microscopy (AFM) was applied. As illustrated in Fig 4.17, the dashed circle indicates an
example that the graphene rolls up at the edge, which is also observed using SEM as shown in Fig
4.13. A representative line-section across the ablated region (along with the light blue line in Fig
4.17 (a)) is shown in Fig 4.17 (b). The edge step height is around 6 nm. Compared with the thickness
of SiO; of 300 nm, there is limited evidence of any removal of SiO, and no noticeable damage to
the silicon substrate. The kerf width is measured to be 3.37 um. The peak fluence is calculated to be

261 mJ/cm?.
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Fig 4. 17 (a) AFM topography image of a cut kerf with deposited fluence 0.71 J/cm? (b) gives the cross-section map

along the path shown by the horizontal line in (a).

In the cross-section map as shown in Fig 4.17 (b), a Gaussian-shaped swelling on the surface of the

substrate appears in the central region. Considering the silicon ablation threshold which is around

430 mJ/ cm? at the wavelength of 1030 nm, the processing peak fluence (261 mJ/cm?) is below the
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Si ablation threshold. This may indicate the swelling is sub-ablation phenomena. The femtosecond
laser process is a “cold” procedure, which means the thermal effect is limited in the surrounding
area. Therefore, the thermal expansion is mainly caused by the energy absorbed in the impacted

region.

As discussed in section 4.2.1, Si has a higher energy absorptivity compared to SiO; and graphene at
such wavelength. Hence, the absorbed energy of Si in the impacted region could be one of the major
contributors to the swelling effect. Also, the peak fluence during the process is slightly above the

Si0, melting threshold, which may cause the shape change of the SiO, layer.

(b) Topography of kerf under the N> condition

For the ablation of graphene under the N, environment, similar Gaussian shape swelling effect was

observed as shown in Fig 4.18, the ablation depth of SiO; is around 3 nm.
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Fig 4. 18 (a)AFM topography image of a cut kerf with a deposited fluence of 2.85 J/cm?, under N, condition.
(b) Cross section map along the path shown by the horizontal line in (a).

4.4.5 Analysis of reformed bonds

The previous analysis work demonstrates that both graphene near the cutting edge and the Si
substrate were not affected during the ablation process. A slight change happened to the edge and
Si0,, where a small increased D peak appears at the edge, and a Gaussian shape swelling occurs at
the SiO, surface. Up to now, the hypothesis is that the laser could break the carbon bond as well as
break the SiO, to form new bonds between silicon and carbon on the surface of the substrate, as well

as the modification of the cutting edge, which needs further analysis.
(a) KPFM of the edge under air condition

To further explore the substrate condition in the cut region, AFM was applied in Kelvin probe force

mode, and the amplitude modulation measurement method was selected. The experiments were
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carried out under ambient conditions and with Nitrogen as a reference experiment. This is to evaluate
whether the oxygen in the ambient air influences the process of ultrafast pulse interaction with
graphene deposited on SiO,/Si substrate. The quantitative mapping of the surface potential is
provided with Kelvin probe force microscopy (KPFM), which probes contact potential difference
(CPD) between the sample and the conducting probe. Fig 4.18(a) shows the CPD image of the same
cut kerf as shown in Fig4.16 (a), indicating a clear and uniform potential difference AV.pp between

graphene and SiO,, which was measured to be AVepp = 30 mV.

The edges were distinguishable and showed a definite step in potential between the substrate and
the rest of the graphene. This suggests no modification of other bonds, which supports that D peak
generated at the edge of graphene was not due to the oxidation due to laser etching as explained in
[15], [182], [186]. In Fig 4.19 (a), the folded flake of graphene at the edge experienced a higher
surface potential of around 40 mV. This is consistent with findings of others, mentioning that the
surface potential increases with the number of layers of graphene [193], [194]. In the SiO, region,
the KPFM contrast is relatively uniform with a ~15 mV variation. Since AV.pp, between graphene
and SiC is around 100 mV, the much lower contrast of 15 mV implies no formation of SiC as a
result of a chemical reaction between the Si and graphene [194]. These results indicate that during

the femtosecond ablation process, there is no evidence of modification of SiO..
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Fig 4. 19 (a) Kelvin probe force microscopy (KPFM) surface potential map of the cut kerf shown in Fig 4.16 (a)
region. The dashed circle indicated that at the edge the graphene flake has folded over itself to create bilayer
graphene, which has a higher CPD than the monolayer graphene (b) Cross section and surface potential maps along
the path shown by the blue horizontal line in (a).
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(b) KPFM of the edge under the N, condition

The cut edge of graphene has been examined with the same laser parameters. The edge processed
with the same laser parameters with nitrogen and has also been observed under KPFM. The images

in Fig 4.20 show that the edge is a clean cut.

Fig 4.20 gives an overall surface potential mapping on the kerf and edge. Fig 4.21 demonstrates a
closer look at the edge area. This region is chosen particularly for the rough surface on the left side
compared to the clean right side. As atomic force is a precision measurement and the tip could collect
the redeposit this might cause specific measurement errors on the left side. Stepping down the height
can be seen from the cross-section region. After around 2 pm, a similar clear step between the SiO;
surface and graphene has appeared. This image demonstrates that the quality of roughness of
graphene on the Si0,/Si substrate does not influence the sharpness of the clear edge difference from

the substrate, but the grain boundary can affect the edge shape after ablation.

Until now, both the edge surface potential information and the comparison of those cut under

nitrogen suggested that there was no oxidization at the edge of the ablation on graphene.

Surface Potential

30

150
mv

100

Fig 4. 20 The surface potential of graphene ablation kerf under deposited fluence 2.85 J/cm? under
Nitrogen condition.
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Fig 4. 21 (a) Kelvin probe force microscopy (KPFM) surface potential map of ablated kerf under Nitrogen
condition with a deposited fluence of 2.85 J/cm?>. (b) Surface potential maps. (¢) Cross section and surface
potential maps along the path shown by the blue horizontal line in (b).
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4.4.6 Area removal of graphene

Based on the success of removal of graphene on single lines, the area removal is attained in ambient
condition by multiple lines removed with different gaps between two lines, with pulse energies of

28.35 nJ. The single line deposited energy can be calculated as shown in Table 4.6.

Table 4. 6 Key parameters settings and experimental results.

Sample order Sample A Sample B Sample C Sample D Sample E
Scanning speed 0.5 mm/s 0.5 mm/s 0.5mm/s 1.5mm/s 1.5 mm/s
Space/gap 2um Ium 1.5 pm I um I um

Deposited fluence 4.6 J/em*  5.5Jcm? 5 J/cm? 1.8 J/em* 1.8 J/em?

Graphene IDYI(G): | I(D)Y I(G): IDYLG): IDYKG): IDYI(G):

channel 0.167 0.251 0.121 0.129 0.134

Outside graphene Not Removal Removal = Not Not
removal removal removal

In Fig 4.22, the results showed that a good graphene channel and a good substrate surface are
attainable with 1 pm gaps. With 2 um gaps, graphene has only been partially removed. While 0.5
um has resulted in an over-ablation, the shape of graphene channel has been damaged. In theory,
these set of parameters should all removal the graphene. However, the Sample D and Sample E have
not succeeded in removal graphene, this may be attributed to the over ablation of sample B, the
higher intensity may move the sample slightly. A repeated deposited fluence of 1.82 J/cm® was
conducted on the graphene sample, the parameter setting is as shown in Table 4.7. To guarantee the
width of processed graphene channel has at least 10 pm, the width of the channel is set to be 14.35
um to provide a bigger than 2 pum’s residue on both sides of the channel. Four clear rectangle-shaped
graphene channels are shown in Fig 4.23~Fig 4.28. The effect of the damage on the substrate due to
swelling causes the uneven after graphene removal. Raman spectroscopy has examined the quality
of graphene channel and the outside area. In Raman mapping (Fig 4.28), graphene channels show a

distinguishable G peak, while the outside ablated area shows a dramatic drop in G peak.
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Table 4. 7 Parameter setting for additional experiment to validate the result.

Pulse energy 19.62 nJ
Scanning speed 0.5 mm/s
Space/gap 1 um
Deposited fluence 3.79 J/em?

Fig 4. 22 Square processing with pulse energy of 28.35 nJ. A: 2 nm space/gap, speed: 0.5 mm/s B: 1 pm space/gap,
speed: 0.5 mm/s C: 1.5 pm space/gap, speed: 0.5 mm/s D: 1 pm space/gap, speed: 1.5 mm/s E: 1 pm space/gap,
speed: 1.5 mm/s.

Sample A

20 pm

-60 -50 -40 -30 -20 <10 0 10 20 30 40 S0 60 70

Fig 4. 23 Raman results of sample A, the graphene channel is undamaged, however in the outside region, the
graphene is not completely removed.
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Sample B

20 um

Fig 4. 24 Raman results of sample B, the graphene channel is damaged, the outside region indicates no
graphene.

Sample C

20 pm

-60 -50 -40 -30 -20 10 O 10 20 30 40 SO0 60 70
Fig 4. 25 Raman results of sample C, the graphene channel is undamaged. The outside region has no
graphene but it is not uniform.

Sample D

20 um

-60 -50 -40 -30 -20 10 O 10 20 30 40 S0 60 70

Fig 4. 26 Raman results of sample D, the graphene channel is undamaged. However, in the outside region,
the graphene is not completely removed.
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Sample E

20 pm

&0 S 4 » 2 0 0 10 2 £ w0 £ 60 °

Fig 4. 27 Raman results of sample E, the graphene channel is undamaged. Graphene is not removed in the
outside region.

Intensity (a.u.)

1200 1350 1500 1650

Channel: Good
Outside: No graphene

Raman shift (cm™)

Fig 4. 28 Left: The processed graphene channel (10 pmx100 pm), outside region 200 pm. Right: Raman
map of the measured graphene ablated area (Black line) and the isolated graphene (Red line). Sample
processed 3.79 J/cm?.
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4.4.7 Analysis of the kerf and debris

(a) EDS on the kerf

Fig 4.29 showed the EDS image of over ablated region with the fluence of 56.19 J/cm? the kerf has
a low signal of O element, but has a high signal of Si. This indicated that the SiO; is removed under
the over ablated region. Fig 4.30 showed the EDS image of the selectively removed region with the
fluence of 0.71 J/cm?, the kerf has shown smooth O element and Si element. This indicated the SiO,
layer was still on the top surface of Si and the silicon was not ablated. By comparing these results,
it confirmed that at low fluence, with precise control of the femtosecond laser, selective removal of

graphene without ablating Si substrate can be achieved.
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EDS Layered Image 1
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C Kal 2  OKal Si Kol

25pm

M, 1
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Fig 4. 29 EDS image of over ablated region (56.19 J/cm?). Red stands for C, blue stands for O, and pink
stands for Si.
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EDS Layered Image 3
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| - a— | | - e— | | r-— |
50pm 50pum 50pum

Fig 4. 30 EDS image of selectively removed region (0.71 J/cm?). Red stands for C, blue stands for O, and
pink stands for Si.

(b) EDS on the debris

Fig 4.16 (a) have shown some debris flakes on the sample. Whether the debris is from graphene or
the ablated SiO:s is still unexplored. It is necessary to analyse the chemical bonds by EDS. Fig 4.31
and Fig 4.32 demonstrated the debris measurement under over ablated line (56.19 J/cm?) and
selectively removed line (0.71 J/cm?) respectively. In Fig 4.31, the spectrum 2 measured the debris
on the edge while spectrum 3 measured the surface of graphene in the non-ablated region.
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Comparing these two spectrums, both of them have significant signals of Si and O element. As the
sample applied in this research is monolayer graphene, the C element signal appeared not that strong.
Since the SiO; is ablated in the kerf (Fig4.29), through the element measurement, the debris around
the ablated line is likely to be SiO, flakes.

In the low fluence ablation (0.71 J/cm?), the debris at the edge was measured in spectrum 5 Fig 4.32.
Compare with the surface of graphene in the non-ablated region (spectrum 6 in Fig 4.32), the debris
has a similar signal intensity of Si, O elements, and other impurities. In the ablated region (spectrum
4), other impurity elements (Ca, Fe, Cu) disappeared, giving a clear Si, O, C element signal. Not
surprisingly, the Si signal appeared stronger in the ablated area (spectrum 4 in Fig 4.32) compared
with spectrum 5 &6, because the graphene was removed in the ablated region and the SiO, was still

examined in the kerf (Fig 4.30).

Spectrdm 2

+

Spectrum 3

Fig 4. 31 EDS image of the debris after laser ablation with the fluence of 56.19 J/cm?. The element C signal is
zoomed in, as shown in the top right at Spectrum 2&3. Spectrum 2 measured the debris at the edge of ablation
line, while spectrum 3 measure the graphene surface.
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Spectrum 4
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Spectrum 6
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Spectrum 5

Fe Fe Cu Cu
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Fig 4. 32 EDS image of the debris after laser ablation with the fluence of 0.71 J/cm? The element C signal is
zoomed in, as shown in the top right at Spectrum 4,5,6. Spectrum 4 measures the ablated region. Spectrum 5
measures the debris at the edge of the ablation line. Spectrum 6 measures the surface of graphene in the non-
ablated region.
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4.5 Potential applications

In [195], remarks have been made that graphene devices that can be developed from graphene
deposited on a SiO»/Si substrate, and femtosecond laser is an important way to realise the micro-
scale production. For a broader application in the femtosecond laser ablation on monolayer graphene
deposited on Si0»/Si substrate, a distinction in expectations should be made among different types
of devices. For instance, graphene sensors, which ascribe to the absorption and desorption in
graphene, can consider if it is possible for a single gas module to be detected. Other silicon-based
graphene devices, such as transistor[196], photodetector [197], [198], biosensor [77], and solar cell
[199], [200], MEMS/ NEMS (micro-and nano-electromechanical system) [201], could be possibly
achieved with the femtosecond laser in a similar way. For graphene FETS, regarding the challenging
question on the zero bandgaps, this could be achieved with nanoribbon, since the edge quality
analysed in this thesis has shown some potential in fabricating the graphene nanoribbons application.
For example, with a square shape laser pulse to reduce the energy imbalanced, accompanied with
the nanometre variations at the edge, and the precision of the machining stage, the clean ablation of

graphene deposited on SiO,/Si substrate has a great opportunity in graphene FETs.

4.6 Summary

This chapter explored the possibility of lithography-free patterning of graphene by using
femtosecond laser; a 280 fs fiber laser has been evaluated for patterning of monolayer graphene on
a Si0»/Si substrate. The results have demonstrated that the femtosecond laser is a useful technique
for direct laser profiling of single-layer graphene on the SiO,/Si substrate. The conclusive remarks

of the cutting process and evaluation methods are listed as below.

1. Among the selected pulse energies of the cutting process, the optimum channel was produced
with a speed of 1.81 J/cm? (pulse number ~13.8). The width was measured to be 3.24 um under
SEM.

2. The area process of graphene has been achieved. The Raman analysis demonstrated the rest of
graphene is remain undamaged after the removal.

3. An abaltion threshold that is lower than the values reported in the extant literature of ablation
threshold was achieved. The incubation effect caused by the accummulation of multiple laser
pulsese could use as one of the explanantion for the lower ablation threshold.

4. The lower ablation thresholds of graphene on SiO»/ Si enables a complete removal of graphene.
The AFM results indicate that selective removal of graphene was obtained and caused negligible

substrate damage. These benefit from the lower ablation threshold of graphene relative to both
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Si0O; and Si.

5. The observed swelling effect could be attributed to the interaction of the laser and Si substrate.
The high absorption of the substrate has caused Gaussian shaped swelling effects.

6. The observation on the graphene edge has confirmed the limited influence of the femtosecond
laser ablation. The Raman spectroscopy has found increased D peak in the proximity of the
machined channel. The AFM measurement of Kelvin probe force microscopy on potential
energy has proved that the D peak in the cutting edge was attributed to graphene edges, rather
than oxidation as a result of laser processing. The D peak shown at the edge is because the edge

breaks the translation symmetry of graphene.

To conclude, this chapter has proved the possibility of femtosecond lasers to process graphene
patterns. The one region time costs 4 hrs. If the substrates are plastic, this process can be used as
roll-to-roll for scalable industrial parameters of manufacturing. It only needs to choose suitable

parameter settings for industrial applications.
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Chapter 5 Femtosecond laser-induced

defects in graphene

5.1 Introduction

This chapter answers the third research question and explores femtosecond laser interaction with
graphene under the ablation threshold to induce defects. Previous research has demonstrated that
defects can be induced by a beam irradiation [202], and electron-beam irradiation [203]. Induced
defects in graphene can deliver changes to the properties of graphene, such as creating a bandgap
by using chemical treatments such as fluorinated graphene [204]. Moreover, defects can allow the
dopant control of graphene (either n-type or p-type) [205], [206]. The main objective of this chapter
is to test following hypotheses:

1. A femtosecond laser can induce defects in graphene,
2. The defect on graphene can be tuned by changing the intensity of the femtosecond laser.

Area processing is discussed in this chapter with various pulse energies, as shown in Fig 5.1. The

hypotheses were tested and examined by Raman spectroscopy and the resulting defects are analysed.

5f2 Yarlous pulse Raman mapping on Defect can be induced
energies in a square shape the focused area

Section 5.4 Defects analysis and
discussion

Section 5.2 Experiment procedure J Section 5.3 Experimental results ’

Fig 5. 1 Schematic diagram of chapter S.
5.2 Experiment procedure
Monolayer graphene was grown at the Cambridge Graphene Centre on 25 um copper foil by
chemical vapour deposition methods and then transferred onto a 300 nm SiO,/Si substrate with an

area of 4 cm”. The care was taken so that the impurity of the monolayer graphene is transferred onto

the substrate is minimised. Laser processing was undertaken, see Fig 5.2, using an Amplitude
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Systémes Satsuma, 280 fs, 1030 nm (verified using APE PulseCheck USB) at room temperature at

ambient condition.

CCD Detector

Spectrograph

Fs laser

Attenuator
Stage Stage

Fig S. 2 Experimental setup of fs laser inducing defects on graphene. Left: processing set up. Right: Raman
measurement set up.

The laser was circularly polarised and focused by a NA=0.35 objective lens (Comar Optics, 12 OI

09) with a focal length of 12.7 mm. The spot diameter is 4.16 pm. This is calculated by r = @

b

where M? factor represents the beam quality, f stands for the focal length of the lens, w is the
incident beam radius. The processed area was controlled by the motion of a high-precision
translation stage (=100 nm). Graphene was processed by exposure under a range of pulse energies,
and the power was fine-tuned with a diffractive attenuator (Del Mar DVA-800). The Aerotech
A3200 software not only controls the stage of finding the focus but also guides the laser process

path. The programming automatically accompanies the platform.

To study the detail of defects generation with the pulse energy, the energy was selected as 2 nJ, 1 nlJ,
0.4 nJ, 0.2nJ and 0.1 nJ, with a process speed fixed at 0.lmm/s. The laser peak fluence for a
Ep

w2
2

Gaussian beam can be calculated as Fpeqx = where Ej, is the pulse energy, w is the focus

radius. Thus, these sets of pulse energies were calculated with the peak fluence of 31.75 mJ/cm?,

14.7 mJ/em? , 5.8 mJ/cm? , 2.9 mJ/cm?, and 1.4 mJ/cm? (as tabulated in Table 5.1 and Table 5.2).
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Table 5. 1 Measurement power and calculated pulse energy.

Measured Power 1.2 0.55 0.22 0.11 0.055
(500 kHz, mW)
Pulse energy (nJ) 2.16 0.99 0.396 0.198 0.099

Table 5. 2 Calculated processing fluence with the pulse energy.

Pulse energy (nJ) =2 =1 ~0.4 =(.2 =(0.1
Peak fluence (mJ/cm?) 31.75 14.5 5.8 2.9 1.4

Fig 5.3 demonstrates the laser scanning path to form a 5 pum x6 um processed rectangular. The laser
pulse scanning at a fixed speed, moving to +x for 1 pm, together with the beam diameter of around
4 um. In total +x direction is 5 pm. Then, then moved 2 pm towards —y direction, and scanning back
with the same speed. The reason for 2 pm pulse overlap is to ensure the area is evenly deposited, as
demonstrated in Fig 5.4. Marks are made with higher exposure to assist the sample finding under

Raman measurement.
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Fig S. 3 Scanning patterns for sub-threshold laser irritation of graphene.
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Fig 5. 4 Schematic diagram of a single Gaussian shape beam with pulse energy of 2 nJ and two Gaussian
beams with 2 pm overlap.

For the Raman measurement, a 514 nm laser excitation with a 100x objective was used to analyse
the exposed area. With the same settings of scanning speed and the pulsed overlap, the pulse energy

is the only variable to affect the defect generation process on the surface of graphene.

5.3 Experimental results

5.3.1 Raman spectra-focused area

Fig.5.5 shows the results of Raman Spectroscopy on the irradiation area on the graphene, as
illustrated in section 5.2. We are interested in creating defects on graphene, thus only D and G peaks
were measured. Intense D and D’ peaks are shown on the irradiated surface, which demonstrates

that a femtosecond laser could induce a defect on the surface of the monolayer graphene sample.
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Fig S. 5 Experimental Raman data of irradiated area by a femtosecond laser with different pulse energies
at the same scanning speed of 0.1 mm/s.

The graphene on the substrate has been ablated with a pulse energy of 2 nJ, which is confirmed by
the absence of a G peak. This result agrees well with the ablation threshold when removing graphene
from the substrate as discussed in Chapter 4. When we compared the intensity of the D peaks with
different laser energies, the growth trend on the D and D’ has peaked with increased pulse energies.
The shifting of the D peaks towards lower numbers was also observed in the Raman spectra. The

Raman signal intensity is given by equation 5.2 [207],
I =CNIyoQLF(T) 5.2

where I is the Raman signal intensity, C is a constant, N is the number density, I, is the laser
intensity, o is the Raman cross-section, () is the scattering solid angle, and [ is the length of the

observed segment of the laser beam; F(T) stands for a temperature dependent factor determined by
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the spectral width and the resolution of the detection system and the investigated molecule. An

increasing D peak indicated a larger scattering solid angle.

In Raman spectroscopy, the shifting of peaks towards a lower or higher wavenumber is related to
the bond length of molecules. The longer bond length causes it to shift to a lower wavenumber and
vice versa. Thus, the shift in the D peaks, with the irradiated energy suggests that the bond length in
graphene becomes longer after the irradiation. With the detailed examination of the Raman spectra
illustrated in Fig 5.9, an increase in the D’ trend can be clearly observed from the mapping. The D’
peak has not been as extensively studied as the G peak or D peak, this is for two reasons. First, the
D’ peak has relatively little intensity compared to the D peak. Secondly, the D’ peak appears as a
small peak on the tail of G peak. In experiments, for average defect concentration, the D’ peak can
be clearly distinguished from the G peak, with a relatively large intensity that is up to 1/3 of the
intensity of the G peak [113].

To explore the femtosecond laser effects of the graphene surface on top of the SiO»/Si substrate,
further analysis of these Raman maps was investigated. These investigations were delivered in four
parts: I(D)/I(G) ratio, A(D)/A(G) ratio, I(D’)/I(D) ratio, FWHM (G) and FWHM (D). The
parameters of the D peaks and the G peaks (intensity ratio of the area, and width) are typically used
to characterise the material. The I(D)/I(G) ratio (peak height) is ascribed to the increase in the

number and the size of sp? clusters.

In the exposed area of graphene samples, the pulsed laser defect is induced in a stochastic manner.
The proof can be seen from the previous experiment, as there is no clear separation between the
defect area and non-defect area. The intensity of the defect is gradually increased with the pulse
energies, instead of having a defect threshold. This indicates the defect, induced by a femtosecond

laser, is non-deterministic. However, the probability of the defect is related to the laser pulse energy.

In principle, the carbon atomic vibration originating from photon excitation can be represented by a
harmonic oscillator with a specific oscillation frequency (wq), which is similar to a mass-spring
oscillation process. Consequently, the Raman peak is the response of the system that resonates wy,
with a damped energy I,/2 excited by an external force of frequency w. Therefore, the intensity
of the Raman peaks can be expressed as equation 5.3 [191]:

2I, 1 53

I =0
@) nly (w— a)q)z +TZ/4
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In Raman, the resonation frequency is usually much larger than the damped energy (w, > I};), thus,
equation 5.3 can be simplified as a Lorentzian peak with FWHM=I,. Usually, the spectra data was
fitted with a Lorenz peak function. An example of software fitting is given by the data collected for

the irradiation area with a laser pulse energy of 1 nJ as shown in Fig 5.6.

] — baseline

1591.07

Intensity a.u.
|

T T ¥ |
1000 1500 2000
Raman Anlysis

Fig 5. 6 An example of Lorenz fit function of a Raman spectrum with the pulse energy of 1 nJ.

5.4 Defects analysis and discussion

5.4.1 Intensity ratio of D peak and G peak

As described previously in section 5.3, the intensity ratios of the D and G peaks (peak height) were
plotted as the function of laser fluence. Here, the defects are defined as a laser-induced defect,
compared with the reference measurement on the Raman spectra of the graphene area without

femtosecond laser irradiation.

Before laser ablation, the I (D)/I(G) ratio has shown a linear growth in relation to laser energy when

the pulse energy is smaller than 1 nJ, as shown in Fig 5.7.
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Fig 5. 7 Variation of I(D)/I(G) with different pulse energies at fixed processing speed 0.1mm/s.

The crystal grain size and the amount of disorder were estimated based on the D band intensity. This
theory was developed by Cancado et al [192]. They refined the model by analysing the dependence

of L (the average distance between point defects) with the laser energy (E7):

I, 43x103 5.4
I EMB

The average distance between the point defects can be plotted as shown in Fig 5.8.
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Fig 5. 8 Variation of inter-defect distance with pulse energies.

5.4.2 Area ratio of D peak and G peak

In this section, the area ratio of D peak and G peak are explored as a function of the pulse energies
deposited on the graphene sample. Before further discussion, it is important to note A(G) is defined
as the area of the G peak, with a similar notation of A(D) for the D peak area. Studying the A(D)
and A(G) ratio with Raman spectroscopy has proven to be a versatile tool when studying the property
of graphene [114]. As for the study of the [((D)/I(G) ratio, it is efficient and accurate for determining
the quality of graphene. When researchers realised the benefits of the defects in graphene, scientists
have started to explore the Raman spectroscopy’s unique application in the study of disorder

graphene.

Fig 5.9 has shown the variation of the A(D)/A(G) with the pulse energy deposited on the graphene.
The A (D)/A (G) curve shows a different trend compared with I(D)/I(G) ratio. The area ratio of D
peak over G peak shows a steep to 0.4 nJ. After that, the rate of increase slows down until it reaches
the maximum at 1 nJ and then fall off. Typically, groups refer I(D)/I(G) as the ratio of the peak
heights, because the difference between the height ratio and area ratio is not so crucial for their

similar peak width in disordered graphite. However, in this study on the femtosecond laser-induced
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disordered monolayer graphene, the D peak area was broadened, making they have a different

increasing rate.
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Fig 5. 9 The ratio of A (D)/A (G) as a function of laser pulse energy under the ablation threshold.

In the peak area ratio of A (D)/A (G), the Raman spectra can be interpreted in three phases, that
depends on graphene disorder and graphene existence. The first phase relates to a pulse energy
smaller than 0.4 nJ. In this phase, the pulse energy is the factor that increases the defects. The second
stage occurs between a pulse energy of 0.4 nJ and 1 nJ. In the second phase, the pulse energy has
increased the defect slowly for the region caused by the intense energy, which is shown in the height
of the D peak. As for the third stage, this is where the graphene has gradually disappeared and is

removed from the substrate, appearing as a gradual decrease in both height and area.

5.4.3 Type of defects

(a) Vacancy, sp® and boundary-like defects

For the femtosecond laser-induced defect on the surface of graphene, it can be classified as the
vacancy-like defect, sp® defect and boundary-like defects (Fig 5.10). In vacancy defects, one or more
carbon atoms are removed from the original hexagonal lattice. In sp® defects, referred to as a

topological defect in [208], atoms are not removed but there is a rotation of the bonding angles
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between the carbon atoms. In boundaries like defects, a few atoms are removed to generate a
boundary in the graphene. Besides these types of defects, there are also impurity defects where the
carbon atom is swapped for another atom. This form of defect is not the primary focus of study in

this research.

In our case, a relatively large defect is made in the graphene sample that is generated from a
femtosecond laser. The intensity of the D’ peak is relatively large. It is now meaningful to compare

the results of this study with those given in the literature.

(a)

(b)

Fig 5. 10 Types of defects caused by ionisation (a) Vacancy-like defect;(b) sp*defect; (c) boundary-like defect.
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(b) I(D)/I(D’) ratio

The D and D’ intensities are directly proportional to the defect concentration, which gives rise to
the different behaviours of the Raman peak intensities. The plotted I(D)/I(D’) is given in Fig. 5.11.
The calculation is the same as the I(D)/I(G), considering the peak heights by the Lorenz fit. In the
graph, a clear increasing trend was also observed in I (D)/I (D’) as a function of femtosecond laser

pulse energies under the ablation threshold.
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Fig 5. 11 Variation of I(D)/I(D’) with different pulse energies at fixed processing speed 0.1mm/s.

Defects have been studied by previous workers under the intensity ratio between the D and D’ peaks.
A.Eckmann et al. have defined the vacancy-like (hopping) defect having a ratio of ~ 7 and boundary-
like defect 3.5 [113]. In these results, the defects created with the pulse energy of 0.4 nJ and 2 nJ
and 1 nJ had ratios of 3.68, 3..56 and 4.99 respectively. For pulse energy of 0.4 nJ and 2 nJ is more
likely to be boundary-like. The ratio pulse energy of 1 nJ tends to be related to a combination of
boundary-like defects and vacancy-like defects. The defects created with a pulse energy of 0.1 nJ
and 0.2 nJ, [(D)/I(D’) ratio was 1.84 and 2.98, these ratios more close to boundary-like defect than

the vacancy-like defect.
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5.4.4 FWHM (G) and FWHM (D)

(a) FWHM of G peak

The full width at half maximum height (FWHM) is an important parameter to characterize the
Gaussian distribution. In the specific case of the G path, the damping energy FWHM (G) that gives
origin to the G band depends on the strength of the electron-phonon coupling (EPC) at the I' point
(the first Brillouin zone in graphene). The EPC is the result of the degeneracy of the phonon
dispersion at the I' point [209], [210]. In Fig 5.12, FWHM of G lines increased gradually with the

increase of pulse energy under the ablation threshold.
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Fig 5. 12 FWHM (G) varies with the pulse energies.

As the FWHM is always increased with temperature, and if the increased pulse energy generates
more heat, then it is expected to observe an increase in the FWHM of G peak and D peak. The
increased trend of the FWHM graph of G peaks not only indicated that the temperature rose with
the pulse energy, but also indicates the increased electron-phonon coupling in graphene. The FWHM
(G) has contributed from two components: one due to the EPC (I'zpc) and another due to the
interaction with other phonons. However, the major factor is expected to be due to the EPC, since

the interaction with other phonons is weak compared with the electron-phonon coupling. For that
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reason and for theoretical analysis, it is easier to assume that FWHM (G) = I'zpc for mathematical

convenience. Hence, FWHM(QG) is can be calculated as shown in equation 5.5 [211]:

2 Slope™9 (M wr 5.5
VF

FWHM(G) =

where Slope® (IMwr stands for the LO phonon at the T point.
(b) FWHM of D band

Having found the FWHM of the G band, it is necessary to analyse the FWHM of D band, as the
width of D band contains the information of the expanded D band.

The growth of the FWHM of D-line and G-line with an increase of the pulse energy was observed,
as well as the area ratio of D and G peaks. However, unlike a clear upwards trend as seen in FWHM
(G), the FWHM (D) has experienced a dramatic jump from the 0.2 nJ and 0.4nJ and another jump
from 0 nJ to 0.1nJ, as shown in Fig.5.13. After a pulse energy of 0.4 nJ, the FWHM (D) remained
stable and dropped down a little after the ablation point. FWHM (D) increases much more than
FWHM (G) for decreasing Lp (the average distance between point defects). The results of the
FWHM (D) show no clear dependence of the pulse energy. Also, unlike the clear increase in the
trend of the FWHM (G) with the defects in the graphene, the FWHM (D) does respond to the same

trend. It does not expend its width.
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Fig 5. 13 FWHM (D) varies with the pulse energies.

5.4.5 Intensity ratio of G peak and 2D peak

The intensity ratio of G peak and 2D peak at the laser irradiation area is plotted in Fig 5.14. The
I(G)/I(2D) ratio increased gradually from non-irradiation area to 0.4 nJ and then jumped up to 1.81
with the pulse energy of 1 nJ. At 2 nJ the graphene is ablated, with a low ratio of G and 2D peak.
This supportive information again confirmed the defection generation by a femtosecond laser is
pulse energy depended. When the energy closes to the ablation threshold, the D peak increases and
the 2D peak experience a drop. Together, this contributes to the increase in the I(G)/I(2D) ratio.
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Fig 5. 14 Variation of I(G)/I(2D) with different pulse energies at fixed processing speed 0.1mm/s.

5.4.6 Shape of the defect

From above discussion, at a pulse energy of 1 nlJ, peak fluence of 14.5 mJ/cm?, the graphene is
defective. As the I(D)/I(D’) ratio at 1nJ indicates there is a combination of vacancy defect and
boundary-like defect. Considering the Gaussian distribution of laser beam, the centre of the beam
has the largest energy. In such case, femtosecond laser might remove several atoms in the centre
region of the laser beam. In this section, the properties of graphene in different vacancy shapes are
calculated through Density Function Theory. The electron band structure on the shapes of vacancy
defect with a regular ring shape and irregular shape is plotted as shown in Fig 5.15. The irregular
shape of vacancy has a less stable system compared to the regular one. The bandgap is opened in

the irregular shape vacancy defect as shown in Fig 5.15.
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Fig 5. 15 Electron band structure of graphene with regular ring vacancy (left) and irregular vacancy(right).
Both ring vacancy and irregular vacancy removed 12 C atoms.

5.5 Potential industrial applications

Explicitly considering the effects of defects, both in their nature and the quality, can have a
substantial impact on the chemical and physical properties of graphene [113], [192], [212]. Control
of the location of defects by ultrafast lasers provides a new processing route for graphene-based
materials with novel properties [113], [192]. For instance, the electrical conductivity of graphene
can be influenced by defects in the scattering of electron waves. In addition, dopant atoms can
change the local electronic structure or inject a charge into the electron systems of sp? bonded carbon
materials. Around the defects, weaker bonds can affect the thermal conductivity of the material and

reduce the mechanical strength [98].

Graphene can be treated as a zero-bandgap semiconductor. By shifting the Fermi level in graphene

through an external electric field, the electrical transport characteristics of graphene can be tuned
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between p-and n-type. Graphene-based p-n junctions have attracted strong interest [213], [214],
[215].

5.6 Summary

In this chapter, a new area of femtosecond laser-induced defects on monolayer graphene, deposited

on the SiO,/Si substrate is studied. The hypothesis is that the femtosecond laser could induce

controlled defects under sub-ablation threshold processing conditions. The Raman spectra of the

irradiated area after femtosecond laser exposure gave much insight into the process. Here are the

main findings in this chapter.

L.

Defects can be created in both single point exposure and area processing by using a femtosecond
laser, with a pulse energy in the range from 0.1n J to 2 nJ. For the irradiated area, intense D and
D’ peaks are present with a scanning speed of 0.1mm/s, demonstrating that the femtosecond
laser can introduce defects on monolayer graphene. Defects increased gradually with the
increase of laser pulse energy.

The peak intensity ratio of D peak and G peak shows an increased trend with a dramatically
sharp increase up to a pulse energy of 1 nJ and then has steadily risen until the G peak disappears
when the pulse energy is 2 nJ. The maximum concentration of defects was found to occur with
1 nJ pulse energy. The average distance between the point defect is calculated to be 12 nm to
46 nm depends on the pulse energies.

Along with the increase of D peak, a growth of D’ peak at 1620 cm™ appeared with the increase
of pulse energy. The D and D’ intensities are also directly proportional to the defects
concentration. In this deposition range, as demonstrated, the ratio of I(D)/I(D’) has not shown
evidence of sp® defect generation. For pulse energy of 0.1, 0.2 and 0.4 nJ, the defect is more
likely to be boundary-like defects. For pulse energy of 1 nJ, the ratio of [(D)/I(D’) suggests a
combination of vacancy-like defects and boundary-like defects.

The Full-width half maximum of G band and D band increased. The maximum of FWHM (G)
is around 50 cm™', which is smaller than that of D band. This indicates the expansion of D band
increases with the increase of pulse energy.

The analysis of the peak area of G band and D band ratio gives significant information on the
Raman spectra analysis of the defective graphene. It suggests the growth of the defect is
developed into two stages. One is increased linearly and dramatically with the pulse energy

smaller than 0.4 nJ, and the next stage is a slow growth until the maximum.
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To conclude, this chapter has demonstrated the possibility of applying femtosecond lasers to
introduce defects into monolayer graphene in a controllable way. This approach holds promise to
extend its material properties through selective doping and thereby increase the application potential
of the material. Having investigated the experimental results on femtosecond laser ablation of
graphene and generate of defects on graphene, the next chapter will focus on the absorption process
during these process, aiming to provide a more fundamental insight on the femtosecond laser

irradiation on graphene deposited on Si0,/Si substrate.
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Chapter 6 Absorption model study in
graphene-Si;-Si system

6.1 Introduction

Absorption of light is a concept that is studied in many branches of science, including chemistry
[216], [217], physics [218], [219], biology [220], [221], etc. In femtosecond laser interaction with
materials, absorption of laser light is the process by which energy is transferred to the material. The
input laser energy is transformed into thermal energy. The interactions between the laser and the
material can lead to phase change and structured modification [222], [223], [224]. Chapter 4 has
presented the phenomena of ablation of graphene and the swelling effect of the underlying SiO./Si
substrate. This chapter will investigate the laser energy absorption of SiO/Si substrate in order to
shed light on the swelling effect, in order to provide a better understanding of the laser processing

of graphene/Si0,/Si systems.

The main purpose of the chapter aims to understand the energy absorbed by the silicon dioxide and
silicon substrate during a femtosecond Gaussian shape laser processing of graphene and in turn

provide a rationale for swelling phenomena as shown in Fig 6.1.

Graphene Graphene

Si0, Si0,

Substrate Swelling

Fig 6. 1 Schematic illustration of the substrate swelling phenomena happens during the femtosecond laser

ablation (experimental data in chapter 4).
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In this chapter, an absorption model for the graphene, SiO-, Si substrate system is developed, which
will consider the reflection on different materials. From the best knowledge of the author, such
model has not been done in the literature. Because the silicon substrate is capped by a thin layer of
silicon dioxide and the reflective index of silicon changes with the temperature, it adds additional

complication on the modelling.

The simulated energy absorption model can provide at least two significant advances in
understanding the femtosecond laser processing of graphene on Si0O./Si substrate. First, the
absorption model itself imparts a picture of the energy distribution in graphene and the substrate.
Second, it provides supportive facts in the understanding of the substrate involvement during the

femtosecond process, especially swelling effects observed in chapter 4.

6.2 Model construction

Fig 6.2 demonstrates the schematics of the basic physic picture of the light propagation in graphene,
Si0,, Si substrate. The reflection bouncing in the SiO; middle layer with thickness enables the
enhancement of violet-purple light constructive interference in the white light source. At the laser
light of a wavelength of 1030 nm, the SiO» is almost transparent, and Silicon has a penetration length
of 300 pm. This knowledge assisted the success in achieving selective ablation of graphene with
non-damage/ablated substrate. In this chapter, to explore the time dependence temperature profile
and the energy absorption during the femtosecond scale, it requires further discussion on the
modelling at femtosecond scale. This model considers a single pulse as the input energy, with a
Gaussian shape, providing the interaction information of laser light with the Graphene, SiO; and Si

substrate in femtosecond scale.
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Air

Graphene ablated
Y

SiO,

Fig 6. 2 Schematics of laser graphene-SiO;-Si substrate interaction.

6.2.1 Model consideration

In this complex system, we have three different property of materials and three interfaces. The first
interface boundary is graphene and air. The second interface boundary is graphene and SiO». The
third interface is SiO, and Silicon. For the three types of material, zero bandgap graphene, insulator

Si0,, and semiconductor Silicon respond to light differently.
(a) Graphene interact with light

Upon laser irradiation, the electron of graphene absorbs the light and becomes excited. Hot electron
gas is produced. In near infrared region (the laser light wavelength is 1030 nm), graphene absorbance
is primarily attributed to interband transition. This response is nearly frequency independent with
2.3% absorption of the light, determined by the fine structure constant (am, where a = e?/4meyh)
[57]. SiO:is an insulator, the bandgap is sufficiently large hence no carriers are excited across the
bandgap, which means no free carrier absorption and SiO; is optically transparent. The graphene
absorption in femtosecond scale has been demonstrated by two temperature model. First, electrons
of graphene absorb the photon energy. Second, the phonon absorbed the energy. A single carbon
bond energy is given around 5~6 eV (interplanar sp? bond) under ambient condition [123]. This
suggests that in total breaking one such bond requiring four to five photons from 1030 nm laser

wavelength, as E(eV) = 1.2 for 1030 nm. The laser pulse interacts with graphene, with the fast
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vibrational electrons that may cause the weakness of the bonds between carbon atoms, until the

graphene is removed. This could be one of the explanations on the graphene ablation.

(b) Heat process

Given that graphene only absorbs light one atomic layer thick with a nearly constant absorption of
2.3%, the strong absorption of Si substrate at 1030 and the reflections in the surface of SiO; is the
main concern in understanding the substrate. For ultrafast laser material processing, the laser pulse
durations much shorter than the time it takes for the electron and lattice to reach thermal equilibrium,
this is the reason to apply two temperature model of graphene. For SiO; with a sufficiently large
bandgap, it is unlikely to have a free carrier with ultrafast pulse irradiation. Thus, it is fair to assume
that the electron and lattice thermal equilibrium is insignificant. For the thermal transport study,
there are Fourier theory and non-Fourier theory. The former considers the heat transport as a
diffusive process. The energy flow is driven by a temperature gradient. The later one considers heat
flow as ballistic, driven by point to point transport of energy quanta. The applied theory in thermal
transport relies on the relation between the heat area dimension and the mean free path of phonons
in the underlying heat sink [225]. In this study, the heat area dimension is the laser diameter, D,
which is 4.16 pum, larger than the nm free path of the phonon. Hence, Fourier law can be applied in

the Si0,/Si substrate thermal study.

Fig 6. 3 Schematic illustration of diffusive (D>,) and ballistic (D<1,) thermal transport across the interface,
where D is the length scale and 1, is the mean free path of phonon [225].
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6.2.2 Model sketch

Enlightened by models to investigate the temperature profile and energy absorption profile in metal,
semiconductor, and semiconductor [226], [227], in this section, a theoretical model is developed to
investigate the temperature and energy absorption profile in the graphene-SiO,-Si substrate system.
The advantage of the femtosecond laser is limited heat affected zone in the surrounding graphene.
Hence, without loss of generality, the model can be effectively treated as one dimensional (along
with the laser propagation direction) model. The refractive changes together with the wave
interference in the middle layer SiO, will modify the absorption energy in graphene and the
temperature field in the graphene-Si0,-Si system. Thus, the absorption model will treat the SiO,-Si
system as a thin layer film structure using the transfer matrix method. The new model also considers
an empirical value of graphene absorbed 2.3% of the laser energy [185]. The results of the

temperature profile in the Si0,-Si system by a femtosecond laser are presented.

The logical structure of the model shown in Fig 6.4. It starts from the total energy in the system
which is enthalpy. Based on the Fourier law and the energy conservation, the heat transfer equation
is given. To solve the equation, implicit finite difference algorithm is applied with layer separation
and initial boundary conditions. Through Maxwell equations and using the same layer separation
and initial boundary conditions, we consider the reflection and transmission in each layer. The

temperature profile, the energy absorption can be calculated by iteration.

Fourier’ law | I Layer separation l | Initial boundary conditions

Discretization using implicit Energy absorption at
finite difference algorithm different layers

y

Temperature profile for
Si0,-Si substrate

Fig 6. 4 The logic structure of thermal transport and energy absorption model.
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6.2.3 Model description

The sketch of the basic structure with stratified multilayers separation for SiO,/Si substrate is shown
in Fig 6.5. A silicon dioxide layer of thickness d, is capped on the silicon substrate of thickness
ds. The laser beam is illuminated on the surface of silicon dioxide by a pulsed laser beam with a
diameter of 4.16 um. The laser light penetration during the femtosecond scale in the order of tens
micrometres. In this model, the top surface of silicon dioxide film is denoted as x = 0. For each of
the silicon dioxide and silicon, the reflectivity index varies with the temperature and energy

absorption is calculated.
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Fig 6. 5 Schematic graph of the heat propagation in the silicon dioxide-silicon in a multilayer, stratified
structure.

6.2.4 Model assumption

The model is formulated under following assumptions:

1. The model assumes the graphene is ablated. As a result, the swelling effect is only cause by
Si0,-Si substrate.

2. Because silicon dioxide is an insulator, it has no carrier density and carrier thermal
conductivity. Hence, it is hard to model the dynamic between lattice temperature and carrier
temperature. Therefore, the model is developed based on one temperature only.

3. The heat transfers at the centre of the laser beam can be deemed as one dimensional.
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4. The convection and radiation losses from the surface of the silicon dioxide are negligible.

5. The structure is isothermal before interacting with the laser.

6. The magnetic field and electric field have a periodic temporal structure that is dependent on

el(ut.

6.2.5 Nomenclature in this model

Q Input energy T
H Enthalpy in the system R
AT Temperature difference
c Speed of light n
G Specific heat N
d Layer thickness P
d, Silicon dioxide thickness Qup
dg Silicon thickness t
E Electric field vector tp
H Magnetic field vector
F Laser fluence T
S Poynting vector X
S Magnitude of the pointing vector, &
normalized with the incident energy
flux
i Imaginary unit A
K Thermal conductivity u
ke.x:  Extinction coefficient of silicon p
keye s Extinction coefficient of silicon at 7
300K
M Transmission matric W

Fresnel reflection coefficient
Reflectivity

Real part of reflective index

Complex reflective index

Number of layers in the silicon
dioxide film

Temporal profile of the incident laser
light intensity

Absorbed energy by the thin silicon
dioxide, Silicon substrate per unit
volume, per unit time

Time

Length of laser pulse

Temperature

Ambient temperature, T=300K
Coordinate in the normal to the

sample surface direction

Complex electric permittivity

Laser light wavelength in vacuum
Magnetic permeability
Density

Transmissivity

Light frequency
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subscripts superscripts

a air + Forwards wave propagation along the direction
of incident laser light

0 Silicon dioxide - Reflected wave propagation

s Silicon * Complex conjugate

6.3 Modelling the heat transfer in graphene-silicon dioxide-silicon film

Absorbed optical energy by the laser beam is manifested as heat. In this context, it means the energy
deposited within the thin film structure by laser irradiation changes the localized temperature. The
change in enthalpy H equals to the change in the internal energy of the system, for a unit volume

this can be expressed as [228]:

N AT
ac P
Where p is density, c, is the specific heat capacity and AT is the temperature difference.
According to the Fourier’s law, heat propagation can be expressed by the equation below [229] :
dQ
— = —kVT
ac = "
where x is the thermal conductivity Q is the input energy and VT indicates the temperature
gradient (the temperature change over the depth of the substrate). For energy flows in a small volume,
it will either change the enthalpy or flow out the low amount. In this study, we also need to consider
the extra source of energy Q,, caused by the absorbed optical radiation during propagation.

Therefore, the equation is described as,

dQ _dx
Qav =V = a2
Qap + V(kVT) = pc,AT 6.1
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It is common to assume the heat transfer at the centre of a laser beam is one-dimensional. Here, the
direction of heat propagation is considered as along x* path, which is perpendicular to the graphene
surface, pointing from the ambient air to the graphene, silicon dioxide, silicon substrate, as shown

in Fig. 6.2.
Hence, the one-dimensional expression of equation 6.1 is shown as

T (x, 1) AT (x, t)

d
Qun (6,0 + 5= (11 ==2) = (PG,) (1) 62

For silicon dioxide film, the thermal conductivity k; is a constant 1.4 Wm™'K~1. In addition,
specify heat capacity does not change with temperature. Thus, it can be described as: (pCp)(T) =
p1Cp:q = 2.64 X 10°Jm™3K~!, where p; stands for the density of the silicon dioxide, and

Cp.1represents the special heat capacity of the silicon dioxide. Thus, equation 6.2 becomes:

T _ . T

PR SR T o3

Qab (x' t) + Kq

For silicon film, the thermal conductivity is a function of temperature x,(T) = 2.99 x 10*/(T —

99) (Wm™1K™1). Moreover, the specify heat capacity of silicon is also a function of

temperature(pC, ) (T) = (1.474 + 0.17066 X %) x 106Jm~3K~1. Hence, equation 6.2 becomes:

0 0T (x,t) 0Kk, (T (x,t)) 0T (x, t) 02T (x,t)
a<KZ(T) 0x ): 0x 0x + 12 (T) dx?
0k, (T) 02T (x,t)
=[S+ em| 57 o

0T (x,
= () TED o)

6.4 Finite difference algorithm

Finite difference algorithm is an algorithm developed to approximate differentiation equations. In
this case, the algorithm is used to approximate the temperature diffusion along x. In general, the
finite difference algorithm contains four steps: layer separation, expression temperature diffusion
equation in finite difference form, identify the boundary conditions, and calculate the temperature

profile with circular reference iteration.
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6.4.1 Layer separation

In the experiment, the graphene-SiO,-Si structure is composed of a graphene film with 0.33 nm
thickness, a SiO, film with 300 nm and Silicon film with 500 um. For the SiO, film, a unified layer
separation (5 nm) is applied. With the unified layer separation, the SiO; film can be represented by
60 layers. From Silicon film, the same layer separation is employed. for silicon film, this study
focuses on a study the first 400 layers, with the thickness of each layer is 5 nm (in total 2 pm). It is
worthwhile to notice that the distance of layer separation is chosen as a balance of the complexity

of the finite difference algorithm and the accuracy of the approximation.

6.4.2 Finite difference form of temperature diffusion equation

To represent the temperature diffusion with finite difference form, we need to expand the

temperature function at x + Ax and x — Ax with Tayler series:

T (x,t) N Ax? 02T (x,t) N Ax3 03T (x, t)

T Ax,t) =T(x,t A
(x +Ax, 1) () + Ax 0x 2 dx2 6 dx3

+ 0(Ax%)

T (x) N Ax? 0%T(x,t) Ax3 33T (x,t)

T(x —Ax,t) =T(x, t) —A
(ac %,t) (x,t) x 0x 2 dx2 6 dx3

+ 0(Ax%)

T(x + Ax,t) + T(x — Ax,t) = 2T (x, t) + Ax?

02T (x,t
% + ZO(Ax“’)

Hence

0°T(x,t) T(x+ Ax,t) +T(x —Ax,t) — 2T (x, t)
axz Ax?

6.5

6.4.2 Identify the boundaries conditions

The model assumes the energy loss from the surface of the graphene-SiO,-Si layer through

convection and radiation is negligible by comparing with the high laser intensity. Hence,

T (x, )

x|, =0 6.6

Also, the temperature cannot completely penetrate the SiO-Si layer in the femtosecond timescale.

Therefore, it is reasonable to assume the bottom of the Si substrate is at ambient temperature :
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T(x =300 + 2000 nm, t) = T,

Finally, it assumes the temperature of the SiO,-Si film at time t = 0 is identical to the ambient

temperature :
T(x,0) =T, 6.7

6.4.3 Calculate the temperature profile with circular reference iteration

To simplify the notation, this study uses T;* represents the temperature at T (iAx, nAt) and Q'
describe the energy absorbed at Qj,(iAx, nAt). For the silicon dioxide film, by substituting

equation 6.5 into 6.3, we have

T4 + T8, — 2T -1
Ax? = p1Cpa At

Q?+K1

To avoid the unnecessary oscillation, the implicit finite different algorithm is applied to evaluate the

spatial derivatives at the time step n + 1. Therefore, the following equation can be derived,

Qn N Ti‘ri-lil + Ti‘ri-lil _ 2Tin+1 Tin+1 _ Tin

R o = p1Cpa —— 6.8

Equation (6.8) can be transferred to

KAt At
TP — T = ———— (TR + T — 217 ) + P
L i P1Cp:1Ax2 ( i+1 -1 L ) plcp:l Ql
. A A o .
By using s; denotes p gl sz and b; for th, we can simplify the relation between T" and
1%p:1 1%p:1
T into

TH = —s; T + (1 + 25T — s, T — b, Qi ENTLi < 60

i

For the silicon film, by substituting equation (6.5) into (6.4), we have

T-n+1 _ T-n 0 (T T-n+1 + T-Il+1 _ 2T-n+1
(pC )(T) i 1 _ 2( ) + K, (T) i+1 i-1 1
p At oT Ax?

+ QP 6.9

Equation 6.9 can be transferred to
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26 4, (T)] At

At
T.Il+1 —Th = T.Il+1 + T.n_+1 _ 2T'n+1 + n
i i (pCp)(T)AXZ ( i+1 i—-1 1 ) (pCp)(T) Ql
. 22D 41, (1)t At o .
By using s, denotes oC)ma and b, for (e’ we can simplify the relation between
p p

T™ and T™*! into
T = —s,; T + (14 25) TN — s, T — b,Qf, i € N*,i = 60

To programme the relation into Matlab, we need to express it in a matrix format.

Tn — ATn+1 _ BQn

A~1(T™ + BQ") = T*! 6.10

where T" is the vector of temperature for all layers at time nAt and Q" is the vector of energy

absorbed for all layers at time nAt. Where

1+ s, —s; 0 0 0 0 0 0 0
—s;  1+4+2s; —s; 0 0 0 0 0 0
0 . 0 0 0 0 0
0 0 —s; 14 2s; —s, 0 0 0 0
A=| O 0 0 -S4 1+ 2s, —s, 0 0 0
0 0 0 0 —s, 1+2s, -—s, 0 0
0 0 0 0 0 - 0
0 0 0 0 0 0 —-s, 14+2s, -—s,
0 0 0 0 0 0 0 —s, 1+s,]
At
P1Cp1
At
P1Cp1
B= At
(pCp)(T)
At
|(pCp)(T))
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Where B is [1X 460] vector of Qf' where the first 60 values represent Q; in silicon dioxide layers

with the value of . 2'_ and later 400 values represent Qf' in the silicon layer with the value of
1%p:1
At
(pCp)(T)'

6.5 Modeling of pulsed laser irradiation of graphene-Si0.-Si layers

Section 6.3 focuses on modelling the energy absorption in the substrate namely the energy

absorption in silicon dioxide film and silicon. The modelling applies Maxwell equations.

For pulsed laser interaction with the material, the material response plays a significant role during
the process. As for this study, the graphene, SiO», silicon substrate as pre-manufacturing materials,
it is essential to investigate the underneath physics in the multi-layers’ system. The interaction of
pulsed laser irradiation may lead to phase change and structural modifications in the material [230].
In addition, the thermal gradients across the interaction area cause the changes in the material
complex refractive index. These changes, together with the wave interference, influence the energy
absorption [231]. Transfer matrix method (TMM) is applied based on thin film optics theory to

present the absorption effect in a rigorous manner [231].

In thin film optics theory, assuming that the electric field and the magnetic field are periodic in time

with a time dependence factor e'®t, where w is the light frequency, Maxwell’s equations for the
1Y g q y q

complex electric and magnetic field vectors are described as [232]:
VX H =iweE
VXE =—iwpH

Along the direction of propagation, the energy flux is given by the time-averaged magnitude of the

Poynting vector [232]:
1
S = ERe(E X H")
In the model, the laser energy flux propagates along with x-direction can be measured as the time

averaged magnitude of the Poynting vector S,,. Based on the Poynting theorem, we have
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Sev = %Re(E X H*)
where E and H are the expression of the electrical field and magnetic field. To derive the E and
H, the transition matrix of the stratified films need to be constructed. According to the description
in the previous layer separation section, the silicon structure with silicon dioxide capping is divided
into 460 layers. Such multi-layer structure is well applied in modelling of the semiconductor film
[233], [234]. Because the film is composed of different materials and each of them has various
refractive indexes and thermal properties, the transition matrixes of silicon dioxide film and silicon

film should be constructed individually.

6.5.1 Energy absorption of Silicon dioxide film

In the silicon dioxide film, the transition matrix of the j™® layer M, expresses as:

21 A i 2m A
v cos(ln0 X) nOsm()\nO X)
0 i 2m 21
n—o sin (7 ny,Ax)  cos (7 n,Ax)
where dyis 5nm and n, = 1.5132 as extinction coefficient is 0 for silicon dioxide layers. Because
the refractive index of silicon dioxide invaries with temperature, the overall transition matrix of the

silicon dioxide film M, can be expressed as

60
o= [t
j=1
By using M, the reflection Fresnel coefficient of the silicon dioxide film

_ (Mo(lvl) + Mo(lpz)ns)na - (MO(Z,l) + MO(Z,Z)I’)S) _
TR0 = (Mo (L) + Mo (L,2)ng)n, + (Mo(21) + Mo(22)n5) VRo

ng is the complex refractive index at the top surface of the silicon film and n, is the refractive index
of air. The reflectivity of the structure R, represents the square of the ratio between the magnitude
of the electrical field that propagated backward (along —x) out of the silicon dioxide layer and the
electrical field the propagate forward (along x) into the silicon dioxide layer. Because the plane
wave is an incident on the film, the electric field amplitude on the top layer of silicon dioxide EZ

can be represented by the S, as
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Bt = 2ucS,y
na

where the p is the magnetic permeability and c is the speed of light. Based on the reflectivity of

the silicon dioxide layer

|E5 |2 2
BT~ Ro = lreal
2ucS
£y = (S

With the transition matrix M, the electrical field propagated forward along the x direction into

the silicon layer Ef can be calculated by using the transmission Fresnel coefficient tg .

2n,
t =
B (M, (1,1) + M, (1,2)n)n, + (M4 (2,1) + M, (2,2)n,)

|2 _ |E;-|2

t
teal” = TggP

Hence

2pcSaV|tF,g|2

a

[ESI? =
Thus, EJ can be expressed as

2pcSaV|tF,g|2

a

ESI? =

After calculating Eg, the electrical field and magnetic field in the first layer of silicon dioxide film

can be calculated as

2TNngX .2TNGX

Eo1(x) = Efe ™% +E;e 2
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.2TNoX 2TNGX

n _ 27 0%
Ho,1(X)=H—Z(ES'el AT —Ege 1)

V0<x<5nm

The electrical field and magnetic field in the second to sixty layers of silicon dioxide film can be

evaluated recursively.

_iZT[IlO(X—AX(j—l)) i21tn0(x—Ax(j—1))
Eo;j(x) = Eg e x +Eg;e
ng, . _iZT[IlO(X—AX(j—l) _ i21tn0(x—Ax(j—1))
Ho,j (X) = E (Eo,je A - EO:je

V5<x<300nm2<j<60,j€N

where

1 _.Znno,j—l(AX(j_l))
Eg; = E{E;’,j_12e T )
3 1 3 iznno,j—l(AX(j_l))
Eo,j = E{Eo,j—lze A }

After determining the Eo;(x) and H,;(x), the energy absorption in the j silicon dioxide layer

can be expressed as

P(t) dRe(E,;(x) x H, ;(x)")
ng|ES|? dx

Qo,j (X, t) =

,WV0<x<300nm,1<j<60,jEN

where P(t) is the temporal profile of the laser intensity with Gaussian shape after the absorption

by the monolayer graphene, can be expressed by the equation below [235]:

2F\In2 _an) L
1- Rg:o)e a )tp

P(t) = (1 - 2.3%) )
D

We can calculate Qq; as equation 6.11
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_ P(nAt) dRe(E, ;(jAx) x H, ;(jAx)*)

= 6.11
na|E5|? dx

Qo

6.5.2 Energy absorption in silicon film

The energy absorption in the silicon film is more complicated than the silicon dioxide film because
of the reflective index of silicon changes with temperature. ng signifies the complex refractive
index of the silicon layer, which is a linear function of temperature and can be further expressed by
[236],

T-293
ng =ng + az(T —300) — ikeyy g€ 430

where np is the real part of the refractive index of silicon at 300K, ag is the linear temperature

coefficient of refractive index, and Keys is the extinction coefficient at silicon at 300K.

The j™® layer transition matrix in silicon is denoted as M, s:j

21 i 2m
cos (7 ngAx) n—sm (7 ngAx)

— S
Msi =14 o 2m 2m
~ sin (7 ngAx)  cos (7 ngAx)

S

The overall transition matrix of the 400 silicon layers can be expressed as

400
=] e,
j=1
The reflection Fresnel coefficient of the silicon film is:

~ (M(1,1) + M, (1,2)) — (M,(2,1) + M, (2,2))
Ths = (M, (1,1) + M, (1,2)) + (M, (2,1) + M, (2,2))

= /Rq

By using the reflectivity of silicon film Rg, we can calculate the E; which indicates the amplitude

of the electric field propagated backward from silicon film into silicon dioxide film.

|E5 |

|2
ES|?

=R = |rF,s
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Once E; is determined, with the similar approach in silicon dioxide layer, we can calculate the

energy absorption in the silicon layer. In the first silicon layer, the electrical field and magnetic field

in the first layer of silicon film can be calculated as

.2Tng 1 (x—300)

_i i21tn0(x—300)
Es1(x) = Efe A + Ege A

n, _,Znns_l(x—SOO) .2Tng 1 (x—300)
Hs1 (%) = e (Efe™ A —Ege A )

Vv 300 < x < 305nm

where ng; is the complex refractive index of the first silicon layer. The electrical field and

magnetic field in the second to four hundred layers of silicon dioxide film can be evaluated
recursively.

.2mng j(x—Ax(j—1)-300) .2mng j(x—Ax(j—1)-300)
Egj(x) = Edje” x +Egje’ A
n, _2Tngj (x—Ax(j—1)—-300) .2mng j(x—Ax(j—1)-300)
Hgj(x) = E(E;je ! x - Egje’ x )

v 305 < x <2300 nm,2 < j < 400,j € N

where

1 [ ng ]._1' _.Znns_j_l(Ax(j—1)+300) [ ng ]._1' .2mngj—1(Ax(j—1)+300)
E;-] =_{E;-]_1 1+ e : A +ES_]—1 1_ e‘ A }
' 25770 Ng); i | Ng);
1 N [ Ngj_q .2mng i1 (Ax(j—1)+300) [ nsj—l_ 2mng;_1(Ax(j—1)+300)
Es.=—{Ej_;|[1—— e A —Egi_(|1+— e A
S)j 2{ sj-1 ng; | Sj-1 i ng; | }

After determining the Eg;(x) and Hgj(x), the energy absorption in the j* silicon layer can be
expressed as

P(t) dRe(E ;(x) x Hs:(x)*
Qsj(x, 1) = (3 (s, 2 ),V300<X£2300nm,1£jS400,jEN
' n,[E7 |2 dx

We can calculate the Qg; as
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. P(nAt) dRe(E;(jAx +300) x H;(jAx +300)")

g 6.12
) T nalES T2 dx

By combining equation 6.11 and 6.12, we can calculate the Q" in equation 6.10. Hence, we can

Tn+1

calculate the recursively.

6.6 Result analysis through the simulation

6.6.1 Numerical example

To validate the model in section 6.4 and 6.5, a numerical case is demonstrated by considering a laser

intensity of 5.19 x 10'® W/cm? and t, is the pulse duration 280 femtoseconds. In the model, the

reflectivity of silicon dioxide film R, = 0.0417 does not change over time, because the n, does
not change with temperature. However, the refractive index of silicon film ng varies with time.

Hence, the reflectivity of silicon film Ry also varies temporally.

Fig 6.6 shows the time average magnitude of Poynting vector for the silicon substrate capping with
silicon dioxide. It indicates a high variation in the SiO» layer. The Poynting vector in the silicon
layer decays with the increase of the distance but with limited variation considering the timescale
(during the pulse width 280 fs). The signal between 0 < x < 300 nm indicates the time-averaged
Poynting vector in the silicon dioxide film. It shows that the time-averaged Poynting vector in silicon
dioxide film is time homogeneous, such that the Poynting vector at different times is completely
overlapped in the region 0 < x < 300nm. In the silicon film (300 < x < 2300 nm), the
magnitude of the time-average Poynting vectors decays both spatially and temporally. In the
experiment, we apply a Gaussian shape laser pulse. The distributed energy absorption will heat up
or cool down the local temperature over time. Hence, it may cause the oscillation in local
temperature. The energy absorption and temperature profile are demonstrated in Fig 6.7 and Fig 6.8
respectively with similar variation depend on the depth. In Fig 6.8, the temperature change on the
underneath silicon substrate varies much more compared to the variation in silicon dioxide, this
result suggests that silicon substrate is more likely to be the main reason that may cause the swelling,
due to it being subject to relatively large thermal dynamics compare with silicon dioxide. The Si
absorbs the energy, and the significant temperature differential causes the thermal expansion.
Thermal expansion influence the silicon dioxide which swells in volume. In addition, the peak
fluence is slightly above the melting threshold of SiO;, such that the reformation of SiO, appears to

be irreversible. It is worth to notice that the expansion of the Si is one of the explanations for the
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swelling phenomena. The author does not exclude that there are other factors that also contribute to

the swelling phenomena.
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Fig 6. 6 Time-average magnitude of Poynting vector for the SiO,/Si substrate.
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Fig 6. 7 Energy absorption for the SiO,/Si substrate.
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Fig 6. 8 Temperature profile for the SiO,(0~300 nm)/Si substrate.

6.6.2 Experimental analysis

The cross-section with a sample with a laser intensity of 5.19 x 10'® W/cm? processing an ablated
line of graphene at the speed of 1.5 mm/s were measured as shown in Fig 6.9. The cross-section was
cut through focused ion beam with 30 kV and 500 pA, with deposition of platinum. The SEM image
was the cross-section of the SiO»/Si substrate after ablation with tilt correction. There is a clear
boundary between Pt and SiO,/Si substrate (Fig 6.9). The cross-section of SiO,/Si substrate is
smooth. Further analysis of the elements was mapped with EDS. As shown in Fig 6.10, the signal

of Si and C elements are evenly distributed. The O element experiences a drop when mapping on
the Si.
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Fig 6. 10 EDS mapping of the cross-section of the ablated region on the SiO,/ Si substrate.

6.7 Summary

In this chapter, a numerical absorption model for the graphene, silicon dioxide, silicon film structure
is developed. The model combines the implicated finite difference algorithm and energy absorption
for thin layer films and generates meaningful insights for the energy absorption and temperature

oscillation in the silicon dioxide-silicon substrate.

1. In femtosecond laser irradiation, the Poynting vector for the silicon dioxide and silicon
substrate varies with the irradiated time, compared to the energy absorption and temperature.
2. In the silicon dioxide layer, the temperature oscillation increased with time but has no
significant changes over distance. In the silicon layer, the temperature oscillation grew with
time and decreased with the distance. This implies the silicon substrate could be the main

cause of the swelling effect.
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Chapter 7 Conclusions and future work

7.1 Introduction

The aim of this Ph.D. is to explore the effect of the ultrafast laser on the monolayer graphene
deposited on SiO,/Si substrate and identify its potential in manufacturing. To achieve it, both
experimental and theoretical methods are implemented to investigate the graphene ablation, induced

defects and substrate interactions with ultrafast laser light.

This chapter provides a summary of the research and highlights the findings from chapter 4, 5 and
6. Section 7.2 summarises the logic of the study presented. Section 7.3 revisits the research questions
in Chapter 1 and concludes the answers. The main contributions and novelties of this study are listed
in Section 7.4. Limitations of the femtosecond laser manufacturing in the graphene industry and

recommendations for future study are listed in Section 7.5.

7.2 Summarising the research

This research explores the potential of the femtosecond laser in a graphene device application from
three aspects. First, the optimal process window of selective removal of graphene without damaging
the Si0,/Si substrate are identified. The results show the femtosecond laser provides high-quality
ablation and no discernible laser-induced damage in the graphene close to the ablated edge. Second,
the experiment shows the induced defects are controllable through laser pulse energies. Growths of
defects with the increasing pulse energy were found. This provides insights into the control of
functional properties of graphene. Third, a theoretical model is developed to study the absorption of
Si0,/Si substrate. The numerical results support the observations from previous experiments and

plot a detailed temperature profile of the Si0,/Si substrate.

The literature review (Chapter 2) articulates the background knowledge related to this research. It
highlights the achievements of the graphene devices, the state-of-art fabrication methods including
lasers, as well as the significance of Raman spectroscopy in the graphene measurement. Through
the literature review, three research gaps are identified in the area of using a femtosecond laser to
process the graphene deposited on SiO»/Si substrate. In chapter 3, the experimental method is mainly
presented. This includes the experimental procedure and evaluation methods. Chapter 4 shows both
the graphene effects and substrate evaluation by using a femtosecond laser. The properties of

graphene are measured by Raman spectroscopy. The edge quality is characterised by SEM, while
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the substrate is evaluated with AFM. Both are under ambient condition and under nitrogen condition
it has been tested, to prove the non-oxidation in the near ablation region. A further study on the
performance of femtosecond laser under the sub-threshold condition on a graphene deposited on
Si0,/Si substrate sample was demonstrated in Chapter 5. Additionally, the impact of pulse energy
has been justified for the different ratio of graphene D peak and G peak before the material ablation.
The results demonstrated an excellent dependence with the femtosecond laser pulse energies. To
gain a deeper understanding of the absorption distribution from the femtosecond laser into the
graphene deposited on SiO»/Si substrate, an absorption model based on thin film optics was
developed and analysed. The experiments and models in the thesis explore and analyse the process
of using femtosecond laser processing graphene on SiO,/Si substrate. It is an important step towards

femtosecond laser manufacturing graphene devices.

7.3 Revisit research questions

In this section, the four research questions put forward in chapter 1 are revisited. The investigation

and the answers found from the research are emphasised.

Research Question 1: Is it possible to use the femtosecond laser pulses to replace lithographic

techniques in fabricating graphene channels on SiO./Si substrate?

In Chapter 4, the advantage of using femtosecond laser with the wavelength of 1030 nm, and pulse

duration of 280 fs are listed as follows:

e The experiments showed that the femtosecond laser can generate selective removal of
graphene without noticeable damage the substrate (section 4.4.1).

e Lower ablation threshold (~100 mlJ/cm?) can be achieved with the femtosecond laser
(section 4.4.2).

e Direct laser profiling of monolayer graphene with a clean edge is examined with Raman

spectroscopy (section 4.4.3).

Because of the three advantages of the femtosecond laser, it shows the potential capability of

replacing the first step of lithography and produce uncontaminated graphene devices.

Research Question 2: What is influence of the femtosecond laser on the SiO./Si substrate

underneath?
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The substrate after graphene ablation has been tested by experiments. The influence of the

femtosecond laser on the Si0,/Si substrate can be generalised into following aspects:

e Limited (2 ~12 nm) swelling effect appears at the substrate due to the high absorption
(section 4.4.4)
e The surface potential of the ablated area on the substrate is smooth, with a clear contrast

with the graphene, as illustrated in Fig 4.19 and Fig 4.20.

Therefore, the results show apart from swelling effect, there is no significant undesirable influence

on the substrate.

Research Question 3: Can femtosecond laser generate defects on the graphene and what is the

property of the defects introduced into graphene by the fs laser?

Chapter 5 studied and analysed the induced defects by femtosecond lasers via Raman spectroscopy.
The experimental results demonstrated the femtosecond laser cannot only induce the defects on the
surface of graphene, but also can control the defects through the laser pulse energy under sub-
threshold irradiation. The defects have shown a discernible dependence on the pulse energy with the
same scanning speed, or femtosecond laser deposition fluency. The following properties of the
defects have also been explored in this chapter, such as I(D)/I(G), A(D)/A(G), I(D)/I(D*), FWHM
(G), FWHM (D) and I(G)/1(2D). This investigation expands the general femtosecond laser’s

involvement in surface modification of graphene.

This part of the research conducted in this thesis helps the understanding of how the femtosecond
laser interacts with graphene in the broader way from both a scientific interest and an application-

driven point of view.

Research Question 4: What is the nature of energy absorption for a graphene, SiO,/Si substrate

during femtosecond laser pulse?

A theoretical model is formulated in Chapter 6 to address the research question 4. The numerical
results of energy absorption and temperature profile of the substrate have been plotted on Fig 6.7
and Fig 6.8. The results have shown the temperature is more significantly oscillated in silicon layer
compared to the silicon dioxide film. This provides a theoretical rationale for the swelling effect

which is observed in the experiments.
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7.4 Novelties and Contributions

7.4.1 Novelties of the research

The novelties of this study are summarised as follows:

1. A lower threshold for laser ablation of graphene has been achieved, compared to the value
reported in the literature. This enables a complete removal of graphene, with limited
influence on the substrate. Thus, femtosecond laser manufacturing in principle can replace
the first step of patterning by lithography for graphene device fabrication.

2. The defects generated under the sub-threshold condition by the femtosecond laser is first
studied and demonstrated. The Raman mapping and analysis of defects, on the one hand,
provided a detailed information for understanding the defects.

3. An absorption model has been developed to provide insights into the process of a Gaussian
shaped laser pulse interacts with the Si0,/Si substrate. To the best of the author’s knowledge,

this particular type of scenario has never been studied.

7.4.2 Contributions of the research

This research contributes to the following five aspects:

1. It has proved the selective removing of graphene from the SiO,/Si substrate by the
femtosecond laser. It is a valuable evidence to demonstrate the potential of the femtosecond
laser in graphene patterning for device application.

2. It has proved that the D peak in the cutting edge was attributed to the graphene edges, rather
than oxidation caused by laser processing under an ambient condition and a nitrogen
condition. It demonstrates the operation environment of femtosecond laser manufacturing
is relatively easier to attain, because the graphene devices won’t be contaminated by
oxidations in the ambient condition.

3. The research discovered femtosecond laser can induce the defects as well as control the
defects. This demonstrates the controllability of using a femtosecond laser to achieve the
surface modification of graphene.

4. An absorption model has been developed to provide a good insight on the absorption of the
Si0,/Si substrate. The numerical results can be used to explain the experimental
observations.

5. The experimental and theoretical results all together create a positive step towards a

practical femtosecond laser manufacturing for graphene devices.
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7.5 Possible limitations

This thesis has highlighted the exotic properties of graphene and its potential applications in the next
generation of high-performance electronics. To obtain graphene-based devices, the current leading
methods of patterning graphene are selectively presented, including electron-beam irradiation,
lithography methods, and chemical etching. Though these methods it can pattern graphene devices
down to a nanoscale, as they are an expensive and time-consuming procedure, and could impede the
upscaling of the development of the graphene market towards the industry. Ultrafast laser processing
has the potential as a flexible and affordable manufacturing technique to pattern graphene and

modifying graphene due to its limited thermal effect and high processing speed.

Femtosecond laser micromachining is a rapid process which unitises the ultrashort laser pulse
properties to unprecedentedly control the desired microstructure of the materials without damaging
the surroundings. However, as the highest resolution of femtosecond laser cutting is about 50 nm, it

will be challenging to take it down to the nanoscale as with lithography methods.

7.6 Future work- femtosecond laser manufacturing system

This section proposes the femtosecond laser manufacturing system for industrial processing
strategies towards graphene-based materials. The current challenges and crucial issues in designing
and improving future investigation of the femtosecond laser integrated system graphene integrated
devices are also discussed in this section. It will demonstrate the laser manufacturing, which is used
in assisting graphene device applications for industrial scales production in a much broader way.
This includes the work from this study in the femtosecond laser processing and other femtosecond
laser techniques towards the graphene-based devices. Fig 7.1 has shown a strategy for femtosecond
laser processing in graphene devices. Recent developments in femtosecond laser-related fabrication
of a graphene device, and the state-of-the-art applications are listed. As mentioned before, the
embedding of a femtosecond laser system could shorten the device fabrication process, and avoid
contamination through the multiple patterning processes. In recent years, the femtosecond laser
writing on graphene [237] and thinning of graphene [142] has been proved. This study’s exploration
of femtosecond laser ablation graphene, and the induced defects on the graphene surface on a SiO,/Si
substrate enlarges the role of the femtosecond laser in graphene device production. Besides this, the
absorption model on the analysis of the graphene-SiO,-Si system will enable the results to be
analysed with a deeper understanding. The model can also be interpreted with femtosecond laser

interaction (writing, ablation, thinning, surface modifications, etc.) with other substrates. These
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processes can potentially unleash the graphene device potential in large-scale manufacturing under

ambient conditions.

In Fig 7.1, the green boxes stand for the experimental discoveries in this thesis. From left to right,
the potential femtosecond laser procedure includes femtosecond laser direct writing on graphene.
Unlike the CVD growth of graphene, this process is facing the challenge of controlling the layers
and quality of graphene. The femtosecond induced defect information may be considered during the
controlling procedure. The next femtosecond laser application is the precise thinning of graphene
layers one by one. For this astonishing femtosecond laser process can generate into at least two areas.
First, this method can produce bilayer graphene in an efficient way, in which the bandgap can break
down the barrier in graphene transistor applications. Second, such a method can also fabricate
monolayer graphene to open up opportunities in manufacturing, at least, and reduce the waste of an

unsuccessful growth of graphene in a particular layer in an environmental energy-saving way.

Last but not the least, this study addresses the manufacturing process of monolayer graphene on
Si0,/Si substrate on the right side of Fig 7.1. This is also the emphasised studied area in this research.
This project mainly focused on the integrated femtosecond laser system in an energy-related field
that can provide efficient, cost-effective, energy-saving ways towards producing a graphene device.
In this project, it started from monolayer graphene deposited on a SiO»/Si substrate. Currently, this
type of graphene product can be easily pursed from the graphene producer. Though it is still in the
stage of improvement in both quality and price reducing, monolayer graphene is the most convenient
product as well as being most direct into graphene device application. In this research, the
femtosecond laser has proved to be effective in removal, flexible patterning, and surface
modification. This opens a successful femtosecond laser manufacturing rout towards graphene

devices in a single step and a lithography-free manner.
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Fig 7.1 The schematic illustration of femtosecond laser processing in graphene-based devices. a. graphene transistor [238]; b. micro supercapacitor [239]; c. Optoelectronics [63]; d. Graphene
sensor [240]. The green boxes indicate the findings in this thesis.
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