
 

 

 

Investigation of UV and IR Laser Processing of Single-

Crystalline 4H:SiC and Characterisation of Laser Grown 

Graphene Derivatives 

being a thesis submitted in partial fulfilment of the  

requirements for the degree of  

Doctor of  

Mathematics and Physical Sciences 

in the University of Hull 

by 

Arina Faraj Mohammed 

BSc and MSc  

February 2021 

 

Copyright © Arina F Mohammed, 2021. All rights reserved 

 



Dedication  Arina F Mohammed 

i 

Dedication 

 

To my Father…  

You will always be with me 

To my Mother… 

To my Family… 

 



Acknowledgement  Arina F Mohammed 

ii 

Acknowledgement 

This thesis would not have been possible without the inspiration and support of some 

wonderful individuals, my thanks and appreciation to all of them for being part of this 

journey and making this thesis possible. 

First, I would like to express my gratitude towards my country represented by the Higher 

Committee of Education Development in Iraq (HCED) for the opportunity they provided 

me to pursue my dream and complete my PhD. As well, I thank my supervisors Chris D. 

Walton and Neil T. Kemp for their support and guidance. Special thanks to Chris Walton 

for the confidence, reassuring that he gave me to fulfil my potential. Not to forget his 

pastoral care when I needed it.  

Being a part of the physics department for years, I was privileged with the help of a 

number of the academic staff, thank you all for any help you gave me from your time and 

knowledge. I would also like to thank the technician team for the designs and equipment 

they facilitate for my work to move forward. 

Special thanks to Thiago Amaral for his help with some SEMs and Raman measurements 

in INM Germany. We also acknowledge support from the Air Force Research Laboratory, 

UES, Inc., the Air Force Office of Scientific Research (C. C. Perry. via FA9550-13-1-

0040) for Raman measurements. Special gratitude to my fellow postgraduates: Andy 

Clarke, Alex Gee, Charlotte Elling, Abdullsattar Easa, Qassim Al-Jarwani, Ayob Jaafar, 

Jack Eden, Alex Bridgwater, Francesco Viscomi and Addison Marshal who share me my 

journey and contributed their knowledge and experience towards my work. It has been an 

honour. 

With love, I am forever indebted to my parents for giving me the opportunities and 

experiences that have made me who I am. They selflessly encouraged me to explore new 

directions in life and seek my own destiny. This journey would not have been possible if 

not for them, and I dedicate this milestone to them and my siblings and my friends for all 

their moral support. 

Finally, my deep and sincere gratitude to my family and friends for their continuous and 

unparalleled love, help and support.  



Publications and Conferences  Arina F Mohammed 

iii 

Publications and Conferences 

 Ablation Threshold Measurements and Surface Modifications of 193 nm Laser 

Irradiated 4H-SiC. Published paper. Chemical physics letters 2018. 

 Morphology studies of 193 nm excimer laser irradiated 4H-SiC. ILAS conference, 

Grantham 2017. 

 Emergence of Electrically Conductive Layers on Laser Silicon Carbide. European 

workshop on laser ablation. France 2018. 

 Realisation of a sub-wavelength dimple using a 193 nm wavelength photonic nano 

jet, accepted paper. Chemical physics letters 2020. 

Ongoing publication 

 Enhance the electrical conductivity of SiC by excimer and CO2 lasers. 

 Laser Processing of Silicon Carbide: Laser-Induced Growth of Graphene Derived 

Structures. 

 

 

https://www.researchgate.net/publication/327867940_Morphology_studies_of_193_nm_excimer_laser_irradiated_4H-SiC
https://www.researchgate.net/publication/327867885_Emergence_of_Electrically_Conductive_Layers_on_Laser_Silicon_Carbide


Abstract   Arina F Mohammed 

iv 

Abstract 

The formation of graphene (G) on the surface of silicon carbide (SiC) has gathered 

interest over recent years as a potential component in high power nano and microdevices. 

However, it is still in the early stages of research, therefore there are many challenges to 

overcome. Among the existing problems, the formation of good quality graphene/SiC is 

one of the most critical factors that determine the behaviour of this heterostructure. Here 

we report a full study of the formation of graphene and its derivative structures on SiC 

using different laser systems with different controlled irradiation conditions.  

Laser ablation experiments on polished 4H-SiC wafers using a 193 nm ArF laser over a 

fluence range of 0.3 Jcm−2 – 5 Jcm−2  are reported. An onset of material modification was 

measured at a laser fluence of 925 ± 80 mJcm−2, and a concomitant etch rate of ∼200 pm 

per pulse. Laser ablation sites have been analysed using optical microscopy, scanning 

electron microscopy (SEM), atomic force microscopy (AFM), Raman microscopy and 

white light interferometry (WLI). Different surface modifications were observed. The 

influences of the laser fluence,  number of pulses, and scanning velocity on the position 

of the microchannel are discussed. At a laser fluence in the region of 1.0 Jcm−2, the 

irradiated site removed material forming a uniform crater. At a higher laser fluence, in 

the region of 2.7 Jcm−2, nodule-like structures form on the base of the ablation crater. An 

increased  fluence led to a smoother surface with higher etched depth and ripple 

formation. The dissociation of laser irradiated 4H-SiC was discussed. Graphene oxide 

(GO) and reduced graphene oxide (rGO) formed on the SiC surface by 193 nm laser-

induced high-temperature thermal decomposition of the SiC substrate. The 

decomposition resulted in the presence of silicon (Si), especially on the edge of the 

irradiated site.  

Graphene formation on the 4H:SiC surface by high power CO2 laser. Two distinct 

ablation threshold energies of 4.3 mJ and 73 mJ were found. The etch rate was dependent 

on the applied pulse duration, laser power, the scanning velocity and the number of pulses. 

High temperature thermal decomposition of the SiC substrate was achieved with a  CO2 

laser over a power range of 1-30 W. The structure was different from the structure 

obtained from the UV laser irradiated samples. More rough surfaces were prepared with 

small islands of graphene, GO and rGO on SiC in addition to the ripples. Monolayer and 
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Multilayer graphene was also achieved. The laser-induced surface decomposition of the 

SiC was controlled spatially. The processing was held at room temperature, and the 

operation carried out in either a vacuum chamber or  at atmospheric pressure. A fast 

graphene growth rate was achieved. This method is achievable, scalable and compatible 

with semiconductors technology due to the onsite direct writing of graphitic structure 

formed by the laser. This method is cost-effective as  it does not necessitate SiC pre-

treatment, there is no need for a processing vacuum chamber, and it can be achieved on 

the nano/microsecond time scale. 

Analytical and Finite element simulations using COMSOL™ MetaphySiCs, 5.3 have 

been used to calculate laser-induced temperature rise of 4H-SiC as a function of laser 

fluence. The simulated temperature was always less the temperature anticipated 

analytically. The 193 nm laser fluence required to reach the melting points of silicon, 

silicon carbide, and carbon, have been calculated and correspond to ∼0.97, 1.95 and 2.6 

Jcm−2, respectively. Extreme heating and cooling rates controlled the growing process of 

graphene and its derivatives. The CO2 laser-induced temperature rise was also estimated. 

The CO2 laser acted as a heat source for the SiC. High power was used to reach the high 

temperature needed to decompose the SiC. Pulse duration also played a significant role 

in controlling the temperature and the depth distribution inside the SiC.  

This work reports the graphene formation on the surface of SiC by laser-induced thermal 

decomposition for electrical characterisation. Current-voltage (I-V) measurements show 

a decrease of the electrical resistance per unit length by nine orders of magnitude. The 

lowest resistance per unit length was obtained using a laser fluence of ~1.5 Jcm-2, a pulse 

repetition frequency of 10 Hz and using a sample translation speed of 0.01 mms-1. 

Temperature simulations have been performed using the finite element method (FEM) to 

assist in understanding the dissociation mechanisms of SiC and hence optimise the 

experimental variables. 2D axis-symmetric FEM calculations predict a surface 

temperature of ~2500K at a laser fluence of 1.5 Jcm-2. Laser-irradiated 4H:SiC is an 

efficient and controllable method of producing highly reproducible electrically 

conducting tracks. An increase in the conductivity was observed when the graphitic 

structure was produced with the CO2 laser. However, the conductivity was less than the 

graphitic structure produced by the 193 nm laser.   It is expected that the different 

graphene interfaces, including Ohmic contact and Schottky contact, was created. 
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 Introduction 

1.1  Introduction  

Recent researchers reported the production of different carbon-based films on silicon 

Carbide (SiC) surface by thermal decomposition. SiC is a wide gap semiconductor and it 

is well known for its exceptional properties over Si.  As a material, SiC and its properties 

will be discussed in detail in chapter 2. 4H-hexagonal polytype of SiC (4H:SiC) was 

considered as a semiconductor of choice from 200 polytypes in the thesis. It is 

commercially available in high quality wafers, has a high electron mobility and low 

anisotropy. SiC has a high electric field breakdown resulting in lower losses. 4H:SiC 

would compete with Si and 6H:SiC. It can be applied in high temperature. SiC is able to 

withstand temperatures as high as 650 °C. It is radiation hard, and it is preferable at 

microwave frequencies. In comparison, silicon can only withstand temperatures up to 

150 °C, due to the low temperature breakdown. In addition to all the above, SiC has a 

wide window of optical transparency, 350-1100 nm, and a high optical damage threshold. 

The ability to process SiC is not an easy task due to its hardness. However, laser was used 

as a versatile tool to process SiC efficiently and control the formation of a Graphitic 

layer/SiC junction resulting in a huge potential for high power, high temperature and 

high-frequency applications. The connection between SiC and graphene with its 

derivatives can be utilised. Graphene, the wonder material will also be discussed in details 

in Chapter 2. In general, Graphene can be formed on SiC by thermal annealing. It can be 

grown as a monolayer or multilayer. 

Here, we explore the feasibility of laser-assisted graphitisation of micron-sized SiC 

particles. Laser-mediated SiC decomposition is demonstrated at nearly ambient 

conditions, which can result in a manifold of graphene structures, e.g. SiC particles 

covered by few-layer epitaxial graphene up to highly porous graphene-like structures 

(froth morphology). SiC particles coated by few-layer graphene films are considered for 
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applications in macro- and nano-electromechanical systems owing to their very high 

electrical conductivity. More specifically, the realisation of spatially locating electrically 

conductive tracks by laser direct-write (LDW) methods is attracting attention. Lasers are 

especially useful, as high temperatures are required to transform silicon carbide to 

graphene, typically in the temperature region of ~ 1700 K. The production of electrically 

conductive tracks via LDW methods is a relatively fast and efficient process and therefore 

desirable from a technological perspective.  

In this work, we report results for the first time on laser processing and ablation 

characteristic of 4H:SiC using an ArF 193 nm excimer laser. We are especially interested 

in identifying the laser parameters and understanding how 193 nm radiation couples with 

4H:SiC, specifically, to identify the onset of modification of 4H:SiC. To aid the analysis, 

we carry out temperature simulations using the Finite Element Method (FEM), 

COMSOL™ Multiphysics 5.3. The motivation behind this work is to report the laser 

ablation threshold of 4H:SiC at 193 nm and secondly study the decomposition as a 

function of laser fluence.  

This work presents studies about the growth and characterisation of graphene layers on 

crystalline SiC substrate using heating by a 10.6 μm CO2 laser beam. We report the 

decomposition structure of a (0001) SiC. We were especially interested in identifying the 

effect of the used laser parameters, how the beam couples with 4H:SiC, and how to 

identify the modification of 4H:SiC. The processing includes the use of controlled 

atmosphere and in ambient conditions.  

It is essential to highlight the advantage of this technique. It creates tracks or any complex 

shapes of graphene on SiC surface without the need for prior preparation. However, the 

investigations of this process are in the early stage. Thus, many characterisation methods 

were employed to investigate the produced graphene.  

Moreover, 193 nm and 10.6 μm lasers were used to reduce the resistivity of the graphitic 

layer. The electrical properties behaviour of the produced Graphene derivatives layer/SiC 

junction resulting in a massive potential for high power, high temperature and high-

frequency applications. The charge carriers and the mobility of the produced 

graphene/SiC junction were even higher. Mainly, femtosecond lasers were employed to 
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modify the conduction properties and study the current-voltage (I-V) characteristic of the 

produced graphitic/SiC interface. 

1.2 Thesis Structure 

This thesis is organised into nine chapters. Chapter 1 shows the introduction and thesis 

structure. Chapter 2 deals with the literature review on SiC laser processing for 

microelectronic and then specialised in the production of graphene/SiC junctions. Chapter 

3 shows the fundamental theory of laser processing. Chapter 4 shows the experimental 

work and the methodology used to complete this work. Chapter 5 focuses on thermal 

behaviour under laser processing using different methods, including numerical and 

analytical processing. Numerical solution using finite element analysis by COMSOL™ 

Multiphysics 5.3. Chapter 6 deals with excimer laser ablation and micromachining of 

single-crystal 4H:SiC for the formation of carbon-based material/SiC junction. Chapter 7 

shows the ablation study and micromachining of single crystal 4H-SiC using a CO2 laser. 

It demonstrates the efficacy in fabricating graphene structure on SiC. Chapter 8 deals with 

electrical and I-V characteristics of the produced junctions. Chapter 9 is on Conclusion 

and future work. 
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 Materials and Literature Review 

2.1 Introduction 

This chapter gives the literature review on laser proceeding of SiC to produce graphene 

and graphitic structures. It also shed a light on both the SiC and graphene with their 

properties.  

2.2 Silicon Carbide 

 SiC Properties 

Silicon carbide, the gemstone that was first predicted then synthesised. It was initially 

theorised in 1824 by Jöns Jakob Berzelius. SiC was first manufactured as black crystals 

in 1885 and 18921. It has been known as an abrasive material as well as non-oxide ceramic. 

SiC was artificially synthesised before being found in nature. In 19052, it was discovered 

as a transparent mineral by the Nobel Prize winner Henri Moissan and named moissanite 

in his honour. It gained such broad interest that even NASA considered it the future of 

electronic devices3.  

It has many fascinating properties, mostly due to the covalent bonding and the 12% ionic 

chemical bonds. This ionicity is related to the mismatch in electronegativity between the 

carbon (C=2.55) and the silicon (Si=1.5); meaning different potential strength of Si and 

C will have an asymmetric distribution of the electronic charge. These strong bonds allow 

the material to have a high melting temperature4.  

Silicon Carbide is tetrahedron of SiC4 or CSi4, and this is the building unit of SiC, see 

Figure 2.15. The Si and C connected with sp3 hybridised bonds6. In addition, the ionic 

bonds will produce polarity to the surface since one of the Si-C bonds in the building unit 

will be longer than the other three. This is known as a Si and C terminated surface (Si-
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face and C-face) when the polar is along c-axis. C-face has higher surface relaxation and 

lower surface free energy than Si-face7.   

 

Table 2-1: The optical properties of the used 4H-SiC at 193 nm and 10.6 μm wavelengths8. 

Property 193 nm 10.6 μm 

Absorption coefficient (cm-1) 1.47×106 6584 

The imaginary part of the refractive index 2.267 0.55538 

The real part of the refractive index 2.49 2.7081 

Reflectivity (%) 42 23 

 

Although it has the same stoichiometry, the structure could be formed in more than 200 

polytypes by managing its one-dimensional layer arrangement; this is referred to as 

polytypism. The crystal could be either cubic polytype (β-SiC) such as 3C-SiC, hexagonal 

or rhombohedral (both known as α-SiC) such as 4H-SiC, 6H-SiC and 2R-SiC, 

respectively. The commercially available types are the 4H-SiC, 6H-SiC and 3C-SiC. The 

initial numbers, Ramsdell notation, refers to the number of layers in a unit cell while the 

letter relates to the structure of the crystal9. The stacking of these layers will be in three 

positions named A, B, and C. Therefore, each polytype will have different orders of these 

positions. For 4H-SiC, the stacking order will be ABCB.  Both hexagonal SiC displays 

isotropic properties and a relatively higher band gap (over 3 eV) than the 3C-SiC (less 

than 3 eV)10 see Table 2-1 and Table 2-2. 

The main issue with mass SiC production is the quality of the prepared crystals due to the 

high density of different kind of defects11, such as stacking fault, twin boundaries,  

dislocation and presence of another polytype9. However, it is relatively cheaper and more 

available than before. 
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Figure 2.1: a) The lattice structure of the basic unit of SiC. Dark atoms are C, and light atoms are Si. The 

length between Si and Si of two C is 3.08 A
ͦ
 and the distance between Si and C is 1.89 A

ͦ
. b) Stacking 

sequences of 4H-SiC polytypes in c-axis. 

 

It is considered a super material with all its unique properties. In summary, it is a wide 

band gap material with high breakdown field, so it is preferable for harsh conditions such 

as high temperature, high radiation environments and high-power devices.  Also, it is hard 

and mechanically strong, which can be seen from Young’s modulus, and its high yield 

strength. Additionally, SiC has preferred tribology properties such as wear-resistance and 

lubrication.  

For more unique properties, see Table 2-2, which demonstrate properties such as low 

density, high thermal conductivity, high hardness, high elastic modulus, excellent thermal 

shock resistance, chemical inertness, high strength, and low thermal expansion. 

4H-SiC is typically preferred for microelectronics applications over 6H-SiC because of 

its higher carrier mobility and its favourable mechanical properties. SiC is almost as hard 

as diamond; it is similar to that of Al2O3 on the Moh’s scale (9)12. Its hardness is 

approximately three times greater than silicon. 
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 Table 2-2: The thermal, electrical and mechanical properties of  the used 4H-SiC at 193 nm wavelength 

along with some properties of Si and 6H:SiC13–18. 

Property 4H-SiC 6H-SiC Si 

Thermal diffusivity (m2sec-1) 1.7×10-4 2.2×10-4 9×10-5 

Thermal conductivity at 300 K (WmK-1) 370 490 105 

Working temperature (K) 1513 1513 573 

The melting point (K) 
3100  

(at 35 atm) 

3100 

(at 35 atm) 

1700 

 

Latent heat of melting  5000 Jcm-3  50.55×103 Jmol-1 

Latent heat of Evaporation (Jmol-1) 4×105  384.22×103 

Electron mobility (cm2/Vs)  800-1000 370-600 1400-1500 

Breakdown Field EB (Vcm-1)×106 3-5 3-5 0.3 

Saturation Drift Velocity Vs (cms-1)×107 3.3-8 2.7 2 

Band gap (eV) (indirect) 3.26 3.0 1.12 

Lattice Constant of SiC (A
ͦ
) 

a=3.0730  

b=10.053  

a=3.080   

c = 10.1 
5.431 

Electron affinity (V) 3.08 3.34 4.07 

Moh’s Hardness 9 9 6.5 

Density (kgm3) 3200 3200 2300 

Specific Heat Cp (Jg-1 oC-1) 0.7 0.69 0.69 

Atomic weight (Da) 44 46 28 

 

 

 



Chapter 2   Arina F Mohammed 

8 

 

 SiC Application 

For SiC, various applications can be achieved depending on their properties. Interest in 

using the material for mechanical applications grew because it is hard material with high 

thermal conductivity, which is similar to the thermal conductivity of copper. It can be 

used in aerospace space crafts19, engines20, car brakes and many other wear resistance 

parts in cars and abrasive material by shaping the SiC powder21. Moreover, due to its 

electronic and optical properties (especially the variety with a large band gap), SiC have 

been used in electronic applications. It can be used in power electronics such as 

Thyristors22, Schottky diodes23, MOSFETs24, gas sensors25, and even optical mirrors in 

some lasers26. 

2.3 SiC Laser Processing 

Laser micro and nano machining of SiC is appealing due to a large number of potential 

applications. Laser processing of this material has advantages over conventional methods. 

It is a fast process with minimum steps and can be controlled precisely. SiC has been 

treated with lasers since the 1980s, but due to the lack and cost of the SiC material, it did 

not take on its full potential. Laser-SiC interaction can be classified into subtractive and 

additive categories. Each one of them can be divided into different processing mechanism, 

see. Table 2-3 Some processing mechanisms are annealing, crystallisation, electroless 

metallization, surface re-constructing, and ablation as drilling.  

Moreover, different types of lasers have been used in micromachining SiC for different 

applications and purposes. CO2 lasers27–29, excimer Laser30–39, Nd:YAG40–43, Ar+ 

laser44,45 , femtosecond lasers46–48, Picoseconds lasers49, copper vapour laser50, and even 

Nitrogen lasers15 were employed to process SiC for different purposes. Most used lasers 

were excimer lasers such as KrF (248 nm), XCl (308 nm) and ArF (193 nm). These lasers 

are preferable as they work in the ultraviolet (UV) region, where the SiC has high optical 

absorption to their wavelengths whether it has a crystalline or an amorphous structure and 

due to the popularity of these lasers.
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Table 2-3: Laser processing of SiC for different applications. 

Laser Processing Laser type Wavelength (nm) SiC type Comments 

Annealing and 

Crystallization 

Excimer 193, 248 and 308  α-SiC, 4H 
Ion implantation damage and Crystallization44,51–55  

 

Ar 

 
514.5 

β-SiC, 6H, and 

4H 

Form an Ohmic contact on SiC56–58 

 

 

Excimer and 

Nd:YAG 
248, 355 and 1060 

4H 

 

Restore the structure after annealing59 

. 

 

Nd:YAG 265 and 1240 a-SiC Annealing after production60–63 

Electroless 

Metallization 

Excimer 

Cu vapour 

193, 308 

510 

SiC and ceramic 

 

Both Ni and Cu deposits show good adherence to the SiC 

surface up to 0.5 N/mm2  32,64,65 

Surface Structuring 

N2  

Ti-Sapphire 

Excimer 

Dye 

340 

800 

193, 248 

1040, 1026 

3C-SiC, 4H-SiC 

6H-SiC 

6H-SIC, 3C-SiC 

Formation of nanoparticles on the treated surface 15,66,67. 

Micromachining on surface46,68 

Doping 

 

Excimer  

Nd:YAG 

193 

1064 
4H and 6H n-type and p-type doing69,70 
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SiC is very reflective for the mid-infrared (IR) wavelength and almost transparent to the 

visible spectra. On the other hand, amorphous SiC, couples differently with the light, it 

absorbs in the visible and near-infrared (NIR) wavelengths44,58,62.  

For IR Lasers processing of material, the mechanism will be different from the UV laser 

processing. The IR wavelengths will interact with the material and coupled with the lattice 

rather than the electrons as in the UV lasers28,29.  

Recently, ultrashort Lasers such as femtosecond pulses and picosecond lasers have been 

used to micromachine SiC regardless of the wavelength. This is due to the limitation of 

the heat-affected zone (HAZ) and the high peak energy delivered to the sample71.  

With using ultrashort pulsed lasers, nanostructures formed on the surface as ripples and 

spherical structures, an effect of the light polarisation72,73. Although other theories are 

proposed, such as coulomb explosion66 self-assembly74, and laser beam interference with 

the plasma75. 

2.4 Graphene  

One of the main outcomes of laser processing of SiC is the decomposition of the SiC 

surface resulting in a pattern of carbon or one of its derivatives such as graphene. 

Graphene, with its unique properties, represents a breakthrough in material science. What 

makes it unique is the combination of these properties that can not be found in any other 

material. It has, therefore, been proposed as an alternative material for some applications. 

Graphene is a chiral two-dimensional carbon. It arranges in a hexagonal structure, see 

Figure 2.2. It is a hybridised carbon structure with strong sp2 covalent bonds in order to 

be stable. This will be formed by the s, px, py orbitals with C-C-C bonds at a 120o angle 

between them. The lattice length of 1.42 A
ͦ
; this is represented by the σ bond, responsible 

on the robustness of the lattice in all allotropes of carbon. The last pz orbital will be 

overlapping with the adjacent carbon to produce the valence band (π filled orbitals) and 

the conduction band (π* empty orbitals). π and π* are responsible for all the distinctive 

graphene properties and stability.  
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Figure 2.2: Graphene structure a) the orbitals b) the planes. 

In general, graphene can be structured as basal, zigzag and armchair plane see  

Figure 2.2. The boundaries considered as defects (represented in Raman spectra by D 

peaks) and minimise the unusual properties. However, these are yet to be controlled. 

Graphene has an atomic thickness, it is flexible and could be folded to produce different 

allotropes, it can be stacked to form 3D graphite, rolled to one Dimensional nanotube or 

wrapped for zero Dimension fullerenes76. It was first investigated theoretically in 194777. 

However, it took more than half a century to produce it experimentally by Geim and 

Novoselov in 2004, for which they received a Nobel Prize in Physics in 201078.  

Electronically, graphene is considered to have a zero band gap since its conduction and 

valence bands meet up in six points (Dirac points)79. Recently, the structure of graphene 

was modified to establish a band gap, and that could be used as an electron-phonon 

superconductor for high-frequency applications80. Furthermore, electrons in graphene 

behave almost as massless particles. The above will lead to very high mobility. Hence the 

sheet resistance is about 30 Ω cm-1 at 90 % transparency81. This will also depend on the 

symmetrical honeycomb lattice.  
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Mechanically, graphene is one of the most durable material in the world, yet it is elastic 

up to 20%76. This will introduce graphene as a potential reinforcement for other 

composites increasing the tensile strength up to 150 %82. 

Optically, it is a transparent material due to the two-dimensional aspect and to the lack of 

band gap. Single-layer graphene absorbs 2.3% of the light, and that is true for each added 

layer83. It combines some desired properties like transparency and electrical conductivity. 

Many others are shown in Table 2-4. 

Graphene was first defined in 1986 by Boehm87. Since 2004, many techniques were used 

to produce Graphene such as the mechanical exfoliation of crystalline graphite one must 

mention that the graphene quality defines the properties significantly, and that is directly 

related to the synthesis method.  

In addition to the unique electronic properties, the vibrational properties of the 2D layer 

are fascinating too. Graphene is very light (one atom layer), but with strong bonds, it will 

have a high sound velocity leading to high thermal conductivity. We can also use the 

vibrational behaviour to determine the optical properties of the layer84 through the 

scattered phonons. 

In general, all carbon allotropes are good heat conductors but, for graphene, it could be 

as high as 5300 W(mK)-1. This high thermal conductivity gives graphene advantages in 

optoelectronics, photonics and other applications. It also has a vast negative thermal 

expansion meaning it shrinks with temperature, which is rare. However, this is due to a 

large number of out of plane phonons85. Most of the properties discussed above are for 

single-layer graphene. Furthermore, it could be formed with a stack of layers connected 

by the Van der Waals weak bonds resulting in different properties. 3D graphene could be 

prepared and represented as graphene foam86.  

 Graphene Production Techniques 

Graphene was First defined in 1986 by Boehm87. Since 2004, many techniques were used 

to produce Graphene such as the mechanical exfoliation of crystalline graphite. 
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Table 2-4: Graphene properties88–95. 

 

This technique is time-consuming and produces small flakes, but very high quality78. 

Chemical vapour deposition (CVD) uses hydrocarbon gas on a metal surface by 

controlling the pressure and temperature of the furnace environment. However, this 

process will need the Graphene transferring to a different substrate81. Molecular beam 

deposition produces a large area of high quality Graphene on nickel96. Chemical 

production produces a gram scale of Graphene from Sodium-Ethanol97. Reduction of 

Graphene oxide can be achieved with different reduction methods. However, the 

produced structure is still under debate, and it only reduces the oxide and not producing 

pristine Graphene98. Another technique is narrowing carbon nanotubes, this can lead to 

pristine Graphene either due to the chemical reactions99. Thermal decomposition of SiC, 

Properties Value comments 

C-C lattice ( A
ͦ
) 1.42  

Specific surface area (single sheet) (m2g-1) 2630  

Young’s modulus (TPa) 1  

Thermal conductivity (WmK-1) 2000-5300  

Thickness  Atomic thickness  

Intrinsic strength (GPa) 130  

Optical absorbance 

Transmittance  

2.3% 

97.7% 

 

Energy gap (eV) 0-0.25  

Electron effective mass 0.012 mo mo is the free electron mass 

Electron mobility (cm2 V-1s-1) at 300 K  2×105 150 times greater than Si 

Electron saturation mobility (107 cm s-1) 5  

Current Density (A/cm2) Up to 109   
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this technique could be used with a variety of heat sources and produces high quality 

graphene. 

2.5 Decomposition of SiC 

Thermal decomposition of SiC was investigated by Van Bommel in 1975100. The 

graphitic surface on SiC phenomenon initiated by Badami in 1965101,102. However, 

graphene on SiC was first observed in 2000103. Moreover, in 2004104, a  group revealed 

the production of two-dimensional epitaxial graphite.  The whole process still 

undetermined105, including the buffer layer bottom-up growth mechanism106. It requires 

heating the surface of SiC to high temperatures to sublime the silicon atoms leaving 

carbon of graphitic structure on the surface, which boosts the idea for graphene 

production107. The SiC surface faces and orientation can determine the number of layers 

produced. The C-face of SiC tends to give multilayer graphene while the Si-face of SiC 

results in single or bilayer graphene108. The main advantage of producing the graphene 

directly on the SiC is the ability to use it for different application 109. With this technique, 

we could produce a full wafer of graphene, however, the mentioned above issues and the 

layers of graphene should be controlled84,110. Using this method decreases the side effect 

of transferring the produced graphene to other substrates and minimise the effect of other 

substrates on the produced graphene properties108. SiC sublimes under laser irradiation 

incongruently, producing different outcomes. It could produce oxidise surface 111, 

carbonised, or produce Si surface64. Silicon carbide is reported to sublime at ambient 

pressure, and melting takes place at pressures of ∼35 atmospheres and above112. The 

sublimation and melting temperature of silicon and carbon reported to be 1670 K and 

3870 K, respectively60. Other work stated that the sublimation temperature could be as 

low as 1300 K in vacuum79.  Therefore, Si-C bonds will break under heating, and the Si 

atoms leave the carbon behind113.  Eventually, the carbon layers prevents more Si 

sublimation114. Moreover, the melting temperature was declared to be above 3100 K17, 

and the decomposed vapour will consist of Si, SiC2 and Si2C. 
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2.6 Laser induced Decomposition of SiC 

Laser decomposition of SiC is preferable over other graphene growth due to the advantage 

of direct writing on the SiC surface. Absorption of laser radiation heats the surface rapidly 

providing a reduction of the incongruent decomposition. However, sublimation still 

occurs. The laser was used to experimentally define the melting temperature of 4H-SiC 

and 6H-SiC38. Melting was confirmed by reflectivity measurements115. Less work can be 

found on laser heating of SiC as a source for the thermal decomposition. Although 

different kinds of lasers were used, such as excimer laser (ArF, XeCl, and KrF)32,116, 

where the treated surfaces were rich in Si and SiO2 or disordered with oxidised regions, 

due to the incongruent sublimation of the surface65. Although others found that the surface 

structure depends on the applied laser fluence117. Other wavelengths, such as the Nd:YAG 

(1064 nm) and the CO2,(wavelength)(10.6 µm) were found to act as a heat source and 

leave a carbon surface behind118,119.  

Several articles have pointed out the possibility for simultaneous synthesis and patterning 

of graphene using laser beams. Recently, Epitaxial Graphene (EG) was grown on the Si-

face of SiC by UV laser radiation (248 nm) of an excimer pulsed laser31. The surface-

induced laser decomposition of the Si surface led to spatially controlled and scalable, EG 

synthesis. Finally, in the pre graphene era, it was observed that irradiation of 

polycrystalline SiC with a pulsed near-infrared Nd:YAG laser (1064 nm) yields 

“crystallised” graphite on the SiC surface120. The graphitic structure of the irradiated area 

(∼500 μm2) was confirmed by Raman microscopy. Unfortunately, the spectra obtained at 

that time were not extended above 1800 cm-1 and the typical graphene spectral features 

were not observed. 

It has been reported that non-congruent sublimation could be associated with laser 

processing unless the laser is used as a heating source. For this case, the optical properties 

of SiC will dominate coupling and removal of the surface material. In general, excimer 

lasers are reported to produce Si-rich regions. Nevertheless, IR lasers tend to produce C-

rich regions. Table 2-5 represents an overview of various works accomplished to study 

the effect of laser processing on the surface and all the attempts of producing graphene 

by laser decomposition of SiC. Pehrsson and Kaplan117 found that the surface 
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characteristics depend on the fluence of the used laser. They reported that multiple ArF 

pulses in the range of 0.4 – 0.6 J cm-2 produced a graphitic surface, and for higher fluences, 

a Si-rich region was produced. On the other hand, IR irradiation such as Nd:YAG with 

photon energy below the SiC band gap has a weak coupling with the SiC, mostly resulting 

in thermal effects leading evaporation of silicon. This is why Nd:YAG lasers at 1064 and 

532 nm result in C-rich surfaces121. Unless they used for the formation of graphite 

surfaces a vacuum UV Raman cell with a frequency- quadrupled Nd:YAG laser (VUV-

266 nm) on 6H-SiC122. Moreover, oxide formation will result on the SiC surface in the 

presence of oxygen, i.e., the surface oxide will be present in the case of excimer ablation 

in the range of 1-3.5 J cm-2 and an underlying Si-rich layer64. While the enrichment of Si 

was reported under high vacuum processing57. 

2.7 Applications of Graphene on SiC 

Graphene has many potential applications due to its unique properties. However, for most 

applications, it needs to be supported by a substrate such as SiO2 or semi-insulating SiC 

despite the fact of lowering the graphene electron mobility values123. Of special interest 

is graphene/SiC due to the longer electron mean free path compared to graphene/SiO2 and 

also due to the option of avoiding the transfer of graphene to the required substrate surface 

while having the SiC substrate (semi-insulating or conductive) ready for device 

processing94,123. It has been reported that Graphene on SiC has ohmic properties124. Due 

to the atomic thickness and high carrier mobility attempts were conducted to for different 

devices such as Graphene FET transistors125,126, however, these devices does not work as 

the traditional semiconductor’s transistors because graphene is a zero band gap and it 

does not turn off  entirely. Traditional on / off current ratios that accomplished by gating 

a graphene transistor seem to be on the order of 10 in a traditional configuration. Thus, 

high speed  analogue electronics such as RF transistors94,127,128  were achieved instead of 

graphene digital switch. Both the electrical and thermal conductivity are suitable, 

combined with the flexibility and transparency, allows this material to be an excellent 

source for electrodes in solar cells, Light Emitting Diode (LEDs), touch screens, smart 

windows, organic thin film transistors (OTFT)79,91,129,130 and integrated circuits (IC), 

which was on a wafer scale “graphene broadband frequency mixer” on SiC131. 
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Graphene/SiC detectors and sensors were also conducted successfully94. Magnetic 

sensor132 and magnetic detectors were achieved as quasi-isolated graphene on SiC133. An 

ultraviolet detector was made by graphene on SiC heterojunction134. These devices have 

high performance in sensing.  

In addition, the energy band structure and the Dirac points, make graphene very sensitive 

to chemical gating (using chemicals to tune charge transport). These properties allow 

graphene the potential of single molecule detection at room temperature94,135,136. Most of 

the above have been accomplished by epitaxial growth of graphene on SiC by 

decomposition under high temperature. This thesis presents experimental and 

computational work to understand the laser decomposition of SiC. Specifically, to 

identify optimum laser processing parameters necessary to form a graphene or graphitic 

layer directly on 4H:SiC and a device application are discussed.  
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Table 2-5: A review of all the production of graphene by laser. 

Material Laser wavelength (nm) Surface  Comments Reference 

6H-SiC CO2 at 10,600 Large area homogeneous few monolayer graphene No high vacuum. 119 

4H-SiC KrF at 248  Graphene with a structure as the thermally 

decomposed SiC.                                                    

 Wrinkle-free few-layer graphene 

In vacuum.                                       

Room temperature. 

31,137,138 

4H and 6H-SiC ArF at 193 Few layers Graphene and carbon nanostructures The process implanted with ions 139 

Poly SiC on Si CO2 at 10,600 Non-continuous graphene on the SiC surfaces A thin film of SiC grown on Si 

wafers including AlN buffer 

layer. 

Sintered SiC. 

140 

 

141 

4H-SiC Nd:YVO4 at 1064 A nanocrystalline graphitic phase on SiC and 

Graphene 

Ar Atmosphere Or Ultra high 

vacuum 

142 

SiC powder  KrF at 248 Graphene sheets as shells Wet irradiation 143 

Micron-sized  

α-SiC particles 

CO2 at 10,600 SiC particles covered by few-layer Graphene to free-

standing 3D graphene froths 

No vacuum 86  

4H-SiC XeCl at 308 n-doped Graphene Vacuum includes solid dopant 

source 

144 

4H-SiC 9,300 Carbon layer containing Si Low vacuum 145  

SiC flakes  KrF at 248 ultrafine SiC@graphene nanocomposites and 1-3 

layers of graphene 

The SiC was dispersed in ethanol 146 
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 Theoretical Background 

3.1 Introduction 

This chapter deals with the theoretical background of interaction and coupling between 

the laser and the material. It focuses on laser interaction with semiconductor materials. 

3.2 Light-Matter Interaction  

Laser material interaction is a complicated process. Its complexity arises from the 

combination of several phySiCs processes, such as; heat transfer of the energy to the 

material lattice, the mechanism of fluid including the melted material and the dynamic of 

gas as the material vaporise, plasma science to describe the produced plasma at high laser 

fluences. A few concepts related to the laser material interaction can be found below to 

understand these processes.   

 Optical Properties of Material 

By applying an electromagnetic wave, bound electrons will oscillate, while, free electrons 

will be accelerated. Electromagnetic waves interact with the electrons since atoms 

considered as heavy objects to react with, especially at high frequencies EM. Thus, the 

optical properties of the material will depend on the energy states of the molecules. Hence, 

the electric field and polarisation. The oscillated particles will “re-radiate” their energy 

or, they will get resonance with the material lattice because of the periodic behaviour of 

the applied field from the laser. In other words, the absorbed energy will be emitted again 

or transferred to the lattice147,148. The oscillation will be represented as a spring, see 

Equation (3.1)149.  
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𝑑𝑡2
+ 𝑚Γ

𝑑𝑥

𝑑𝑡
+ m𝜔𝑜

2𝑥 = 𝑒𝐸⃗ 𝑙𝑜𝑐𝑎𝑙 
(3.1) 

Where m is the electronic mass, x is the displacement, 𝑚Γ
𝑑𝑥

𝑑𝑡
 is the damping factor, 

m𝜔𝑜
2𝑥 is the Hooke's law restoring force, e is the electronic charge magnitude and Elocal 

is the local electric field acting on the electron as a driving force. Moreover, the light 

could be written as in Equation (3.2) 

  tiEE localolocal exp,




 
(3.2) 

 Where 𝐸⃗ local is the electric field, ω is the angular frequency, t is the time. 

Damping of the electrons’ oscillation inside the matter is described by Lorentz theory 149. 

The electrons change from the atomic rest where they oscillate symmetrically to the non-

uniform oscillating mode by the laser wave electric field according to Equation (3.3) and 

the material response as dielectric function ε(ω) as in Equation (3.4) 
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Where 
2

p
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m
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 the frequency of the plasma, Γc is the damping constant and ωo is the 

resonance frequency. The intraband resonance ΔΕ can be written as;  
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When the material changes phase into a liquid, the optical properties change, and the 

behaviour of the material can be considered metallic150.  

The incident wavelength is much larger than atomic lattice. Therefore material reaction 

could be explained by the complex refractive index, 𝑁 = 𝑛 ∓ 𝑖𝑘, where n is the real part 

of the refractive index( n c v  ) and c is the speed of light in vacuum, ν is the light speed 

in the matter and k is the imaginary part (known as the extension coefficient, represents 

the damping factor of the wave)148,151. These quantities will define the reflectivity R and 

the absorption coefficient α as in Equations (3.6) and (3.7)152,153. 

  
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(3.6) 

 4 k





 

(3.7) 

Where α is the previously defined optical absorption coefficient, and λ is the wavelength. 

The optical absorption coefficient can be used to quantify the exchange of 

electromagnetic (EM) energy with the material. According to Equation (3.7) when 0k   

the optical processes are dominated by absorption. 

The absorbed light will penetrate inside the material according to Lambert-Beer law, 

Equation (3.8), where the light intensity decreases exponentially into the material 

thickness z154, 

 𝐼(𝑧, 𝑡) = 𝐼𝑜(𝑡)(1 − 𝑅)exp(−𝛼𝑧) (3.8) 

Where Io is the incident laser intensity and z is the material thickness. 
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 Carrier Behaviour 

In semiconductors, the interaction between the laser and the material is dominated by the 

density of electronic excitation and the flux density of the photon field. “The former is 

the volumetric density of electron-hole pairs created by the incident laser light while the 

latter is the volumetric density of photons per unit time capable of exciting products of 

the primary photon- solid interaction”155.  The excitation and relaxation process of the 

electrons in the electronic states of semiconductor materials is shown in Figure 3.1. The 

dominant resonance in a semiconductor is the transition between two states or inter-band, 

from the valence band to conduction band. Initial laser interaction induces defects by 

altering the electronic and geometrical structure of the material, and by laser- induced 

particle emission. Defects grow in number, during one or multiple laser pulses, therefore, 

defects and defect clusters evolve on the surface and in the sub-surface bulk. The 

changing optical, topological and structural properties of the defect clusters then weaken 

the surface bonds and create the conditions for massive ejection of surface atoms, 

molecules and clusters155.  

 

Figure 3.1: Electron excitation and relaxation in material coupled with intense laser light156. In 

semiconductors, absorption of wavelengths between 0·2–10.0 µm causes an interband transition (valence 

to conduction). The absorbed energy converted to heat through (a) excitation of electrons in valence 

and/or conduction band, (b) interaction between excited electron-phonon within a span of 10−11–10−12 s, 

(c) electron-electron or electron-plasma interaction, and (d) electron-hole recombination within  

10−9–10−10 s.  
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There are many ways light and crystalline semiconductor structures can interact with one 

another. For example, (photon, phonon), (photon, electron) and (phonon, electron, photon) 

and even polaritons. Each interaction is dependent on each other, and they could be 

localised or not. Photon absorption is an essential outcome of these interactions. 

Increasing the photon energy, more electrons in the valence band will be excited to the 

conduction band even in deep sub-bands of both valence and conduction bands. In 

addition, photon absorption is temperature dependant process.  

An interband optical transition can be direct or indirect. For an indirect transition, the 

difference in wave vector must be provided by the creation of a phonon. In indirect band 

gap semiconductors, phonons have a significant influence on the process of electron 

excitation due to energy and momentum conservation. Thus, phonons will influence the 

absorption process and high momentum phonons result in high lattice 

temperature147,157,158. 

 

 

Figure 3.2: electronic excitations in insulators and semiconductors158. 
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Schematic of different types of electronic excitation in a solid could be seen in Figure 3.2. 

In addition to the excitation explained previously, another transition occurs from the 

defects and the process of two-phonon absorption158. 

3.3 Laser Heating and Heat Transfer 

In laser processing, the heating effect are all of great importance. The heat-affected zone 

(HAZ) (heat diffusion length (Ltherm): the distance where the heat flux value will decrease 

to 1/e from the initial value) and the optical penetration depth (Lopt) are shown in 

Equations (3.9) and (3.10)158: 

 1
optL




 

(3.9) 

 2therm pL D  (3.10) 

Where D is the thermal diffusivity and τp is the pulse duration. 

As discussed, the light absorption does not lead to direct heat. The extra energy will be 

distributed inside the material electronic states (bound electrons), the kinetic energy of 

free carriers and its interaction with the lattice (absorption and creation of phonons). This 

energy will be transformed into heat according to different processes and consequences: 

 Collisions with electrons leading to random motion in space and in time of 

femtosecond scale towards the thermal equilibrium. 

 Energy transformation to the lattice at an overall energy relaxation time of 

picosecond in most materials.   

 Heat distributes from hot to a cool area, see Chapter 5. 

 The energy gap reduces with temperature. 

 Metallization leading to massive growth in R. 

Heating of the material could involve melting which modifies the material, especially if 

it is combined by rapid solidification. Doping, surface alloying, recrystallization and 
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metallization would require melting. Temperature calculations (T) of an irradiated laser 

material discussed in detail in Chapter 5 

In general, the primary process in semiconductors will be electron-hole formation and 

hole will act as an electron but with a positive charge. The absorption rises, leading to 

more heating, which will produce more free carriers and increasing the absorption. In a 

compound semiconductor, electronic structure and the bond’s strength play an essential 

role in the ablation process159. 

 Surface Melting (Heterogeneous Melting) 

Fusion is the phase changing of the material to liquid. It is an essential part of laser 

processing that contributes to applications such as marking, welding and doping. Laser 

parameters need to be controlled to achieve the surface melting without building stress to 

avoid cracking and warping.  

When uniform irradiation applied at a semi-infinite sample, the surface temperature 

increases and the irradiated laser energy will be spent on heating and melting (which 

require enthalpy). It will be increased after melting to a certain depth, and the maximum 

surface temperature will be reached at the laser pulse duration. After that, the cooling 

process and solidification take place. Clearly, the exact temporal behaviour of surface 

temperature depends on the material under consideration, on the intensity, duration and 

shape of the laser pulse, on convective flows and, if relevant, on the type of the ambient 

medium158. The calculation of the total spatial and temporal behaviours of the temperature 

distribution within the liquid and the solid material can be obtained only numerically.  

Melting duration could be calculated from Equations (3.11) and (3.12) when the optical 

penetration depth is much larger than thermal penetration depth thermopt ll  , and when 

thermopt ll   , respectively158.  
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Where   TTT m  Tm is the melting temperature, K is the thermal conductivity, and I 

is the laser intensity158. Typically, at the end of the pulse duration, solidification will take 

place at the liquid-solid interface, beginning from the surface downward.   

 Enthalpy Model of Melting 

To investigate the melting of a material by a laser, it is essential to understand the melting 

point (the heat required to reach melting) and the melting enthalpy. When the laser 

processing is thermal, the temperature and the total enthalpy could interrupt the system. 

Enthalpy is relevant if phase changes or chemical reactions occur158. 

For Semiconductors, the melting enthalpy is high, making it hard to melt. Semiconductors, 

when melted, solidify at a slower rate when compared to metals.  

Unstable melting will dominate because of the liquid semiconductor. Liquid 

semiconductors form due to the high latent heat and high reflectivity (this happens during 

visible or infrared laser irradiation with relatively long pulse duration). “In reality, the 

temperature at the liquid–solid interface should exceed the equilibrium melting 

temperature (overheating), while in the case of solidification we should have 

(undercooling)”158. 

Furthermore, the melt temperature is dependant on the local pressure, and the melt of 

crystalline materials depends on the number of extrinsic and intrinsic defects. Defects are 

weakening the atomic bonds160,161. Quantifying an exact melt temperature is difficult, and 

a so-called mushy region is sometimes used when analysing enthalpy-temperature data162. 

Due to these challenges, a well defined free or moving boundary makes the Stefan 

problem “Within the frame of the Stefan problem, it is assumed that the temperature at 

the liquid–solid interface is continuous and equal to the melting temperature. The Stefan 
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model is often employed to describe melting and solidification in cases where the 

interface velocities are very small compared to the sound velocity, so that overheating 

(undercooling) at the liquid–solid interface can be ignored. From a physical point of view, 

this model is invalid, because it assumes that the phase transition takes place 

instantaneously”158 and its associated Neuman solution less justified “Exact solutions of 

the Stefan problem can be found only in special cases; among those are the Neumann 

solutions” 158. The Stefan statement is perhaps more appropriate to slow heat driven 

kinetics, for example, recrystallising of a melt phase. The conservation of energy in terms 

of an enthalpy model is an alternative method to understand temperature changes in 

materials undergoing phase changes with ill-defined moving interfaces162. In other words, 

one can solve the heat equation for the solid and liquid phase and include the heat of 

melting into the boundary condition for the moving interface. Alternatively, one can solve 

the (single) heat equation for the whole temperature region and include the heat of melting 

in cp(T)158.This method overcomes the need to track a moving interface. For high-

intensity laser pulses and focused laser-beam irradiation, liquid-phase expulsion and 

vaporization become important. Here, the deformation of the surface (deep-penetration 

melting, formation of droplets, etc.) must be taken into account. One assumes the enthalpy 

as an independent variable with temperature, and the rate of change of enthalpy can be 

written as158:   

 𝜕∆𝐻(𝑇)

𝜕𝑡
= 𝑉

𝜕∆𝐻

𝜕𝑧
+

𝜕

𝜕𝑧
(𝐾(𝑇)

𝜕𝑇

𝜕𝑧
) − 𝑄𝑎𝑏(𝑧, 𝑡) 

(3.13) 

Where H is the enthalpy per unit volume, the surface recession velocity can be calculated 

using,𝑉 = 𝜂𝑚𝑣
. 𝜌𝑙⁄   , where, η is the ratio of the number of species escaping the surface 

to the number of species evaporating (neglecting re-condensation), 𝑚𝑣
. is the mass flux of 

vapour evaporated from the liquid surface158 and 𝜌𝑙  is the density of the liquid, 

respectively. K(T) is the thermal conductivity and Qab(z,t) represent the heat source 

according to the Beer-Lambert law in equation (3.8). 
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Where ma is the atomic mass; kB is Boltzmann's constant To is the initial temperature. The 

saturation pressure can be calculated from the Clausius-Clapeyron Equation (3.15) shown 

below.
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(3.15) 

Where P is the pressure, Lv is the latent heat of vaporisation, Rv is the specific gas 

constant. 

 Laser Ablation and Material Removal 

Laser ablation describes the interaction between the laser beam and the material surface 

to remove material from the surface. We could define it as the process conducted by a 

laser to remove material, via melting, evaporation, sublimation and/or explosive phase 

ejection, from a solid surface. If the laser energy fluence is low, the temperature would 

be only sufficient for melting and the surface left behind would be smoother. While when 

higher fluence is applied to the surface, vaporisation occurs with noticeable rougher 

topography163. At high fluences, a plasma is formed slowing down the laser processing.164. 

It also depends on the laser wavelength and pulse duration. A laser irradiation will 

influence the material thermally and mechanically depending on the electronic states, 

surface morphology, surface roughness and the density of the defects of the target. Thus, 

the material temperature will be increased, and expansion takes place, leading to stress 

building. If the stress were above the damage threshold, the material would suffer plastic 

deformation or fractures. Stress and temperature will modify the properties of the 

material165. The material will be out of equilibrium and will try to reach a new balance14. 

The ambient environment and the plume or the ejected material during the process should 

also be considered i.e. “a non-reactive atmosphere may influence the transport of ablated 
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material, the attenuation of the laser light, and the development of surface instabilities. 

All of these effects become more pronounced with increasing gas pressure. While, a 

reactive atmosphere can increase the rate of material removal. This is known as dry 

etching. Additionally, such an atmosphere can change the physical and chemical 

properties of the ablated surface, which is the basis of many types of laser-induced surface 

modifications. A reactive atmosphere can also change the chemical composition of 

ablated species. This is of particular importance in Pulse Laser Deposition”158. 

3.3.3.1 Laser Ablation Models 

Laser ablation can be grouped into different mechanisms named; photochemical, photo-

thermal and photophySiCal, or a combination of any of these. It classified according to 

the laser wavelength, the pulse duration, and their influence on the interaction166–168. In 

the temporal domain, we can assign three-time scales associated with laser ablation 

mechanism, electron cooling time, e (timescale of ps), lattice heating time, h  (timescale 

ns), and the laser pulse duration, p . Below are the mechanisms of the ablation, as shown 

in Figure 3.3 : 
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Figure 3.3: Different interaction and mechanisms involved in Pulse laser ablation. Ablation can be based 

on thermal activation only (left path), on direct bond breaking (photo-chemical ablation; right path), or on 

a combination of both (photophysical ablation; intermediate path)158. 

 

a) Photo-thermal processes 

In general, this process is associated with longer wavelengths, for example, IR lasers. It 

utilises a laser beam as a heating source to induce melting or vaporisation. To explain this 

mechanism, the diffusion of the laser energy will be dominated by the “thermal relaxation 

time” T  and the inverse rate of excitation or the initial step (whichever smaller) R . 

When 𝜏𝑇 ≪ 𝜏𝑅  the mechanism of excitation will be dealt with as a heating source. 

However, it is not the same procedure as a common heat source. This process is localised 

spatially and temporally reaching a very high temperature and large heating rates up to 

1015 Ks-1. These high heating rates are faster than the chemical relaxation, and any 

reaction will be out of equilibrium. Not to forgot the selectivity of certain particles as in 
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compounds158.  To summarise, when the thermal relaxation time, T , is very short, laser 

ablation simplified to be a thermal process. This is related Infrared and visible lasers in 

addition to UV laser processing with nanosecond and longer pulses. When melting takes 

place, thermal evaporation will dominate, in most cases. However, the processing gets 

more complicated if stress, phase expulsion or ejection of melted droplets participate to 

the processing. For a single uniform pulse the model can be represented as below:158 

 
𝐹𝑡ℎ𝑟 =

∆𝐻(𝑇)

𝐴
((𝐷(𝑇)𝜏𝑝)

1
2 + 𝐿𝑜𝑝𝑡) 

(3.16) 

Where Fthr is the ablation fluence,  ∆𝐻(𝑇) is the enthalby atmelting ppoint, A is the 

absorptivity, D(T) is the temperature dependent thermal diffusivity, 𝜏𝑝 is the laser pulse 

duration and Lopt is the optical penetration depth. This model gives a good approximation 

for fluences F ≈ Fthr. 

b) Photochemical effects (Photolytic): 

The photochemical process typically associated with non-thermal light-matter 

interactions utilising relatively high photon energies and short wavelengths. It is a straight 

interaction with the electronic structure to initiate a chemical reaction between the excited 

particles and with the surface. It takes place when T R  . In this case, R  represent the 

charge (electron) transfer time. The process does not involve any temperature rise when 

it is entirely photochemical. High-energy lasers are suitable for this type of processing 

and also the lasers with short pulse duration158.  

Table 3-1 shows the lasers used in this work with their photon energy. 

 

Table 3-1: Photon source and their energy in eV. 

Laser Wavelength (nm) Frequency (THz) Energy (eV) 

ArF  193 1553.328 6.42 

CO2 10600 28.28  0.1169 
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Furthermore, plasma will be formed when high energy light absorbed by the particles 

creating an enormous number of electrons in the conduction band.  

Two conditions must be applied to start the photochemical process in semiconductors 

such as:  𝑛𝑝ℎ𝑜𝑡𝑜𝑛 ≥ 𝑛𝑎𝑡𝑜𝑚𝑖𝑐 and  ℎ𝜈 ≥ 𝐸𝑔𝑎𝑝. Where nphoton is the photon density, natomic is 

the material atomic density, h is Plank constant, and ν is photon frequency, this could be 

expressed as in Equation (3.17) : 

 
photon atomic

E
h n h n

V
  

 

(3.17) 

Where E is the absorbed energy per pulse and V is the volume of the irradiated target, and 

the ablation fluence could be written as in Equation (3.18)169. 

 
𝐹𝑡ℎ𝑟 = (

𝐸

𝑆
)
min

=
ℎ𝜈𝑛

𝛼𝜂(1 − 𝑅)
 

(3.18) 

R the reflection coefficient, α the absorption coefficient, n the number of molecular bonds 

which must be broken per unit volume and η is the quantum yield for chain scission. 

 

c) Photo-physical effects 

Photophysical ablation is the process where thermal and non-thermal mechanisms take 

part to the overall ablation rate i.e. a material in which the lifetime of electronically 

excited species or of broken bonds is so long that species desorb from the surface before 

the total excitation energy is dissipated into heat. The desorption process enhances by the 

temperature rise. Thermally or non-thermally generated defects, stresses, and volume 

changes may again influence the overall process. Thermal ablation and photochemical 

ablation can be considered as limiting cases of photophysical mechanisms. It is a second 

step physical process of the produced excited species escaping the surface. Therefore, it 

has a straight impact on the ablation-etching rate. The ablation process may be linked 

with a combination of bond session and thermal degradation155,158. 
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3.3.3.2 Laser Ablation Threshold 

Ablation threshold is the minimum energy fluence that will affect the target surface and 

remove at least a monolayer. Therefore, below the threshold, there is no significant 

ablation, but surface modification and emission can take place. While for higher fluences, 

the etching rate might tend to saturate167,170–172   

Ablation rate could be calculated by Equation (3.19)158: 

 
1 lnEF

thr

EF
D

EF
   

  
   

(3.19) 

 

Where DEF is the ablation rate, and EFthr is the threshold energy fluence. It is worth 

mentioning that Equation (3.19) is general and does not depend on the ablation 

mechanism.   

 Laser Vaporisation  

Evaluating the amount of material transported away from a laser irradiated site can be 

approached using a surface vaporisation model. The above is justified as opposed to 

volumetric evaporation when we have a powerful absorption such as the 193 nm UV 

radiation with the 4H-SiC, 𝛼−1 ∼ 7 nm. We estimate the flux of species transported away 

from the sample surface using the Hertz-Knudson (H-K) and Clausius-Clapeyron (C-C) 

equations173. We assume clasSiCal kinetic theory (Maxwell Boltzmann) to calculate the 

flux of species leaving the surface. 

 1 1
2 2
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2 2
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a B l a
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       

(3.20) 
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Where nl, represents the atomic density near surface, Tl, is the temperature of the surface, 

Tv is the evaporation temperature and s is the sticking coefficient. The sticking coefficient 

represents the fraction of species returning to the liquid vapour interface as the species 

changes phase from their initial liquid or vapour state. Pinning down a value for the 

sticking coefficient is non-trivial. Strictly speaking, the H-K equation is valid only under 

equilibrium conditions but is frequently used for near-equilibrium conditions174. It has 

been debated whether one should assign two coefficients’, that is, evaporation and 

condensation (mass accommodation) coefficients. However, quantifying the coupling 

mechanism between evaporating and condensing species is non-trivial. In this work, we 

simplify the analysis and use a single sticking coefficient for the entrapment of species 

returning to the melt of s ~ 20%175. Acknowledging these simplifications, we estimate 

the depth of material removed as a result of absorption of UV laser radiation.

  

 
 

0

a
ev ev

m
j t dt





 
 

(3.21) 

Mass transported away from irradiated materials at a known laser fluence is essential in 

laser processing and especially the depth of an ablation per laser pulse. 

3.4 Nanosecond and Microsecond Pulsed Laser Ablation 

When a nanosecond laser pulse is applied, there will be enough time for the photons to 

be absorbed by the electrons and then the energy transferred to the material lattice. The 

process will then reach thermal equilibrium. Moreover, the nanoseconds regime will be 

long enough to accomplish the melting of the surface not only at the irradiated site but 

could reach the surrounding area, see Equations (3.9) and (3.10) forming the HAZ, micro 

size cracks, shock waves and debris176. Thus, in a nanosecond laser ablation, there will 

be changes in the material’s optical properties in addition to the interaction and relaxation 

modes during and after the pulse duration, and that is why a vast number of weak bonds 

will be produced. These bonds will be broken even with a moderate laser energy fluence 

155.  
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The output wavelengths of the used excimer lasers vary from 193 nm. Excimer lasers can 

be operated only in the pulsed regime. The pulse duration is in the range of several tens 

of nanoseconds, and the pulse energy is on the order of hundreds of millijoules177. 

Hence, an excimer laser operates differently from CO2 lasers. It will ablate the material 

through high spatial resolution and instant decomposition of the material bonds because 

of the photolytic process (decompose of bonds caused by absorption of photons) and 

pyrolytic (decompose of bonds caused by a thermal effect). Besides, processing material 

using Excimer lasers will minimise the thermal damage and the heat-affected zone around 

the irradiated site depending on the thermal diffusivity of the irradiated material 

“Ultraviolet laser sources can initiate both photochemical and photo- thermal effects in 

condensed media”14. 

These advantages are related to the parameters of excimer laser such as their short 

wavelengths, high energy, and ns pulse duration. In targets with covalent bonds such as 

a polymer or organic, photo-lytic process takes place, while this process is partial in ionic 

bond’s material73,178. While, Pyrolytic process takes place in other materials. 

3.5 Characterisation Methods 

 Raman Spectroscopy 

Raman spectroscopy presents a non-contact tool to characterise materials. It can be used 

to identify materials, analyse the structure of the material and its bonding, so all the 

rotational, vibrational and electronic information could be revealed. 

It uses the inelastic scattering of an incident single-frequency laser wavelength. The 

scattered light will be in two groups as a Rayleigh scattering or Raman scattering. Raman 

scattering occurs when there is a collision between the incident photon and the molecule. 

As a result of the collision the vibrational or rotational energy of the molecule is changed 

by an amount of energy179.  If the energy transferred from the incident photon to the 

molecule when the material absorbs the irradiation, then the scattered light will have less 

energy (Stokes scattering). While, if the energy transferred from the molecule to the 

scattered photon, the material lost energy, the scattered light will have more energy so 
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this is anti-stokes scattering. The stokes is dominant due to the relaxed population in the 

ground vibration state at room temperature. See Figure 3.4.  

 

Figure 3.4: Jablonski Diagram Representing Quantum Energy Transitions for Rayleigh and Raman 

Scattering180. 

Raman shift (cm−1) is determined by Equation (3.1)179, 

 7 710 10

excitation scattered

Raman Shift
 

   
(3.22) 

Where λexcitation, λscattered are the wavelengths (nm) of the incident light and scattered light, 

respectively. 

 Carrier Transport in Semiconductors  

A simple model of electrical resistivity can be defined as how the material resist the 

current flow. The electrical conductivity represents the inverse of the resistivity, 1
r

   

where σ is the conductivity and ρr is the resistivity.  

For a homogenous isotropic material, resistivity, according to Ohm’s law will be 

field rE J where Efield is the electric field and J is the current density. For a slab of 3D 
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material, see Figure 3.5, the electric field will be written as oV
E

l
  and cI

J
A

  from the 

above, voltage (Vo), resistance (Rs) and electrical current (Ic) can be written as in equations 

below, respectively. 
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(3.23) 
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Resistance is dependent on the dimension while the resistivity is independent of the 

geometry of the sample. All the above represented the simple model while resistivity in 

the microscopic model would be181: 
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


  

(3.26) 

Where me is the mass of an electron, n is the number of electrons per volume e is the 

electric charge and τ is the average time of free path between the electrons and atoms 181. 

 

Figure 3.5: two-point method to measure the resistivity of slab shape material  



Chapter 3   Arina F Mohammed 

38 

 

 Sheet Resistance Measurements 

Sheet resistance is used when we need to study the resistivity of a thin film, preferably in 

a square shape so we can apply Equation (3.27)181; 

 
o i

s

c

V h

I
   

(3.27) 

Where ρs is the sample sheet resistivity, V represents the voltage, hi the thickness of the 

sample, and Ic is the current flowing through the sample. 

However, sheet resistivity is independent of the size of the square film. Hence, it is more 

suitable to compare different materials. 
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 Methodology 

4.1 Methodology 

This chapter explains the experimental work of this thesis. 

4.2 Material 

Different sizes and specification of single and double polished 4H-SiC wafers were used 

in this work. For the surface studies and the decomposition process, n-type 

semiconducting 4H:SiC (0001) ± 0.5 wafers with 10 mm2 diameters and 330 ± 25 μm 

thick and Micro Pipe Density < 7/cm² was used. These samples were made by Xiamen. 

For the electrical characterisation processing, we have used semi-insulated 4H:SiC with 

a resistivity of 107 and 105 Ω.cm. Polished 2 inches’ vanadium (V) doping and n doped 

4H:SiC <0001> were used to conduct these experiments. The wafer thickness was 330 ± 

25 μm. To make the maximum of the sample, it was cut into smaller samples of  

10×10 mm2 area. These samples were double face polished with the roughness of < 0.5 

nm. 

 Preparation Process 

4H-SiC wafers were provided with different sizes ranging from 10 mm2 square pieces to 

50.8 mm diameter wafer. For the 50.8 mm diameter samples, wafers were diced into  

~10 × 10 mm samples using an 800 nm wavelength Ti-sapphire laser of 155 femtosecond 

pulse duration and peak power of 4.83 GW. This powerful laser was applied to overcome 

the hardness of the SiC material. The Ti-sapphire laser was used to cut the sample directly 

or dice it and then it was cut.  
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Due to the cutting process and the redepositing of debris on the surface, the samples 

needed to be cleaned before any further processing. Four steps cleaning process carried 

out.  

The samples were immersed for ten minutes in four separate solutions inside an ultrasonic 

bath; Decan 90, acetone, isopropyl and distilled water, in the respective order. Finally, 

the samples were dried using a Nitrogen gun. 

4.3 Laser Micromachining of SiC and Setup 

Different set-ups were used depending on the laser system. We have conducted work with 

both ArF Excimer laser of 193 nm wavelength and 10.6 μm CO2 laser. Another 

classification of the processing is whether we conducted a static processing or scanning 

irradiation using both systems. These experiments were repeated to investigate the 

reproducibility of the processing. 

 ArF Excimer Laser Processing  

Laser processing of 4H:SiC surface was carried out in an ambient environment using a 

193 nm ArF excimer laser (Lambda Physik, LPF202, retrofitted rear reflector and output 

coupler). The experimental set-up for the laser system is shown in Figure 4.1 and 

Figure 4.2. Laser pulse duration, 11.5 ns full-width-half-maximum (FWHM) at a 

charging voltage of 26 kV, was measured using a LeCroy WP960 oscilloscope. Most 

experiments were carried out using a pulse repetition frequency ranging from 1-20 Hz. 

The beam was steered using dielectric mirrors that were optimised for operation at 45 

degrees. The laser fluence was controlled using a variable angle dual plate attenuator 

(ML2110-Metrolux-Germany). A stainless-steel object aperture (produced by 

photofabrication) was imaged onto the sample surface using an MgF2 bi-convex lens 

having a radius of curvature 45.9 mm. The laser fluence was increased using a 1/10 

magnification. Laser energy was measured after the lens using a Joulemeter (Molectron). 

For the pulse temporal shape measurement, a fast photodiode (Hamamatsu, S7911) 

connected to an oscilloscope was used. For the static ablation processing, experiments 

were conducted using a circular, square and triangle object apertures with different sizes 
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ranging from 1 mm diameter for circles and 1 mm length for the square to the aperture of 

4 mm of a rectangle shape. The site then reduced to 10% of the aperture to produce sites 

of micrometre scale on the sample. A set of non-static experiments were carried out by 

translating the sample relative to a stationary laser beam using high-resolution motion 

control stages (Aerotech, fibre align). A different mask was also utilised to produce a 

channel of different sizes as 1.5 mm length and 500 µm diameter. 

 

Figure 4.1: Schematic of the 193 nm ArF excimer laser system. Samples were translated using Aerotech 

(fibre align) motion control stages relative to a stationary beam. The laser imaged using different shapes 

of masks.  

4.3.1.1 Laser Beam Delivery System  

The delivery system of the ArF laser (Lambda Physik LPF 202), the maximum energy of  

285 mJ and maximum repetition rate of 20 Hz, has been held on three construction rails 

(Thorlabs) one of 750 mm and 95 mm and the other two are 2000 mm and 66 mm 

dimensions. These were used to hold the optical component to steer the laser from the 

aperture to the samples. Three of 25 mm diameter dielectric coated fused silica mirrors 

(Edmund Co. and CVI Co.) were employed. The laser beam was then passing a 

photomask with different shapes to image them on the SiC surface using a plano-convex 

fused silica lens (Newport Co.) of 81.8 mm focal length. 

The static process will be discussed later, including the ablation threshold measurements. 

While the second set of experiments used scanning irradiation ablation of SiC. It has been 

irradiated with different energy fluences ranging from 0.3 to 5 Jcm-2. In addition, different 
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travelling speed for each energy fluence was conducted. The magnification and PRR were 

10 and 10 Hz, respectively for most procedures to guarantee the high fluence. The 

scanned processing meant that the ablation site has varying overlapping pulses. That was 

employed to study its effect on the sample and the behaviour of the channel. Therefore, 

the chosen scanning velocity was calculated as in Equation (4.1): 

 

Figure 4.2: photograph of 193 nm laser system. 

 
prr c

stage

p

F w
V

N
  

(4.1) 

Where Fprr is pulse repetition rate, wc is the ablation channel width or diameter and Np 

number of pulses.  

The samples were characterised by employing various instruments such as; White Light 

Interferometer, optical microscope, and Horiba Raman spectroscopy. 

4.3.1.2 Ablation Threshold 

Ablation threshold of SiC at 193 nm wavelength laser was measured experimentally. In 

addition to the characterisation of the samples after stationary processing. The static set-

up was used to carry out the etch rate of the 200 µm site produced using a 2 mm circular 
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aperture mask. The shape has been fixed along with all the laser parameters except the 

energy fluence, which was varied by the attenuator. The corresponding energy fluences 

were in the range of 0.3 Jcm-2 and 5 Jcm-2. Each site was irradiated with 100 pulses. 

Ablation etching rates profiles were obtained using White Light Interferometer (WLI) 

(WYCO NT1100 from VEECO). Furthermore, an Optical microscope (LEICA DMLM) 

was employed to examine the surface damage. The depth per pulse was measured by 

dividing the total depth measured by the optical profiling system over the number of 

pulses (100). 

 CO2 Laser Processing 

High power 10.6 µm CO2 laser (Rofin, OEM10iX), manufacturers manual averaged 

power range rated 5-115 W was employed to irradiate the SiC to study the effect of the 

IR radiation on the 4H-SiC surfaces. TTL controller (RS422) was used to enable and 

disable the RF power supply signal. This allows the pulse duration and the frequency to 

be variable with pulse width ranges between 2-400 µs and a maximum frequency of 130 

kHz for 60% Duty cycle. The pulse was produced by a pulse generator and displayed on 

a 70 MHz oscilloscope (Keysight DSOX2002A). The processing was carried out in the 

atmosphere, as shown in Figure 4.3 and under a low-pressure environment. By controlling 

both the pulse width and the pulse repetition rate, we had the chance to choose the wanted 

duty cycle to ablate the SiC. A calibration processing was conducted to calibrate the 

output laser power with the input pulse width and the frequency. Both, the pulse duration 

and the frequency were controlled by a pulse generator as an input for the TTL to trigger 

the laser. This system was more challenging than the UV system due to its properties of 

invisibility and to its high output power.  

Most experiments were carried out using a pulse repetition frequency ranging from 1-

1000 Hz. The beam was steered using silicon mirrors coated with Supermax coating 

provided by ULO optics. They were optimised for operation at 45 degrees. The laser 

power was controlled by controlling either the pulse duration or the pulse repetition rate 

and/or by using the compact attenuator to get more control over the fluence of the beam. 

For the pulse duration measurements, it was provided by the manufacturer for all the used 

FWHM pulse durations here and in Chapter 5.  
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Laser power was measured by a high threshold damage power meter (COHERENT 

LabMaster Ultima). Stationary and scanning ablation were also conducted using G-code 

controlled nano-motion stage (Aerotech).  

 

 

Figure 4.3: Schematic diagram of the experimental CO2 system set up. It used for the processing of SiC 

and the ablation threshold measurements.   

4.3.2.1 CO2 Beam Delivery System 

Due to the Properties of CO2 laser, the invisibility and the high power of its output beam, 

a special delivery system was built around the beam to ensure the safety of the operator. 

It was built from multiple components of tubes and optical parts, mostly from ULO Optics 

that is suitable up to 500 W beams. We will describe it from the laser aperture to the 

sample. The laser aperture was attached to the rest of the system with a specialised tube. 

Compact Beam expander of 1.6 magnification was used in reverse as a beam reducer 

bearing in mind the effect on the laser power and its far-field divergence. We were dealing 

with tubes of 19 mm inner diameter and according to the relation inout mDD  where m is 

the magnification.  

Manual Attenuator C-MA was used. It based on the principle of Brewster angle of two 

plates of ZnSe in the V configuration to adjust the beam displacement. The Brewster 

angle for the ZnSe plate depends on the refractive index as in the relation )(tan 1 nB



where n is the refractive index of the ZnSe plate.  Since its two plates then we have four 

air-ZnSe interfaces, the limited transmittance would be 100% perpendicular polarisation 
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and 55.33 S polarisation. The transmittance calculated )(sin938.01 2

BT  . This works 

only with linear polarisation beams. 

Compact corner mirrors of silicon with Supermax coating. The clear aperture of these 

blocks is 16.4 mm. These mirrors are compact but controllable, and it is threaded both 

ways to fit with the other parts. These mirrors steered the laser beam in a different 

direction to the stage. The ZnSe lens with different focal lengths at the end of the delivery 

system to focus the laser onto the samples mounted at the nano-motion stage. 

Fine focus adjustment provides a 20 mm of fine movement allocated in the z-direction of 

the laser, by rotating the notched ring. Both ends of the focusing unit have the thread to 

take the thread inserts. All the mentioned parts were put together using beam tubes, 

threaded in both ends. It was mostly used for health and safety. All for more security there 

was an enclosure of Pyrex to contain the CO2 laser beam. This was also surrounding the 

Aerotech stage and the sample to prevent any reflected light from the sample surface.  

4.3.2.2 Laser Power and Energy Calibrations  

Laser average power was measured by COHERENT Labmaster Ultima. The averaged 

power was calibrated as a function of the laser repetition rate for different pulse durations. 

The power meter placed on the Aerotech stage and the beam was located on the centre of 

the power meter head. The measurements repeated and averaged, and it was in the error 

range of 3%, see Figure 4.4.  

Power as a function of the duty cycle was also measured with different pulse widths as 

seen in Figure 4.5.  
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Figure 4.4: The average power of CO2 laser for different pulse duration as a function of the pulse 

repetition rate. 

 

Figure 4.5: Averaged power as a function of the duty cycle controlled by the pulse repetition rate and for 

different pulse width. 

In addition, the averaged power was measured as a function of the attenuator transmission 

as it can be seen in Figure 4.6.  
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Figure 4.6: Averaged power as a function of the attenuator transmission percentage. 

 

 

4.3.2.3 Gaussian Ablation Threshold Measurements 

The effect of CO2 laser threshold fluence and the surface modification of SiC was studied. 

The approach here was using the Gaussian definition: the distribution of the electric field 

as a function of the radial distance (r). 

 2

( ) expO

O

r
E r E



 
  

   

(4.2) 

Where E(r) is the electric field at r distance, Eo is the maximum electric field, and ωo is 

the laser spot size radius where the fluence will have the value 2

oF e .  Since the laser, 

irradiance could be linked to the electric field 2

max1 2 oI cE . Equation (4.2) could be 

substitute with irradiance in Wcm-2. In our work, the beam was time-averaged, and the 

Fluence F(r) was a substitute to the irradiance. For a Gaussian spatial beam profile with 

a 1/e2
 laser beam radius ω0 the radial distribution of the laser fluence is presented by: 
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(4.3) 

Equation (4.3) can be integrated into 2D to get the pulse energy (E), The peak laser 

fluence Fo is related to the total pulse energy E according to Equation (4.4), and it can be 

solved for (r) and ( ) ThF r F as in Equations (4.5)  Substituting r=D/2 and recognizing 

that the material cannot be ablated for laser fluences lower than the threshold (namely, 

D=0 at the threshold laser fluence, Fo peak =FTh), we obtain (4.6) for the diameter (d) 

because E pulse is the integrated value of the Gaussian profile of laser fluence over the 

irradiated area with a radius ωo. In the literature, most studies report the fluence in terms 

of an average value defined by 𝐹𝑜
𝑎𝑣 = 𝐸𝑝𝑢𝑙𝑠𝑒 𝜋𝜔𝑜⁄ 182. 
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This can be applied experimentally to determine the threshold and the spot size by plotting 

a graph between the squared of the diameter as a function of the natural logarithm of the 

pulse energy. The slope will equal 22 o , and the intercept will determine the threshold 

energy183–185. 

The same experimental set up was used, see Figure 4.3. The pulse repetition rate was set 

to 20 Hz. The laser was steered using the shown delivery system to finally be collimated 

by zinc selenide (ZnSe) plano-convex lens of 55 mm focal length. The laser travelled 

through the centre of the lens to minimise the aberration. The applied laser energy 

controlled by the ZnSe attenuator. The average power was measured using a power meter 
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calibrated with the pulse duration and the repetition rate. The samples were placed on the 

surface bracket attached to the Aerotech stage at the focus region. It was set to ensure the 

circular shape of the laser spot. Few measurements of the diameters were taken and then 

averaged. The diameter was then measured using an optical microscope (Leica DML with 

spot advanced software). The pulse duration was set to 150 µsec with a maximum power 

of 15 W. The ablation threshold will be discussed in Chapter 7. 

4.4 Laser Irradiation under Low Pressure 

Some of the SiC irradiation was conducted under controlled atmosphere. The low-

pressure chamber was designed and prepared with the technical support of the 

engineering workshop. The chamber was small to be held on the displacement stages due 

to its weight limit. The chamber with all the fittings had to be less than 3 Kg. The fittings 

were designed to be able to use different gases into the system to study the effect of the 

gas on the surface during the irradiation. The sample placed on the bottom of the chamber 

and the lens was ensured, using the fine adjustment tube, to focus the laser so on the 

surface of the samples. It was also fitted with windows of relatively big diameter to be 

able to conduct the scanning processing of the SiC. A pressure gauge used to measure the 

pressure inside the chamber. It was also fitted with a connection to the different gas 

cylinders.  

4.5 Characterisation Techniques 

 Tauc Plot 

The characterisation process for the un-irradiated SiC was carried out using an optical 

spectrometry measurement (UV-Vis-NIR) from HORIBA; it was used to calculate the 

optical energy gap (Eg) of SiC by applying Tauc Plot 186. Which confirmed that our 

sample is 4H:SiC with an Eg of 3.34 eV. This was carried out by calculating the 

absorption coefficient (α) as  ln T t   Where T is the transmittance and t the SiC 

thickness. Then the plot utilised between (αhν)1/2 and hν where h is Plank constant and ν 
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is the frequency as shown in Figure 4.7. In this plot, the intercept represents the material 

energy gap. 

 

 

Figure 4.7: Tauc’s plots obtained through the applications of standard equations. It indicates an  

Eg of 3.34 eV 

 Surface Imaging 

Many techniques were employed to investigate the surface of SiC before and after 

irradiation. In addition to the mentioned optical microscope, surface modification was 

studied using scanning electron microscopy (SEM, Zeiss EVO60) and atomic force 

microscopy (AFM, Bruker edge). For the SEM, most of the samples were coated with a 

thin layer of carbon or gold for high-resolution imaging. Some samples were done without 

coating. The AFM measurements on the surface of the sample were obtained using the 

tapping mode with unmounted (for use on any AFM) high-quality pyramidal silicon tips 

(Tespa- V2 of 8 nm radius). These tips are 0.01- 0.025 Ω-cm Antimony (n) doped Si, 

resonance frequencies of 320 kHz and the backside is coated with Al. A Bruker Software 

called nanoscope analysis was used to analyse the measurements and produce three-

dimensional images, 2D cross section, surface roughness and histogram of distribution. 

Eg = 3.34 eV 
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For depth measurements, DektakXT (Bruker) was employed to provide 1D stylus profile. 

Furthermore, WLI (WYKO, NT1100) were applied to optically investigate the surface 

profile using vertical scanning interference (VSI). 

 Temperature Calculations 

For more understanding of the irradiation process of SiC, the surface temperature was 

calculated by a finite element method (FEM) employed through COMSOL™ version 

5.3. A two dimensions (2D) - axis-symmetric geometry was applied. One Dimension 1D 

numerical and analytical solutions were done to estimate the temperature rises, but it tends 

to overestimate surface temperature rises value. In 1D geometries, the mesh generator 

discretizes the domains (intervals) into smaller intervals (or mesh elements). While in 2D 

geometries, the mesh generator discretizes the domains into triangular mesh elements. If 

the boundary is curved, these elements represent an approximation of the original 

geometry. A mesh edge must not contain mesh vertices in its interior 187
. The software 

default solver settings were used for all models for time-dependent heat transfer studies 

except the time stepping, which was set to strict. Strict used to force the time-stepping 

method to take steps that end at the times specified in the times field in the general 

section. The solver takes additional steps in between these times if necessary187. This 

ensures that the solver will calculate at each manually defined individual time interval, as 

the solver could take any necessary intermediate steps. The used mesh was triangular in 

the 2D models. The used material properties were temperature-dependent. The geometry 

was designed as a two-layer system and was implemented as air at the front surface of 

bulk SiC. The simulations were done by both convection at the surface, and conduction, 

while the radiation losses were assumed negligible. The experimentally measured laser 

temporal pulse was used in the simulations. This will be discussed fully in chapter 5. 

 Raman Spectroscopy 

The total area where the laser irradiation took place was monitored by micro-Raman 

spectroscopy. The site was mounted on the controlled calibrated XYZ stage of the 

microscope, and detailed measurements were performed at selected points superimposed 

on the profile. The measurements were repeated many times on other samples prepared 
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in a similar way. The majority of the spectra were collected with the Labram HR800 

(Jobin–Yvon) micro-Raman system equipped with a He-Ne laser operating at 632.8 nm. 

Circumstantially, Raman spectra were recorded with the 784 nm laser line using the same 

system. Microscope objectives with magnifications 50× were used to focus the light onto 

∼2 µm spots. Calibration was conducted using Si samples whenever the instrument was 

started. Another micro-Raman System was used using 532 nm laser excitation. This 

system was built in the department using Symphony II Horiba charge-coupled device 

(CCD) cooled with liquid nitrogen to -130 °C. Rayleigh scattering was eliminated using 

two notch filters. The third Raman System was (LabRAM HR Evolution, Horiba Jobin 

Yvon, Germany). Two sequential scans were recorded and the average of the 

measurements plotted. An objective lens of 100×was used, and the excitation was carried 

using a HeNe laser 632.8 nm and an average power of 12 mW. 

To understand how the crystallite sizes of the processed samples have been calculated, 

the known Raman peaks of graphite and grapheme must be briefed here. Raman spectra 

showed the G band at 1582 cm-1 and the 2D bands at approximately 2700 cm-1. They are 

the main peaks of graphene. G band originating from the first-order Raman scattering is 

attributed with the E2g phonon mode at the centre of Brillouin zone. While the 2D band 

is originating from second-order Raman. This associates two Brillouin zone boundaries. 

However, there are other peaks appear as a consequence of defects or structural disorders, 

D band at 1350 cm-1 and sometimes a weak peak at 1620 cm-1 and they originate from 

double resonance process 188,189. Therefore, the ratio ID/IG was used to calculate the 

defect concentration of the graphene layers. The crystallite size (La) was also evaluated 

using Tuinstra Koenig Equation (4.7). 
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a
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L nm

A G
   

(4.7) 

Where La is the crystallite size, λ is the laser excitation wavelength, A(D)/A(G) is the 

relative integrated intensity (area) ratio of the D and G bands. 

The integrated area ratio of A(D)/A(G) for D and G bands and the La crystallite size were 

calculated. 
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 Current-Voltage I-V Measurements 

Polished 2 inches Semi-insulating vanadium (V) doped and n-doped 4H-SiC were 

employed to conduct the I-V experiments. The wafer thickness is 330±25 µm. The 

processing of the SiC was carried out by 193 nm Excimer laser in the ambient atmosphere. 

Channels were produced through SiC samples of 10 mm2 areas. The laser pulse duration 

(FWHM) was 11.5 ns at charging volts of 26 kV and a pulse repetition rate of 5 Hz. The 

laser fluence was increased by a 1/10 magnification. SiC channels were also produced 

using CO2 laser of 10.6 µm with different laser power, sample travelling speed and pulse 

durations. 

For the 193 nm laser, the main corresponding energy fluence was 1.56 Jcm-2.  However, 

different irradiation conditions were applied, including changing the fluence and the SiC 

travel speed. Electrical measurements were carried out using a fully motorised probe 

station attached to an Agilent B2912A source-measure unit. The probe station was used 

in a two-probe configuration with tungsten tips of 20 μm radius and fully triaxle cabling. 

The system series resistance (~3-4 Ohm) was negligible as compared to the resistance of 

the devices under test (in the order of kilo-ohms) hence the two-probe approach. The 

resistance of each track on the sample was measured by keeping one probe tip fixed at 

one end of the track, and moving the other probe at regular intervals of ~1 mm, starting 

from ~1 mm away and recording the current-voltage (I-V) characteristic at each of these 

positions, see Figure 4.8. The I-V measurements consisted in sweeping the voltage from 

0 V bias up to 1 V at 0.1 V steps recording the current passing through the track. The 

accurate positioning of the probe tips and the measurements of the tips distances was 

achieved through a calibrated microscope with a ~50x magnification, and the estimated 

maximum error on the distances between the two probe tips on a track is less than 0.1 

mm. For each track, this process was done at least in 5 locations. The above approach 

generated a resistance value for each track (by fitting the I-V characteristic) at each 

location along the track and the resistance vs track length curve. Ideally, a line, that was 

used to estimate the resistance per unit length of the track (slope) and the contact 

resistance between the tips and the SiC track (intercept). The former was consistent in the 

order of 2-2.5 kΩ/mm while the latter was of the order of 1 kΩ. In addition, Raman 

(Horiba/Germany) measurements were done on the irradiated channels.  
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Other I-V measurements set up were used. It consists of a probe station equipped with 

HP4140B source meter unit. The measurements were done at room temperature. With a 

metal contact at the edges of the irradiated channels. The I-V data were collected using a 

series programmed from -1 to 1 V. 

 

Figure 4.8: Two probe I-V measurements on graphitic channel written directly on 4H:SiC. The schematic 

shows the probe positioning on the irradiated channels of the produced channels and the change of the 

space between the tips. 
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 Theoretical Modelling of Laser Heat Transfer 

5.1 Introduction 

This chapter focuses on the use of a laser as a heating source. The theory is first explored. 

Analytical and numerical modelling then was performed.  

5.2 Heat Transfer Theory 

Heat is thermal energy that can transfer, in different ways, from one point to another 

within a body or a system. Different mechanisms can be used to interpret heat transfer, 

such as thermal conduction, thermal convection, thermal radiation, and phase change 190. 

 Thermal Conduction 

Thermal conduction is the heat diffusion of molecules, atoms and electrons, transferring 

the heat due to their movements and colliding with one another. As temperature is directly 

related to the kinetic energy of a system this results in a change in the temperature 

distribution. For solids, the thermal conductivity depends on the electrical carriers  

(e or h), lattice vibration and other waves. The heat conduction in one dimension can be 

represented by Fourier’s law as in Equation (5.1). 

 

 dT
q K

dx
   

(5.1) 

Where q is the heat flux normal to the cross-sectional area, K is the thermal conductivity 

and T is the temperature190. According to Incropera190, in homogeneous solid an energy 

conservation applied. In three-dimensions, heat flux will be considered through each 

plane direction dx, dy and dz with the area see Figure 5.1. 
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Figure 5.1: Total heat flux toward and out of the volume dV=dxdydz 

First, the heat rate defined in indefinitely small volume: 

 dxdydzdV   (5.2) 

The outward conduction heat rate will be expressed in terms of the opposite surfaces 

employing Taylor expansion without the higher orders. Meaning, the heat transfer rate q 

in x-direction equals the heat rate in this direction, adding to the changes of qx multiplied 

by dx, and the same was done for the other directions. 
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The difference between the inlet and outlet heat will give the net energy flow in the three 

dimensions, while the overall net flow will be written as: 
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(5.6) 

In the above, we considered the in and out energy while it could be that the system 

generates heat. The generated heat could be written as: 

 

  QdxdydzEGen   
(5.7) 

Where Q is the generated heat per unit volume of the system (Wcm-3). Considering the 

heat balance, the total energy could be described as: 

 

 
Genoutinstored EEEE   (5.8) 

From above, the internal energy change rate per unit mass could be written as in Equation 

(5.9), i.e. multiplying the temperature change rate by the specific heat capacity cp. 

 

 
p

du dT
c

dt dt
  

(5.9) 

 

Thus the enclosed system stored energy where no phase changes occur as below see 

Equation (5.11): 

 dxdydzm   (5.10) 
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(5.11) 

Where (𝜕𝑇 𝜕𝑡)⁄  is the time rate for changing temperature, m is the mass, ρ is the density, 

Esto is the stored energy. By substituting Equations (5.6), (5.7) and (5.11) into Equation 

(5.8), we will have Equation (5.12) as below: 
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(5.12) 

From Fourier’s law, the conduction energy rate could be represented as below: 
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(5.13) 

The same goes for y and z-direction. By combining both equations of (5.13) and the other 

directions into (5.12) and finally divide the equation terms on the volume (dx, dy and dz), 

we will end up with Equation (5.14) 
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(5.14) 

Where the term  2 2K T x  represents the net conduction heat flow in the system 

through x-direction. The solution of Equation (5.14) can identify the temperature as a 

function of x, y and z at a time, t. Most of the time, a simpler version can be used when 

the thermal conductivity equals a fixed value. 
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 Thermal Convection 

Another example of heat transfer is Thermal Convection. It is the process involved when 

there are moving “bulk or macroscopic” fluids contributing to the heat distribution 

through the surface of the system, resulting in cooling the warm surface. Figure 5.2 shows 

the formation of the boundary convection layer at the system.  It also shows that random 

particle diffusion takes place close to the surface where the fluid particle has low velocity. 

Considering a fluid flow over the heated surface, “a consequence of the fluid–surface 

interaction is the development of a region in the fluid through which the velocity varies 

from zero at the surface to a finite value u∞ associated with the flow. This region of the 

fluid is known as the hydrodynamic, or velocity, boundary layer. Moreover, if the surface 

and flow temperatures differ, there will be a region of the fluid through which the 

temperature varies from at Ts at y=0 to in T∞ the outer flow. This region, called the thermal 

boundary layer, may be smaller, larger, or the same size as that through which the velocity 

varies. In any case, if Ts > T∞, convection heat transfer will occur from the surface to the 

outer flow” 190. Heat convection can be sorted by its nature into the natural flow, where 

the heat convection takes place due to the difference in temperature and forced flow, 

where an external method applies such as a fan. 

 

 

Figure 5.2: Convection energy transfer and the hydrodynamic formation at the boundary. 
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Moreover, due to the exchange of temperature between the surface and the fluid, the fluid 

velocity will decrease. Thus, the buoyancy force will dominate the fluid, pushing it up 

and replacing it with more cooling fluids. This cycling process will cool the surface. 

Convection also could happen in case of Latent heat exchange at the phase change 

between fluid and liquid. Phase change heat transfer is the way to transfer the energy 

when there is a boiling or fluid condensation with a constant temperature on the other 

side191,192. Convection heat transfer can be expressed as in Equation (5.16) “Newton’s 

cooling law”190–193. 

 

  c l extq h T T   (5.16) 

Where q is the convective heat flux (Wm-2), Tl is the surface temperature, and Text is 

external temperature while hc represent the heat convection coefficient (Wm-2K). This 

depends on the surface type, and in the case of a flat surface, hc can be derived as in 

Equation (5.17) when the surface temperature is higher than the external temperature 

while Equation (5.18) is for the opposite case. 
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Where L is the “plate diameter represented by the area/perimeter”, while RaL is Rayleigh 

number expressed as in Equation (5.19)194,195: 
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Where g is the acceleration owing to gravity, αp represent the thermal expansion 

coefficient, and µ is the dynamic viscosity194,195. The above is an approximation since it 

does not count the mass transfer due to the forced bulk convection (advection), which can 

be done by adding the velocity and calculate the heat transfer. 

 Thermal Radiation 

In addition to heat conduction and convection, heat transfer can occur due to thermal 

radiation. It is the process of producing electromagnetic radiation from its charged 

particles and their thermal vibration. It is neglected most of the time since it is much 

smaller than conduction and conviction191,192 Any matter will emit energy when its 

temperature is exceeding zero Kelvin. The emitted energy will take the form of 

electromagnetic wave leading to cooling down the material. Radiation does not require 

the presence of other material. 

In contrast, to thermal conduction and convection. Figure 5.3 shows surface heat transfer 

through convection and radiation. Stefan-Boltzmann explained the maximum limit of the 

emissive power of radiation as the energy rate emitted per unit area (Wm-2) as in Equation 

(5.20). This is known as the blackbody surface. 

 

 4

b s sE T  (5.20) 

Ts is the surface absolute temperature (K), and σs is the Stefan-Boltzmann constant 

(5.67×10-8 Wm-2K4). While for other surfaces, Equation (5.21) should be used where ε is 

the emissivity ranging from 0 to 1. The heat flow radiation that can be described as in 

Equation (5.22) 
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  44

extsSB TTq    (5.22) 

 

Figure 5.3: Thermal Radiation a) at the surface and b) at the surface surrounded by matter. 

In reverse, there are the means to deliver heat energy to the surface. Moreover, since we 

are dealing with a laser, irradiation must be mentioned. Light-matter interaction was 

explained in detail in chapter three. Here it will be focused on the equations and options 

that have been used to simulate the temperature rise as a result of laser irradiation of the 

SiC surface. When the laser wave hits the surface, the effect can be modelled by applying 

both the material properties and the laser parameters. From the extinction coefficient k, it 

can be determined both the penetration depth and the surface reflectivity in addition to 

determining the absorption of the incident laser light as in Equation (5.23). 

 IQ   (5.23) 

Where α is the absorption coefficient, and I is the laser irradiance.  Moreover, by applying 

Lambert-Beer law, we can calculate the exponential decay to account for the absorption 

and multiple reflection losses considered within the material thickness as in Equations 

(5.24) and (5.25) for the film and the substrate196, respectively. 
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(5.25) 

Where Io is the incident laser intensity, R1 is the reflectivity at the film surface and air 

boundary, R2 is the reflectivity between the sample and its substrate, df represents the film 

thickness, αf and αs are the absorption coefficient for the film and the substrate 

respectively. To use these equations, the peak intensity of the beam in space and time 

must be calculated Clarke 2017. The peak intensity for our systems, pulsed lasers, can be 

defined as the total energy of a single pulse. Moreover, to calculate these, Equations 

(5.26) and (5.27) could be applied according to the normalised spatial intensity f(x,y) and 

normalised temporal intensity g(t) of a pulse while P represents the beam power and E is 

the laser energy of a single pulse196. 
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The integral takes place over the laser beam area. Thus the heat flux could be written as 

in Equation (5.28). It must be noticed that h(z) include the peak intensity as can be seen 

in the previous Equations (5.24) and (5.25). The h(z) term describes the laser intensity in 

the direction of beam propagation. 
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        zhtgyxfzQ ,  
(5.28) 

 

Boundary conditions were needed to solve the heat equations. This leads us to the 

classification of the boundary conditions. Dirichlet (fixed boundary condition) and 

Neumann (heat flux boundary) were described as in Equations (5.29) and (5.30)196. The 

Neumann boundary employed for this work. 

  trfT ,  
(5.29) 

 
 trf

n

T
,





 

(5.30) 

Where r is the radial vector, t is the time, and n is the perpendicular direction on the 

boundary. 

5.3 Analytical Solution of Laser Heating Source 

Most of these models relied on different assumption and conditions, especially when the 

system and model become complicated148,158,197. 

In general, analytical solutions were introduced by many researchers to model heat 

equations, as offered by Carslaw and Jeager198. Later on, these models were applied by 

others to model the laser as a heat source. J.F. Ready199 reported the laser specific model 

for the uniform laser beam for a continuous or rectangular pulse, the distributed heat 

source and time-dependent irradiance197. Ready and Duley separately reported the finite 

sized Gaussian beam with a surface heat source in a semi-infinite solid with a varying 

intensity in time. Duley developed the solution for multiple layer subject. Lax followed 

this for the distributed source; the solution was for a time, depth and radial dependent 

temperature rise. He then introduced the solution with temperature-dependent material 

properties such as the thermal conductivity. This was useful for laser annealing of 

semiconductor197,200,201. 
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El-Adawi provided a semi-analytical solution for the heat diffusion equation with the two-

layer subject of a thin film attached on a substrate. This was a one-dimensional solution 

and solved using a computer202. Afterwards, computers evolved with numerical 

techniques predicting more precise spatial and temporal behaviour converge to the 

experimental results. This solution was achieved by applying a finite element technique. 

It is more common and considered the laser beam losses with its spatial and temporal 

behaviour, along with the temperature-dependent properties. 

5.4 Semi-Analytical Heat Equation Solution 

Here, It was focused on using a top hat excimer laser and a Gaussian pulse laser beam of 

CO2. Different analytical heat equation solutions were applied depending on the beam 

profile. For excimer laser, the heat solution from Duley was applied14, in addition to the 

two-layer by El-Adawi. This was employed to see the effect of a substrate on the 

temperature rise of the film202. For the CO2 laser, Bechtel was used to estimating the 

temperature rise203. 

 Flat-Top Laser Profile Heat Equation Solution  

Initially, 1 Dimensional (1D) thermal model was implied for a free-standing bulk SiC. It 

was decided to apply an analytical model with a few assumptions from Duley14. For this 

study, the assumptions were considering the irradiation of the opaque surface by excimer 

laser of 193 nm. The penetration depth was controlled by the absorption coefficient in the 

range of 106 cm-1. This is often smaller than the heat distribution presented in the 

linearised Equation (5.31) 
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(5.31) 

Where x is the normal depth from the surface, A(x,t) is the volumetric heat source, D is 

the thermal diffusivity, and K is the thermal conductivity. It approached over known steps 

of x as shown in Equation (5.32)14 
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(5.32) 

Where R is the surface reflectivity for that wavelength, and Io(t)is the time controlled laser 

intensity at the surface. Afterwards, the integral of A(x,t) solved from zero to infinity and 

replaced in Equation (5.31). 

For approximation, and since we are using excimer laser of 193 nm on a SiC surface, the 

light was strongly absorbed. The heat penetration depth is much larger than the optical 

penetration depth as in 1

pD    and   oo ItI  . The temperature rise can be written 

as in Equation (5.33). 
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(5.33) 

To is the environment temperature, and ierfc is error function integral. At the surface 

where x is set to zero, the temperature rise could be calculated from Equations (5.34) and 

(5.35) depending on if the laser intensity or laser fluence was used14. 
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 Gaussian Laser Profile Heat Equation Solution 

For a Gaussian spatial laser profile, the radial term was introduced203. The heat equation 

solved for slab (semi-infinite) material where 0z in the same direction of laser 
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propagation. Bechtel assumed the material as an isotropic or cubic structure. The 

boundary and the initial conditions were considered for mathmatical convenience.  

Bechtel considered “only a semi- infinite slab occupying the region z ≥ 0. The slab is 

irradiated by a laser beam propagating in the z direction. In the absence of convective 

losses, the boundary condition for volume generation of heat is that the heat flux across 

the irradiated surface is equal to the thermal radiation loss”203 see Equation (5.36). T(r,t) 

is the temperature rise due to the laser irradiation. In pulsed lasers, we are interested in 

the temperature for time domain near the maximum irradiance. Thus, Equation (5.36) 

would be simplified to Equation (5.37). 
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Also, it was assumed that the laser absorbed by the surface. Therefore, the boundary 

equation would be considered as in Equation (5.38). 
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Where I(r,t) is the laser irradiance. This solution was based on finding one point solution 

and then the superposition principle implied the solution on the different source 

distribution.  Afterwards, Bechtel applied it in the agreement of Lambert-Beer law 

involving the spatial and temporal shape of the laser profile. Thus the source was 

presented as in Equation (5.39). 
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 (5.39) 

Imax is the maximum laser irradiance, f(r) is the normalised spatial dependent laser 

distribution, and q(t) is the normalised temporal behaviour of the laser pulse. The 

temperature rise was obtained as in Equation (5.40). 
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This can be represented in simple Equations (5.41). 
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(5.41) 

The drawback of the discussed semi-analytical solutions is they assume the absorption of 

all the incident laser at the surface, which is valid when the absorbed energy will take 

place in a very thin layer of the surface. Also, only 1D models could be applied, meaning 

ignoring the different beam shapes and the lack of scanning simulation. As stated, the 

losses due to the radiation and convection were neglected. Despite all the above, it has 

been used since it was a quick way to solve the heat equations and also for comparison 

5.5 COMSOL Multiphysics 

Having defined the heat equation and its analytical solution, numerical methods were 

introduced to solve the heat equation and to avoid the limitation of the semi-analytical 

solution. Consequently, the analytical and semi-analytical solution was less dominant. 

Numerical techniques are more powerful and precise due to the minimisation in the 
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assumptions. The model used here is the finite element method FEM. It is the prefered 

method to solve the heat equation on account of considering the thermal radiation and 

thermal convection more easily along with conduction energy. It can be used easily to 

solve partial differential equations204,205, while more complicated temperature-dependent 

properties can be incorporated. COMSOL MultiphySiCs is the theoretical modelling 

presented in this work to determine the temperature rise at the sample irradiated with 

different laser beams. This programme is robust; it can be applied for solving various 

types of phySiCs and engineering problems. 1D, 2D, 2D axisymmetric and 3D 206 can be 

designed and modelled with COMSOL. Constant and temperature-dependent properties 

could be employed in the simulation. Optimised laser parameters and its temporal and 

spatial shapes could be considered to predict the temperature rise of the surface. Ambient 

conditions of material layers or air which could be inserted in the model since it affects 

the cooling process and generates more real volumetric heat solutions. 

The genral COMSOL steps shown in Figure 5.4187,206 was considered when building a 

model in COMSOL MultiphySiCs.  

 Simulation Methodology  

To assist in the interpretation of the laser processing results, we calculate the surface 

temperature of laser irradiated SiC using a Finite Element Method (FEM) with 

commercially available software, COMSOL™ version 5.3. In this work, 1D and 2D 

axisymmetric have been used to simulate laser irradiation heating. The SiC of 1×1×0.03 

cm3 dimensions was introduced, see Figure 5.5. The sample was defined and divided into 

domains. This material was divided into elements using mesh. It is prefered to be fine to 

get accurate solutions, and the trial is the only method to determine if it was correct or 

not. However, it was determined by the laser pulse duration which is in the nanoscale for 

the ArF laser and microscale for the CO2 laser. Since we modelled 2D axisymmetric, the 

mesh was used as a triangle207. 
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Figure 5.4: COMSOL general steps to simulate physical processing. 

Time steps were controlled in the same way as the mesh to prevent any large jumps. 

However, COMSOL 5.3 was used in the default time-dependent heat transfer setting; 

only the time stepping was set to strict. This way, each chosen time step will be considered 

in addition to any intermediate time steps taken by the solver. Both convection and 

conduction at the surface were used in the simulation. Radiation losses were neglected. 

The Neumann boundary condition was considered in the simulation, see Equations (5.22) 

and (5.15). The boundary condition was applied on the outer boundaries to define a zero 

heat flux. This is usually defined by the heat penetration depth. Figure 5.6, represents the 

boundary condition and the used geometry in COMSOL. The initial temperature was set 

to 293.15 K. After that, a solution to Equation (5.28) should be reached for the volumetric 

heat source. 

 

Figure 5.5: Schematic of the sample irradiated by ArF laser. 
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To make sure that the reached solution was correct, different models were built as 

mentioned earlier. This was compared with the analytical solutions. The 2D axisymmetry 

was dealing with realistic procedure. 2D-axisymmetric was restricted to the stationary 

situation, and the beam was circular. 

 

 

Figure 5.6: The boundary condition and the geometry of the 1D and 2D axisymmetric model 

 Silicon Carbide Parameter  

Having defined the SiC properties in chapter two, more specific temperature-dependent 

parameters were considered in this chapter for the sake of accuracy. The refractive index 

of 4H:SiC was calculated by Naftaly using Equations (5.42) and (5.43)208 as it can be 

shown in Figure 5.7, covering the wavelength range of 190 nm to 12 µm. Refractive index 

(no) was applied in the model for simplicity. 
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(5.43) 

Temperature-dependent specific heat and thermal conductivity were also applied. 

Equation (5.44) describes the temperature-dependent specific heat for 4H:SiC, as it can 

be shown in Figure 5.8.   
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Figure 5.7: Calculated  Refractive index of 4H:SiC from Equations (5.42) and (5.43) for both ordinary 

and extraordinary refractive index208. 

 432)( ETDTCTBTATCp   (5.44) 

Where A=-126.97, B=3.73, C=-4.10×10-3, D=2.10×10-6, and E=-4.05×10-10. 

Temperature-dependent thermal conductivity of 4H:SiC was calculated using Equation 

(5.45), see Figure 5.9 . Equations (5.44) and (5.45) have limits between 300 and 2300 

K209.   
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Figure 5.8: Temperature-dependent specific heat of 4H:SiC. It shows the increase of specific heat with 

temperature.  

 

Figure 5.9: The change in the thermal conductivity of 4H:SiC as a function of temperature. 

 Other Parameters 

Air properties were taken from the built-in library in COMSOL because it is well 

characterised.  The refractive index equals one. Silica was modelled as the substrate for 

193 nm radiation. However, the substrate was neglected here due to the limitation of both 

the optical and thermal penetration depth to the surface of the SiC. Silica was replaced 
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with Aluminium in the CO2 processing, and the properties were taken from the COMSOL 

library. The laser temporal shape was considered for both laser systems. For the excimer 

laser, the pulse duration was measured as it can be seen in Figure 5.10.  

 

Figure 5.10: Measured temporal shape of the excimer laser of 193 nm. The shape of our laser pulse 

measured with a photodetector. 

For the CO2 laser, the temporal shape was measured by the manufacture of the laser 

(Rofin Sinar). The extraction of the data was conducted using Origin Pro Software see 

Figure 5.11.  

 

Figure 5.11: Normalized extracted temporal shape of the CO2 Laser pulse. The data was provided as a 

picture from the Rofin Sinar Company. The data was extracted using the Origin software. 
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5.6 Results and Discussion 

Pulsed laser processing of a surface has two significant advantages: high-speed heating 

up to the melting and evaporation temperature in the nanosecond time scale and efficient 

rapid solidification and cooling. The results show the surface temperature versus time and 

the temperature profile in depth (z) for the flat-top shape and Gaussian shape distribution. 

A comparison of analytical results and numerical solution were conducted. The effect of 

the substrate on the sample was computed and compared to the experimental results. The 

pulse repetition rate effect was also studied. 

 Analytical and Numerical Modelling Comparison for ArF and CO2 Lasers 

Analytical and numerical solutions were compared in this work. COMSOL simulations 

results compared with the analytical solutions of both Duley14 and El-Adawi202 models. 

A 0.97 Jcm-2 laser fluence was used to evaluate the mean temperature rise as it can be 

seen in Figure 5.12. Both analytical models gave almost the same results despite the 

presence of a substrate in El-Adawi’s model. Furthermore, Bechtel203 and COMSOL 

solutions were also compared in this work. A 4.5 W laser power was applied to evaluate 

the mean temperature (Figure 5.13). The analytical models gave higher results than the 

numerical models. Thus, the numerical simulation performed for the same laser power 

had lower temperature rise. This was justified by the fact that both the optical and thermal 

penetration depths were limited to the surface of SiC. However, the numerical simulation, 

which was calculated with the same laser fluence, had less temperature rise. This was 

expected because the numerical simulation uses more realistic parameters and conditions 

such as the temporal and spatial shape and of the applied laser and the temperature-

dependent properties.  
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Figure 5.12: Temperature rise conducted with different models of COMSOL, Duley and El-Adawi at  

0.97 Jcm-2 laser fluence. 

The 1D model was constructed for simplicity and time efficiency. 2D-axisymmetric was 

applied next. A comparison of the 1D and 2D-axisymmetric models was studied at the 

threshold energy fluence Figure 5.14. The difference between the 1D and the 2D model 

was around 4 K. 

 

Figure 5.13: Temperature change for an applied CO2 laser of 10.6 µm wavelength with 100 µsec 

(FWHM) and Gaussian laser pulse of peak incident power 4.5 W, and the beam radius FWHM point is 79 

µm. The temperature is plotted at the beam centre for z = 0, i.e. at the surface. 
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Figure 5.14: Temperature rise with one dimensional and two dimensional axisymmetric for laser fluence 

of 0.97 Jcm-2. 

 Numerical Modelling of Excimer Laser on SiC  

2D-axisymmetry simulations were conducted to the experimental values of the processing 

parameters. From the simulations, we were able to predict the spatial and temporal 

behaviour of the SiC surface temperature at the irradiated area. The temperature rises of 

the SiC surface as a function of the applied laser fluence can be seen in Figure 5.15. As 

expected, temperature increased linearly with increasing the applied fluence and flowing 

the temporal pulse shape, see Figure 5.16. At 0.97 Jcm-2 the temperature exceeded the Si 

melting point at 1700 K. Further increase in the applied fluence generates more heat. This 

was confirmed by the increase in the depth ablated in the irradiated site. Silicon carbide 

decompose at 3100 K while the equilibrium temperature of the crystal-liquid is 3500 K34. 

By applying the calculation on the experimental work, we could predict the behaviour of 

each of the SiC constituent, Si and C elements. Each temperature has been calculated 

using the corresponding laser fluence required for the peak temperature to reach the 

corresponding melting point (Figure 5.17). The reported melt temperatures of silicon, 

silicon carbide and carbon are ~1700K (Si), ~ 3100K (SiC)  and 4200K (C) respectively 

121,210. The laser fluence that corresponds to these melt temperatures have been plotted, 

and temperature calculations correspond to laser fluences of 0.97 Jcm-2 (Si), 1.95 Jcm-2 

(SiC) and 2.60 Jcm-2 (C).    
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Figure 5.15: Temperature rise in time as a function of the applied laser fluence. The fluence was 

determined depending on the experimental values where there was a modification on the surface. 

 

Figure 5.16: Linear relation between the applied laser fluence and the temperature rise solved with  

2D-axisymmetric model. 
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Figure 5.17: Temperature simulations of 193nm laser irradiated carbon, 4H:SiC and silicon using finite 

element modelling, COMSOL MultiPhySiCs™5.3. The laser pulse duration used in the simulations is 

11.5 ns FWHM. Each curve has been calculated using the corresponding laser fluence required for the 

peak temperature to reach the corresponding melting point. 

Furthermore, the spatial laser coupling with SiC was simulated not just at the surface but 

also normally beneath the surface in the z-direction as it can be seen from Figure 5.18. 

This is in agreement with our experimental etching rate depth. Using the threshold fluence, 

the effective temperature will be restricted to the surface. While the effective temperature 

will penetrate deeper inside the material with higher laser fluences. 

 

Figure 5.18: Heat profile inside the material due to the laser irradiation of different fluences. 
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 Numerical Modelling of CO2 Laser on SiC  

A systematic study was performed to understand the effect of the applied laser parameters 

on the spatial and temporal distribution of the temperature using a numerical model. This 

section deals with the CO2 laser as the heat source of the SiC surface. We used a high 

power laser with a maximum power of 140 W. It is localised in time and space due to the 

Gaussian profile. It will reach its highest value at the centre and degrade toward the edge. 

Most of our calculations were done at the centre of the beam. When solid material absorbs 

the laser power, it will deposit energy in the electrons. These excited electrons will 

undergo collisions and then relax to phonons that are thermalised and distributed to 

increase the lattice temperature. These processes take place in the femto to picosecond 

range.  

Our CO2 laser has a long tuneable pulse width in the range of 2-400 µsec. However, it is 

powerful enough to accomplish a high temperature rise. The numerical solution was used 

to understand the effect of the pulse duration on the temperature rise (Figure 5.19). As 

previously mentioned, to overcome the behaviour of long pulse duration, a high power 

must be applied. These calculations conducted at the minimum spot size at a laser power 

of 4.5 W. It shows an increase in the surface temperature when it applied within shorter 

pulse duration. 

 

Figure 5.19: Temperature rise in time with different laser pulse duration using 4.5 W power.  
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To investigate the dominant influence on the temperature change, COMSOL was used to 

predict the heating of the SiC at different applied laser power, see Figure 5.20. These 

simulations were performed with 100 µsec and 150 µsec pulse durations at the minimum 

spot size of 79 µm. Other studies showed the effect of the pulse temporal shape on the 

outcome temperature rise and distribution 211,212. However, for both pulse durations, there 

is a linear relationship between the peak temperature and the applied laser power 

(Figure 5.21). 

The temperature of the surface increases with increasing laser power.  This can be 

justified by the fact that for a higher laser intensity, more energy will be delivered to the 

system leading to increase the vibration of the states, causing the temperature to increase. 

However, too much temperature rise can result in damaging the samples. Therefore, for 

the high laser power, we can change other laser parameters as the pulse duration, the spot 

size or the number of pulses.  

 

 

Figure 5.20: Evolution of the temperature as a function of the irradiated laser power at 79 µm beam 

diameter. The tuned pulse duration was 100 µsec for the left side graph and 150 µsec for the right-hand 

graph. 
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Figure 5.21: Peak temperature predicted for various power using both 100 µsec pulse duration and the 

150 µsec pulse duration.  

Figure 5.22 demonstrates the effect of laser power on temperature distribution within the 

SiC thickness normally in the z-direction. The temperature decreases dramatically to 

room temperature at 200 µm.  

 

Figure 5.22: Evolution of the thickness peak temperature profile. The used laser power was 15 W tuned at 

100 µsec pulse width. 

However, the temperature rise above melting point is limited to a certain depth depending 

on the used laser power. For example, the applied 10 W power will penetrate deep to 200 

µm while the sufficient temperature, in which an effect can show on the surface, will 
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penetrate to ~30 µm. The location of the sufficient temperature moves deeper inside the 

SiC as power increased. 

The effect of using multiple pulses on the peak temperature rise was modelled 

(Figure 5.23). A pulse repetition rate of 500 Hz with a laser power of 4.5 W and a pulse 

duration of 100 µsec was employed. The cooling of the substrate is exponential, and it 

reaches room temperature before the start of the next pulse, which leads to a sub-degree 

increase in each pulse. The projection in Figure 5.23 is only for three pulses to make it 

more clear. The first peak reaches 2188 K while the second reach 2188.4 K indicating a 

difference of 0.4 K.   The cooling process takes longer when the difference in temperature 

is low as it can be seen in Figure 5.20. Hence the increase of temperature at the next pulse. 

 

Figure 5.23: The peak temperature for a series of the number of pulses. The simulation was conducted for 

4.5 W laser power and at a pulse duration of 100 µsec. 

The effect of the presence of the substrate was also investigated. The presence of Al as a 

substrate under the SiC during the laser irradiation increases the temperature by 35 K at 

a laser power of 4.5 W and a pulse duration of 150 µsec. This is justified as the Al 

substrate will act as another heating source or simply it lowers the cooling rate in SiC. 
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Figure 5.24: The peak temperature of a SiC during laser irradiation. It combines both the temperature rise 

using Al as a substrate and without the substrate. The laser power was 4.5 W with 150 µsec pulse 

duration. 

Finally, the effect of the laser spot size was studied. We have fixed the power of the laser. 

The spot diameter influenced the power density of the laser directly. The smaller the spot 

size, the more concentrated the energy. The laser power was set to 4.5 W, and the pulse 

duration was set to 150 µsec. Both the temperature distribution in time and space was 

performed, as shown in Figure 5.25. The fact that the high temperature could be deep 

inside the SiC could explain the depth of the crater 194 check Figure 5.26. 

.  

Figure 5.25: Temporal peak temperature of different spot sizes with the same power density of 4.5 W. the 

calculation was conducted for single pulse laser with 150 µsec pulse duration. 
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Figure 5.26: The spatial peak temperature of the irradiated laser power 4.5 W with different mean 

diameter.  

5.7 Summary  

Our measurements and simulations can be efficiently used to describe experiments 

involving laser heating by providing a useful basis for understanding its limitations. 

The numerical solutions show a robust thermal gradient in the z-direction, which depends 

on the material properties. 

SiC can be heated with the imaged ArF and focused CO2 lasers to high temperature 

because of the optical and thermal properties of the SiC, such as the high thermal 

conductivity. 

The laser parameters such as laser power, pulse duration, pulse repetition rate and spot 

radius were selected, and the combinations of these parameters were considered for the 

thermal analysis. The FE simulation results would be highly helpful to select the optimum 

laser parameters for laser-assisted machining. 
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 : Ablation Threshold Measurements and Surface 

Modifications of 193 nm Excimer Laser Irradiated 4H:SiC 

6.1 Result and Discussion 

This chapter reports the laser processing of polished single-crystalline  

4H:SiC wafers using 193 nm ArF laser over a fluence range of 0.3–5 Jcm−2. Two sets of 

scanning and stationary processing experiments were investigated. Laser-ablated sites 

have been analysed using optical microscopy, SEM, AFM, WLI and Raman microscopy. 

Finite element simulations using COMSOL™ Multiphysics, 5.3 have been used in this 

chapter to calculate laser induced temperature rise of 4H:SiC as a function of laser fluence. 

 Laser-Induced Modification and Threshold Measurements 

It is therefore pertinent to establish the experimental parameters accurately to identify the 

laser ablation threshold. Experiments associated with graphene formation can then be 

carried out close to the ablation threshold. Laser etch rate measurements have been carried 

out to identify the ablation threshold fluence of 4H:SiC. Measuring the threshold laser 

fluence allows one to identify the upper fluence region for these studies. Figure 6.1 shows 

etch depth per pulse measurements of laser irradiated 4H:SiC in the laser fluence range 

of 0.9 Jcm-2 to 5 Jcm-2. 

As can be seen, there is a gentle onset of material removal that increases with laser fluence. 

On close inspection, the moderate increase in mass transported away from the surface 

does not necessarily warrant the name threshold 213. Nevertheless, it is useful to identify 

a fluence in laser processing that indicates the onset of material removal. Using WLI 

measurements averaged over 100 laser pulses on a single site we identify an onset of 

material modification, at a wavelength of 193 nm, of 
TF = 925  80 mJcm-2 and a 

corresponding experimental etch rate of ~ 200 pm per laser pulse. We note that the laser 



Chapter 6   Arina F Mohammed 

87 

 

fluence that is identified as modifying the surface of silicon carbide is dependent, to some 

extent, on the sensitivity of the experimental technique used to measure the removal of 

material. When using an etch rate technique to determine the laser threshold fluence it 

may be pertinent to average over a large number of applied laser pulses so that the ablation 

crater can be measured. However, one should also keep in mind that the optical absorption 

coefficient should not be modified in the process. It is therefore important to select the 

optimum number of applied laser pulses so that one avoids near-surface material 

modification such as compaction effects 214 and to ensure, or try to prevent the 

introduction of defect states. 

 

Figure 6.1: Laser ablation etches rates versus laser fluence. The top axis corresponds to the calculated 

temperature using a finite element method, software COMSOL Multiphysics 5.3. Each ablation site was 

irradiated with 100 laser pulses, and the data averaged.  

In this work, the role of vacancies and defects either, intrinsic or laser induced that may 

affect the melt temperature have not been considered. Using the H-K and C-C relations, 

see Table 6-1 for the partial pressures, we estimate the crater depth due to evaporation 

from the near surface to be ~20 pm per laser pulse at a laser fluence of 925F  mJcm-2. 

Increasing the laser fluence considerably above, FT increases the etch rate from a sub-

nanometre depth per pulse to ~28 nm per pulse at a fluence of 5.0 Jcm-2. Absorption of 

relatively high photon energy laser pulse may induce defects, and it is not inconceivable 

that clusters, as well as mono-atomic species, will be removed from the surface. Silicon 
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carbide is reported to sublime at ambient pressure, and melting takes place at pressures 

of ~35 atmospheres and above215. As the laser energy is absorbed rapidly, on a 

nanosecond time scale, the pressure local to the irradiated area will be dependent on the 

intensity of the laser pulse.  

Table 6-1: Partial vapour pressures of silicon carbide (atm). 

Temperature (K) Si SiC2 Si2C 

2149 2.110-5 1.910-6 1.410-6 

2196 4.110-5 4.410-6 3.910-6 

2316 2.010-4 3.110-5 2.210-5 

 

 

Figure 6.2: Optical micrographs of laser irradiated 4H:SiC. Sample irradiated at a laser fluence of  

1.5 Jcm-2 and a sample translation speed 0.01 mms-1 (a) and laser fluence 2.7 Jcm-2 and a sample 

translation speed of 0.005 mms-1 (b). The floor of the ablation craters can be seen to have a different 

surface topology.   

Figure 5.17 shows the temperature modelled for each constituent of Si and C in SiC 

compound due to laser-induced phase separation 216.  Optical microscopy measurements 

of laser-irradiated silicon carbide are shown in Figure 6.2. 4H:SiC samples were 

irradiated using a laser fluence of 1.5 Jcm-2 and 2.7 Jcm-2. Samples were translated at 

speeds of 0.01 mms-1 and 0.005 mms-1 respectively. As can be seen, the ablation craters 

appear to be quite different. In Figure 6.2(a) the laser-ablated region shows a re-

constructed surface that may be due to melting of the near surface. In contrast, 
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Figure 6.2(b) shows a different surface topology at the higher laser fluence and slower 

translation speed. Isolated structures appear to be agglomerating on the bottom of the 

channel.   

 

Figure 6.3: SEM micrographs of the redeposited debris outside of the ablation crater depicted in  

Figure 6.2(b). The approximate size of the particulates ranges between ~ 800 nm to ~1.4 μm diameter. 

Although not in view, the redeposited material extends away from the edge of the ablation crater out to a 

distance of about 300 μm. 

In addition, as to be expected, there is a greater amount of redeposited material outside 

the ablation region. Figure 6.3 shows the SEM micrographs of redeposited material on 

the outer perimeter of the ablation crater. The approximate size of the particulates ranges 

between ~ 800 nm to ~1.4 μm. The particulates have been transported away from the 

irradiated zone to a distance of ~300 μm. A one-dimensional stylus profilometry 

measurement, measured orthogonal to the sample translation direction, is shown in 

 Figure 6.4.  

Three regions can be clearly identified. (1) The surfaces of the un-irradiated 4H:SiC, (2) 

a region of redeposited material between the un-irradiated region and the perimeter of the 

ablation crater. The height of the redeposited material ranges in height from ~2.5 μm at 

the edge of the crater and decreasing linearly down to the surface of the sample. (3) The 

ablated region. This region is unusual, to some extent, in that parts of the profile indicate 

structures protruding above the height of the un-irradiated sample surface. Whilst the 

stylus profile provides height and gradient information, the profile measurement lacks 

high-resolution lateral information.  
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Figure 6.4: Cross-sectional one stylus profile measurement of laser ablated 4H:SiC channel. The channel 

was created using a laser fluence of 2.7 Jcm-2 and a scan speed of 0.005 mms-1. Redeposited debris 

resides in the regions between 150-440 μm and 950-1250 μm. Note the channel region consists of 

structures protruding above the surface of the un-irradiated sample.  

To observe the ablation crater in more detail, SEM measurements were carried out on the 

laser irradiated 4H:SiC samples, see Figure 6.5. By traversing the sample relative to the 

laser beam, a channel ~1.5 mm in length has been realised. As can be seen, the irradiated 

region consists of micron-sized features in the ablated region. Before discussing the result, 

we first note that there is some non-uniformity of the ablated channel. Observation of 

Figure 6.5 in a vertical direction one can see the features change in size. This is due to 

beam non-uniformities arising from non-uniform laser fluence. This spatial variation in 

the laser intensity manifests in a laser induced vertical temperature gradient across the 

channel.  

Nodule-like structures appear to have grown on the floor of the crater that may have some 

correlation with the temperature gradient. Observing the channel, there appears to be a 

degree of quasi alignment of these nodule-like structures at the base of the crater. The 

nodules show some evidence of periodic growth. The horizontal bottom lip at the edge of 

the channel is more continuous than that of the top edge. This may be a result of a slightly 

higher temperature, causing melting and re-solidification to occur. We note that, under 

these experimental conditions, a laser fluence of 2.7 Jcm-2 is sufficiently high enough to 

induce melting in all three components, silicon, silicon carbide and carbon. SiC is a 

compound material that follows the phase separation due to laser irradiation216.  
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Figure 6.5: SEM micrograph of the laser irradiated 4H:SiC using a 193 nm laser at fluence 2.7 Jcm-2.The 

sample was translated relative to a stationary beam along the long direction at a speed of 0.005 mms-1. 

The irradiated sample received 1000 overlapping laser pulses. 

Figure 6.6 shows a set of four SEM’s of the same ablation site shown in Figure 6.5 but at 

different magnifications. The size of typical structures is ~15 μm across, and the nodules 

are decorated in places with nano-sized spherical particles. The micrograph shows the 

non-homogeneous laser beam effect on the surface. This was solved using a different part 

of the beam since the beam dimension was (4×20) mm. The spherical geometry of the 

nanoscale particles may also suggest the presence that melting has taken place. The 

spherical particles differ in size but are estimated to be in the range of about 500 nm to 

1000 nm. Ripple-like features are also observed on the bottom of the crater; see  

Figure 6.6(d). The period of these ripples is estimated to be in the range of~ 600 nm to 

~1400 nm. On heating, silicon carbide dissociates with the loss of silicon, followed by 

the loss of Si2 and Si2C
217,218. 
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Figure 6.6: High-resolution SEM micrographs of 193 nm laser ablated 4H:SiC site. Laser ablation was 

carried out at a laser fluence of   2.7 Jcm-2 applying 100 laser pulses, a) structures on the crater floor close 

to the crater edge, b) magnified view of the structures, c) a single microstructure decorated with nano-

sized particles, d) increased magnification showing the microstructure consists of spherical droplet-like 

particles and the formation of ripples. 

It has been previously reported that as the temperature of laser irradiated 4H:SiC increases 

one experiences phase separation 216 forming regions rich in silicon and carbon. In 

crystalline materials, it has been found that surface modification by a laser beam is 

dependent on the specific crystallographic plane irradiated. The melt temperature of 

silicon is ~1700 K, and from the simulations in chapter 5, this corresponds to a laser 

fluence of 970 mJcm-2, see (Figure 5-17). The existence of silicon-rich regions take place 

due to the melt temperature that is above 1700 K. Si has the highest vapour pressure of 

the three components to be evaporated from the surface. At a higher laser fluence of 2.7 

Jcm-2, the surface temperature reaches ~4195K, which is above the melt temperature of 

silicon and silicon carbide and close to the melt temperature of carbon210. At this higher 

laser fluence, melting of the silicon carbide may lead to phase separation, clustering of 

silicon and the effusion of silicon-rich regions. 
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 Excimer Laser Micromachining of 4H:SiC using a Stationary Sample  

Here we report experiments carried on 4H:SiC using a range of laser fluences on a 

stationary sample.   

6.1.2.1 Effect of Laser Fluence on the SiC Structure 

The effect of laser fluence on the surface of 4H:SiC was investigated. Samples were 

irradiated at a 10 Hz repetition rate and 100 pulses with laser fluences ranging from 1 to 

5 Jcm-2. Figure 6.7 illustrates the decreasing depth of the ablation crater with decreasing 

laser fluence.   

 

Figure 6.7: WLI 2D profile of the irradiated SiC with different laser fluence with 100 pulses per site. 
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Figure 6.8: SEM micrographs of laser squared imaged sites on 4H:SiC surface at 100 pulses with 

different laser fluence (a) 1.2, (b) 1.4, (c) 1.8, (d) 2.2, (e) 2.6, (f) 3.0, (j) 3.4 and (h) 3.8 Jcm-2. 

 Figure 6.8 shows an enlarged SEM micrograph corresponding to some of the insets in 

Figure 6.7. As a binary material, treating SiC with a laser will induce defect due to the 

fast and rapid solidification after melting, and the difference in evaporation on Si over C. 

This will alter the composition of the SiC. 100 Pulse with fluence close to threshold 

fluence caused almost no change in the surface of SiC neglecting the edges of the laser 

spot. By increasing the laser fluence, surface roughness was introduced by the 

incongruent melting of SiC. The Si-rich regions found to be the brighter, while the C-rich 

regions appears to be darker as suggested Raman. This indicates the segregation of both 
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Si and C with the loss of material by ablation or evaporation. With an increase in laser 

fluence, small bumps were distributed on the surface. However, these bumps will 

disappear, leaving a crater that is almost 3 µm in depth. As the laser fluence is increased, 

further an undulating surface topology begins to develop. This could be discussed as the 

generated heat with the laser duration would not have enough time to diffuse into the bulk. 

Thus, the heated layer will suffer sublimation or ablation. In addition, the rapid quenching 

speed of laser heated spots could induce regrowth of the melted layer into the metastable 

form of SixCy or carbidic regions mixed with regions of pure Si and C117. In general, there 

will be an ordering of SiC before segregation of both C and Si. SiC-surface exposure to 

excimer laser leads to a surface and near-surface modifications, without bulk heating of 

SiC. The effects include the removal of surface oxide, reordering, surface graphitization, 

segregation of the components, and ablation117. 

The roughness also increased with the applied laser fluence, see Table 6-2. The roughness 

increased from 3.2 to 430 nm when the laser fluences increased from 1.2 to 2.2 Jcm-2, 

while a further increase in the applied fluence reduced the roughness. A laser fluence of 

2.6 Jcm-2 resulted in a temperature exceeding the melting temperature of SiC and its 

components. Increasing this laser fluence, further the measured surface roughness 

decreased.  

Table 6-2: Roughness measurement of the irradiated SiC with 193 nm laser conducted at different laser 

fluences. The measurements were taken by WLI. 

Fluence (Jcm-2) 1.2 1.4 1.8 2.2 2.6 3 3.4 3.8 

Roughness Ra(nm) 3.2 123 390 450 430 409 395 370 
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Figure 6.9: Histogram of the nanoparticle distribution on the irradiated site of SiC under Excimer laser. 

(a) At laser fluence of 2.6 Jcm-2 and (b) 5 Jcm-2. 

Furthermore, post experimental analysis of SEM’s of the surface was conducted using 

Image J software. Figure 6.9(a) represents the histogram of particulate size distribution 

of that has been produced at a laser fluence of 2.6 Jcm-2. While Figure 6.9(b) shows the 

histogram data for SiC irradiated at a laser fluence of 5 J.cm-2. It shows that with 2.6 Jcm-

2 laser fluence, the surface will be covered with nanoscale SiC particulates that are about 

100 nm in size. Increasing the laser fluence to 5 Jcm-2 a smaller range of nanoparticles 

were distributed on the surface with notification of deeper crater formed by the laser. 

To understand the decomposition of the formed nano-particles and ripples on the surface, 

Raman measurement was carried out, as shown in Figure 6.10. Raman spectra was 

b 

a 
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collected using an excitation wavelength of 532 nm. The Raman spectra shows the same 

peaks of bulk as received. 4H:SiC. It shows the planar modes E1 and E2 with the axial 

modes A1 of SiC. The transverse optic peak, E1(TO), was detected at 780 cm-1, and the 

longitudinal optic peak, A1(LO), appeared at 970 cm-1. The folded transverse optical 

mode F0(TO) was seen as a weak peak at 796 cm-1. F0(TO) band is Raman inactive using 

the (0001) face and it was activated by stacking faults of 4H:SiC. This mode could be 

used to monitor the stacking faults density. While other peaks were independent of the 

stacking faults density.  Moreover, the C-C and Si bands were slightly observed in the 

spectrum, indicating slight damage on the surface.  

 

Figure 6.10: Raman Spectra of a reference 4H:SiC (bottom layer) and surface irradiated 4H:-SiC with 193 

nm laser at different fluences (top layer). 

In addition, the background effect observed, which is believed to be related to the 

excitation wavelength. The peaks intensity has dropped drastically after laser processing.  

In general, the intensity depends on the Raman excitation light source, the intensity and 

wavelength, and the sample concentration or the particle number and its scattering 

properties. Since the Raman source kept fixed; thus, the drastic drop in the Raman peaks 

was related to the formation of nanoparticles and the concentration of the material in 

addition to the modification of the sample crystallinity. Furthermore, changes in the 
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spectra were observed regarding the peak position, and it's FWHM219. The change in the 

peak position is a function of the structure, and its FWHM gives information on the 

crystallinity, defects and doping. Hence, when the defects increase, the LO phonons shift 

to a higher frequency and broadens asymmetrically. This is because of the electric field 

of the carriers and defects that interacts and modify the Raman cross section220. It appears 

from the above that by increasing the applied laser fluence, the LO peak position has a 

blue shift from 970 to 968 cm-1 corresponded with broadening the FWHM. 

In summary, defects and doping create broadening and asymmetry since it induces a loss 

in periodicity and symmetry with disordered crystal. LO phonon is affected by the size 

confinement effect more than the TO phonon. Thus, it is logical that the LO mode 

intensity would enhance as the nano-crystallite size becomes larger. 

6.1.2.2 Effect of the Number of Laser Pulses on the SiC Structure 

The effect of the number of laser pulses 4H:SiC was investigated. The laser fluence was 

around the threshold fluence of ~1.2 Jcm-2. The structure was studied optically by an 

optical microscope and WLI to observe the depth and the roughness.  

Figure 6.11 shows the micrograph of the two regions in the irradiated spot, the centre and 

the outer ring with a rim. The centre region appears identical to un-irradiated SiC. The 

irradiation effect is limited to the surface as indicated by the WLI profiles, see Figure 6.12 

and Table 6-3. The ring region was evident, and it was more noticeable with increasing 

the laser pulses number. The above effect was attributed to the diffraction of the used 

shadow mask. The rim believed to be created by the re-solidification of the molten 

material during the ablation at the edge. This can be justified despite the used laser fluence 

using the effect of wall reflection. Gower et al 169 used the Zemax optical ray tracing code 

to model the flux distribution at the sample. It showed that wall reflection will distribute 

the laser power away from the centre of the irradiated spot to the edges with up to 35% 

concentrated fluence 169.  The effect of the pulse was shallow; thus, the process conducted 

by overlapping 10,000 pulses to measure the average depth. The average depth was 

divided by the number of pulses to measure the effect of individual pulse experimentally. 

It was then compared to the theoretical depth measurements. The above study was 

repeated at laser fluences of 0.9, 0.95 and 1 Jcm-2, see Table 6-4.  
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Figure 6.11: Optical micrographs of the laser irradiated SiC using a circular mask at 1.2 Jcm-2. It shows 

the effect of different number of laser pulses (a) 1 pulse, (b) 10 pulses, (c) 100 pulses and (d) 1000 pulses 

Table 6-3: WLI roughness measurements of SiC samples irradiatedwith different pulse numbers near 

threshold fluence. 

No. of Pulses Roughness Ra (nm) 

1 3.26 

10 2.8 

100 3.9 

1000 30 

Table 6-4: WLI depth measurements for the 10000 overlapped pulses at different fluences around the 

threshold. 

Fluence (Jcm-2) Depthave (µm) Depth per pulse (pm) 

0.90 0.13 13 

0.95 0.466 46 

1.00 0.65 65 
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Figure 6.12: 3D surface mapping of the SiC irradiated with different number of laser pulses (a) 10 pulses 

and (b) 1000 pulses 

Raman spectra collected at the centre and the outer ring of the sites, as it can be seen in 

Figure 6.13. Raman excitation laser was 784.92 nm. The insets in Figure 6.13 represents 

zoomed in images of the Raman peaks. The change in the peaks is almost negligible, 

indicating that no structure change takes place at the centre of the site. However, the 

difference between the centre and the edge of the site was indicating the change of 

structure, especially in the case of a high number of the pulse as in 1000 pulses. This 

difference was justified by the wall reflection as mentioned earlier169. The difference 

especially increased in the case of high number of pulses as in 1000 pulses due to the heat 

accumulation221. 

 

Figure 6.13: Raman spectra of the irradiated SiC sites as a function of the number of applied laser pulses 

on SiC (a) at the centre of sample (b) at the edge of the sample. 

b a 

a b 
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 Travelling Micromachining of 4H:SiC 

Moving laser processing is necessary for laser direct write on SiC surface, mainly for 

electronic applications. However, laser-travelling speed influences the laser interaction 

and the decomposition of SiC. In general, the total power will be the sum of the power 

necessary to heat the site (the melting power and the losses due to conduction and 

radiation). Considering melting, the heating depends on the processing speed while the 

heat losses depend on the cubic root of the travelling speed222. Meaning higher speed 

leads to less heat losses in the material. However, the number of overlapped laser pulses 

will play an important role in the outcome, as we will discuss. 

Figure 6.14 shows the optical micrographs (left side) and the corresponding SEM images 

(right side) of the different number of overlapped pulses (3, 15 and 75 pulses per site of 

150 µm). Different structure achieved as a function of the number of overlapped laser 

pulses. The surface roughness increased from 7.12 nm for reference SiC to 14, 12.3 and 

145.7 nm at 0.5, 0.1 and 0.02 mms-1. At low travel speed, more energy was absorbed, 

indicating further processing. Figure 6.15 shows the surface composition of the irradiated 

area as a function of the overlapped laser pulses. It is worth mentioning that the Raman 

spectra were taken for one identical point for all the tracks using a slit of 0.05 mm and a 

time of 0.5 s at an excitation laser of 532 nm. A huge decrease in the peak intensity took 

place with decreasing the travelling speed compared with Raman spectra of a reference 

SiC. Moreover, a Si Raman peak was noticed with low speed of 20 µms-1. For the other 

travelling speeds of 0.5 and 0.1 mms-1, the outcome was only a minor decrease in the 

Raman peaks with increasing the number of overlapped pulses. 
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Figure 6.14: Optical micrographs (left side) and the corresponding SEM images (right side) of irradiated 

4H:SiC with different travelling speed (a) 0.5 mms-1 (b) 0.1 mms-1 and (c) 0.02 mms-1. 
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Figure 6.15: Raman spectra of irradiated SiC with 193 nm laser at laser fluences of 1.6 Jcm-2 at different 

travelling speed with a reference of un-irradiated SiC 

Detailed investigation on the number of overlapping pulses carried out using a circular 

projection. The fluences were set to 1 and 1.4 Jcm-2. The overlapped laser pulses 

calculated accordingly to be 10, 100 and 1000 pulses per site. The effect of using a circular 

mask was obvious on structure, see Figure 6.16. 

For 1 Jcm2 fluence, the width of the irradiated track was roughly the same while for 1.4 

Jcm-2, an increase in the channel width takes place with increasing the number of 

overlapped pulses.  

AFM was used to investigate the topography. The system has high spatial resolution and 

so it is useful to measure subtle laser induced surface modifications. The image analysis 

was conducted using the software, Nanoscope from Bruker. The analysis dimension was 

only 10×10 µm2. Figure 6.17 shows the entire features extracted from the AFM images 

for both fluences, including the nanometre-dimension roughness, the highest Asperity 

“peaks or high spots on surfaces that come into contact during wear or friction”223 and 

the bearing depth “which is essentially an integral of the height histogram from the top 

surface i.e., a plot of the percentage of data points at or above a given height” 224 for each 

scan area . For un-irradiated SiC the roughness was around ~1.45 nm, it shows as smooth 

sharp hills. After laser ablation, the roughness increased and the texture was similar to 

rounded hills. This may be an indication of the surface melting during the laser pulse. 
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From the roughness measurement, the roughness increased with laser irradiation. 

However, it fluctuated with the overlapped laser pulses. It increased with both fluences 

with both 10 and 100 pulses but decreased with the 1000 overlapped pulses. 

 

Figure 6.16: Optical micrographs of SiC ablated with fluence of 1 Jcm-2 (top row) and 1.4 Jcm-2 (low row) 

with different overlapping pulses (a,d) 10, (b,e) 100 and (c,f) 1000 pulses per site. 

According to Figure 6.17, the shape of the SiC surface is valleys and hills. Moreover, the 

peaks or hills are dominant since the skewness has a positive value. For the fluence near 

the threshold, the 10 overlapped pulses have a uniform smooth surface with the edges of 

the mask. The size histogram was mostly around 50-60 nm. By increasing the pulses to 

100, aggregations of material show on the surface with a size distribution around 85 and 

100 nm. Further increase in the overlapped pulses produced doubled size dimensions on 

the surface (around 250 nm). For all the above, the shapes on the surface seem to have 

the same orientation. This could be related to the orientation of the irradiated SiC. In 

general, there is a tendency to form nanostructure SiC at the surface when it processed 

with low laser fluence (near the threshold). 

Different morphology observed on the surface of SiC when irradiated with fluence of  

1.4 Jcm-2 compared to sites processed with 1 Jcm2 laser fluence, see Figure 6.18. A 

smooth surface of Ra 1.9 nm was obtained when 10 laser pulses overlapped. This gave a 

d e f 
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smoother surface than the 10 pulses with 1 Jcm-2. By increasing the pulses to 100, a 

substantial relative increase in the surface roughness took place with Ra 179 nm. In 

addition, the size dimensions on the surface were measured in microscale. Interestingly, 

more overlapped pulses with 1000 lead to a decrease in both the surface roughness and 

the size histogram compared to 100 pulses, see Table 6-5.  

 

Figure 6.17: AFM images of SiC irradiated with 193 nm laser at a fluence of 1 Jcm-2 with different 

overlapped number of pulses (a) 10, (b) 100 and (c) 1000. 
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It appears that a higher temperature can stimulate the migration of grain boundaries and 

increasing the coalescence of more grains during the laser pulse, as suggested by 

 Lin et al.225. While Fang et al.226 explained that higher temperature leads the atoms to 

diffuse and fit in the lattice of the crystal. He also suggested that the smaller grains would 

aggregate into larger shapes with increasing temperature. Moreover, the surface 

roughness would increase227. 

 

Figure 6.18: AFM images of SiC irradiated with 193 nm laser at a fluence of 1.4 Jcm-2 with different 

overlapped number of pulses (a) 10, (b) 100 and (c) 1000. 
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Table 6-5: AFM characteristic for irradiated SiC under different fluences and different overlapping 

pulses. 

Fluence (Jcm-2) Overlapping 

pulse 

Roughness Ra 

(nm) 

Highest Asperity 

(Δz) (nm) 

Bearing Depth 

(nm) 

Un-irradiated SiC - 1.45 30.5 19.5 

1.4 10 1.9 107 64 

100 179 569 590 

1000 53 40.5 490 

1 10 2.9 53.5 30 

100 6.9 967 54 

1000 15.6 217 141 

 

 Raman Investigation and Laser Surface decomposition of SiC 

6.1.4.1 Raman Spectra of the Stationary Laser Irradiated SiC  

Micro Raman measurements were carried on a static ablation crater to investigate the 

decomposition of 4H:SiC.  

Measurements were recorded at different locations inside and outside of a static ablation 

crater at five different spatial locations, see Figure 6.19 and Figure 6.20 show the results 

of the micro Raman measurements over different regions of the wavenumber. Micro 

Raman measurements were carried out on a clean silicon wafer and an as-received 4H:SiC 

sample for reference purposes. Both micro Raman reference signatures are shown at the 

bottom of Figure 6.20. The observed peaks at 204, 777, 798 and 970 cm-1 are related to 

silicon carbide and correspond to locations 2, 3, 4 and 5. Region 1 shows strong evidence 

of a silicon-rich region that slightly protrudes the floor of the ablation crater to form an 

island-like region. Region 2 is characteristic of silicon carbide with the presence of a 

small silicon peak at 520 cm-1, which may suggest the agglomeration of silicon at the 

surface. Regions’ 3 and 4 are the inner and outer perimeters of the ablation crater, 

respectively. 
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Figure 6.19: SEM micrographs of 193 nm laser ablated 4H:SiC irradiated at a laser fluence of 1.7 Jcm-2 

and receiving 100 laser pulses at a pulse repetition frequency of 1 Hz. Positions 1-5 indicate the spatial 

locations of the micro Raman measurements.  

The micro Raman spectra are very similar over the lower wavenumber range. However, 

the spectra are vastly different over the wavenumbers, 1000-3000 cm-1. Figure 6.21 shows 

two intense peaks related to graphite at 1355 cm-1 and 1575 cm-1. These peaks are the 

well-reported D (disorder) and G (graphite) peaks of graphite, respectively. Both D and 

G peaks are clearly observed at location sites 1-3. The emergence of these peaks is a result 

of 193 nm laser radiation and the formation of graphitic species on the surface of silicon 

carbide. However, the strength and widths of the D and G peaks differ between sites. At 

location 1, the signal intensity is much weaker compared with the peaks at locations 2 

and 3, indicating the regions have a different structure. Micro Raman measurements were 

also carried out on the circumferential lips at positions 3 and 4. The inner and outer 

regions appear different in the SEM micrograph and are confirmed in the micro Raman 

measurement. At location 3 the spectra are characteristic of both silicon carbide and 

graphite whereas location 4 has a very broad D and G peaks, but they are less pronounced 

and buried within a very broad band. This band may arise from intermediary carbon 

species derived from initial steps of the silicon carbide decomposition process. In addition, 

the broadening of the D and G peaks is characteristic of amorphous materials. The origin 

of the D peak at 1335 is due to increased phonon density of states of disordered graphite. 

Turning our attention to the G peak that has been observed from measurements on the 

outer circumferential lip in position 4. This peak is centred at 1600 cm-1. Broadening of 

the peak may be due to an increasing number and size of graphitic clusters. In addition, 

the broadening may also be an indication of laser-induced stress in the circumferential lip. 
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It has, however, been reported that the width of the G band increases linearly with stress 

in amorphous carbon228.  

 

 Figure 6.20: Micro Raman spectra of the 193 nm laser irradiated 4H:SiC at a laser fluence 1.65 Jcm-2. 

The numbers in the right-hand corner correspond to the positions shown in the SEM in. Micro Raman 

measurements were acquired using an integration time of 300 seconds, and two measurements were 

averaged. Excitation using a 632.8 nm He-Ne laser at a power of 12 mW and a 100  microscope 

objective. 

 

At location 5, one can see evidence of re-condensed ablation debris on top of the silicon 

carbide substrate. The micro Raman data at this position is almost identical to that of the 

4H:SiC reference measurement. This suggests that the debris consists of silicon carbide 
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or that the debris on top of the substrate is very thin such that the measured micro Raman 

signal is that of the underlying substrate. These results indicate the complexities of laser 

induced dissociation of 4H:SiC. A detailed study dedicated to Raman measurements are 

shown later.   

 

Figure 6.21: Micro Raman spectra of the 193 nm laser irradiated 4H:SiC at a laser fluence 1.65 Jcm-2. The 

numbers in the right-hand corner correspond to the positions shown in the SEM in. Micro Raman 

measurements were acquired using an integration time of 300 seconds, and two measurements were 

averaged. Excitation using a 632.8 nm He-Ne laser at a power of 12 mW and a 100  microscope 

objective. 
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6.1.4.2 Raman Spectra of the Travelling Laser Irradiated SiC. 

Raman analysis employed on the scanning laser irradiated SiC to understand the surface 

decomposition. It was conducted with multi-wavelength Horiba (Jobin Yvon). The 

applied wavelength was 784.92 nm through a filter to reduce the laser power by 90% on 

a slit size of 250 µm. Multiple Acquisition was applied to get more precise measurements. 

This wavelength allows the information to be collected from different depths in the 

samples according to the relation ( 2.3 2 )219. This relation gives the theoretical 

penetration depth in the sample for the used wavelength depending on the absorption 

coefficient of the material α and it was integrated from the total scattered light intensity 

in Raman spectroscopy219. Micro Raman reference signature is shown at the bottom of 

Figure 6.22. The C-C and Si bands were not observed in the spectrum, indicating 

negligible damage on the surface. The measurements were applied for different locations 

inside the channel irradiated with 1 Jcm-2 at different overlapped laser pulses. It shows 

that there are two patterns overall the site, the edge area surrounding the pulses projection 

(inside the spot and at the edge) and the inner of the spot. This was repeated for all sets. 

For 10 overlapped pulses, the Raman inside the laser spot indicates the same peaks as the 

un-irradiated SiC, which was expected since our irradiation fluence was near the threshold. 

While the edge spectra reveal a broadening around the area of Si peak around 450-550 

cm-1, this could be related to the Si-O-Si vibration according to the Raman data library 

provided by Horiba. However, broadening behaviour indicates the amorphous structure. 

This might be explained as the start of decomposition of the SiC in the air to amorphous 

silicon and forms of silicon oxide. According to thermal simulation, the temperature here 

exceeds the melting point of Si, adding the advantage of using high energy of 193 nm 

laser. In addition, this area receives more energy due to the superposition and diffraction 

effect of the mask edge. Further increase in the overlapped laser pulses to 100, no other 

peaks appeared, and a decrease in the SiC peaks took place which cannot be seen due to 

the normalisation effect, see Figure 6.22 (third layer from bottom). For the 1000 

overlapped pulses, determining the pulse edge was challenging, as shown in micrograph 

of Figure 6.22 (top layer). The collected Raman spectra from the edge were also identical 

to the SiC peaks. While the Raman spectra inside the track were more complicated and 

broadened, it is following, with more intense, the same behaviour of the 10 overlapped 
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pulses (inside the track) with more obvious broadening effect around the 450-550 cm-1 

and the sharper peak of the C-O-C at 1100 cm-1. In addition to the above behaviour, a 

further change in the D and G peaks positions appeared. Using origin software find peaks 

option, peaks at 1325 and a 1590 cm-1 were detected. Furthermore, a massive decrease in 

the SiC peaks was observed, especially the longitudinal optic peak A1(LO), at 967 cm-1. 

 

Figure 6.22: Micro-Raman spectra of 193 nm laser irradiated SiC with a fluence of 1 Jcm-2 and different 

overlapped laser pulses during scanning processing (a) 10, (b) 100 and (c) 1000 overlapped pulses. Micro 

Raman measurements were acquiescing an integration time of 10 seconds, and two measurements were 

averaged. Excitation using a 784.92 nm at a power of 10 mW and a 50 microscope objective. 
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Micro-Raman for an applied laser fluence of 1.4 Jcm-1 for 10, 100 and 1000 overlapped 

pulses is shown in Figure 6.23. As always, the (bottom layer) shows the Raman spectra 

of the 4H:SiC as a reference. Figure 6.23 layers 2, 3 and 4 corresponds to the 10, 100 and 

1000 overlapped laser pulses sites, respectively. The measurements were done for the 

edge and inside the laser spot. The edge spectra of the entire sites were similar to the 

4H:SiC reference, especially at the 100 pulses. However, there is an increase in the 

baseline of the spectra for the other two sites, which is expected to be related to 

fluorescence, as 784.92 nm excitation wavelength is not entirely free from background 

fluorescence. With this wavelength, these spectra were collected around the penetration 

depth of ~400 nm in normal direction on the surface.  

 

Figure 6.23: Raman spectra of irradiated SiC at 1.4 Jcm-2 with different overlapped laser pulses during 

laser scanning processing starting from bottom to top (1) SiC (2)10, (3) 100 and (4) 1000 overlapped 

pulses. 
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In the spot, Raman spectra shows the D and G bands along with the standard 4H:SiC and 

Si. In all the three samples, the D and G band were available indicating the production of 

reduced Graphene Oxide (rGO)229. The ID/IG ratios were 1.1, 1.2 and 1.38 for overlapped 

pulses 10, 100 and 1000, respectively. This ratio is less than one in graphene oxide (GO). 

However, it increases for rGO. It suggests an increase in the sp2 average size due to the 

reduction of GO. Further increase in this ratio to 1.49 suggests the formation of 3D-rGO. 

The applied fluence was simulated using COMSOL and gave a temperature rise above 

room temperature of ~2300 K. This temperature is higher than the Si melting point, 

combined with the high laser energy of 6.4 eV. The above combination resulted in the 

production of graphene oxide (GO) in the first few pulses. However, accumulation of 

laser pulses was employed to restore the sp2 groups and in the reduction of GO. Thus, the 

mechanism of converting SiC to GO or rGO can be understood as a laser-assisted 

oxidation or reduction process. The absorption of the relatively high-intensity laser by 

SiC gives rise and increase the temperature in the exposed area or volume, which in turn 

oxidises the carbon left behind after Si sublimation in the ambient environment by 

absorbing oxygen in the air. The laser induced temperature rise of SiC is proportional to 

the laser fluence. 

6.2 Discussions  

 Light-Matter Interaction  

Absorption of nanosecond laser pulses rapidly transfers energy into a target material. The 

optical absorption of 193 nm radiation in SiC is strong with an optical penetration depth 

of, 7~1Optl nm. The reflection coefficient of SiC at 193 nm wavelength R= 0.42. 

Consequently, electromagnetic radiation is strongly coupled in SiC. Strong coupling 

viewed as being advantageous in terms of high depth resolution during laser processing. 

Silicon carbide has a high decomposition temperature, and hence laser processing using 

ArF excimer lasers that have high pulse energy of 6.4 eV is highly suitable. High intensity 

used to overcome the initial reflectivity and the absorption process would rise by 

increasing the material temperature. However, the strong absorption and concomitant 

high reflectivity and relatively high decomposition temperature can make laser processing 
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challenging if one is trying to realise clean, well-resolved structures. Nevertheless, this 

work is more concerned with high depth resolution, so the strong coupling, high depth 

resolution using a 193 nm laser source is useful for this and future work.  

 Laser Ablation  

Of the wide range of lasers that are available, UV lasers offer high photon energies that 

are useful in laser processing. The photon energy of 193 nm radiation is 6.4 eV and 

therefore, sufficient to break chemical bonds. Laser ablation can be explained with 

different models, see chapter three, photochemical, photo-thermal and photomechanical, 

photophysical, or a combination of these. In this work, the pulse duration is in the 

nanosecond regime, namely ~11.5 ns, full-width-half-maximum. For the ArF laser used 

in this work, lattice-heating time is larger than the electron heating time eh   so, there 

is sufficient time for electrons to transfer energy to the lattice. Therefore, appears as a rise 

in the temperature of the material, which may or may not be sufficient to cause melting 

or sublimation. Silicon carbide is known to sublime under ambient conditions. However, 

a melt phase also exists if an external pressure is applied that exceeds~ 35 Bar. During 

laser ablation, however, the pressure, P can increase significantly local to the irradiation 

site, and non-steady state conditions can exist. The pressure induced by a laser typically 

follow a IPP 0~ dependency, where P0 depends on the target material, laser 

wavelength, pulse duration, and expansion geometry, α is scaling parameter that has a 

value less than unity, and I is the Laser intensity. The time-dependent changes in local 

pressure, due to the absorption of a high-energy laser pulse over a short duration can result 

in an associated melt temperature that correlates to some extent with laser fluence. As 

high heating rates take place typically of 910~ Ks-1, laser ablation pressure can play a 

significant role in the ablation mechanism.  

The transient melt phase of laser irradiated 4H silicon carbide using an XeCl (308 nm) 

has been studied by time-dependent reflectivity measurements 216. The authors carried 

out a detailed study and identified melt and re-crystallisation phase transitions of laser 

irradiated 4H:SiC. It is therefore of interest to identify the laser ablation threshold and 

surface modifications of silicon carbide at a wavelength of 193 nm. Identification of the 

ablation threshold is useful for laser annealing and doping studies that require irradiation 
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to be below the laser ablation threshold, similarly, the formation of oxides by irradiating 

below the ablation threshold and other surface modifications. Here, the focus was on the 

morphological changes (mass transport) occurring to 4H:SiC when irradiated with 193 

nm radiation from an ArF laser.  

  Heat Transfer 

Of great importance in laser processing are the (HAZ) and the optical and thermal 

penetration depths. HAZ is quantified by the heat diffusion length, 

𝑙 Therm = 2√𝐷𝜏𝑝 ∼ 2.8 𝜇𝑚 . Comparing these parameters for 4H:SiC the thermal 

penetration depth far exceeds the optical absorption depth 
1Therml , see SiC properties 

used for depth calculations in chapter two. Temperature rise for the laser irradiated SiC 

were calculated numerically and analytically in chapter 5. The heat calculations 

considered normal to the surface. In this case, it is justified as the imaged spot size is 

much larger (hundreds of micrometres) than both the optical and thermal absorption 

depths Optl and Therml , respectively. 

 Enthalpy Model of Melting 

Incongruent melting of silicon carbide has been reported to occur at a temperature of  

3100 40 K at atmospheric pressure. However, at higher pressures, in the GPa regime, 

silicon carbide has been reported to melt congruently. Between these low and high-

pressure regimes, silicon carbide has been reported to melt at 35 atmospheres. Thus, the 

melt temperature will depend on the local pressure as well as the defects of the crystalline 

SiC. Recently, it has been reported that irradiation of silicon carbide using pulsed lasers 

leads to the removal of silicon species from the surface. The surface becomes rich in 

graphitic domains (size ~2.5 nm) and domains of polycrystalline silicon (size ~5 nm). On 

absorption of subsequent laser pulses, the irradiated site transforms the carbon-rich 

domains into multi-layer graphene. The number of graphene layers and the amount of 

graphite on the surface has been reported to be dependent on the number of laser pulses 

applied 216. Therefore, phase separation, the quality of the material (intrinsic defect 

concentrations) and effects of pressure add to the complexity of understanding the 
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microscopic decomposition of silicon carbide and quantifying an exact melt temperature, 

see Enthalpy model in chapter three using equations (3.13), (3.14) and (3.15). 

 Material Vaporisation  

Evaluating the amount of material transported away from a laser irradiated SiC can be 

approached using a surface vaporisation model. This is justified as opposed to volumetric 

evaporation due to the very strong absorption of the 193 nm UV radiation with the 4H:SiC, 

~1 7 nm. We estimate the flux of species transported away from the sample surface 

using the Hertz-Knudson (H-K) and Clausius-Clapeyron (C-C) equations see chapter 

three. Using equations (3.20) and (3.21), we assume classical kinetic theory (Maxwell 

Boltzmann) to calculate the flux of species leaving the surface. 

Pinning down a value for the sticking coefficient is non-trivial. Strictly speaking, the H-

K equation is valid only under equilibrium conditions but is frequently used for near-

equilibrium conditions. It has been debated whether one should assign two coefficients, 

that is, evaporation and condensation (mass accommodation) coefficients. However, 

quantifying the coupling mechanism between evaporating and condensing species is non-

trivial. In this work, we simplify the analysis and use a single sticking coefficient for the 

entrapment of species returning to the melt of s ~ 20%. Acknowledging these 

simplifications, we estimate the depth of material removed because of absorption of UV 

laser radiation. 

Mass transported away from irradiated materials at a known laser fluence is essential in 

laser processing and especially the depth of an ablation per laser pulse and is discussed 

in the previous results.  

6.3 Summary  

Excimer laser irradiation of SiC leads to a variety of fluence-dependent surface and near-

surface alterations. The effects could be the removal of surface oxide, re-ordering, surface 

graphitization, segregation of the components, and ablation. An excimer laser emitting at 

a wavelength of 193 nm has been used to investigate the ablation and decomposition of 
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4H:SiC. An onset of surface modification was seen to take place at a laser fluence of 925

80  mJcm-2. The etch rate and concomitant surface modification at this fluence are 

observed as a gentle process and not an abrupt removal of material. The experimentally 

measured etch rate at threshold corresponds to ~200 pm per laser pulse. These etch rates 

are close to but above the etch rates calculated using the H-K and C-C relations which are 

calculated to be ~20 pm per laser pulse. Micro Raman measurements indicate their 

regions of silicon and carbon on the surface of the laser irradiated 4H:SiC. The actual 

mechanism of the decomposition process stimulated a more detailed study using Raman 

microscopy. FEM heat transfer simulations of laser-irradiated silicon carbide have been 

carried out to calculate the laser induced temperature rise as a function of laser fluence. 

At laser fluences where significant material is being removed, one observes the growth 

of micron-sized nodule-like structures on the floor of the ablation crater. SEM 

measurements clearly show the nodules are decorated with spherical particles and ripple 

structures are observed on the floor of the ablation crater. These experiments have 

identified an upper limit of the laser fluence when using 193 nm pulsed nanosecond laser 

radiation. The preliminary investigations are promising and further work using a laser 

direct write technique to form carbon-based tracks on 4H:SiC substrates was conducted.  

Calculated Raman spectra of irradiated SiC with different crystallite sizes were achieved. 

The TO peak of a small size shows a small position shift, but the LO peak exhibits a 

downshift and asymmetrical broadening as the nano-crystallite size decreases. The 

intensity of the TO and LO modes decreases. The scattering can be spread out over a 

much broader range of frequencies by varying the nano-crystallite size. 

In addition, with relatively high fluence irradiation, the surface tends to oxide changing 

the surface of the SiC into rGO.  

As a binary compound, SiC, would have structural changes due to the total energy 

difference between two crystallographic structures.  
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 CO2 Laser Micromachining of  Single Crystalline 

4H-SiC 

7.1 Introduction 

In this chapter, micromachining of single crystalline 4H:SiC wafers and the production 

of graphene layers by CO2 laser irradiation was investigated. A range of laser fluences 

were chosen. Other conditions were studied, such as the pulse duration and the spatial 

overlapping of laser pulses effect. Scanning, and stationary laser ablation were conducted 

to investigate the effect of motion on the process. The whole process was performed under 

an ambient atmospheric environment unless mentioned otherwise. Heating and cooling 

occurred at standard conditions. The surface topography of the 4H:SiC substrate, as well 

as the surface coated graphene, was characterised and examined by SEM, AFM and 

Dektak. Micro Raman spectroscopy analyses were employed to demonstrate the presence 

of graphene layers on the SiC surface and to study the effect of the laser on the surface. 

7.2 Laser Ablation Threshold of SiC by CO2 Laser 

Laser ablation of SiC in the IR region is considered as a photothermal process. Depending 

on the thermal and optical penetration depth, the thermal length is greater than the optical 

length inside the 4H-SiC, see Table 7-1. Hence, photothermal is a governing interaction 

mechanism.  

The ablation rate was measured by applying 20 Hz pulse repetition rate with a pulse 

duration of 150 µsec, as shown in Figure 7.1. Ablation rate greatly depends on the spot 

size of the laser beam. In Figure 7.1 the ablation rate is clearly divided into two regions. 

This could be due to different mechanisms involved in each range of pulse energy. In 

region 1, the ablation rate does not change significantly, where the energy is below 9 mJ. 

In region 2, the ablation rate increases at a faster rate compared with region 1. No 
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saturation was observed at the laser fluences measured. The diameters of the ablated sites 

were determined using an optical microscope. From the gradient of the graph in region 

one, the laser spot diameter was 49 µm with threshold energy of 4.3 mJ. While for the 

region two, the slope changed dramatically and the laser spot diameter was found to be 

150 µm with a threshold energy of 73 mJ from the intercept.  

Table 7-1: Calculated thermal and optical penetration depth of CO2 laser at room temperature with 

different pulse durations. 

CO2 pulse duration (µsec) 50  100 150 200 

Thermal penetration depth (µm) 189 268 328 370 

Optical penetration length (µm) 151 151 151 151 

 

The ablation spot size and the threshold were calculated theoretically. The above process 

was repeated for different laser pulse durations 50, 100 and 200 µsec to investigate the 

effect of the pulse duration on the threshold energy. As was expected, more energy was 

needed with increasing the pulse duration, see Chapter 5. This is considered with respect 

to the laser spot size with both the optical and the thermal diffusion depth. Figure 7.2 

shows an irradiated spot of SiC by CO2 laser. The spot is circular and surrounded by 

debris. The laser parameters were set to 150 µsec with 500 Hz pulse repetition rate and 

laser power of 8.5 W. The damage site seems to be divided into the crater and the 

surrounding damage site. This could be related more to the debris than the thermal 

diffusion length. It can be seen that the crater diameter was around 100 µm and the 

damage site was about 200 µm. While the diffusion length for this pulse duration of 150 

µsec should exceed 328 µm as it is shown in Table 7-1. This could be due to the 

simplification of that model since it neglects any energy losses such as the losses from 

the plasma formation and reflection. 
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Figure 7.1: The multi-shot of theoretical ablation threshold measurements of SiC irradiated by 10.6 µm 

CO2 with 150 µsec pulse duration. The plot represents a natural logarithmic dependence of the squared 

ablated diameter with the applied laser fluence. The slope shows the minimum laser ablated squared 

radius. The extrapolation to zero gives the ablation threshold fluence.   

 

Figure 7.2: A typical irradiated spot of SiC by CO2 laser at 150 µsec and 500 pulses repetition rate. The 

attenuator set the applied power to 8.5 W. 
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7.3 Raman Investigation for Stationary Laser Surface Decomposition 

of 4H:SiC 

Figure 7.3 shows a 4H:SiC irradiated at a fluence of 190 Jcm-2, pulse duration of 100 µsec 

and laser pulse repetition frequency of 500 Hz. Micro Raman measurements were carried 

out on the static crater to investigate the decomposition of 4H:SiC. Measurements were 

recorded at five different spatial locations inside and around the static ablation crater as 

circulated on Figure 7.3. The topography shows different regions with cracks inside it. 

The different location corresponds to the Gaussian profile of the laser beam. 

 

Figure 7.3: SEM micrographs of CO2 laser ablated 4H:SiC. It was irradiated at a laser power of 4.2 W, 

pulse duration of 100 µsec and laser pulse repetition frequency of 500 Hz. Positions 1-5 indicate the 

spatial locations of the micro Raman measurements. 

Raman analysis was performed to investigate the possible presence of the different C 

phases due to the carbon atoms rearrangement after the silicon sublimation. Figure 7.4 

shows the average normalised Raman spectra of the synthesised graphene on 4H:SiC 

surface. The fluence was calculated at each location using laser principles from 

Siegman230. In location 1, which is outside of the site, the laser ablates the substrate and 

material redeposit over the adjacencies. It shows background behaviour, which is related 

to the redisposition of the amorphous ablated material. In location 2, at 1/e2 of the profile, 

the 4H:SiC TO peak intensity reduced significantly and a small equivalent peak of 3C:SiC 

polytype appears. LO band disappears with the rise of both the D, G and weak 2D bands. 
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These peaks are attributed to the formation of graphene oxide with ID/IG of 0.8. However, 

it is believed to contain many defects due to the rough spectra at the 1100 and 2100 cm-1 

which corresponds to the C-O-C and C=N stretching, respectively. For location 3, at 

almost 1/e of the profile, the spectra maintain the 4H:SiC peaks with the presence of 

3C:SiC peak, in addition to the D and the G bands with ID/IG ratio of 1.25, indicating the 

presence of rGO. This site received more fluence than location 2; therefore, it is believed 

to ablate more material. At location 4, Raman spectra was obtained closer to the central 

region of the site. No sign of the substrate appears in the spectra. However, the peaks of 

the fundamental vibration modes of graphene appear. The D, G band and 2D peaks are 

well defined and appear at ~1335, 1582, and ~2665 cm-1 respectively. The peaks were 

fitted to a single Lorentzian curve with the I2D/IG ratio of 0.55 indicating the formation of 

multilayer graphene. This could be related to the high power of the CO2 and also to 

number of laser pulses.  At the centre of the crater in location 5, the Raman spectra shows 

a typical single layer graphene collected with I2D/IG of 1.5. The process was conducted at 

ambient conditions; however, the graphene oxide was absent. The relation between the 

beam Gaussian profile (fluence) and the ablated vapour explains the spatial behaviour in 

the spot. When the fluence is large enough for high Si vapour flux, this gas will push 

away all the ambient gas surrounding the ablated area. For a smaller fluence combined 

with a relatively high pulse duration, the atmosphere is suitable for the remaining carbon 

atoms to interact with the oxygen in addition; the obtained graphene always has defects 

that can be seen in the D peak.  
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Figure 7.4 Average normalised Raman spectra of irradiated 4H:SiC substrate. It was irradiated at a laser 

power of 4.2 W, pulse duration of 100 µsec and laser pulse repetition frequency of 500 Hz. Layers 

attributed to 4H: SiC, location one, location 2, after background subtraction of location 3, location 4 and 

location 5, respectively as illustrated in Figure 7.3. 
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7.4 Effect of Laser Pulse Duration on the Structure and Decomposition 

of SiC 

The effect of the applied pulse width, controlled by the pulse generator, on the surface of 

the irradiated SiC investigated. The sample was irradiated with a different pulse duration 

of 20, 50, 100, 200 and 400 μsec. Other laser parameters were fixed with a pulse repetition 

rate of 100, a travel speed of 2 mms-1, and a power around 1.9 W. Both the surface 

topography and the decomposition behaviour were investigated. 

 Structural Characteristics  

Tilted SEM micrographs demonstrating the effect of the laser pulse duration of 100, 200 

and 400 μsec on the irradiated site is shown in Figure 7.5.  

 

Figure 7.5: Tilted SEM micrographs of the irradiated SiC with different pulse widths of 100, 200 and 400 

μsec. 

100 μsec 

200 μsec 400 μsec 
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The depth appeared to be a function of the applied pulse width. It can be explained 

according to the HAZ effect. The depth would increase with increasing the pulse duration. 

Higher resolution SEM images, as shown in Figure 7.6 and Figure 7.7, were conducted 

to study the periodic structure formed in the irradiated site.  The periodic structures were 

a feature of all the irradiated samples. The period of the formed ripples (Λ) was always 

near wavelength (the scattering theory expected the period as in 1 sin    ). Where 

λ is the laser wavelength and θ is the angle of incidence. The periodic structure was 

classified spatially into two groups; low frequency (Λ, close to the laser wavelength λ or 

λ/n where n is the refractive index of the material) and high frequency (with Λ < λ/2)231,232. 

The periodic near subwavelength was applied as (Λ/λ) or (Λ/λ/n), and it was in the range 

0.8-0.9 for our set of experiments. The ripples formation and dimensions were dependent 

on the laser parameters, especially the applied laser power and the overlapped number of 

the laser. The surface shows an increase in ripples with increasing the applied laser power. 

For the 500 Hz and 8.5 W processing, the overlapped laser pulses were 20 per site, and 

the ratio Λ/λ were around 0.85, see Figure 7.6. However, when the pulse repetition rate 

decreased to 100 Hz with a laser power of 1.9 W, two distinct areas could be seen, as 

shown in the optical micrograph in Figure 7.7. The centre had (Λ/λ/n) ratio of 0.9. Λ was 

measured using ImageJ software to be 4 μm (where Λ close to λ/n=3.9). The period 

between two adjacent ripples can slightly decrease toward the edge of the laser channel, 

following the profile of the laser irradiance, as can be seen in the SEM image in Figure 7.7. 

This behaviour is believed to be related to the cooling mechanism as it decreases with the 

applied laser power as shown in Chapter (5) 

 

Figure 7.6: SEM micrograph of SiC irradiated with 8.5 W and 500 pulse repetition rate with 150 μsec 

pulse width. The period of the formed ripples (Λ) was measured using ImageJ software to be 8.5 μm.  
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Figure 7.7: Optical and SEM micrograph of 4H:SiC irradiated with 1.9 W and 100 pulse repetition rate 

with 100 μsec pulse width and stage speed of 2 mms-1. Λ was measured using  

ImageJ software to be 4 μm. 

 Raman Characteristics  

Raman spectra of SiC irradiated with a different laser pulse duration of 20, 50, 100, 200 

and 400 μsec was collected as shown in Figure 7.8. The process took place in ambient 

conditions. The spectra were collected at the centre of the channel and near the channel 

edge. For 20 and 50 μsec pulse duration, only the Si-C bands appear at 204, 777 and 964 

cm-1. The FWHM of the TO peaks varied slightly from 4.7 to 4.4 and 4.3 with 20 and 50 

μsec irradiation, respectively. This is indicating an enhancement in the periodicity; thus, 

an annealing effect was suggested. Furthermore, the C-C bond (G, D and 2D) starts to 

appear at bands of ~1335, 1582 and 2669 cm-1, respectively. The I2D/IG ratio of 0.99, 

indicating the formation of a few layers of graphene. With increasing the pulse width to 

200 μsec and 400 μsec, the background signal appears in the spectra. However, the 

background was subtracted to get the correct information regarding the peak’s ratio. The 

increase in the background could be due to the increase in the roughness of the structure. 

Interestingly, a change of the 4H:SiC polytype to 3C:SiC took place with the 200 μsec 

ablation process. Indicating a re-construction of the molten surface to relatively simpler 

crystalline shape. 

Furthermore, the Raman spectrum of 400 μsec did not show any interference signals from 

SiC indicating the transformation of the sample gradually to graphitic structure and 

graphene since the laser penetration length increased with the pulse duration as shown in 

Table 7-1. From the spectra, we can conclude that the graphene was growing on the 
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surface of the SiC. This was mainly due to the 2D band. For graphene, the 2D band can 

be fitted with a sharp and symmetric Lorentz peak while that of graphite can be fitted 

with two peaks. It can be seen in literature that the 2D band becomes broader and blue-

shifted when the graphene layers increase to multilayer graphene233. The I2D/IG ratio was 

calculated to be 0.86, indicating the formation of multilayer graphene. The crystallite size 

was calculated using Raman spectra.  The 400 μsec irradiated samples presented higher 

concentration of defects, represented in the appearance of a band at 1620 cm-1 with a 

crystallite size of 290 nm, and FWHM of only 33 cm-1. The crystallite size was calculated 

using Equation (4.7). 

 

Figure 7.8:  Raman spectra of SiC and multilayer graphene are grown on single crystalline 4H-SiC (0001) 

at a different laser pulse duration of 20, 50, 100, 200, and 400 μsec at the centre of the irradiated channel. 

The x2 at the above three layers shows double magnification. 
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Due to the Gaussian behaviour, the edge area corresponding to 1/e2 of the power was 

investigated by Raman scattering spectra for the 100, 200 and 400 μsec pulse durations 

as shown in Figure 7.9. The spectra, as a function of the applied pulse duration, collected 

at the channel edge, shows a different composition from the spectra collected in the centre 

of the channel. We concentrated on the 100, 200 and 400 μsec pulse durations. For 100 

μsec pulse, the SiC peaks appears in the spectra with less intensity and all the carbon 

peaks of D, G and 2D emerged in addition to the Si peak. This can be explained by the 

decomposition of the SiC into both Si and C. However, the carbon phase can be 

considered as multilayer graphene with an I2D/IG ratio of 0.53. For the 200 and 400 μsec 

pulse duration, the spectra show the 4H:SiC peaks decomposed to amorphous bands along 

with the appearance of some polytype changes to 3C:SiC. It also shows the presence of 

the Si peak in both amorphous and crystalline shape with the 200 μsec, and only 

amorphous Si with 400 μsec. Furthermore, the D, G, and 2D bands appear in the form of 

reduced graphene oxide with an ID/IG ratio of 1.37 and 1.25 in accordance with 200 and 

400 μsec, respectively. Finally, a peak at 2100 cm-1 was observed. This is related to the 

C=N stretching. This was explained by the ambient condition and the presence of nitrogen. 

For the applied fluence, the combination of fluence and relatively high pulse duration 

provided a suitable atmosphere to the remaining carbon atoms to interact with the nitrogen. 

In addition, the obtained graphene has defects that can be seen in the D peak. The D-band 

corresponds to the distortion of sp2 Crystal structure of graphene. The presence of 

disorder in sp2 hybridized carbon systems results in resonance Raman spectra, and thus 

makes Raman spectroscopy one of the most sensitive techniques to characterize disorder 

in sp2 carbon allotropes. An EDX map of the site irradiated with 400 μsec, shows the 

presence of silicon, oxygen and carbon at the irradiated sample, see Figure 7.10 
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Figure 7.9: Raman spectra of SiC and multilayer graphene and reduced graphene oxide grown on single 

crystalline 4H-SiC (0001) at a different laser pulse duration of 100, 200, and 400 μsec. The spectra 

collected at the edge of the irradiated channel.  

 

Figure 7.10: SEM micrograph and EDX map of the irradiated site with 1.9 w of 10.6 μm laser at a pulse 

duration of 400 μsec at 100 Hz frequency (a) SEM, (b) SiK, (c) OK and (d) CK. 

a b 

c d 
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7.5 Effect of Laser Power on the Surface of SiC  

This section investigates the physical changes on the SiC surface as a function of applied 

laser power effect. Stationary and scanning processing was conducted. The used power 

was in the range of 1.5 to 15 W at a pulse duration of 150 µsec, 500 Hz and a stage travel 

speed of 2 mms-1.  The laser power was changed and controlled by the ULO attenuator.  

 Surface Characteristics   

Figure 7.11 shows the depth and the diameter profile of the irradiated spots as a function 

of the laser power measured using a Leica microscope. The depth profile was measured 

by focusing on the surface and then on the bottom of the track in the centre and measuring 

the difference between locations. In both cases, the depth and diameter increased with 

increasing the applied laser power. Moreover, the same processing conditions applied to 

produce channels on the SiC surface. Further analysis was conducted to check the profile 

of the produced track using an image processing function in OriginPro software. 

Figure 7.12 represents a track produced by 14 W laser power. The profile represents three 

areas of the sample, the surface, the redeposited material on the edge and the track in 

which the two lateral lines are above the surface. This was confirmed using the Dektak 

profilometer, see Figure 7.13. It shows that there is a central crater which is related to the 

Gaussian behaviour of the laser pulse leading to removing the material in the centre where 

it contains most of the pulse power. This was shown almost in all the made channels. The 

structures protruding above the surface of the un-irradiated sample was also measured in 

all the produced channels. 
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Figure 7.11: Microscopic depth and channel width measurements of the irradiated spots as a function of 

the applied laser power.  

 

Figure 7.12: A channel produced by 14 W laser power with the processed profile using origin software. 

Three areas of the sample shows; the surface, the redeposited material on the edge and the track. The two 

lateral areas are above the surface 
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Figure 7.13: Cross-sectional one stylus profile Dektak measurements of laser ablated 4H:SiC channels. 

Central channel depth and the protruding structure's height above the surface of the SiC surface measured 

as a function of the applied laser power ranged between 3 and 12.5 W. 

The surface topography was investigated under high-resolution SEM. Figure 7.14(a) 

shows the topography at the centre of channel irradiated at relatively low power of 3 W. 

A nanostructure with high roughness appears, producing a very high surface area. While 

Figure 7.14 (b) shows the channel produced with relatively high power of 15 W. Flaky 

texture with the presence of cracks appears. The images were used to analyse the 

morphology of the nanostructures showing the shape and size of the sheets. Agglomerated 

individual sheets were observed through a layered type of structure that were a few 

micrometres in size. This could be related to the initial surface of the SiC (surface 

roughness and defects), the Gaussian profile of the laser beam (which causes non-uniform 

heat distribution on the surface). The presence of defects was expected due to the 

processing under ambient conditions. Different types of defects were suggested and 

investigated using Raman by Eckmann234, this is explained in detail in the next sections. 
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Figure 7.14: SEM micrographs of CO2 laser-irradiated 4H:SiC surface with 500 Hz pulse repetition rate 

and 150 μsec pulse width and a different power (a) 3 W and (d) 15 W. 

SiC has a native oxide layer, which passivates the surface. The oxide layers are connected 

directly with the top bilayer of SiC on C-face or make linear Si–O–Si connection on Si-

faces of SiC. Thus, the decomposition rate of the SiC is more effective when the oxide 

layer is disrupted. The latter structure leads to a stronger bonding and thicker oxide layer 

resulting in a slower decomposition rate of the Si-face. However, the SiO2 reduction takes 

place during heating up to ~1400 K in a vacuum and the surface decomposition of SiC 

starts at this temperature. From COMSOL temperature evaluations, the temperature was 

enough to disrupt the oxide.  The removal of the oxide layer is non-uniform depending 

on the SiC defects, surface roughness and the acceleration of the evaporated Si atoms. 

The above would result in local exposure. Thus, non-uniform nucleation of carbon 

clusters leads to curved and standing graphitic structures235. 

b 

a 
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 Raman Investigation  

Figure 7.15 shows the Raman spectra collected from different samples prepared with 3, 

6.2, 10 and 15 W at roughly the same location. Other parameters were fixed. The structure 

and composition of the surface were dependent on the applied laser power. At channels 

irradiated with 3 W pulses, the surface transforms from high crystallinity 4H:SiC to a 

rough surface of crystalline silicon (520 cm-1), defected multilayer graphene (1335, 1582, 

1620 and 2669 cm-1) and polycrystalline SiC (775, 970 and 1320-1360 cm-1). In addition, 

there was a C-O-C peak which appeared at 1100 cm-1. The presence of oxygen was 

detected with EDX in most sites. With increasing the applied laser power to 6.2 W, a 

surface of amorphous Si, graphite, and a trace of a 3C:SiC polytype was formed. With 

further increase of the power of the pulse to 10 W, single layer graphene was detected 

with no trace of Si or SiC substrate. The I2D/IG ratio was around 2.5 and FWHM ~25 cm-

1. These measurements were extracted using a single Lorentzian peak fitting. With 15 W, 

the peaks were the same but with I2D/IG ~1 and FWHM ~37 cm-1. These results are 

believed to be close to the monolayer epitaxial graphene. However, due to the surface 

topography, it is possible to find monolayers and/or multilayers on the same sample, see 

Figure 7.16. The FWHM depends on many factors, such as strain, doping, point defects, 

size, and stacking order141. The defect mechanism suggested by Eckmann234, was 

employed to investigate the defects in our samples. It depends on the intensity ratio 

between the D band at 1335 cm-1 and the D` height at 1620 cm-1 band. The ID/ID` obtained 

here was in the range of ~0.71 and ~2.62, see Table 7-2. It is believed to be related to 

high concentrations of boundary defects. 

Table 7-2: The relation between the applied laser power and the defect ratio of ID/ID`. 

Applied Laser Power (W) ID/ID` 

3 1.24 

6.2 2.62 

10 0.71 

15 2.12 
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Figure 7.15: Raman spectra of CO2 irradiated 4H:SiC at different laser power. The bottom layer is a 

reference 4H:SiC surface, then 3W, 6.2 W, 10 W and 15 W, respectively.  

Figure 7.16 represents the spectra taken from the channel centre and near the channel 

edge. As can be seen, there were several differences observed. The peak profile of the 

graphene bands has changed. The 2D peak had a sharper profile, with a FWHM of  

37 cm-1 at the channel centre, while the FWHM of 2D at the edge, changed to 46 cm-1. In 

addition, SiC peaks appear in the spectra collected near the channel edge, while SiC bands 

disappeared in the spectra collected from the channel centre. This was related to the 
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change in the received power by the SiC due to the Gaussian profile of the laser pulse. 

Moreover, an increase in the defects was observed. 

 

Figure 7.16: Raman spectra of CO2 ablated SiC at a 15 W with 150 μsec and 500 Hz pulse repetition rate 

at different locations of the beam. Red colour represents the spectra collected near the edge and the black 

colour related to the centre of the beam.  

7.6 Effect of Travelling Laser Speed on the Surface of 4H:SiC  

Laser direct writing channels on 4H:SiC were produced and characterised systematically. 

The surface was irradiated with fixed laser parameters, but the sample’s speed was 

controlled. Laser parameters were fixed with 10 W power, pulse duration of 150 µsec and 

500 Hz Frequency. The Aerotech nano motion stage was used to control the travel speed. 

The speed was tuned over a wide range from 2 to 21 mms-1. 

 Surface Characterisation 

SEM and an optical microscope were used to investigate the surface. The width profile 

of the channels as a function of the travel speed appears to decrease with the applied travel 

speed, as shown in Figure 7.17. Dektak profile measurements on the height of the 

produced material above the SiC surface conducted as a function of the travel speed of 

the stage see Figure 7.18. In addition, the debris region and the HAZ were decreasing 

with increasing the travel speed as it can be seen in Table 7-3. 
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Figure 7.17: Microscopic measurements of the channel width of the irradiated channels as a function of 

the stage motion. 

 

Figure 7.18: Cross-sectional one stylus profile Dektak measurements of protruding height above the 

surface of the irradiated channels as a function of travel speed ranged between 3 and 21 mms-1. 

Table 7-3: Speed effect on the surrounding redisposition at the edge of the irradiated channel.  

Speed (mms-1) 3 5 7 9 11 13 15 17 19 21 

Surrounding Width (μm) 100 103 102 115 108 105 103 97 97 82 
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Figure 7.19, shows SEM micrographs of different SiC sites irradiated with various travel 

speed ranging from (a) 5 mms-1, (b) 9 mms-1, (c) 17 mms-1 and (d) 21 mms-1. The 

topography at high power and high-speed processing shows fine structures. In addition, 

the periodic structure was observed to be the main feature, and it was affected by the 

travel speed, indicating a relationship between the solidification and cooling rate of the 

sample while moving. 

 

Figure 7.19: SEM micrographs of SiC irradiated with various Aerotech stage speed ranging from (a) 5 

mms-1, (b) 9 mms-1, (c) 17 mms-1 and (d) 21 mms-1. 

The periodic structure shows an identical spacing to the overlapping laser pulses number 

according to Equation (4.1). As explained in section 7.5. The period of the formed ripples 

(Λ) was always near subwavelength (the scattering theory expected the period as in

1 sin    ). Our results were consistent with a low-frequency periodic structure. (Λ, 

close to the laser wavelength λ or λ/n).  

a b 

c d 
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The periodicity wavelength was applied as (Λ/λ/n), and it was in the range 0.8-0.9 for our 

set of experiments. The structures were dependent on the laser overlapped number of 

pulses, i.e. with 5 mms-1; the period was around 10 μm while the number of overlapped 

pulses was 10. Meaning the period was introduced directly by the spatial profile of the 

laser. While for 17 mms-1, the period was ~3.5 μm, indicating the formula λ/n. The 

periodic behaviour was evident with the optical microscope as it can be seen in  

Figure 7.20. 

   

Figure 7.20: Optical micrograph of SiC irradiated at different Aerotech stage speed of 3, 11 and 19 mms-1 

starting from left to right, respectively. 

The above results were from direction laser irradiation on the surface. An interesting 

effect was noticed during the SEM imaging, where the laser structured the edge of the 

sample as it can be seen in Figure 7.21. The processing was achieved by passing the laser 

through the whole sample, crossing the edge of the sample. This led to laser texturing of 

the sample edges. The morphology at the sample edge was different from the morphology 

at the top surfaces of the sample. Figure 7.21 represents the cross-sectional view at the 

bottom edge of (a) un-irradiated 4H:SiC compared with the irradiated SiC at a different 

travel speed of (b) 21, (c) 19, (d) 17, (e) 11 and (f) 7 mms-1. It starts from fast to slow 

travelling speed indicating the increase in the overlapped number of pulses received by 

the sample from 7 to 16.7 pulses per site.  Figure 7.21 (b) shows porous formation with 

nanocrystallite structures on. Decreasing the speed, more pulses were delivered, and the 

material transforms to a smaller porous structure. Figure 7.21 (e and f) shows a different 

behaviour as a layer and flake like structures. These pictures confirm the melting of the 

SiC under laser irradiation. Figure 7.22 shows a higher resolution SEM of the edges 

presented in Figure 7.21 (f). It clearly shows the layers structure on SiC. For further 

investigation, Energy Dispersive X-ray analysis (EDX) were collected from the side, see 
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Figure 7.23.  The presence of oxygen, carbon and silicon were the main feature for all the 

irradiated sites compared to the un-irradiated SiC. It shows an oxygen increase with fast 

travel speed. Furthermore, the Si/C ratio signals were almost constant, indicating that the 

carbon on the surface was not depleted by the laser. 

 

Figure 7.21: Cross-sectional view at the bottom edge of un-irradiated 4H:SiC (a), irradiated SiC with 

different travel speed at (b) 21, (c) 19, (d) 17, (e) 11 and (f) 7 mms-1. 

a  b 

d 
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Figure 7.22: SEM micrograph of SiC edge irradiated at 10 W and 7 mms-1 speed. 

 

Figure 7.23: EDX of SiC irradiated with different travel speed. 

 Raman Characterisation  

Raman spectra of the SiC irradiated with 3, 7, 11, 15, 19 mms-1 travel speed was collected 

as in Figure 7.24. The composition of the surface was dependent on the number of 

overlapped pulses. The spectra were collected from the same location within the channel 

roughly at the centre. At 3 mms-1, the surface transforms from high crystallinity SiC to a 

rough surface highly defected multilayer graphene with Raman peaks at ~ (1334, 1584, 

1621 and 2674 cm-1) and 4H:SiC (204, 777 and 965 cm-1). In addition, there was a very 
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broad band appear at 1100 cm-1 of a C-O-C. With increasing the applied travel speed to  

7 mms-1, a decomposition of the 4H:SiC takes place to a crystalline Si (520 cm-1) and 

single-layer graphene with a weaker trace of the substrate as a 4H:SiC. The single layer 

graphene was characterised with the I2D/IG ~3.5 and a ~29 cm-1 FWHM of Lorentz fitting. 

With the further increase to 11 mms-1, multilayer graphene was detected on top of SiC 

surface with a weak trace of very broadening Si peak. I2D/IG was around 0.53 and 2D 

FWHM ~47 cm-1. With 15 mms-1, the position of the peak of D, G, D’ and 2D were shown 

with a very weak band of the 4H:SiC. The profile of the peaks shows a formation of single 

graphene layer with I2D/IG ~1.52 and 2D FWHM ~30.6 cm-1. These results are believed 

to be close to the monolayer graphene. At 19 mms-1, I2D/IG ~0.6 and 2D FWHM ~37 cm-

1 was measured. Which is in the range of multilayer graphene with no trace of the 4H:SiC 

substrate. 

It must be mentioned here that due to the surface topography, it is possible to have 

monolayers and or multilayers on the same sample following the Gaussian profile of the 

applied laser. FWHM depends on many factors, such as strain, doping, point defects, size, 

and stacking order141. 

In addition, the defect mechanism suggested by Eckmann234, was employed to investigate 

the defects in our samples. It depends on the intensity ratio between the D band height at 

1335 cm-1 and the D’ height at 1620 cm-1 band. ID/ID` obtained here were in the range 

between ~0.75 and ~1.5 as shown in Table 7-4. 

Table 7-4: The relation between the applied laser power and the defect ratio of ID/ID`. 

Sample travel speed (mms-1) ID/ID` 

3 0.95 

7 1.45 

11 1 

15 0.75 

19 1.5 
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Our results are far away from the sp3 defects which were calculated by Eckmann to be 13 

of ID/ID`.  

In summary, the fast speed lead to the formation of Graphene without a trace of SiC 

substrate. By decreasing the speed, the substrate starts to show up again in the Raman 

spectra. This was believed to be a consequence of increasing the received number of laser 

pulses by the surface leading to distortion of the SiC substrate or the possibility of an 

oxide layer formation.  
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Figure 7.24: Raman spectra of CO2 irradiated 4H:SiC at different travelling sample speed. The bottom 

layer is an un-irradiated 4H:SiC surface, then 3, 7, 11, 15 and 19 mms-1, respectively. The data were 

normalised and subtracted. 
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7.7 Irradiation under Controlled Atmosphere  

All the above experiments were conducted in ambient conditions. To understand the 

effect of air on the processing, a low-pressure chamber was used. A continuous pump-

down was in place during the processing. The pressure was measured as a ~1×10-4 bar. 

The sample was processed under applied laser fluence of ~57 Jcm-2 with a pulse width of 

~100 μsec and a pulse repetition rate of 3 kHz. Figure 7.25 shows the SEM micrograph 

of the produced structure. The 3D-graphene structure was observed. This could also be 

suggested as carbon nanotubes. This was believed to be formed due to the gas flow during 

the pumping processing. The hypothesis was that carbon reconstruction by gas-phase 

transport at a low partial pressure of oxygen contributes to the growth of nanotubes and 

3D-graphene upon decomposition of SiC.  

The EDX showa an increase in the atomic percentage of C against Si for both the spot 

centre and the spot edge. 

 

Figure 7.25: SEM micrograph of CO2 irradiated SiC under controlled atmosphere. The applied laser 

fluence was ~57 Jcm-2 with a pulse width of ~100 μsec and a pulse repetition rate of 3 kHz. 

The structure of the stationary spot was investigated by Raman spectroscopy shown in 

Figure 7.26. The bottom spectrum is of the pristine 4H:SiC. It shows the typical features 

of (204, 777 and 970 cm-1). The middle layer shows the spectra at the spot centre. The D, 

G and 2D bands peaked at 1345, 1583 and 2690 cm-1, respectively. In addition to the 
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above, D`, D+D``, D+2D`and 2D` peaks were found. The wine colour line represents the 

experimental results, and the other coloured lines show the Lorentzian fitted peaks. An 

(I2D/IG) ratio of about 1 and an FWHM of 26 cm-1 are presented. The upper spectrum is 

from the edge area. Apart from all the mentioned peaks above, 4H:SiC band peaks 

appeared in this region. The G band and 2D band peaks show a slight blue shift to 1585 

cm-1 and 2692 cm-1 compared to the centre spectrum. As mentioned earlier, the 

appearance of a relatively strong D peak and the D` and the D+D` at 2930 cm-1 bands, 

suggest that the graphene lattice becomes disordered. 

 

Figure 7.26: Single point Raman spectra of graphene grown on 4H:SiC using CO2 laser under low 

pressure at different locations. The bottom layer shows the pristine SiC, middle layer represents the 

collected Raman from the spot centre and the top layer collected from the spot edge. 
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7.8 Summary 

The laser acts as a heating source, causing a thermal decomposition of SiC, with the 

formation of graphene and graphene oxide. 

To achieve thermal decomposition of SiC, the surface temperatures must be high enough 

to break the Si-C bands. Thus, Si atoms will be sublimated, and graphitisation takes place. 

The C atoms left behind on the top of the surface will be rearranged to synthesise the 

graphene.  

Graphene growth on SiC surface with a CO2 laser in atmospheric pressure was achieved. 

A 3D graphene structure or nanotubes were produced in a low-pressure atmosphere. 

The production of graphene on top of SiC using lasers is fast, simple, cost-effective, 

viable and promising for different applications. 

Micro-Raman spectroscopy proved the formation of graphene on the surface of the SiC 

substrate. The FWHM, profile and position of the 2D band peaks are in excellent 

agreement with the range of values found in the literature.   

SEM images confirm the formation of graphene layers. It appears as small islands on top 

of SiC grains, spread all over the substrate surface, or as a continuous layer for a few 

micrometres. 

Graphene, with defects and oxidation, were synthesised. Furthermore, monolayer and 

multilayer graphene was achieved. 

Possible doped graphene was achieved on top of SiC.  

Change of the substrate polytype from 4H:SiC to 3C:SiC was achieved. 



Chapter 8   Arina F Mohammed 

149 

 

 Electrical Properties Characterisation of the grown 

graphene structure on SiC 

8.1 Introduction 

In previous chapters, we have shown how lasers can be employed to grow graphene and 

its derivatives on SiC in laser direct writing process (LDW). Microstructural and 

compositional modifications produced by 193 nm and 10.6 µm lasers were reported.  In 

this chapter, the electric conductance conversion in lasers irradiated SiC were discussed 

with the effect of different process parameters. Developing a simple, low-cost technique 

for making conductive tracks on the SiC surface or even p-n junctions or Schottky 

junctions, the key component in electronic and optoelectronic devices, has proven 

challenging. Laser processing could present a simple technique for the large-scale 

patterning of graphitic/SiC junction. “Precise controllability,  ease  of  computer  

automation  to  direct  a  laser beam and its localized intense heating capability make the 

laser direct-write technique advantageous over the conventional  methods  for  processing  

wide  band gap materials”. 

Two-point probe measurements were obtained on the produced graphene-like/SiC wafers. 

Graphene, graphene oxide and reduced graphene oxide growth on SiC will open new 

routes for applications, see section 2.7. DLW is a reproducible process, and it can be done 

directly on the SiC surface with no need to transfer the produced layer. The irradiated 

samples were characterised using, SEM, AFM, optical microscope and Raman 

microscopy. Temperature simulations have been performed using the finite element 

method (FEM) to assist in understanding the dissociation mechanisms of SiC and hence 

optimise the experimental variables. 2D axis-symmetric FEM calculations predict a 

surface temperature. Laser-irradiated 4H:SiC is an efficient and controllable method of 

realising highly reproducible electrically conducting tracks. 
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8.2 Results and Discussion  

 Excimer Laser Direct Written Graphitic Channels 

193 nm laser processed SiC was investigated electrically due to the production of a 

graphitic structure. LDW patterns were controlled by overlapping the laser spots using 

the XYZ nano-resolution controlled stage. It has many advantages; it is an easy method, 

fast, cost-effective and could be done in an ambient or controlled atmosphere. Most of 

the electrical measurements were done on semi-insulating v or n doped SiC. Figure 8.1 

shows the I-V characterisation of a produced channel. The sample was irradiated with a 

fluence of 1.56±0.08 Jcm-2, the resistance decreased by nine orders of magnitude in 

comparison with the non-irradiated SiC area. The resistivity of the un-irradiated SiC was 

more than 107 Ωcm. There was also a linear increase in the resistance by increasing the 

space between the two probes by 1 mm each time, see Figure 8.2. A linear correlation 

between the current and voltages was noticed, see Figure 8.1. This indicates the Ohmic 

behaviour that is typically related to metal samples.  

Others reported the conduction properties of the graphitic/SiC junction using 

femtosecond lasers by measuring the I-V72,236,237. A decrease in resistivity of six orders 

of magnitude was reported compared with non-irradiated surfaces. The decrease is 

attributed to the drastic increase in electric conductivity on phase separation associated 

with the formation of traditional laser induced periodic structure. They used the I-V 

characteristics and the scanning electron microscope observations to confirm their 

conclusion. 

The resistivity (ρ) was measured using Equation (8.1): 

 

ln 2
tR




 
  
   

(8.1) 

Where t is the irradiated channel thickness, and R is the resistance. Equation (8.1) only 

works when / 2t d . Where d is the spacing between the probes (in the above case, 160 

nm < 500 µm). A thin film of graphene and graphene oxide is often measured using their 
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sheet resistance (ρs) in units of ohms per square. This can be obtained by dividing the 

resistivity over thickness / (4.6 0.5)t   Ω/square.  Graphene derivatives resistivity is 

less than the substrate, ensuring that the applied current only flows through 

the graphene layer during the I-V measurements. The SiC substrates resistivity were 

between 105 and 107  Ω.cm. 

 

 

Figure 8.1: I-V characteristic of the graphitic channels produced by 11.5 nsec 193 nm laser at a fluence of  

1.56 ± 0.08 Jcm-2. The sample speed was 0.01 mms-1 with 5 Hz pulse repetition rate.  The black data 

represent the un-irradiated SiC while the coloured data shows the irradiated channel with probes spacing 

changing from 1 mm to 5 mm, respectively. 
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Figure 8.2:  The linear relation between the reduced resistance and the changing spacing distance between 

the probes measured on the channel produced with 1.56 Jcm-2. 

Tracks produced with a gap between them were achieved with a 900 nm spacing, see 

Figure 8.3. A typical I-V curve of graphene or reduced graphene oxide devices was shown 

as a function of the spacing between the two probes. Figure 8.4 exhibits strong linearity. 

This was possibly related to the formation of the reduced graphene oxide layer confirmed 

by Raman spectra. However, when the probes were on one track, the resistance was as 

measured before, ~940 Ω, while when the probes were located on two tracks, the 

resistance increased drastically as shown in Figure 8.4.  

 

 Figure 8.3: Optical micrograph of the gap width between two tracks on SiC (the left) and the 

corresponding AFM image (right) 
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To understand the mechanism of producing the graphitic channel, COMSOL™ 5.3 was 

used (Figure 8.5) to estimate the temperature of the irradiated surface. It shows that the 

temperature of the 4H:SiC surface reached ~2300 K at the laser pulse duration of 11.5 

nsec for the applied fluence of 1.56 Jcm-2. The temperature rise exceeded the melting 

temperature of Si. This supports the idea of evaporating the Si atoms leaving the carbon 

behind. However, the high energy of the applied 193 nm laser played a role in the 

decomposition of the SiC, leading to the decoupling of the Si and the C. In addition, 

ambient condition processing was believed to play a significant role in the production of 

graphene oxide which then was processed by further laser irradiation to produce reduced 

graphene oxide. 

 

 

Figure 8.4: The linear relation between the reduced resistance and the changing spacing distance between 

the probes measured on the channel produced with 1.56 Jcm-2. The probes were either together on one 

track or each on one track. 
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Figure 8.5: Temperature rise as a function of time for the laser fluence 1.56 ±0.08 Jcm-2. It shows that the 

temperature exceeds 2250 K for the pulse duration of the laser of 11.5 nsec. 

Micro-Raman measurements were collected to understand the composition structure (see 

Figure 8.6). It shows the unirradiated SiC surface as a reference in the bottom layer in 

Figure 8.6. The peaks were observed at 204, 777, 798 and 970 cm-1 which all related to 

4H:SiC. In the top layer of Figure 8.6, peak bands of an amorphous and nanocrystalline 

matrix were found. A trace of the substrate was collected with a broader band due to Si-

C optical modes of an amorphous phase and a trace of 3C:SiC polytype. In the range, 

400-550 cm-1, both a broad band centred around 480 cm-1 and a sharp peak at 520 cm-1 

were found. The broad peak was related to the optical modes of Si-Si as an amorphous 

phase. The peak at 520 cm-1 indicates the richness in the Si-related to the LO mode of 

crystalline silicon. Besides, an increase in the C-C bands was detected as a D, and G bands. 

The D band (defects or disorder) at 1320 cm-1 and G (graphite) which spread around 1587 

cm-1 are both clearly shown and indicate the presence of carbon like material. These peaks 

indicate a formation of rGO texture on top of SiC. These peaks emerged as a result of a 

direct laser writing on the surface of SiC. These results are consistent with the SiC 

decomposition theory of SiC due to 193 nm laser irradiation. It also shows the 4H:SiC 

peaks decreasing with emerging Si and graphite peaks.  
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Figure 8.6: Micro-Raman spectra of 4H:SiC before irradiation (top layer) and after irradiation with 193 

nm laser (bottom layer). Excitation laser was 784 nm at the power of 1 mW. 

It is believed that the reason for some non-linearity in measurements on SiC could be due 

to the high contact resistance. For the nonlinear relation, the Si and SiC are not dominant, 

but there is carbon like structure dominating, represented by the G and D band that behave 

as a graphene or rGO on SiC. While for the site composition of heavy dosage irradiation, 

it will be mostly Si dominant. So, more voltage will be needed to overcome the energy 

gap. The topography of the above channel can be seen in Figure 8.7. It shows an 

interconnected shape of pillars similar to the behaviour shown with spinodal 

decomposition. The difference between the surface of the 4H:SiC before and after ArF 

laser irradiation, is shown by an AFM image in Figure 8.8. The hight sensor increased 

from 4.4 nm to 1.1 µm and the roughness dramatically changed where Ra increased to 

130 nm. 
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Figure 8.7: Optical micrograph of the irradiated channel by ArF laser with 1.56 Jcm-2. a) is X100 

magnification and b) is higher magnification.  

  

Figure 8.8: AFM images of 4H:SiC before laser processing a) semi-insulating SiC and after 193 nm laser 

processing, (b) conductive SiC.  

 Effect of Laser Power and Travelling Speed on the I-V Measurements. 

The electrical conductivity of the irradiated sites as a function of the travelling speed was 

investigated. Figure 8.9 represents the I-V characteristic of irradiated 4H-SiC as a 

function of the travelling speed of the sample. The samples irradiated with 193 nm laser 

at ~1.4 Jcm-2, with a laser frequency of 10 Hz. A channel with 155 μm width was achieved. 

The scanning speed was chosen to give a specific overlapped number of pulses per site. 

The overlapped pulses were set to 10, 100 and 1000. The I–V data were symmetrical for 

positive and negative voltages. The two probes I-V measurements were asymmetrically 

indicating similar behaviour to typical Schottky diode behaviour on the un-irradiated SiC.  

The I-V data collected by HP4140B source meter unit in the dark, so no light was involved 
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in the process. For relatively high speed having only 10 pulses per site, there is a linear 

Ohmic relation with a resistance of 746 Ω and sheet resistance of 3380 Ω/□.  

 

Figure 8.9: I-V measurements of graphitic/SiC junction produced by 193 nm at 1.4 Jcm-2 laser fluence 

with different speed or overlapped dosage. 

With increasing the pulses to 100 per site, a dynamic resistance relation appears. Meaning 

that it is a nonlinear relation, and the resistance will depend on the applied voltage and 

current at a certain point. However, for low applied voltages ranging between 0 and 0.6 

V; the curve has an almost linear behaviour and the resistance range from 170 to 200 Ω. 

The sheet resistance was measured to be 784 Ω/□. While by further irradiation of the site 

to 1000 times, the same behaviour continues with higher resistance. This could be related 

to the fact that when we apply low laser dosage, subsurface interaction with only 29 nm 

thickness were achieved according to the WLI. Moreover, by increasing the dosage, more 

interaction took place. Besides, the decomposition mechanism changed, as discussed in 

Chapter 6.   

Different structures formed depending on the overlapped pulses, as shown in the optical 

micrographs in Figure 8.10(a-c) and the corresponding AFM images in Figure 8.10(d-f). 
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Figure 8.10: Top row represents the optical micrographs, and the bottom row is the AFM graphs of the 

graphitic structure produced on SiC irradiated by 193 nm laser at 1.4 Jcm-2 with different overlapped laser 

pulses (a, d) 10 pulses (b,e) 100 pulses and (c,f) 1000 overlapped pulses. 

The same irradiation conditions were repeated with a laser fluence near the threshold at 

1 Jcm-2. The I-V measurements are shown in Figure 8.11.  

The I-V curves were close to zero at irradiation with 10 and 100 overlapped pulse with a 

resistivity of 0.55 Ωcm and 0.0057 Ωcm, respectively. When the direct current bias 

increased, the reverse leakage current increased rapidly, indicating that severe damage 

had occurred on the surface. The forward leakage currents also increased with increasing 

the dc bias.  

a 

d e f 

b c 
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Figure 8.11: I-V measurements of graphitic/SiC junction produced by 193 nm at 1 Jcm-2 laser fluence 

with different speed or overlapped dosage. 

 CO2 Laser Direct Written Graphitic Channels 

CO2 Laser processed SiC for the production of a graphitic structure were investigated 

thoroughly in Chapter 7. The conductivity of the LDW channels was investigated as a 

function of the applied laser parameters such as the applied power, the travelling speed 

of the sample and the pulse duration effect. The electrical measurements were conducted 

on semi-insulating v or n doped SiC with a resistivity of more than 107 Ωcm. Investigation 

of the electric properties of the single and multilayer graphene (synthesised with different 

applied laser power and confirmed by Raman measurements) were conducted. The I-V 

properties of the adjacent Ag electrodes were measured at room temperature, see 

Figure 8.12. The tracks were produced with irradiated laser power of 3, 4.5, 6.2 and 10 

W. A non-linear correlation between the current and voltages were noticed, see Figure 8.1. 

However, the linearity increased with increasing the power of the pulse. This indicates 

the Ohmic behaviour that typically related to metal samples. The resistance was 130 kΩ 

at the tracks created with 3 W laser. By increasing the applied power, the resistance 

decreased to roughly ~30 kΩ. Graphene-SiC I-V could be acts with fluctuations which 

were correlated to spatial inhomogeneity at the junction due to the roughness, graphene 
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layer thickness variations, dislocations and grain boundaries, as well as the presence of 

atomic steps in the SiC as it can be seen in Figure 8.13. 

 

Figure 8.12: I-V measurements of the graphitic/SiC surface produced by CO2 laser as a function of the 

applied laser power. 

   

Figure 8.13: SEM micrograph of graphene/SiC junction produced with different laser power (left side) 

6.2 W (right side) 14 W 

Investigation of the electric properties of the formed graphene (synthesised with a 

different number of overlapped pulses) was conducted. The I-V properties of adjacent Ag 

electrodes were measured at room temperature, see Figure 8.14. The tracks were produced 

with a stage speed of 3, 7, 11, 15 and 19 mms-1. A linear correlation between the current 

and voltages was noticed, see Figure 8.1. However, the resistance increased with 
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increasing stage speed. The resistance was 19 kΩ at the tracks created with stage speed 

of 3 mms-1. By increasing the stage speed, the resistance increased to roughly ~30 kΩ. 

 

Figure 8.14: I-V measurements of the graphitic/SiC junction produced by CO2 laser as a function of the 

travelling speed. 

An I-V curve was also measured for graphene/SiC junction produced at different laser 

pulse durations as shown in Figure 8.15. The figure shows that the resistance decreased 

from 204 kΩ to 48 kΩ when we increased the pulse duration from 100 μsec to 400 μsec. 

The surface topography can be seen in Figure 8.16. 
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Figure 8.15: I-V measurements of the graphitic/SiC junction produced by CO2 laser as a function of the 

applied laser pulse duration. 

In general, the I-V characteristics suggest that grown graphene sometimes acts like an 

Ohmic junction and sometimes act like Schottky junction. Fluctuation of the I-V data 

with the tracks produced by CO2 laser was related to the high roughness noticed on the 

surface of SiC. 

      

Figure 8.16: SEM micrographs of the graphene derivatives/SiC tracks produced with different laser pulse 

duration (a) 100 μsec, (b) 200 μsec and (c) 400 μsec. 
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8.3 Summary 

In this work we reported experimental results of 193 nm ArF laser and CO2 laser 

irradiated 4H:SiC. Current-Voltage measurements show a decrease of the electrical 

resistance per unit length by nine orders of magnitude. The lowest resistance per unit 

length was obtained using a laser fluence of ~1.5 Jcm-2 for the 193 nm system, at a pulse 

repetition frequency of 10 Hz and using a sample translation speed of 0.01 mms-1. 

Graphene oxide and reduced Graphene oxide were produced using the 193 nm laser. 

I-V data showed less decrease in the resistance for the graphene and graphene 

derivatives/SiC produced by CO2 laser compared to excimer laser samples.  

Mainly, it was showed that it would require very high laser fluence to change and increase 

the conductivity. 

Calculations predict the contact resistance of SiC to be approximately 900 Ω, which is of 

the order of the input resistance of the voltmeter in our two-point probe measurements. 

There was almost no change in two-probe I–V curves when the spacing between the 

probes was changed from 1 mm to 5 mm. 

Moreover, the currents of modified lines increased more than nine orders of magnitude 

when compared with those of the non-irradiated SiC. We conclude that the modification 

related to the change of the material stoichiometry.  
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 Conclusion and Future Work 

9.1 Conclusion 

Laser irradiation of 4H:SiC was performed as a function of lasers parameters in the 

ambient and controlled atmosphere. Different laser systems such as excimer laser with 

nanosecond pulses and CO2 laser with microsecond pulses were employed. The ablation 

threshold and the effects on removal material and thermal damage were investigated.  

Analytical and numerical modelling was used to determine the temperature of the sample 

during and after laser processing. Our measurements and simulations can be efficiently 

used to describe experiments involving laser heating with minimum limitations. The finite 

element analysis using COMSOL software was performed to study and predict the 

temperature distribution on and inside the SiC. The FE simulation models would be 

highly helpful to select the optimum laser parameters for laser machining. 

Numerical results based on less assumption were achieved, resulting in a more accurate 

temperature rise compared to the analytical version. 1D and 2D-axisymmetric geometry 

models were applied, and both models gave roughly the same temperature rise. The 

numerical solutions displayed a robust thermal gradient in the z-direction, which was 

dependent on the material properties. 

The models were built for the excimer laser having a spatial top hat profile and the CO2 

laser with a spatial Gaussian profile. Laser parameters such as laser power (fluence), pulse 

duration, scanning speed and spot radius was investigated. 

With the 193 nm model, the following were concluded: the temperature rises at a laser 

fluence of 0.97 Jcm-2 with 11.5 nsec pulse duration was above the melting point of SiC. 

The temperature rise was linear with the applied laser fluence. The temperature exceeds 

the melting point of SiC at a laser fluence of 1.95 Jcm-2. For a laser fluence of 2.6 Jcm-2, 

the temperature at the surface reached 4000 K, which is close to the melting point of 
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carbon. The depth temperature profile was in good agreement with the experimental 

results. For the nanosecond pulses, the substrate effect was negligible. The energy rate 

deposited is higher in shorter duration leading to more localised distribution in the 

material. 

For a spatial Gaussian CO2 laser, the energy rate deposition was slower with higher 

penetration depth. Hence, the heat diffuses into the material, and the cooling plays a 

dominant effect. The pulse duration of the applied CO2 laser affected the surface 

temperature massively. By increasing the pulse duration, the temperature will decrease.  

More energy is needed to heat the SiC surface to the same temperature with the CO2 laser 

compared to the 193 nm laser. The depth distribution of the heat will increase drastically. 

The effect of the slow cooling rate means that increasing the number of pulses will affect 

the temperature rise of the surface and will build up with each pulse. Moreover, the 

cooling rate would also be affected by the substrate. 

An ArF excimer laser emitting at a wavelength of 193 nm has been used to investigate 

the ablation and decomposition of 4H-SiC. The onset of surface modification is seen to 

take place at a laser fluence of 925 ± 80 mJcm−2. The etch rate and concomitant surface 

modification at this fluence are observed as a subtle process and not an abrupt removal of 

material. The experimentally measured etch rate at threshold corresponds to ∼200 pm per 

laser pulse. Etch rates are close to but above the etch rates calculated using the H-K and 

C-C relations and correspond to ∼20 pm per laser pulse. Micro Raman measurements 

indicate regions of silicon and carbon on the surface of the laser-irradiated 4H-SiC. At 

laser fluences where the significant material is being removed, the growth of micron-

sized nodule-like structures on the floor of the ablation crater was observed. SEM 

measurements show clearly the nodules are decorated with spherical particles and ripple 

structures on the floor of the ablation crater. The graphitic and carbon-rich nature of laser 

irradiated sites has encouraged further investigations using a laser direct-write technique 

to produce electrically conductive tracks on 4H- SiC substrates. 

Spots and channels produced on the SiC surface using stationary and travelling processing 

with 193 nm and 10.6 µm systems. The channels were made with different moving stage 

speeds. For the 193 nm processing, the train of pulses effect were independent of the stage 
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travel speed since the cooling rate was in nanoseconds and the laser repetition rate was in 

milliseconds. However, in the CO2 processing, the cooling rates were in microseconds 

close to the laser pulse durations. In general, increasing the number of overlapped 

accumulations of material removal takes place. The rearranging of the melted surface was 

affected directly by the energy deposited in the material. 

With the excimer laser, surface texture changed from smooth to rough with small 

protruding texture on the surface. The protruding dimension increased with increasing 

fluence. At high fluence such as 5 Jcm-2 the ablation effect took place, and the new left 

surface had a smoother texture with the formation of ripples. SEM imaging of the surface 

shows a nanocrystallite structure formed on it. While micro Raman analysis proved that 

the protruding texture was a mixture of Si and SiC. Raman with laser excitation of 532 

nm was more of background spectra with sharp SiC bands.  

In low fluence regime, the material keeps the original composition of SiC with no trace 

of graphitic structure. However, accumulation of Si was observed on the edge of the sites. 

With increasing the fluence, the material suffers decomposition and graphitic structure 

rearrange on the surface. As a binary compound, SiC would have structural changes due 

to the total energy difference between two crystallographic structures and the ungorigent 

melting, the surface would be covered with graphitic structures, and silicon in addition to 

traces of the substrate was available.  

Micro Raman with He-Ne laser excitation showed the detailed structure of the surface. 

At a fluence of 1.4 Jcm-2, the surface was covered in reduced graphene oxide starting 

from low to high pulse dosage. This was attributed to the ambient condition and the 

availability of oxygen. The TO peak is of a small size and shows a small position shift, 

but the LO peak exhibits a downshift and asymmetrical broadening as the nanocrystallite 

size decreases. The intensity of the TO and LO modes decreases with decreasing 

nanocrystallite sizes. The scattering can be spread out over a much broader range of 

frequencies by varying the nano-crystallite size. 

With the CO2 laser processing, the laser acts as a heating source and causes a thermal 

decomposition of SiC, with the formation of graphene and graphene oxide. The ablation 

threshold measurements were divided into two regions indicating different mechanisms 
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involved. To achieve thermal decomposition of SiC, the high laser power was employed 

to allow the surface to reach temperatures sufficiently high to break the Si-C bands. Thus, 

Si atoms will be sublimated, and graphitisation takes place. The C atoms left behind on 

the top of the surface will be rearranged to synthesise the graphene. Graphene growth on 

SiC surface with the CO2 laser in atmospheric pressure was achieved. 3D graphene 

structure or nanotubes were achieved with vacuum pumping down during the laser 

processing. The production of graphene on top of SiC using lasers are fast, simple, cost-

effective, viable and promising for different application. 

SEM images confirm that graphene layers appear as small “islands” on top of SiC grains 

and small flakes spread all over the substrate surface, and not as a continuous layer. 

Ripples were also found on the surface in almost all samples. Graphene, free of oxidation 

and with oxidation, were synthesised with high laser energy density. The mud-like 

structure was shown in the irradiated sites with roughly 4.2 W. The Spatial Gaussian 

profile of the pulse has a significant effect on the prepared composition as it was 

confirmed with Raman spectroscopy. rGO spectra were collected at the edge of the 

irradiated tracks. 

Micro-Raman spectroscopy proved the formation of graphene on the surface of the SiC 

substrate. The FWHM, profile and position of the 2D band peaks are in excellent 

agreement with the range of values found in the literature.  

Furthermore, monolayer and multilayer graphene was achieved. Possible doped graphene 

was achieved on top of SiC. Change of the substrate polytype from 4H:SiC to 3C:SiC 

was achieved. 

The mechanism of converting the upper crystalline layers of SiC to graphene (GO or rGO) 

was achieved by a laser oxidation/reduction process. The absorption of intense laser 

energy by SiC gives rise to an increase in the temperature in the exposed volume, which 

in turn oxidises the graphene or the arranged carbon in the ambient environment by 

absorbing oxygen in the air. The laser-induced rise in the temperature of a material is 

proportional to the laser fluence. The results reveal a simple and cost-effective alternative 

for the synthesis of graphene-based structures on SiC. 
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Current-voltage measurements of the graphitic structure on the SiC surface show a 

decrease of the electrical resistance per unit length by many orders of magnitude. Nine 

orders of magnitude were obtained using a laser fluence of ~1.5 Jcm-2, a pulse repetition 

frequency of 10 Hz and using a sample translation speed of 0.01 mms-1.  

Calculations predict the contact resistance of SiC to be approximately 900 Ω, which is of 

the order of the input resistance of the voltmeter in our two-point probe measurements. 

There was almost no change in two-probe I-V curves when the spacing between the 

probes was changed from 1 mm to 5 mm. 

The decrease in resistance implies that the observed enhancement of electrical 

conductivity is proportional to the dosage of the irradiated laser beam. This enhancement 

is caused by a material phase transition induced by laser irradiation. This drastic change 

in electrical conductivity is assumed to be associated with the phase transition induced by 

excimer and CO2 laser irradiation 

I-V data showed a smaller decrease in the resistance for the graphene and graphene 

derivatives/SiC produced by CO2 laser compared to excimer laser samples. Mainly, it was 

shown that it would require very high laser fluence to change and increase the 

conductivity. 

Moreover, the currents of modified lines increased more than nine orders of magnitude 

when compared with those of the non-irradiated SiC. We conclude that the modification 

related to the formation of the classical laser-induced periodic structures causes the drastic 

increase of electrical conductivities.  

The resistance of the tracks on SiC, processed with 193 nm, shows a higher reduction 

compared to the channels produced by the CO2. This was attributed to the surface texture 

and the edges and boundary formed on the surface. 
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9.2 Future Work 

This body of research was conducted thoroughly to investigate the graphitisation of SiC 

using 193 nm laser and 10.6 μm laser. However, other work could be done to gain a better 

understanding on the phenomena.  

 The findings of this work could be expanded into an application of graphene/SiC 

diodes. 

 The findings of the gradient change of the produced structure as a function of the 

Gaussian profile could be further studied.  

 Control of the Gaussian profile of the CO2 laser could be a subject of interest to 

produce more homogeneous structures. 

 More study could be conducted on controlling the processing environment and 

producing different doping types to the graphene layers by adding different gases 

to the vacuum chamber. Producing doped graphene with an energy gap is a subject 

of interest. 

 Specific AFM conductivity measurements for micro and nanoscale devises 

produced by direct laser writing on SiC could be accomplished.
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