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A 193 nm wavelength ArF excimer laser was used to develop laser lift-off (LLO) 

technology on AlGaN/GaN high electron mobility transistors and GaN-based LEDs. 

Currently, the chip yield and device reliability cause the use of dicing or 254 nm laser 

lift-off technology for chip separation to be unreliable, due to cracks formed along the 

edge of the chips during dicing or laser lift-off. In order to prevent this, 30 µm-wide 

grooves were drilled from the front side of the wafer along the device edges, prior to the 

laser lift-off. To achieve a large area for the laser lift-off, we studied the use of multiple 

laser pulses at low fluence instead of one pulse at high fluence; to test this, both a 

simulation and an experiment were conducted. Using the multiple-pulse method, we 

attempted to create a large area for laser lift-off with GaN-based thin films.  

Meanwhile, we used the same laser system for pulse laser annealing (PLA) of 

ion-implanted SiC in order to synthesize graphene in selective areas. Various ion-

implanted SiC substrates were annealed, and we found evidence of graphitization on 

ion-implanted SiC surfaces at lower threshold fluences than pristine SiC substrates. 

Raman spectroscopy confirmed the existence of G, 2D and D peaks in the graphene.  
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We studied amorphous and ion-implanted SiC samples, revealing both 

amorphous and catalytic effects of different ion species during pulsed laser annealing. 

Few layers graphene and carbon nano structure were synthesized.  We examined the 

Ge-implanted sample’s graphitization, and proposed possible mechanisms of 

graphitization.  

Pulse laser annealing of pristine SiC under various conditions demonstrated the 

potential for optimizing graphene growth quality by changing the annealing condition, 

including ambient content, pressure, laser fluence, laser pulses, laser frequency, and so 

on. 
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CHAPTER 1 
INTRODUCTION 

1.1 Motivation 

The laser is one of the greatest inventions of the 20th century. The theoretical 

foundation for the laser was established by Albert Einstein in the paper On the Quantum 

Theory of Radiation in 1917; however, it was not until 1960 that Theodor Maiman built 

the first laser at Hughes Laboratories. From 1962 to 1968, most of the important types 

of lasers were developed, including CO2 gas lasers, Nd:YAG lasers, semiconductor 

lasers, dye lasers, and other gas lasers. Following this, increasingly reliable and durable 

lasers were built. In the late 1970s, lasers began to be used in industrial applications for 

purposes such as marking, cutting, welding, and drilling. After the 1980s, scientists used 

lasers more for surface-related applications such as annealing, glazing, cladding, and 

thin film deposition. 

Nowadays, laser wavelengths available in the market range from far infrared to 

visible spectrum, and from UV spectrum to, surprisingly, soft X-Ray. A laser’s power can 

be as low as 1 mW and as high as 3000 W, depending on its type and size. Lasers can 

also be divided into pulsed lasers and CW (continuous wave) lasers. All this flexibility, 

combined with high speeds and accurate industrial processing, gives lasers an 

important role in modern industry. The global market of laser processing was worth 

$9.33 billion in 2014, and is expected to grow to $20.05 billion by the end of 2020, 

based on Laser Processing Market Analysis and Segment Forecasts to 2020 by Grand 

View Research. 

Semiconductor processing with lasers forms around 30% of the current laser 

processing market share, and this area is still growing. Its uses range from wafer 
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fabrication to defect analysis. This growth is due to the fact that surface processing with 

local laser treatment has the benefit of affecting fewer bulk materials, and because the 

pulsed laser interacts effectively within the surface layer.  

1.2 Dissertation Outline 

This dissertation covers the two topics. One is laser lift-off GaN based divecs and  

GaN free standing thin film. The other is laser annealing SiC to synthesis graphene. 

Chapter 1 reviews the laser processing industry history. Chapter 2 reviews the physics 

of laser-matter interaction, laser lift-off GaN, and graphene history and current 

manufacture methods. Chapter 3 covers the laser lift-off high electron mobility transistor 

(HEMT), and device performance before after the process and possible reason. It also 

proposes potential new method to minimize the crack formation during laser lift-off by 

using multiple low fluence pulses. Chapter 4 studies the graphene synthesis by pulsed 

laser annealing (PLA) ion implanted silicon carbide. Chapter 5 studies the mechanism 

of selectively graphene growth, including ‘amorphous effect’ and doping’s ‘catalytic 

effect’. Chapter 6 further studies more contributing effects during laser annealing, 

including fluence, pulse number, repetition rate and annealing ambient, and 4H to 3C 

SiC solid phase transition is also reported. 
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CHAPTER 2 
BACKGROUND AND LITERATURE REVIEW 

2.1 Laser Processing Materials 

2.1.1 Laser Types 

Laser technology has reached a stage where it is highly developed, and 

wavelengths can range from far infrared to X-Ray. Based on lasing media, lasers can 

be classified as one of the following types.  Table 2.1 lists these types and the typical 

wavelength they emit.1 

1. Gas lasers (e.g., CO2, excimer) 
2. Liquid lasers (organic liquid dye) 
3. Solid state lasers (e.g., Nd-YAG) 
4. Fiber lasers 
5. Semiconductor lasers (e.g., diode laser) 
6. Free electron lasers (FEL) 
 

Depending on their operation mode, lasers can radiate in continuous wave (cw) 

or in pulsed mode. Continuous wave lasers have a constant power output over time, 

while a pulsed laser is any laser not classified as a continuous laser. Duration and 

repetition rate are important parameters for pulsed lasers. The pulse duration can be in 

the range of picoseconds (10-12 s) or even femtoseconds (10-15 s), and the repetition 

rate can be up to 1 kHz.1, 2, 3 

2.1.2 Interaction between Lasers and Materials 

Light is described as an electromagnetic wave in Maxwell’s equations. In the 

macroscale, when laser light shines on the surface of materials, reflection, absorption, 

and transmission occur. For opaque materials,  

Reflectivity = 1 – absorptivity. 

For transparent materials,  

Reflectivity = 1 – (transmissivity + absorptivity) 



 

17 

Laws of reflection obey the Fresnel equations. Transmission obeys the Beer-

Lambert law, where I = I0e
-αz. I0 is the initial light intensity, I is the light intensity through 

materials, z is the material thickness, and α is the absorption coefficient, which is 

dependent on radiation wavelength and intensity, and the medium’s materials. 

In the microscale, the laser photon passes its energy to atoms or molecules in 

materials by following the path of interaction between photon-electron, electron-phonon, 

and phonon-lattice; this process is referred to as electronic excitation and relaxation. 

Inter-band excitation occurs primarily for semiconductors, and intra-band excitation for 

metals. Fig. 2.1 shows the different types of electronic excitations in a solid.4 Only the 

highest valence band (VB) and lowest conduction band (CB) are shown here. The 

straight lines denote the absorption or emission of photons, while the oscillating lines 

denote a non-radioactive process. When photon energy hv is larger than the band gap 

Eg, electron pairs are formed. The relaxation process can occur through either the 

release of a photon hv’ and the return of an electron to the valence band, or the release 

of a phonon. The center of the figure portrays defects and traps that can be excited with 

a photon energy that is less than Eg. The multi-photon process is also shown, which 

consists of two coherent photon absorptions that are either simultaneous or sequential. 

This is essential for some applications where a higher energy photon is not available for 

the single photon process; this provides the flexibility of using a lower energy laser to 

process materials in the experiment. In metals, photons are primarily absorbed by 

conduction band electrons.   
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2.1.3 Thermal Process 

During the thermal process, the thermalization of the excitation energy is 

described as the relaxation timeτT. In a thermal process, τT <<τR , where τR  is the 

controlled relaxation time during which processes take place such as desorption of the 

reaction’s final product or surface structure rearrangement in a chemical reaction. This 

means that the time for photon energy to transfer to thermal energy is much less than 

the chemical reaction rate, which means that before the chemical reaction is activated 

by thermal energy, the laser energy could be simplified as a heating source.  

2.1.4 Photochemical Process 

During the photochemical process, thermalization of the excitation energy is slow 

and in this case, τT ≥τR. Therefore, the photon energy is primarily applied in the 

chemical reaction, which means that the temperature remains static during laser 

irradiation. 

2.1.5 Photophysical Process 

When both thermal and non-thermal processes contribute to the overall 

processing rate, we call this a photophysical process, which is usually closer to the 

reality of laser-matter interactions.  

2.1.6 Differences between Conventional Heating Source and Lasers 

Although in a thermal process laser can be regarded as a heating source, its 

outcomes may be quite different compared to a conventional heating source such as a 

tube furnace. In an extremely short period of time, in the range of nanoseconds or 

femtoseconds, lasers can induce a 104 K rise in temperature in a localized volume of 

materials. In the case of a high density pulsed laser, the temperature ramping-up rate 
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could be as high as 1015/s. Meanwhile, the chemical reaction rate may appear slow and 

may be far from achieving equilibrium before the laser pulse ends, and the surface 

temperature drop significantly and quickly after the laser pulse ends, which could freeze 

the surface. Therefore, some of the meta-stable states or phases may be achieved by 

this non-equilibrium process and some applications may become feasible such as laser 

annealing, recrystallization, glazing, surface cleaning, surface polishing, shock 

hardening, and so on.  

2.2 Laser Lift-Off GaN Thin Film 

2.2.1 GaN on Substrates 

In the last decade, GaN-based devices have achieved tremendous success due 

to the high quality of their epitaxy growth. It is essential to choose proper substrates to 

grow GaN epi layers. Silicon, silicon carbide, and sapphire have been widely used, and 

the high crystalline quality of these substrates is generally accepted by the market.  

Silicon is the material that has dominated the semiconductor industry for more 

than half a century. The advantages of using silicon to grow GaN are that it is well 

studied, high quality single crystal silicon wafers are available, and there is a 

proliferation of existing techniques that can be directly applied to device fabrication and 

packaging. It has a decent thermal conductivity which is almost the same as crystalline 

GaN, with 1.5 W/cm-k at 25 °C.5 However, the lattice misfit of 17% and the thermal 

expansion coefficient mismatch between Si and GaN could introduce unwanted stress 

during growth, and impact the device’s performance. 

Silicon carbide has very good thermal stability and conductivity of 3.0-3.8 W/cm-k 

(varies between poly-types), which offers a great advantage over silicon and sapphire. 

GaN-based devices such as HEMT or LEDs are intended to have a high power density 
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which challenges the substrate’s capability of heat dissipation and makes silicon carbide 

a better candidate for high power applications. In addition, a 3.5% lattice mismatch can 

greatly reduce stress during epi growth. However, the cost of silicon carbide is much 

higher than that of sapphire and silicon, which limits its application.  

Sapphire (Al2O3) was one of the earliest substrates used for GaN growth; it has a 

good thermal stability. However, its poor thermal conductivity of 0.4 W/cm-k5 limits its 

reliability and use in high power applications. Moreover, the wafer cost of sapphire is 

lower than that of silicon carbide, but still much higher than that of silicon. Therefore, 

much effort has been put into finding low cost and high quality substrates with good 

thermal conductivity. 

2.2.2 Laser Lift-Off GaN (LLO) Thin Film 

Laser lift-off GaN (LLO) on sapphire was first demonstrated in 1998 by W.S. 

Wong et al.6 A silicon wafer was bonded to a 3 μm-thick GaN layer grown on double 

sided polished sapphire substrate by epoxy. A single pulse of 600 mJ/cm2, 38 ns KrF 

(248 nm) excimer laser was applied through the transparent sapphire substrate;  a 

50 °C thermal annealing then completed the lift-off process by melting the Ga (melting 

point 29.7 °C) residue at the GaN/sapphire interface.  

Later, the InGaN multiple-quantum-well (MQW) LEDs were also laser lifted-off by 

KrF excimer laser.7 The free standing LEDs were compared with the results before LLO 

to show a 23% reduction in output power. Chu et al.8 also reported that transferring 

laser lift-off of GaN LED to copper substrate, which has a much better thermal 

conductivity than sapphire, improved thermal dissipation. A higher operation current and 

power output were also achieved.  
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In summary, the laser lift-off technique constitutes an efficient method of 

fabricating free-standing GaN film or transferring the GaN epi layer from the sapphire 

substrate to other substrates. This technique has a great potential for combining a low 

cost substrate and a high quality epitaxy. Additionally, access to the backside of the 

GaN epi layer also enables increased device design and processing choices.  

2.2.3 Challenges and Issues 

Although various lasers have successfully de-bonded GaN thin film from 

sapphire substrates, several issues remain unresolved, of which thin film quality after 

laser lift-off is the most important. Cracks9, 10 seem inevitable due to laser shock during 

the GaN decomposition and de-bonding process. The reasons for crack formation, and 

methods for preventing it, are still under investigation. Another issue is inconsistent 

device performance, as in the two LED samples in the previous paragraph. A detailed 

and comprehensive study is needed in order to reveal the secret behind this. 

2.3 Graphene, Graphene Synthesis, and Characterization 

2.3.1 Graphene and Its Properties 

Graphene is one of the atomic layers of the hexagonal lattice of sp2-bonded 

carbon atoms. As early as 1859, researchers were aware of lamellar structures in 

graphite oxide.11 Due to the limited microscopic techniques at that time, it was not until 

1948 that G. Ruess and F. Vogt captured the first TEM image of layers of graphite.12 

Attempts were made to mechanically exfoliate the graphene layers in the 1990s, and 

Andre Geim and Kostya Novoselov of the University of Manchester were the first group 

to successfully exfoliate the single graphene layer in 200413; they were awarded the 

Noble Prize for this work in 2010. 
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Graphene has drawn huge attention since 200413. It is also called the ‘wonder 

material’ or ‘miracle material’ due to its excellent properties: a room temperature 

electron mobility of 2.5 x 105 cm2V-1S-1 14; a Young’s modulus of 1TPa15; excellent 

thermal conductivity above 3,000 WmK-1 16; and an optical absorption coefficient of 

2.3%17. It can also be chemically functionalized.18-20.  

Soon after graphene’s success, scientists discovered 2-D materials such as 

silicone,21 germanene,22 BN,23 MoS2,
24-26 and so on. The fundamental study and 

fabrication techniques of graphene have been widely applied to these materials. This 

range of new discoveries provides endless possibility and flexibility, not only for the 

semiconductor industry but for the entire scientific community. 

2.3.2 Graphene Synthesis Techniques 

2.3.2.1 Exfoliation 

Adhesive tape was used in Geim and Novoselov’s work13 to achieve a single 

layer of graphene. Exfoliation was conducted multiple times with the layers reducing in 

number each time, until a single layer remained. In terms of quality, exfoliated graphene 

has the least amount of defects and the highest electron mobility.27 However, its flake 

shape, size, and thickness is not completely controllable, which limits its application and 

drives researchers to look for alternative synthesis methods.  

2.3.2.2 Melton Metal 

Amini et al.28 reported using melting transition metal to synthesize single layer 

graphene (SLG) and few layer graphene (FLG). Nickel was placed in a graphite crucible 

and heated to 1500 °C, which is slightly higher than nickel’s melting point of 1455 °C. 

The graphite crucible was the carbon source; only a very small amount was able to 

dissolve into the melting nickel. After 16 hours at 1500 °C, the sample was cooled down 
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at a rate of 10 °C/min, and eventually returned to room temperature. Due to the 

decreasing solubility of carbon atoms in nickel at lower temperatures, carbon atoms 

precipitated on the nickel surface and sp2 bonded with each other, forming graphene. 

The Raman spectrum demonstrated the existence of single layer and few layer 

graphene. Besides nickel, copper, ruthenium, iridium, and other transition metals also 

demonstrate the ability to assist graphene formation on a surface.29-31 

2.3.2.3 CVD Method 

Xuesong Li et al.32 reported the chemical vapor deposition (CVD) method for 

growing a large area of graphene on 25 μm copper foils. By using a mixture of methane 

and hydrogen, carbon atoms dissolved into copper film at 1000 °C, and precipitated to 

grow graphene while cooling back to room temperature. The researchers also found 

that this CVD process is self-limited. By running the growth for 10 minutes, they could 

achieve the same quality as when running for 60 minutes. This self-limiting process is 

due to the limited solubility of carbon in copper. Besides the copper graphene growth, 

they also demonstrated the ability to grow graphene on other substrates such as silicon 

oxide and glass.   

2.3.2.4 Thermal Annealing Silicon Carbide (SiC) 

Silicon carbide (SiC) was heated up to 1000 °C in a high vacuum, and the silicon 

sublimated from the surface and left the carbon to bond and form graphene on a 

surface.32-33 Different faces on silicon carbide were also studied: silicon face SiC tended 

to generate single layer graphene (SLG), and C-face SiC tended to form multiple layer 

graphene (MLG). However, the grain size was small, in the range of 30-200nm. Later, 

the SiC was thermally annealed at an elevated temperature of 1250 ~ 1600 °C in an 

Argon ambient with room pressure; a large crystal of up to 10 μm was achieved.34 Due 
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to the existing SiC processing techniques and application, the epitaxy growth obtained 

was held to be promising for potential application. 

2.3.2.5 Others 

A few other techniques have recently been developed for synthesizing graphene. 

Roll-to-roll processing35 was based on CVD graphene on a large, thin copper substrate. 

The graphene was coated with a layer of polymer, and the roll-to-roll process followed in 

order to separate the graphene and copper substrates, which were then ready to be 

transferred to other substrates. Unzipping of carbon nanotubes was demonstrated by 

Dmitry et al.36 and Jiao et al.37  
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Table 2-1. Wavelength for selective lasers1 

Lasing medium Laser type Wavelength 

Solid-state Ruby  
Nd:YAG 
Ti:Sapphire 

649 nm 
1,064 nm 
650-1,100 nm 

Gas CO2 
Excimer 

10.4 μm 
193 nm (Ar-F) 
248 nm (K-F) 
308 nm (Xe-Cl) 
351 nm (Xe-F) 

Semiconductor GaN 
Quantum cascade 

0.4μm 
mid-far IR 

Free electron  Far IR to vacuum UV 

 

 

Figure 2-1. Schematic of different types of electronic excitations in 
insulator/semiconductor.  
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CHAPTER 3 
193 NM EXCIMER LASER LIFT-OFF FOR ALGAN/GAN HIGH ELECTRON MOBILITY 

TRANSISTORS 

3.1 Single-Pulse Laser Lift-Off 

3.1.1Abstract 

AlGaN/GaN HEMTs grown on both-side-polished sapphire substrates were 

successfully lifted-off with a 193-nm UV excimer laser system.  The photon energy of 

the 193 nm laser is larger than the band gap of AlN and thus it can be used to lift-off 

AlGaN HEMT structures with AlN or AlGaN interfacial layers grown on sapphire 

substrates prior to growth of the GaN buffer layers.  The lifted-off HEMT chip was 

warped and showed 25-42% reduction of the saturation drain current.  There was no 

degradation observed either in the forward and reverse gate current-voltage (I-V) 

characteristics or on the drain punch-through voltage.  Based on comparisons of cross-

sectional electron micrographs, no additional dislocations were created in the HEMT 

structures after the laser lift-off process.  Newton’s rings and Raman spectrum E2 peak 

shifts were used to estimate the strain relaxation of the laser lifted-off samples. 

3.1.2 Introduction 

AlGaN/GaN High Electron Mobility Transistors (HEMTs) with high electron 

mobility and saturation drift velocities are promising for high power and high frequency 

applications 38-46. Sapphire substrates are widely used to grow HEMT structures, but 

their poor thermal conductivity is a primary limitation for GaN-based power devices. The 

heat generated during device operation cannot be dissipated effectively, which also 

limits the device performance. SiC is an alternative substrate with high thermal 

conductivity, but the high cost and relatively poor quality of SiC substrates limits their 

application. Recently, laser lift-off (LLO) technology 46-48 has been developed and widely 
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used for GaN-based light-emitting diodes (LEDs) to improve thermal dissipation, 

operating current, and light extraction ratio 46, 49-51. Typically, a 248nm laser is used to 

decompose a thin layer of GaN at the GaN/sapphire interface and to separate the GaN 

film from the sapphire substrate. This process enables the possibility of transferring the 

GaN film onto substrates with higher thermal conductivity and lower cost.  

Although AlGaN/GaN HEMTs have been lifted-off, reports of film quality and 

device performance of these HEMTs have been inconsistent 52-58. It was demonstrated 

that film quality was limited by the size of the laser beam spot, with the central region of 

the lifted-off sample having better quality than at the periphery 58.  This difference was 

attributed to the intensity gradient at the edge of the laser beam spot causing crack 

generation and crystal structure degradation 58. A 10-15% reduction of the drain current 

was reported for LLO HEMTs 53, but higher saturation drain current was also reported 

for LLO HEMTs 54. However, no explanation was provided for either the device 

degradation or enhancement in these reports 53, 54. 

In this work, we demonstrate the use of a 193-nm laser to lift-off HEMT 

structures.  Transmission electron microscopy (TEM) was employed to examine the 

material quality of the LLO HEMTs.  Drain and gate current-voltage (I-V) characteristics 

were used to evaluate the effects of the LLO process on device performance.  The 

Newton’s rings method as well as Raman spectroscopy were used to estimate the strain 

relaxation of the LLO HEMTs. 

3.1.3 Experiments 

AlGaN/GaN HEMT structures were grown on c-plane sapphire substrates by 

metal-organic chemical vapor deposition (MOCVD). The epilayers consisted of 2-µm-

thick carbon doped GaN buffer layers followed by a 55-nm-thick undoped GaN layer, 
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20nm of Al0.25Ga0.75N, and a 2.5-nm GaN capping layer.   On-wafer Hall measurements 

showed sheet carrier concentration, sheet resistance, and mobility of 8.5 × 1012 cm-2, 

550 Ω/□, and 1520 cm2/V•s, respectively. Multiple energy and dose helium ion 

implantation was used to electrically isolate adjacent devices. Ti/Al/Ni/Au Ohmic 

metallization was achieved by annealing at 850°C for 30 sec for source/drain contacts, 

producing a specific contact resistance of 0.4 Ω•mm.  The HEMTs employed a Ni/Au-

based 1-m gate length and gate width of 200 µm, source-to-gate and gate-to-drain 

distances of 1 and 1.5 µm, respectively. The devices were passivated with 200 nm of 

SiNx deposited by a Plasma Therm 790 PECVD system.    

The laser lift-off process was carried out using a JPSATM IX-260 ArF excimer 

laser system (λ= 193 nm).  A convex/convex/convex tripler objective lens with a 

meniscus corrector was used to correct spherical aberration, and the focal length of the 

tripler was 10 cm. A metal mask was installed in the light path and the openings on the 

mask were imaged onto the target surface.  The laser pulse duration was fixed at 25 ns 

and the maximum repetition rate was 100 Hz.  The sample stage was designed to 

accommodate 6- inch wafers. Two He–Ne lasers were used to guide the high-accuracy 

air-bearing x-y linear-motor sample stage, and the minimum stage movement was 

0.1µm/step. The stage had an accuracy of +/- 3 m over a full range of motion with a 

stage velocity of 6-8 inches per second; the stage position could be programmed with a 

resolution of +/- 1 um and stage movement repeatability of +/- 1 um.   

The fluences used in this study ranged from 650 to 800 mJ/cm2 for the LLO 

process and 1.3 mJ/cm2 for groove drilling.  To prevent micro-crack formation along the 

edges of the LLO samples during the LLO process, 30-µm-wide grooves were drilled 
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through the entire AlGaN/GaN HEMT structure from the front side of wafers.  

Photoresist was first spin-coated on the wafer to protect the device from debris 

generated during laser drilling.  The HEMT samples were mounted on AlN or Si wafers 

with the epitaxial side of the samples contacted to the mounting substrate using 

adhesive or wax.  Figure 3-1 shows photographs of the HEMT sample before and after 

groove drilling.  After the LLO process, 5-minute etching in a 1:1 HCl:H2O solution was 

used to remove gallium droplets from the lifted-off GaN surface. Acetone was then used 

to remove the mounting wax to obtain the freestanding LLO HEMTs.  The dc 

characteristics of the HEMTs were measured with an HP 4156 semiconductor 

parameter analyzer.    Cross sections of the HEMT structures prior to and after LLO 

process were prepared for TEM examination using a Nova 200 focused-ion-beam 

system. 

3.1.4 Results and Discussion 

Figure 3-2A shows an LLO HEMT placed on a flat glass slice. Interference 

patterns are clearly visible in the middle of the sample, which indicates that the LLO 

HEMT samples are not flat.  The bending of the freestanding LLO HEMT sample could 

be due to relaxation of the built-in strain from deposition of the SiNx film and metal 

contacts during the device fabrication, as well as the strain resulting from the lattice 

mismatch between AlGaN and GaN during material growth.  Figure 3-2B shows an 

image of the laser drilling defined edge for an LLO HEMT; the edge is very sharp and 

no micro-cracks are evident.  Without drilling grooves along the HEMT structure prior to 

the LLO process, the edges of the laser lift-off area would have cracks due to the impact 

of the shockwave created during the high fluence laser exposure, which would separate 
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the laser-exposed area and the unexposed region but with the presence of irregular 

edges and micro-cracks.   

Figure 3-3A shows the drain I-V curves of a typical HEMT before and after LLO 

process.  Both curves exhibit good pinch-off characteristics, but the saturation drain 

currents of the LLO HEMTs are decreased significantly relative to the control values.  

About a dozen of the LLO HEMTs were examined and the saturation drain current of 

these HEMTs after LLO process ranged from 25-42% lower than the HEMTs before 

LLO process.  However, the threshold voltage of the HEMT was only slightly shifted, as 

shown in Figure 3-3B. The threshold voltage was obtained from the intercept with the x-

axis of the line fitted to the linear region of the square root of the drain current   

Since there were no micro-cracks exhibited on the LLO HEMT samples, the 

saturation current degradation could not be due to micro-crack formation present on 

typical LLO samples.  Schottky gate and drain punch-through characteristics were also 

examined to determine whether the AlGaN Schottky contact layer or GaN buffer were 

damaged during the LLO process.   As shown in Figure 3-4A, gate I-V characteristics of 

a typical HEMT prior to and after the LLO process were very similar, and the gate I-V 

curves for some of the LLO HEMTs actually revealed slightly lower reverse leakage 

current and higher Schottky barrier height.  These improvements might be due to the 

piezoelectric effect from the Schottky contact to AlGaN layer on the states of surface 

traps, however, this need to be confirmed with modeling.  Based on the Schottky 

characteristics, there was no evidence that the AlGaN layer was damaged during the 

LLO process.  Figure 3-4B illustrates the drain punch-through voltages of the HEMT 

before and after the LLO process.  The gate dimensions of the HEMT was 1µm × 200 
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µm and the distance between the gate electrode and drain contact was 38 µm.  The 

HEMT showed a 650 V drain punch-through voltage and there was no difference 

between the HEMT before and after the LLO process. Thus, the saturation drain current 

reduction of the LLO HEMTs must be related to the strain relaxation. 

In order to separate the effects of the strain induced by the lattice-constant 

mismatch between AlGaN and GaN from the built-in strains of SiNx film and metal 

contacts deposited on the HEMT structure, circular samples of AlGaN/GaN HEMT 

structures without SiNx or metal contacts were also lifted-off to evaluate the partial 

relaxation of the lattice constant difference induced strain between AlGaN and GaN.    

Prior to the LLO process, a 20-µm-wide circular groove was drilled from the front side of 

the sample defining the radius of a circular sample, which was chosen to be 100 µm.  

When the LLO circular samples were placed on a Si wafer, circular diffraction patterns 

were observed, as illustrated in Figure 3-5A.  These circular diffraction patterns are 

known as Newton’s Rings 60. The LLO circular sample was warped due to the partial 

relaxation of the strain between the AlGaN and GaN layers. The radius of the warped 

circular LLO HEMT sample, R, as shown in Figure 3-5B, was estimated  based on the 

Newton’s  rings method,   

R = rk
2 / kλ, (3-1) 

Where R is the radius of the warped sample, k is the number of dark rings and k=1, 2, 

3…, rk is the radius of kth dark ring and 𝜆 is the wavelength of light. The partial relaxed 

strain induced deflection, d, is calculated - using   

R

L
LRRd

2

2
22 

, if dR  (3-2) 
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Where L is the radius of the circular LLO HEMT samples.  The partial relaxed strain, ∆, 

of the circular LLO HEMT was estimated by treating the LLO sample as a single beam.  

The tensile strain near the top surface of the beam is given by, 

∆ = td/ L2 (3-3) 

Where t is the sample thickness, d is the deflection and L is the length of the beam.  

Table I summarizes the calculated radius of the warped circular LLO HEMT sample, as 

well as the partial  relaxed-strain-induced deflection and the partial relaxed strain for the 

circular LLO HEMT sample.   

To verify the partial relaxed strain estimated using Newton’s rings, micro-Raman 

scattering measurements were also performed on the same sample before and after the 

LLO process. For GaN, the E2 peak has been shown to be very sensitive to stress, and 

the E2 peak shift is proportional to the biaxial stress change  

∆ω = 6.2 ∆ σ (3-4) 

Where ∆ω is the change of Raman shift (cm-1) and ∆σ is the biaxial stress change 

(GPa) 61.  As illustrated in Figure 3-6, the wave number of the HEMT sample before and 

after LLO process are 569.01 cm-1 and 567.31 cm-1, respectively. Thus, ∆ω= -1.697 cm-

1, and the corresponding relaxed stress, ∆σ, is -0.2737 GPa.  The relaxed strain 

resulting from this stress relaxation is obtained from 62 

∆σ = [EGaN/ (1- ν)] ∆’  (3-5) 

Where EGaN is the Young’s modulus of GaN (286 GPa) and ν is the Poisson’s ratio 

(0.183) 63, 64. The partial relaxed strain estimated from the Raman spectrum E2 peak 

shift method is 7.87 × 10-4.  Although, this value is larger than ∆ of 2.4 × 10-4 estimated 

by the Newton’s ring method, they are of the same order.   
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For the Al0.25Ga0.75N/GaN HEMT structures, the theoretical strain due to lattice 

mismatch between Al0.25Ga0.75N and GaN is 6.04 × 10-3, which is derived from a linear 

interpolation between the lattice constants of GaN and AlN 47: 

a(x) = (-0.077x + 3.189) × 10-10 m (3-6) 

Where “a” is the lattice constant of AlxGa1-xN and x is the atomic fraction of the Al in 

AlGaN.  Thus, the partial relaxed strain obtained by both Newton’s rings and Raman 

spectroscopy methods only accounted for 5-10% of the original strain 65.  As shown in 

Figure 3-5A, the interference patterns were observed in the middle of the sample, but 

not the device active area. Hence, the bending of the sample around the device active 

area was too large to create interference patterns owing to additional strain relaxation 

for the strain built-in by the SiNx film and metal contact. Multiple probes were also used 

to flatten the HEMT sample while measuring the drain current and higher drain current 

was obtained.  Once three probes were used for the measurement, the drain current 

reduced to the original level.  Thus, the drain current reduction of the LLO HEMT was 

mainly due to strain relaxation and no apparent damage was created during the LLO 

process. 

3.1.5 Conclusion 

AlGaN/GaN HEMT devices were lifted-off using a 193-nm laser.  Laser -drilled 

grooves on the front-side of the sample were employed to prevent the formation of 

micro-cracks during the LLO process. Besides a 25-43% reduction of the saturation 

drain current, no degradation of other dc characteristics was observed.  The LLO HEMT 

was bent due partial relaxation of the as-grown strain as well as strain arising from 

dielectric and metal depositions.  Newton’s rings and Raman spectroscopy methods 

were used to estimate the partial relaxation of the strain owing to the lattice mismatch 
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between Al0.25Ga0.75N and GaN.  The quantity of partial relaxation for lattice mismatch 

only accounted for 5-10% of the drain current reduction.  The majority of the drain 

current reduction was attributed to the relaxation of the strain caused by dielectric and 

metal depositions. 

3.2 Laser Lift-Off GaN with Multiple Pulses. 

In the last section of this chapter, we demonstrated the capability of doing laser 

lift-off by one pulse at 800 mJ/cm2. To prevent the crack formation, grooves around 

devices were used. And this method also limits the quality and size of the laser lift-off 

GaN thin film.  

To achieve a larger area laser lift-off, a line scanning method was used in this 

work. Figure 3-7A is the schematic map of doing laser lift-off large area GaN thin film. 

100x100m laser beam was used; the step width of line scanning from x-direction is 

100um. Therefore the beam overlap between two connected laser pulses is 0um. After 

laser finished the first line, the next line below was processed and the step width of y-

direction is also 100um. The laser lift-off process finished when all the areas are 

scanned.  

Figure 3-7B is the image of GaN thin film after large area laser lift-off based on 

the strategy described in Figure 3-7A. Clearly we can see cracks around laser beam 

edge, and stylus profiler indicates that some of these cracks can propagate through the 

2 m thick GaN to the front side. Different overlap condition has been test from 1 to 20 

m, but a similar crack formation is inevitable on the beam edge. The crack formation is 

related to the GaN decomposition during laser lift-off. When GaN at the GaN/Sapphire 

interface absorbs the laser energy and transfers it into heat, the interface temperature 
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could rise up to 1600 K,66 and GaN decomposes to Gallium and Nitrogen gas, and 

forms plasma. It can be classified as a photo-thermal process. The more GaN 

decomposes, the more Gallium and Nitrogen are generated, and the easier to form a 

crack during the laser lift-off separation process, as demonstrated in Figure 3-8 the 

cross-sectional drawing of laser lift-off at 800 mJ/cm2. These cracks limit the size of the 

laser lift-off GaN thin film and limit its application eventually. We could use a larger laser 

beam to generate less cracks and larger laser lift-off thin film, however, an infinite big 

laser beam is not realistic. A better alternative should be developed with the same laser 

beam size, and minimizing the amount of the Gallium and Nitrogen is the key to prevent 

cracks. 

Besides the obvious crack formation, a further investigation of material integrity 

was also performed by cross-section TEM. Figure 3-9 is the TEM images before and 

after laser lift-off. The amount of the dislocation through the 2-um epi layer increased 

after laser lift-off. There are two major reasons for the dislocation propagation. One is 

temperature and the other is mechanical deformation. Once temperature is above the 

brittle-to-ductile (BTB) temperature, 67 stress can relax by dislocation flow, and the BTB 

temperature for GaN is 1400 K. Based on the thermal simulation the peak temperature 

could reach 1600 K at 800 mJ/cm2, 66 and it is well above the BTB temperature. 

Mechanical deformation happens when the GaN thin film separates from the sapphire 

substrate. Due to the high pressure and temperature, the Gallium and Nitrogen plasma 

not only causes the crack on the laser beam edge mentioned previously but also 

deforms the lift-off film as demonstrated in Figure 3-8. And this deformation could boost 

the dislocation propagation.  
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Attempts with various fluences were conducted, from 400 to 1200 mJ/cm2, and 

the threshold fluence to lift-off the GaN is 800 mJ/cm2. Above this fluence, laser can 

generate more plasma and make the cracks worse; below this fluence, laser cannot lift-

off the GaN successfully. Therefore, 800 mJ/cm2 is the best condition could be used for 

single pulse laser lift-off, but still creates cracks and generates the dislocations. To 

generate less gallium and nitrogen during the laser lift-off, multiple laser pulses with 

lower fluence were used to lift-off GaN thin film. Figure 3-10A66 is the image of sample 

before laser lift-off. There are grooves drilled around 100x100um squares. Figure 3-10B 

is the image of the one pulse at 800 mJ/cm2. A silver shining color indicates the existing 

of Ga metal, and the success of laser lift-off. Figure 3-10C and D are the images of 1 

pulse and 5 pulses at 420 mJ/cm2, respectively, and there seems no changes before 

and after laser processing. But with 50 pulses, figure 3-10E shows a start of laser lift-off. 

And with 160 pulses, Figure 3-10F shows a complete laser lift-off. By doing multiple 

pulses at lower fluence, the interface peak temperature is expected to be lowered from 

1600k to 1050k based on the simulation 66 During this process, the photon energy was 

used to break bonds between gallium and nitrogen, and also to generate heat, 

therefore, it is a photo-chemical process. Figure 3-11 is the cross-sectional drawing for 

multiple-pulse process. During 420 mJ/cm2 multiple-pulse laser lift-off, the amount of 

gallium and nitrogen were limited to minimal amount, which lowers the possibility of the 

cracks and dislocations formation. 

Figure 3-12A is the schematic map for the new laser lift-off strategy with 

multiple pulses at lower fluence. The numbers indicate the laser exposure sequence. 

And there is a 10 m overlap between two connected pulses. Figure 3-12B is the optical 
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image after laser lift-off based on  

Figure 3-12A. Although the surface looks dirty, there is no cracks at the beam edge, and 

the surface roughness is 2~3nm measured by AFM.  

In summary, the cracks were generated and the dislocation propagated during 

the single pulse laser lift-off. And the mount of gallium and nitrogen plasma was the key 

to control the quality of laser lift-off GaN film. Multiple-pulse laser lift-off was developed 

and used to fabricate crack-free laser lift-off GaN thin film with good quality.  
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Table 3-1. Characteristics of the Newton’s rings formed by placing circular LLO HEMT 
on a Si wafer and the estimated strain relaxation of the LLO HEMT. 

# of the 
Newton ring, 

k 

Radius of the 
Newton ring, rk 

(µm) 

Radius of the 
curvature for 
LLO HEMT, 

R (µm) 

Bended 
distance of 

the LLO 
HEMT, d, 

(µm) 

strain 

1 48.5 4163 1.2 2.4 × 10-4 

2 68.5 4152 1.2 2.4 × 10-4 
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Figure 3-1. Photographs of HEMT A) before and B) after drilling grooves along the 
edges of the device. 
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Figure 3-2. Photograph after LLO process. A) Photograph of a LLO HEMT placed on a 
flat glass substrate. B) Photograph of the laser drilled edge. 
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Figure 3-3. Device performance before and after LLO (I). A) Drain I-V characteristics of 
AlGaN/GaN HEMT before and after the LLO process. B) Square root of the 
drain current as a function of the gate voltage of the AlGaN/GaN HEMT 
before and after the LLO process.  
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Figure 3-4. Device performance before and after LLO (II). A) Forward and reverse gate 
I-V before and after laser lift off. B) Drain punch- through voltage measured at 
a Vg of -7V for the AlGaN/GaN HEMT before and after laser lift off.  
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Figure 3-5. Photograph of Newton’s ring and schematic drawing of curved LLO sample. 
A) Photograph of a LLO circular AlGaN/GaN HEMT sample placed on a Si 
wafer, showing Newton’s rings were clearly observed across the sample. B) 
Schematic of the LLO circular AlGaN/GaN HEMT sample. 
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Figure 3-6. Raman spectrum E2 peak from a HEMT sample before and after the LLO 
process. 
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Figure 3-7. Illustration of LLO process A) Schematic map for x and y direction scanning, 
B) Image after laser lift-off. 

 

 

Figure 3-8. Drawings show crack formation 

 

 

Figure 3-9. TEM images A) GaN on sapphire as grown B) GaN thin film after laser lift-
off.   
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Figure 3-10. Multiple pulse LLO experiments before and after LLO A) Photograph of the 
HEMT samples prior to the LLO process and photographs exposed with 
different LLO conditions; B) Exposed with a single pulse of laser at the 
fluence of 800 mJ/cm2. C) Exposed with 1 laser pulse at the fluence of 420 
mJ/cm2.  D) 5 laser pulses at the fluence of 420 mJ/cm2. E)  50 laser pulses 
at the fluence of 420 mJ/cm2. F) 160 pulses at the fluence of 420 mJ/cm2. 66 

 

  

(A) (B) 

(C) 

(E) 

(D) 

(F) 



 

47 

 

Figure 3-11. Cross-sectional schematic drawing of multiple-pulse laser lift-off. 
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Figure 3-12. Illustration of multiple pulses LLO A) Schematic drawing for the large area 
laser lift-off by using multiple-pulse method. B) Image after multiple-pulse 
laser lift-off, with no cracks at the beam edge. 
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CHAPTER 4 
GRAPHENE SYNTHESIS BY PULSED LASER AND THERMAL ANNEALING ION 

IMPLANTED SIC 

4.1 Abstract 

 In previous studies 68-72 techniques were presented whereby graphene (G) and 

few layer graphene (FLG) could be synthesized on SiC by ion implantation (II) and 

pulsed laser annealing (PLA) or thermal annealing.  These processing techniques 

selectively graphitize regions of SiC only where ions have been implanted and without 

elevating the temperature of the surrounding substrate.  Nanoscale features can be 

patterned over large areas by multi-ion beam lithography and subsequently converted to 

G or FLG via PLA in air. Samples were characterized using Raman spectroscopy, ion 

scattering/channeling, SEM, AES, and AFM, from which the degree of graphitization 

was determined to vary with implantation species, damage and dose, laser fluence and 

pulsing.  This thesis is an extension of these studies that addresses the contrasting 

growth regimes and graphitization mechanisms that occur during II and PLA.  

4.2 Introduction 

The design and synthesis of two-dimensional (2D) materials has recently inspired 

its own branch of materials science.  Since its discovery,13, 73-76  graphene has been at 

the forefront of this latest discipline, and is emerging as a promising material system.5  

Graphene has demonstrated exceptional electrical,77 optical,78,17 chemical,18,20 and 

mechanical properties,79,80 including carrier mobility greater than 100,000 cm2/V• s,13 

and unlike the other well-studied carbon allotropes – nanotubes and fullerenes – 

graphene is compatible with planar processing technologies developed for silicon.  

Some formidable obstacles remain before graphene devices will compete with their 

silicon counterparts.  So far the highest quality devices have been fabricated on small 
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flakes exfoliated from graphite,13,73 but this approach is not suitable for wafer-scale 

device integration.  Large-area graphene has been grown on various metals using 

chemical vapor deposition (CVD); however, this technique requires the transfer of the 

graphene onto insulating substrates, chemical processing, etc..81-83  A promising 

technique for forming large-area graphene directly on insulating substrates is to anneal 

SiC single crystals at high temperatures (~ 1400 C) in ultra-high vacuum (UHV).34,84  

This results in Si sublimation, leaving behind a C-rich interface leading to the growth of 

graphene suitable for the fabrication of electronic devices.34,85  This process is, 

however, a costly and time-consuming method for producing electronically isolated 

graphene.  Since graphene is a zero-gap semimetal, graphene devices rely on quantum 

confinement,86,87 strain,88 doping,85–87 or perpendicular electric field modulation82 to 

achieve desired performances, but these require additional and often complicated 

processing steps.  Currently, conventional processing technologies such as 

photolithography, e-beam lithography, and dry etching (O2) are used to fabricate 

devices.  This exposes the graphene sheets to various polymers and harsh 

chemical/mechanical treatment, thus leading to reduced mobility and unintentional 

doping of the graphene.  Because of graphene’s 2D structure, preservation of the 

surface and interface properties is essential for maximizing device performance.   

The techniques of II and PLA offer opportunities to synthesize nanoscale 

graphene features on SiC without the need for some of these conventional processing 

and annealing techniques. The II and PLA techniques themselves each have multiple 

processing features and these are explored in this thesis. There have been promising 

reports of graphene synthesized on c-SiC by PLA.  For example, Perrone et al93 used a 
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q-switched Nd:YVO4 to anneal the C-face of 4H-SiC in Ar and reported evidence for 

graphene formation, and Lee et al94 have reported that graphene can be grown on SiC 

single crystals in vacuum when irradiated with 500 pulses from a KrF excimer laser at 

fluences of 1-1.2 J/cm2. 

4.3 Experiments 

4.3.1 Ion Implantation. 

Commercially available 4H-SiC was implanted over broad areas using the 

accelerator facilities at the Australian National University (ANU) by Dinesh K. 

Venkatachalam and Robert G. Elliman. The implant conditions were 60 keV Au at 3.6 x 

1016 Au/cm2, 40 keV Cu at 8.0 x 1016 Cu/cm2, and 40 keV Ge at 3.5 x 1016 Ge/cm2. 

Figure 4-1 shows the SRIM simulation results of these implant conditions. These 

implantations created amorphous surface layers on the 4H-SiC that were measured by 

ion scattering/channeling measurements at ANU and are listed in Table 4-1. Ion 

implantation nano-ribbons were implanted using the Raith multi-ion beam lithography 

(MIBL), nanofabrication, and engineering (MionLiNE) system at the University of Florida 

68-72, with Au at 35 keV 5x1016 Au/cm2.  

4.3.2 Pulsed Laser Annealing. 

The laser system that we used is JPSA IX-260 ArF excimer laser with 193nm 

wavelength, 25 ns pulse duration, 1-100 Hz repetition rates and 0.1 to 5 J/cm2 fluences. 

Figure 4-2 is the schematic drawing of the laser system. The laser beam size could be 

adjusted from 20µm x 20µm to 400µm to 800 µm by changing masks. The laser beam 

deliver system is equipped with double 6 x 6 Fly-Eye array beam homogenizer to 

guarantee the beam uniformity, which is important when we are doing PLA. The 

motorized stage with 0.1µm accuracy can hold a 6 inch wafer, and can be programmed 
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to run automatically during laser processing. In our experiments, both implanted and un-

implanted regions were annealed with the 193 nm pulse laser. Eight 45 µm x 45 µm 

square areas were sequentially annealed with 1, 2, 5, 10, 50, 100, 300 and 500 pulses, 

in each region, at various fluences ranging from 0.2 – 0.8 J/cm2 as illustrated in Figure 

4-3  

4.3.3 Characterization. 

The PLA regions were analyzed using micro-Raman with a 532 nm green laser, 

scanning electron microscopy (SEM), atomic force microscopy (AFM), and optical 

microcopy. Graphene has signature Raman peaks of G peak (1580 cm-1), a primary in-

plane vibrational mode; 2D peak (2690 cm-1), a second-order overtone of a different in 

plane vibration; and D peak (1350 cm-1), defect peak. 95 And it makes Raman spectra 

ideal for graphitization indication. The size of the micro-Raman beam was one micron 

and this system, with the precisely controlled motorized stage, is capable of mapping 

the entire PLA spot area. 

4.4 Results and Discussion. 

Figure 4-3, shows optical images of 3 implanted areas after PLA at different 

fluences and pulses in air. The visible squares are the 45 um x 45 um PLA spots, and 

the surrounding areas are implanted but not annealed. The fluence and pulse number 

are listed along the top and left hand side. Comparing the color contrast of the images, 

there is more change after PLA with more pulses and higher fluences. I. Jung et al. 

reported the colors of graphene and graphene-oxide multilayers on various substrates.96  

The author concluded that the color change was related to the graphene or graphene 

oxide layer thickness and dielectric films thickness or type. And it could be a simple and 
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helpful way to indicate the amount of graphene or graphene oxide layers. In our case, 

the contrast change is possibly related to the formation of graphitic layers. 

Raman analysis of these laser annealed regions shows an increasing G signal of 

FLG with more pulses and higher fluence, and the areas PLA below 50 pulses do not 

show any G growth. Figure 4-4 summarizes Raman spectra of PLA spots with 50 pulses 

at different fluence, and Figure 4-4Aa, Bb and Cc list the Au, Cu and Ge implanted 

sample results respectively. Figure 4-4a, b and c display relative G peak intensity 

versus fluences. We define the onsite graphitization fluence G as the fluence where 

the G-band starts to rise at the certain pulse number, and it is 50 pulses in our case. 

Therefore the onsite graphitization fluence for Au, Cu and Ge implanted SiC is 0.4, 0.2 

and 0.4 J/cm2 with 50 pulses, respectively. In the same manner, we also find that the 

onsite graphitization fluence G for pristine SiC is 0.8 - 0.9 J/cm2 (Not shown). In a 

previous paper, 68 S. Tongay et al. reported that when II SiC wafers were thermally 

annealed in vacuum at temperatures ~ 100-200 °C below the temperatures where 

graphitization of crystalline SiC occurs, that G and FLG were formed only where ions 

were implanted and the surrounding areas remained crystalline SiC. Therefore it is not 

surprising to see a lower onset graphitization fluence for the PLA ion implanted SiC 

regions compared with pristine SiC.  

Table 4-1 summarizes the onset graphitization fluence for the amorphous layer 

thickness created by II. There seems to be no clear trend to indicate that amorphous 

layer thickness results in different onset fluences. Early experiments by Baeri showed 

that when amorphous layers produced on SiC crystals by II were annealed with a 

pulsed Ruby laser, that the fluence where the amorphous layer began to melt was 
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strongly dependent on the thicknesses of the amorphous layers. 97 His results showed 

that the melting laser fluence of surface a-SiC layer was lower with increasing thickness 

of the a-SiC layer. Baeri’s experiments show that a-SiC layer thicknesses of ~ 30 nm 

began melting at ~ 1.3 J/cm2, but our G is much lower than this value. His experiments 

were with a different type laser and implanted ion species than ours but as results and 

thermal simulations presented later in this thesis show, melting is unlikely in our PLA 

results. We noted that Cu and Ge implanted samples have similar amorphous layer 

thickness, but a 2 times difference of G, which implies that there could be a catalytic 

effect or doping effect that has been introduced by different ion species. Similarly, Cu 

has been used as a substrate and catalyst in CVD growth of graphene, which also 

implies that Cu could be a good catalyst during the PLA process. A further study will be 

presented in the next chapter.  

In this chapter, results on broad area implantation samples were presented, and 

discussed. In the industry, nano-area implantation and laser annealing are commercially 

available and be integrated to existing microfabrication process. To demonstrate the 

patterning capability of the University of Florida’s MIBL system, in our previous paper, 

M. Lemaitre, S. Tongay, X. Wang et al.69, we PLA implanted nano-ribbons and 

selectively graphitized only this area. In Figure 4-5, 4H-SiC was patterned with Au ions 

into 2 m x 10 m nano-ribbons, and annealed with PLA at 0.8 J/cm2, 100 pulses. 

Figure 4-5A is the SEM image of this area Figure 4-5B is the Raman map of the 2D-

band intensity, showing that only the implanted area was graphitized by PLA process. 

Micron size lines were patterned to show up more clearly with SEM but nanometer 

precision is achievable with the MIBL system.  
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4.5 Conclusion 

We have demonstrated that II combining with PLA could synthesize few layer 

graphene selectively. We observed that the II region has much lower onset 

graphitization fluence than crystalline SiC, which contributes the selective graphene 

growth. These results also raise questions regarding the graphitization mechanism 

during PLA of the II regions. Both amorphous surface layer effects and catalytic or 

doping effects seem to contribute to the G growth, however a detailed and systematic 

study is required to address these questions. Moreover the laser processing parameters 

need to be optimized to gain better control on both the quantity and quality of the 

graphene layers. 
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Table 4-1. Comparison of the a-SiC surface layer thicknesses produced by II and the 
PLA fluences at which graphitization begins for each. 

Ion implantation conditions Amorphous SiC thickness 
(nm) 

Onset graphitization 

fluence  (J/cm2) 

Au, 60 keV 30.5 0.4 
Cu, 40 keV 40.5 0.2 
Ge, 40 keV 41.5 0.4 

 
 
 

 
Figure 4-1. SRIM calculations of the damage depth profiles produced by ion 

implantation of Au, Cu, and Ge in SiC.  
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Figure 4-2. Schematic diagram of the193 nm ArF excimer laser used in our work (See 
text for details). 

 
 
 

 
 
Figure 4-3. Optical images of ion implanted samples of 4H-SiC after PLA in air at 

different pulse number and fluence. A) Au implant sample. B) Cu implant 
sample. C) Ge implant sample. 
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Figure 4-4. Raman spectra of ion implanted SiC before and after PLA at different 

fluences, and relative G Peak intensities versus fluence for Au, Cu, Ge 
implanted SiC. 
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Figure 4-5. Growth of FLG with nanoscale features by Au-MIBL and PLA A) 

Reproduction of a plasmonic terahertz metamaterial consisting of a micro-
array of 2 µm wide lines. B) Raman 2D-band map of the metamaterial array.  
Scale bars are 1, 2, and 2µm, respectively.69 

. 
  

(A) 

(B) 
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CHAPTER 5 
SELECTIVE GROWTH OF GRAPHENE AND CARBON NANO-STRUCTURES ON 

AMORPHOUS SIC VIA PULSED LASER ANNEALING 

5.1 Introduction 

The discovery of graphene13 and its development in the recent decade have 

demonstrated a great potential 14-17 for this material in future electronics. Graphene has 

been successfully synthesized by mechanical exfoliation, 13 molten transitional metal,28-

31 chemical vapor deposition (CVD), 32 thermal annealing SiC17 and etc. However these 

techniques involved graphene layer transferred by hand, graphene exposure to hash 

chemicals, and substrate morphology change, which can reduce the graphene quality 

and performance greatly. Especially for semiconductor device fabrication, it is important 

to have graphene patterns with nanoscale precision, growth yield with single or multiple-

layer control, compatibility with current device fabrication technologies.  

To achieve this goal, we proposed to use multi-ion beam nanolithography to 

create nano-patterns, and then use furnace annealing at equilibrium condition 68 or use 

non-equilibrium nanosecond PLA. 69. In these previous studies, we have demonstrated 

that both equilibrium thermal annealing and pulsed laser annealing could produce 

graphene over large areas or with patterned, nanoscale precision; but there were a 

variety of mechanism contributing to the G synthesis. For example, multi-ion 

implantation both doped the near surface and created an amorphous layer, and both 

seemed to contribute to graphene formation. The laser fluence, numbers of pulses, 

implanted species, and the annealing environment have also been found to affected 

graphene production. 
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In this paper, experiments and analyses are presented to differentiate the 

processing parameters and contributing effects that occur in “pure” a-SiC on c-SiC, and 

the same a-SiC layers doped with a variety of dopants, and that occur as a result of 

pulsed laser annealing. We also show that under certain conditions additional graphitic 

nano-structures are produced.  

5.2 Experiments and Thermal Simulations 

Commercially available 6H Silicon carbide (SiC) samples obtained from II-VI 

were used for ion implantation. Five c-SiC samples were implanted with Si+ and C+ ions 

at various energies and doses to create stoichiometric surface layers of a-SiC of desired 

thicknesses by Dinesh K. Venkatachalam and Robert G. Elliman at Australian National 

University. The amorphous surface layer thicknesses were simulated using SRIM 

evaluations of and verified by Rutherford Backscattering (RBS) at the Australian 

National University; detailed implantation conditions are listed in Table 5-1. Both 

implanted and un-implanted pristine SiC were annealed using a JPSA IX-260 ArF laser 

at University of Florida (193 nm wavelength, 25 ns pulse width, 50 Hz repetition rate). In 

order to optimize the PLA parameter, the laser fluence was varied from 0.1-1.2J/cm2, 

and the number of pulses was altered, up to 2000 pulses. Raman spectra were 

obtained using the Horiba MicroRaman Spectrometer with a 532 nm green laser. Cross-

sectional transmission electron microscopy (X-TEM) images were obtained by JEOL 

2010F TEM. 3D surface images were taken using a Bruker Optical Profilometer. 

A finite element analysis was used to estimate the surface temperature during 

the PLA process. We used an unsteady-state energy balance equation with rectangular 

coordinates (x-, y-, and z-axes)52 to approximate the surface temperatures of ion-

implanted samples after exposure to one laser pulse (pulse time = 25 ns), as shown by: 
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 (5-1) 

where T is temperature,  is density, Cp is heat capacity, α is absorption coefficient, k is 

thermal conductivity (in units of W/cm-K), z is distance from the sample surface, t is 

time, and I is absorbed power during laser exposure. This can be represented as a 

function of z and t by using  

  (5-2) 

where I0 is the incident laser intensity at the sample surface (z=0) and R is the 

reflectivity of the specimen.   

5.3 Results and Discussion 

5.3.1 Thermal Simulation 

In our study, a nanosecond pulsed laser was used to heat up the amorphous SiC 

(a-SiC) on the c-SiC substrates. It is believed that silicon atoms are sublimated during 

this process, and the surface is enriched with carbon atoms to form graphene. However, 

the temperature during this 25 ns laser pulse is almost impossible to determine using 

instruments. Fortunately, thermal simulation by finite element analysis can be used to 

calculate the surface temperature. To study the mechanism of pulse laser annealing 

(PLA) of a-SiC, we had to ascertain whether the laser fluence was high enough to melt 

the surface, and what kind of temperature range would result from our optimal laser 

annealing conditions. Figure 5-1 shows the laser fluence required to melt a certain 

thickness of a-SiC on SiC, based on thermal simulation results. During the simulation 

we used 2445K as the a-SiC melting temperature;97,98 the rest of the thermal properties 

of a-SiC and SiC are listed in Table 5-2. The trend of decreasing fluence with increasing 
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thickness is due to the poor thermal conductivity of a-SiC compared to c-SiC.  

When both a-SiC and c-SiC were irradiated with 193 nm laser, part of the laser energy 

was reflected, and part was absorbed by SiC and transferred to heat. The heat can be 

dissipated through the bulk material underneath the absorbing surface, and a-SiC with a 

poor thermal conductivity could conduct heat more slowly, and surface temperature 

increase faster. Therefore, surface temperature at the a-SiC surface could rise up faster 

than c-SiC at the same laser fluence. When we compare the a-SiC samples with 

different thickness, although they have the same poor thermal conductivity, their 

different heat resistance is different, which is proportional to the material thickness. As a 

result of high heat resistance for thick amorphous layer, the heat could not be 

conducted very well, and the surface peak temperature could be higher even at the 

same laser fluence. Although thermal simulation provides us with a good method of 

determining the surface temperature during laser annealing, it can only be applied to the 

initial laser pulse on the material. This is because after the first laser pulse, part of the 

amorphous SiC may be crystallized; this phase change alters the thermal property used 

in the simulation. Additionally, it renders the SiC unable to acquire the new thermal 

property of the amorphous and poly-crystalline mixture. Therefore, the simulations for 

the second, third, or subsequent pulses are not going to provide as accurate results as 

the first pulse. However, this still constitutes a useful method of roughly estimating the 

temperature range during laser annealing. Fortunately HR-XTEM often provides 

confirmation of whether the sample surface melts or not as estimated. 

5.3.2 Amorphous Effect 

In order to study the ‘amorphous effect,’ efforts were made to create a pure 

amorphous layer. Silicon and carbon ions were implanted into the SiC in identical doses 
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of around 1.5×1015 ions/cm2, but with various energies from 40 to 160 keV, in order to 

form different thicknesses of amorphous layers. Table 1 lists the implant conditions and 

the amorphous layer thicknesses. Samples 1, 2, 3, as well as pristine c-SiC were used 

for pulsed laser annealing; the condition was 800 mJ/cm2 with 100 pulses at 50 Hz. 

Raman spectra are widely used in research to indicate graphitic signals. Raman peaks 

at 1580 cm-1, 2700 cm-1, and 1350 cm-1 are named as G, 2D, and D peaks from 

graphene, respectively.95 The G and 2D peaks are a result of the Stokes phonon energy 

shift by laser excitation (in our case, the 532 nm green laser); these two peaks indicate 

the existence of sp2 carbon, and 2D is the defect peak. In Figure 5-2, the pink data line 

represents the pristine c-SiC after laser annealing, and does not show any difference 

from the c-SiC before annealing (blue line). This indicates that this fluence (800mJ/cm2) 

and pulse number (100) are not enough for a pristine sample to be graphitized. 

However, under the same conditions, the graphitic signal started to grow on sample 1, 

which had a 70 nm thick amorphous SiC on top; the G and D peaks rose slightly 

compared with the pristine SiC. We also observed that with the increase in the 

thickness of the amorphous layer in sample 2 (99 nm) and sample 3 (124 nm), the G, 

2D, and D peaks rose significantly, which meant that more and more sp2 carbon bonds 

were formed during the laser annealing process. However, a closer look at the G and D 

peak intensity, as shown by IG and ID, reveals that they had a similar growth rate over 

different samples, which indicates a similar quality of graphitic carbon. Under the same 

laser annealing condition, a-SiC had a higher surface temperature than c-SiC; graphene 

grew selectively on the amorphous region but not on c-SiC.  We call this the 

‘amorphous effect.’ Besides the fluence of 800 mJ/cm2, we also attempted other 



 

65 

fluences, ranging from 0.1 to 1.2 J/cm2; the Raman spectra showed a similar trend, with 

the G, D, and 2D peaks’ intensity increasing along with the amorphous layer thickness.  

In order to study the mechanism of PLA in a-SiC/c-SiC, what kind of structural 

changes the laser induces, and how amorphous SiC assists sp2 carbon bond formation, 

we used HR-XTEM to examine the near surface region of sample 3 after PLA at 

800mJ/cm2, 100 pulses. As indicated in Table 5-1 and Figure 5-3, sample 3 had an 

amorphous layer of 124 nm before PLA, with the fluence being enough to melt the 

surface. In Figure 5-3, the sample surface was melted by PLA during 25 ns laser 

duration, cooled down quickly after 25 ns, and froze until the next pulse. Figure 5-3A 

shows an overview of the sample surface; the area above the white line represents the 

Cr protective layer that was deposited for TEM sample preparation. The white area 

around 50 nm thick, below the line, represents amorphous SiC as labled. The region 

below the amorphous SiC was melted and re-crystallized from amorphous SiC to poly-

crystalline SiC. The bottom region, with pristine SiC, was not affected during laser 

annealing. After taking a closer look, we also observed that most graphitic layers were 

concentrated at the interfaces of different phases. Figure 5-3B shows a magnified 

image of the Cr/a-SiC interface; there is few-layer graphene (FLG) on top of the 

amorphous layer. It seems that the a-SiC can form FLG at 0.8J/cm2, 100 pulses, which 

is consistent with the Raman results. In other words, this confirms that the ‘amorphous 

effect’ contributes to selective graphene formation on amorphous SiC. Interestingly, we 

also found some onion-like nanostructures in the deeper amorphous region and in the 

white region in the polycrystalline layers. Figure 5-3C shows a carbon-onion of around 

10 nm in size. Carbon-onions were first observed by Iijima in 1980101, after heating 
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carbon black rods to extremely high temperatures (>4000K). Other synthesis methods 

have since been recognized, including high energy electron irradiation of carbon 

SOOT,102 arc discharge in water from a carbon target,103 and carbon ion implantation in 

Cu substrates.104 All of these methods involve non-equilibrium conditions such as rapid 

heating carbon-containing precursors to high temperatures or ion implantation where 

ion induced damage cascades quench rapidly. With this in mind, the presence of 

carbon-onions in sample 3 most likely indicates that a non-equilibrium process, such as 

laser melting and rapid solidification of SiC, has occurred, which is consistent with the 

thermal simulation results that show the surface temperature leaps from room 

temperature to melting temperature and beyond during the 25 ns pulse duration, and 

quickly drops back to room temperature after 25 ns. In our case, the carbon-onion 

formed from carbon atoms in the amorphous SiC. In the amorphous region, the 

possibility of carbon atoms bonding with each other in 3-dimensional space with a 

spherical and multi-shell arrangement is much higher than that of 2-dimensional planar 

bonding. Carbon onions are likely to form in the amorphous region. However at the 

surface or interfaces, on the contrary, carbon atoms favor 2-dimensional bonding along 

the interfaces to form FLG, and these interfaces could be regarded as a template. With 

more laser pulses, there are more silicon atoms driven away near these FLG, more 

carbon atoms available for bonding around the FLG, and this additional bonding could 

further fold the FLG and form onion-shaped nanostructures. All these TEM images 

indicate that the formation of FLG mainly stabilizes at interfaces such as the sample 

surface or amorphous/crystalline interface, and that carbon-onions are more likely to 

grow in thick carbon-rich amorphous regions away from interfaces. Therefore, a thinner 
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amorphous layer enhances FLG formation and limits the possibility of carbon-onions 

growth. 

5.3.3 Catalytic Effect of Au+ Implanted Samples 

In order to isolate the ‘catalytic effect’ of implant species, two samples were 

prepared by implanting equal amounts of Si+ (1.5×1015 ions/cm2, 10 keV) and C+ 

(1.5×1015 ions/cm2, 4 keV) into 6H-SiC to form 20 nm-thick amorphous SiC surface 

layers. The first sample was used as a control sample and the second sample was 

implanted into the amorphous region with Au+ (5×1015 ions/cm2, 30 keV). The thickness 

of the amorphous layers was measured by ion backscattering at ANU and verified as 20 

nm by HR-XTEM images at the University of Florida. These two samples were then 

laser annealed with 2000 pulses at 800mJ/cm2 in Argon ambient. Figure 5-4A shows a 

TEM image of amorphous SiC without an Au+ implant; it shows that two or three layers 

of graphene have formed. Figure 5-4B shows a TEM image of amorphous SiC with Au+ 

implants, which has nine or ten layers of graphene formed with uniform coverage. This 

result is consistent with Raman spectra as seen in Figure 5-5. Figure 5-5 compares the 

Raman spectra of the two samples after the PLA process with that of pristine SiC. 

Raman spectra were normalized at the SiC peak (SiCTO) located at 1520 cm-1. The G, 

D, and 2D peaks rose for both PLA samples, indicating that both were graphitized. A 

stronger relative intensity of all three peaks (shown by the red curve) for the a-SiC with 

an Au+ implant demonstrates that there was more sp2 carbon on the surface. In 

addition, we observed that the 2D peak of the Au+-implanted sample was located at 

2697 cm-1 and that the 2D peak of the control sample was located at 2676 cm-1. This 

red shift implies that there were more layers of graphene in the PLA Au+-implanted 

sample,13 which agrees with the evidence of the TEM images. The mechanism of the 
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Au+ ‘catalytic effect’ for graphitization is still under discussion. Au and Cu have been 

used as substrates and catalysts for graphene growth in the CVD method.32, 106 The low 

solubility of carbon in these transition metals leads to precipitation of carbon atoms, 

which form graphene when they cool down; this is a self-limiting process. Conversely, 

silicon and gold can form Au-Si eutectic alloys at a much lower melting temperature;107 

such an alloy can dissolve certain amount of silicon atoms in a Si-C system. Therefore, 

the mechanism we propose for graphene growth during PLA Au implanted SiC is, when 

the laser heats the surface to a high temperature, silicon atoms start to de-bond with 

carbon atoms by either sublimation or eutectic alloying with gold, leaving the surface 

enriched with carbon atoms that bond with each other to form graphene. However, it is 

still not clear that if the Au/Si bonding could increase the sublimation rate. Both 

interactions between Au/Si and Au/C encourage graphene growth. In our study, as a 

result of Au+ implantation, more layers of graphene formed after laser annealing and we 

confirmed the ‘catalytic effect’ of Au. Combined with the ‘amorphous effect,’ this means 

that we can better control the laser annealing process and selectively graphitize the SiC 

surface by ion implantation and pulse laser annealing. Since these two techniques are 

highly compatible with current device manufacturing methods, they have significant 

advantages for growing and patterning graphene on SiC. 

5.3.4 Ge-Implanted SiC 

 Various implant species have been tested in our experiments including Au, Ga, 

Cu, and Ge; among these, the unusual color change and Raman spectrum of the Ge-

implanted sample stands out. Sample 4 was a 4H-SiC wafer implanted with equal 

amounts of Si+ (1.8×1015 ions/cm2, 160 keV) and C+ (1.8×1015 ions/cm2, 75 keV) to form 

a 217 nm thick a-SiC surface layer, followed by implantation with Ge+ 5×1016 ions/cm2, 
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56 keV. We laser annealed this sample from 0.1 J/cm2 to 1.2 J/cm2, with 50 pulses in 

air, and the color of the spot at a fluence of 200mJ/cm2 turned black after PLA. A higher 

or lower fluence did not result in the same color change. The Raman spectrum of this 

unique spot is plotted in Figure 5-6 as the green curve, which can be compared with 

results before and after PLA of 50 pulses at 100 mJ/cm2. This green curve shows giant 

G and D peaks and a small 2D peak, which means that the sample surface was strongly 

graphitized although it is also defected; we did not see similar results under other PLA 

conditions.  

In order to study the morphology of this sample, a 3D optical profilometer was 

used to examine the sample surface. Figure 5-7A shows a 3D optical image of the spot 

that was annealed with 50 pulses at 100 mJ/cm2; it has a shallow flat pit around 5 nm 

deep, with an area size of 100×100 μm, which is the same as the laser spot size. Figure 

5-7B shows a 3D optical image of the spot that was annealed with 50 pulses at 200 

mJ/cm2, which reveals a height expansion of ~20 nm over the area that was annealed; 

the surface on this mesa was rough, which is unlike the flat surface in the other spot 

annealed at 100 mJ/cm2. 

To study how deeply the surface was affected by this rough texture, HR-XTEM 

was used to explore both samples. Figure 5-8A shows a TEM image of the 100 mJ/cm2 

spot. There is a 216 nm-thick amorphous layer (d1) on top of the c-SiC and the layer 

above that is the Cr film that was deposited prior to sectioning the sample for HR-XTEM. 

This sample surface did not melt, and there is no sign of any recrystallization or 

graphitization occurring, which agrees with the Raman spectra in Figure 5-6. Figure 5-

8B shows a TEM image of the 200 mJ/cm2 spot. There are two layers in between the 
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crystalline SiC and the protective Cr: one is the 170 nm-thick amorphous layer (d2) on 

top of the c-SiC, and the other is a ~70 nm-thick layer that is a combination of poly-

crystalline SiC and porous structures as interpreted from HR-XTEM. The total thickness 

is ~240 nm. Normally, the density increases during the amorphous-to-crystalline 

transition; however, on the contrary, the total thickness of 240 nm, compared with 216 

nm, implies a thickness increase and a density drop. This decrease in density may be 

due to the porous structure created during PLA, which also explains the ~20 nm surface 

expansion shown in Figure 5-7B. Combined with the Raman spectra in Figure 5-6, this 

suggests that the 70 nm thickness of the poly-crystalline SiC and porous structure is 

mixed with many graphene layers inside. This phenomenon of pores and a strong 

graphitic signal was not seen in amorphous samples with other implants like Au, Cu, or 

Ga in our experiments under the same or different laser annealing conditions. Therefore, 

we believe that porous formation and graphitization are related to the Ge implants and 

specific annealing conditions. Similar highly porous surfaces have been reported as the 

result of ion bombardment of Ge with a variety of ions and under a variety of 

conditions.108 In these cases craters formed only in the amorphous surface layers of Ge 

crystals created by the ion bombardment, and it was observed that once the porous 

surfaces were exposed to air large amounts of oxygen and carbon were present, likely 

because of the increased surface area of the highly porous surface. Although we only 

have a small amount of Ge implanted in the amorphous SiC, it appears that the Ge may 

assist in graphene formation as Au does, and the increased surface areas of the porous 

surface may provide increased nucleation sites for both sp2 bonded carbon and oxygen. 
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Further study of this curious phenomenon is certainly needed to better determine the 

key processing parameters and mechanisms.  

5.4 Conclusions 

We studied the surface temperature of pulse laser-annealed amorphous SiC 

using finite element analysis. The ‘amorphous effect’ and ‘catalytic effect’ were studied 

by pulse laser annealing of pure amorphous silicon carbide and Au+-implanted silicon 

carbide separately; we also proposed possible mechanisms. Graphene nano-structures 

were synthesized, characterized by Raman spectra, and imaged using HR-XTEM, 

including carbon-onions, few layer graphene, and graphene. 
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Table 5-1. Tabulation of the implantation parameters used to form stoichiometric a-SiC 
surface layers of various thicknesses on c-SiC. 

Sample Si (1015 
ions/cm2) 

Energy 
(keV) 

C (1015 
ions/cm2) 

Energy 
(keV) 

damorphous 

(nm) 

1 1.5 40 1.5 18 69.7 
2 1.5 60 1.5 27 98.9 
3 1.5 80 1.5 37 123.8 
4 1.8 160 1.8 75 216.7 

 
 
 
 
Table 5-2. Parameters of amorphous and crystalline SiC used in thermal simulation 

calculations. 

Parameter Amorphous SiC Crystalline SiC (6H) 

Density,  (g/cm3) 2.66 3.21 

Specific heat, Cp (J/g-K) 1.3 1.3 

Thermal conductivity,  (W/cm-K) 0.011 4.9 

Absorption coefficient,  (106 cm-1) 1.1 1.5 

Reflectivity, R (%) 34.6 40 

Melting point, Tm (K) 2445 3100 
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Figure 5-1. Thermal simulation results estimating laser fluences required to melt certain 

thicknesses of amorphous SiC on c-SiC. Melting temperature of amorphous 
SiC, Tm is used as 2445K. 
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Figure 5-2. Raman spectrum for pristine SiC, PLA pristine SiC, sample #1, sample #2, 

and sample #3. 

  



 

75 

 

 
 

Figure 5-3. HR-XTEM images of sample #3 after pulse laser annealing with 100 pulses 
at 800mJ/cm2. A) Overall view B), C), D) and E) are magnified images in the 
red box regions. 

  

(A) (B) 

(C) 

(D) (E) 
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Figure 5-4. HR-XTEM images A) HR-XTEM image of pulse laser annealing of 

amorphous SiC without Au+ implant, with 2000 laser pulses at 800mJ/cm2.B) 
HR-XTEM image of pulse laser annealing of amorphous SiC implanted with 
Au+ ions, with 2000 laser pulses at 800mJ/cm2. 100 nm thick Cr was 
sputtered onto sample before FIB and x-TEM imaging for protection purpose 
during the FIB sample preparation process. 

 
 
  

(A) (B) 
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Figure 5-5. Raman spectrum for Pristine SiC (blue), pulse laser annealing with 2000 

pulses at 800mJ/cm2 on amorphous SiC without Au+ implant (green) and 
pulse laser annealing with 2000 pulses at 800mJ/cm2 amorphous SiC with 
Au+ implant (red). 
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Figure 5-6. Raman spectra of Ge-implanted SiC before PLA (black), Ge-implanted SiC 

after PLA with 50 pulses at 100mJ/cm2 (red), Ge-implanted SiC after PLA with 
50 pulses at 200mJ/cm2 (green). 
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Figure 5-7. 3D image of optical profilometer. A) 50 pulses, 100mJ/cm2, B) 3D image of 
optical profilometer, 50 pulses, 200mJ/cm2. 

  

(A) 

(B) 
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Figure 5-8. HR-XTEM images of Ge-implanted sample. A) HR-XTEM image after PLA 

with 50 pulses at 100mJ/cm2. B) HR-XTEM image after PLA with 50 pulses at 
200mJ/cm2. Cr layer was sputtered onto samples after the PLA as protection 
layer during FIB and Pt layer was put onto the sample during FIB for extra 
protection. 

 

(A) (B) 
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CHAPTER 6 
GRAPHENE SYNTHESIS BY PULSED LASER ANNEALING CRYSTALLINE SIC AND 

OPTIMIZATION 

6.1 Introduction 

In chapter 4, we studied selective graphene (G) growth by pulse laser annealing 

(PLA) ion implanted SiC (II), and raised questions regarding the graphene growth 

mechanism. In chapter 5, we studied the ‘amorphous effect’ and ‘catalytic or doping 

effect’, and further improved our PLA conditions by using Au implanted SiC with a thin 

amorphous layer on top. And we also found some graphene nanostructure and explored 

how to avoid them during PLA. In these chapters, PLA parameters were mentioned but 

never systematically presented. In this chapter, a detailed parameter optimization study 

and proposed graphitization mechanism will be demonstrated by PLA c-SiC at various 

fluences, repetition rates and environments. SiC solid phase transformation from 4H to 

3C was also found during PLA. 

6.2 Thermal Simulation and Experiments. 

Thermal simulation calculations were done using the same material properties as 

table 5-1 and were conducted in the same manner mentioned in chapter 6. SiC melting 

temperature was assumed as 3100K. Commercially available 4H-SiC samples from II-

VI were used for pulsed laser annealing experiments. 100 m x100 m laser spot was 

used, which allowed multiple laser annealing spots within one sample. In order to 

optimize the PLA parameters, the laser fluence was varied from 0.1-1.0J/cm2; the 

number of pulses was altered, up to 2000 pulses; different repetition rates were used, 

50 Hz and 1 Hz for comparison; and the PLA was conducted in varous ambient 

environments including Argon, Hydrogen and vacuum. Raman spectrum were obtained 

using the Horiba MicroRaman Spectrometer with a 532 nm green laser, and its laser 
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spot was 1 micron, capable of measuring within the 100×100 micron laser spots. High 

Resolution cross-sectional Transmission Electron Microscopy (HR-XTEM) images were 

obtained using a JEOL 2010F TEM after Raman spectrum, and a Cr sputter coating 

was used for surface Protection during cross sectioning. 

6.3 Results and Discussion. 

6.3.1 Thermal Simulation. 

To study how c-SiC response to PLA, we simulated the surface peak 

temperature of SiC with a single pulse at different laser fluences ranging from 0.1 to 1.0 

J/cm2. When the pulsed laser irradiates the SiC surface, the photon energy is absorbed, 

heat the surface, and the surface temperature starts to rise to the peak temperature 

until the end of lase pulse.   Figure 6-1 is the thermal simulation results, showing the 

peak surface temperature at each fluence. We define the fluence that can just melt the 

top surface as the melting threshold fluence m, and them for SiC is 0.905 J/cm2 

based on the simulation. Below the m, peak temperature follows the linear relationship 

with fluence, and the SiC remains in the solid phase although temperatures rise. Above 

the m, the surface reaches the melting temperature, and c-SiC at the top surface 

changes from solid to liquid. Meanwhile the laser light reflection increases and 

absorption decreases. Therefore we expect a decrease as indicated by red line in the 

figure. However, the practical reflectivity while SiC melting and temperature increasing, 

is not available experimentally and was estimated as shown in the red dashed line in 

Figure 6-1.   
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6.3.2 Fluence. 

The fluences in our PLA experiments ranged from 0.1J/cm2 to 1.0J/cm2  to study 

how the melting process affects SiC structure and graphene growth. Raman spectra 

and HR-XTEM were used to evaluate PLA effects at fluences both above and below m. 

Figure 6-2 plots the Raman spectra before and after 1J/cm2 laser annealing with 

different number of pulses. Figure 6-2A is for 1 laser pulse. It shows only a tiny increase 

of the G, D and 2D peaks, implying an existence of sp2 carbon bonding. The SiC peak 

at 1520 cm-1 remaining the same indicates that most of the SiC remains intact after 

laser annealing. When the number of pulses is increased to 10 as in Figure 6-2B, the 

SiC peak at 1520 cm-1 is greatly reduced, and the graphene G, D and 2D peaks rise, 

which means more graphitic layers were formed. 100 pulses, as shown in Figure 6-2C, 

the peak corresponding to SiC is almost unnoticeable compared with the strong G 

signal. It is reasonable to assume that more laser pulses could anneal the sample for a 

longer time and yield more graphene layers. However, Raman spectra are not the most 

definitive method to indicate the graphene quality and quantity, because of the 

graphene G peak and SiC peaks’ overlapping. To confirm the graphene growth, HR-

XTEM images were taken on these 1 to 100-pulse samples and are compared I Figure 

6-3. For clarity Figures 6-3A, C and E are intentionally aligned so the surface is at the 

same level.  In Figure 7-3A, 1 laser pulse at 1J/cm2 melted the c-SiC at the near surface, 

and recrystallization yields a ~20 nm thick polycrystalline 3C-SiC on the 4H c-SiC 

substrate, and a thin amorphous layer and few layers of graphene on top. The beauty of 

pulse laser annealing is that the sample temperature increases rapidly and returns to 

room temperature in microseconds after the laser pulse duration.  This freezes the 
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surface in non-equilibrium states and allows these surfaces to be examined. This is 

extremely helpful when we are studying the graphitization evolution with different PLA 

conditions. Figure 6-3B magnifies the surface area in Figure 6-3A, and clearly 2~3 

layers of graphene has formed on top of the surface, but the quality is not the best and 

these FLG seems discontinuous, which can explain why the D peak is obvious but the 

G and 2D is barely noticeable in Figure 6-2A. Figure 6-3C is the TEM picture after 10 

laser annealing pulses at 1J/cm2. Apparently, the amorphous layer increases to around 

60 nm, and the polycrystalline 3C-SiC seems still around 20 nm but much more non-

uniform. The magnified TEM image in Figure 6-3D shows that many more layers of 

graphene formed at the interface of the polycrystalline SiC and amorphous layer. Figure 

6-3E is the TEM image after 100 pulses. The total thickness affected by the laser is ~75 

nm, which increased slightly compared with Figure 6-3C. Interestingly, more and more 

SiC recrystallizes from the amorphous phase to polycrystalline phase, and it seems the 

amorphization and the recrystallization are competing with each other. During this 

process, some of the inclusions shows carbon nano-structures like carbon onions in 

Figure 6-3F. The trend of 1 to 100 pulses laser annealing at a fluence of 1J/cm2, which 

is high enough to melt the surface, tells that there are increasing layers of graphene 

when applying more pulses, but not in a desirable fashion such as single- or multi-layer, 

epitaxial growth. Therefore, high fluence rendering surface melting is not the optimum 

condition for the epitaxial graphene growth. A lower fluence below the melting threshold 

was also conducted and presented with other effects in the next section. 

6.3.3 Frequency Effect. 

To create better quality graphene, the lower fluence conditions (<1.0J/cm2) were 

examined, and it was found that the fluence below 0.8J/cm2 does not produce graphene 
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in any way. Interestingly, an unusual effect between the laser repetition rate and 

graphene yield was discovered, and this has been named the ‘frequency effect’. Figure 

6-3 compares the Raman spectra of SiC after pulsed laser annealing at 0.8J/cm2 in 

vacuum, the peak temperature is ~2200 K and is much lower than the c-SiC melting 

temperature of 3100K according to the thermal simulation. Figure 6-4A is the Raman 

spectrum of PLA at 0.8J/cm2, with multiple pulses at 50Hz in vacuum. With the 

increasing pulses, G and 2D peaks do not change significantly and only the D peak 

surfaces slightly, but it is still considerably smaller compared with pristine SiC. Figure 6-

4B is the Raman spectrum of PLA SiC at 0.8J/cm2, with multiple pulses at 1 Hz in 

vacuum. The areas that were annealed with 125 pulses or more demonstrate prominent 

graphitic signal. So this ‘frequency effect’ means that lower repetition rate results in a 

more graphene growth. To confirm the graphene growth and quality HR-XTEM images 

were taken from these samples.  Figure 6-5 compares the TEM images of PLA at 50 Hz 

and 1Hz with 375 pulses at 0.8J/cm2. Figure 6-5A shows little and discontinuous 

graphene growth, which is consistent with Raman spectra results for the same 

conditions. On the contrary, Figure 6-5B shows 4 layers of graphene epitaxial growth on 

the C-SiC surface, and there is also a thin amorphous layer on top containing 

unconnected graphene features. The epitaxial graphene on the c-SiC substrate has 

very good quality based on these images, and we believe that the defect peak, D peak 

in Figure 6-4B is primarily contributed from the loose graphene features in the 

amorphous region.  

It is not clear how the ‘frequency effect’ phenomenon is related to the graphene 

growth mechanism in PLA SiC process. The temperature change during PLA increases 
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rapidly  during the 25 ns laser pulse, and then quickly drops back to room temperature 

in a few s, based on the thermal simulation 114 The only difference between these two 

conditions is the time interval between two subsequent laser pulses, which is 20 ms for 

50 Hz and 1000 ms (1s) for 1Hz. Even 20 ms is long enough for the surface to be 

cooled down to the room temperature comparing with a few s, but it seems that a 

longer wait time at room temperature is helping the graphene growth process. In the 

physical process of PLA c-SiC, silicon atoms are given enough kinetic energy due to the 

temperature to de-bond with carbon atoms, and then can desorb from the SiC surface. 

After silicon atoms leave the surface, the carbon atoms could bond with each other, and 

graphene formation happens. If the free silicon atoms do not leave or do not leave 

quickly enough, silicon atoms could inhibit the graphene growth by re-bonding with 

carbon atoms. In terms of time scales, the de-bonding and bonding process in the 

chemical reaction is in the range of a few nanoseconds to microseconds while the 

surface is still hot, but the mass transportation is in the millisecond or second range 

when the surface is cool. It seems that the graphene growth during PLA c-SiC is not 

reaction controlled but a diffusion controlled process. Therefore, we believe this 

‘frequency effect’ phenomenon is related to the silicon atoms sublimation from the 

surface. A proper control of the silicon sublimation rate and time could be a key to 

control the quality of graphene synthesis. 

6.3.4 Pressure Effect. 

Besides the anomalous ‘frequency effect’, we also found a ‘pressure effect’ that 

PLA in 1 atm of Ar, H2 or N2 ambient can significantly lower the graphene yield 

compared with PLA in vacuum in the 1 to 20 millitorr range. Figure 6-6 compares 
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Raman spectra for PLA of c-SiC in Ar ambient and vacuum. Figure 6-6A shows results 

for PLA with100 pulses at 0.8J/cm2. The red (Ar) and green (vacuum) spectra have 

similar G peaks, but slightly different D and 2D peak. The green spectrum (vacuum) has 

a narrower D peak and higher 2D peak, implying slightly better graphene quality.  

Annealing with more laser pulses, such as 500 pulses, helps differentiate the two 

ambient conditions as shown in Figure 6-6B where the G, D and 2D peaks rise 

significantly for the sample under vacuum conditions, and PLA with 500 pulses in Ar 

ambient is still very much the same as 100 pulses, and there is no sign of further 

graphitization. In section 6.3.3 Frequency effect, we discussed that the silicon 

sublimation rate could affect graphene growth. The existence of Ar atoms in the 

environment creates a pressure that could slow or suppress the free silicon atoms from 

leaving the surface, and therefore lowers the graphene yield. The situation is similar to 

the growth of graphene by thermal annealing SiC at high temperatures.33,94 an Ar 

ambient is more productive than annealing in vacuum. 

6.3.5 SiC Solid Transformation From 4H To 3C. 

During our studies    HR-XTEM images of pulsed laser annealing of 4H-SiC 

single crystal at 0.8J/cm2, at 1Hz with different pulses, revealed that a layer of 3C-SiC 

can form on top of 4H-SiC, depending on the annealing conditions. Based on the 

thermal simulations, PLA at 0.8 J/cm2 can heat the surface temperature up to ~ 2200K, 

which is much lower than the SiC melting temperature ~ 3100K, and the HR-XTEM 

shows no characteristics of melting. Therefore, it is believed that this 4H to 3C SiC 

transition is solid state transformation instead of melting and recrystallization. Because 

of the nature of our PLA, the 4H-SiC sample could be heated and cooled rapidly by a 

single pulse, repeatedly processed as desired by varying the number and frequency of 
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pulses, and this 4H to 3C transformation could be preserved and examined at any point 

by HR-XTEM.  

Figure 6-7 illustrates important details of the 4H and 3C SiC lattice structure 

when viewed from different zone axis. Looking from [11-20] for 4H-SiC and [1-10] for 

3C-SiC, there is a distinct difference of lattice structure in the x-view, showing the 

ABCBA… stacking sequence for the 4H-SiC and ABCABC… stacking sequence for the 

3C-SiC. However, if we look from the [1-100] for 4H-SiC and [-1-12] for 3C-SiC, the x-

view of the two lattice structures appears to be the same. And this distinct difference 

was also captured by HR -XTEM, shown in Figure 6-8. Two images (a) and (b) from the 

same 4H c-SiC wafer were annealed in vacuum with 300 pulses , 25ns, 1Hz from an 

ArF laser, at a fluence of 0.8 J/cm2 – well below the PLA fluence at which c-SiC “melts” 

or decomposes. A thin crystalline 3C phase forms on top of the 4H substrate as a result 

of PLA, and can be seen when viewed along [11-20], but not [1-100]. We also studied 

how the 3C layer thickness changed with different pulse number by taking HR-XTEM 

images from spots PLA with different numbers of pulses. Figure 6-9 is the TEM images 

of spots that were laser annealed with 0, 50, 100, 150, 200, 250, 300, 350 and 375 

pulses. We observed that the thickness of 3C SiC formed varies with increasing pulse 

number. Once 3C-SiC formed, the thickness decreases with increasing pulse number. 

And the thickness increase at 250 pulses and decreases again with increasing pulse 

number. There seems to be a competition between the thermally activated 4H to 3C 

and 3C to 4H transformation with more laser pulses. In the literature, there are a few 

possible reasons for the SiC poly type transformation. Phase changes may occur in SiC 

under applied thermo-mechnanical stress. 109 Pirouz et al.110 have shown polytypic 
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transformation to occur in single crystal SiC when subjected to external mechanical 

loading. Vlaskina and Shin 111 induced 6H-SiC to 3C-SiC polytypic transformation under 

vacuum conditions at temperatures between 1800 °C and 2000 °C. Activation energy is 

2.34+/-0.02eV. 

Some proposed transformation mechanisms for 3C to 6H include layer 

displacements (layer rotations) of individual close-packed double layers of Si and C, 

that requires the migration of atoms inside the crystal when vacancies are created by 

the high-temperature annealing (Woo et.al.) 112 ; and non-random micro-twinning 

(Sebastiak et.al.). 113  Most of these cases suggest that the poly type change for SiC 

happens under non-equilibrium conditions. Pulsed laser annealing can cause 

rapid/repeated heating and cooling and our observations show that this can cause 3C 

and 4H transformations in what we are confident is a solid state transformation.. A 

further study is underway to understand the complete mechanism of this phenomenon. 

6.4 Conclusion  

This chapter presented the study of multiple contributing effects during pulsed 

laser annealing. The graphene yield is better at the lower fluences (0.8J/cm2) with 

multiple pulses, where the non-melting conditions could result in epitaxial graphene 

layers. The ‘frequency effect’ was presented and is most likely related to the mass 

transportation of silicon atoms, but a follow on study is undergoing. The ‘pressure effect’ 

indicated graphene growth is enhanced under vacuum conditions, which was in concert 

with the thermal annealing SiC. We also observed a solid phase transformation of 4H-c-

SiC to 3C-c-SiC transformation as a result pf PLA with multiple pulses at 0.8J/cm2 in 

vacuum, which is also epitaxial. However, further study is necessary in the future to 

explain this process. In summary, pulse laser annealing is a powerful tool to control the 
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graphene synthesis process by manipulating the processing parameters, and the non-

equilibrium condition could freeze the surface after the laser pulse, which offers us a 

great way to study the graphene growth mechanism. 
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Figure 6-1. Thermal simulation of peak temperature at the end of 25 ns laser pulse at 

various fluence. Solid black line region is from thermal simulation, and red 
dash line is from estimation due to lack of constant. 
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Figure 6-2. Raman spectra comparison before and after pulsed laser annealing with 1-

100 pulses at 1J/cm2. A) 1pulse. B) 10 pulses. C) 100 pulses. 

 
  

(A) (B) 

(C) 
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Figure 6-3. TEM images comparison among pulsed laser annealing SiC with 1-100 

pulses at 1J/cm2 in Ar. A) 1pulse. B) Zoom in image of A). C) 10 pulses. D) 
Zoom in image of C) E) 100 pulses. F) Zoom in image of E). 

  

(A) 
(C) 

(E) 
(B) 

(D) 
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Figure 6-4.  Raman Spectrum for frequency effect. A) Pulsed laser annealing c-SiC in 

vacuum, at 0.8J/cm2, at 50 Hz with 1, 5, 25, 125, 375, 625 and 1000 pulses. 
B) Pulsed laser annealing c-SiC in vacuum, at 0.8J/cm2, at 1 Hz with 1, 5, 25, 
125, 375, 625 and 1000 pulses. 

(A) 

(B) 
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Figure 6-5. TEM images A) PLA 375 pulses at 0.8J/cm2, 50 Hz. B) PLA 375 pulses at 
0.8J/cm2, 1 Hz.  

 
  

(A) (B) 
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Figure 6-6. Raman spectra of PLA c-SiC in Ar ambient and vacuum condition.  

  

(A) 

(B) 



 

97 

 
 
Figure 6-7. Illustration of 3C and 4H SiC at different zone-axis. 
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Figure 6-8. XTEM images of PLA samples at different zone-axis. 

 
  

(A) (B) 
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Figure 6-9. TEM images of PLA c-SiC @ 0.8J/cm2, showing 3c-SiC layer evolution with 

incremental pulse number. 
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CHAPTER 7 
CONCLUSION 

In Chapter 3, AlGaN/GaN HEMT devices were lifted-off using a 193-nm laser.  

Laser -drilled grooves on the front-side of the sample were employed to prevent the 

formation of micro-cracks during the LLO process. Besides a 25-43% reduction of the 

saturation drain current, no degradation of other dc characteristics was observed.  The 

LLO HEMT was bent due partial relaxation of the as-grown strain as well as strain 

arising from dielectric and metal depositions.  Newton’s rings and Raman spectroscopy 

methods were used to estimate the partial relaxation of the strain owing to the lattice 

mismatch between Al0.25Ga0.75N and GaN.  The quantity of partial relaxation for lattice 

mismatch only accounted for 5-10% of the drain current reduction.  The majority of the 

drain current reduction was attributed to the relaxation of the strain caused by dielectric 

and metal depositions. 

In Chapter 4, it has been demonstrated that II combining with PLA could 

synthesize few layer graphene selectively. We observed that the II region has much 

lower onset graphitization fluence than crystalline SiC, which contributes the selective 

graphene growth. These results also raise questions regarding the graphitization 

mechanism during PLA of the II regions. Both amorphous surface layer effects and 

catalytic or doping effects seem to contribute to the G growth, however a detailed and 

systematic study is required to address these questions. Moreover the laser processing 

parameters need to be optimized to gain better control on both the quantity and quality 

of the graphene layers. 

In Chapter 5, it has been studied that the surface temperature of pulse laser-

annealed amorphous SiC using finite element analysis. The ‘amorphous effect’ and 
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‘catalytic effect’ were studied by pulse laser annealing of pure amorphous silicon 

carbide and Au+-implanted silicon carbide separately; we also proposed possible 

mechanisms. Graphene nano-structures were synthesized, characterized by Raman 

spectra, and imaged using HR-XTEM, including carbon-onions, few layer graphene, and 

graphene. 

In Chapter 6, I presented the study of multiple contributing effects during pulsed 

laser annealing. The graphene yield is better at the lower fluences (0.8J/cm2) with 

multiple pulses, where the non-melting conditions could result in epitaxial graphene 

layers. The ‘frequency effect’ was presented and is most likely related to the mass 

transportation of silicon atoms, but a follow on study is undergoing. The ‘pressure effect’ 

indicated graphene growth is enhanced under vacuum conditions, which was in concert 

with the thermal annealing SiC. We also observed a solid phase transformation of 4H-c-

SiC to 3C-c-SiC transformation as a result pf PLA with multiple pulses at 0.8J/cm2 in 

vacuum, which is also epitaxial. However, further study is necessary in the future to 

explain this process. In summary, pulse laser annealing is a powerful tool to control the 

graphene synthesis process by manipulating the processing parameters, and the non-

equilibrium condition could freeze the surface after the laser pulse, which offers us a 

great way to study the graphene growth mechanism. 
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