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Chapter 1 

Introduction 

    

1.1 Graphene structure and its properties 
 

Graphene is an allotrope of carbon, in which carbon atoms are arranged 

into a two-dimension honeycomb lattice as shown in Figure 1.1 (a). The unit 

mesh of graphene is formed by two unit cell vectors of |aG| = |bG|=0.24589 nm. 

A unit cell (shaded area) contains 2 carbon atoms. Figure 1.1 (b) shows 

chemical bondings between atoms in graphene. Graphene has two important 

bondings which are a π bond perpendicular to the planar sheet and sp
2
 bond (σ 

bond) in-plane sheet. 

Graphene has a variety of exotic properties such as its high strength and 

flexibility. Namely, graphene is about 100 times stronger than steel and it can 

be stretched by 20 percent. And yet, graphene is flexible like rubber [2]. In the 

electronic band structure, graphene has remarkable electronic properties such as 

high mobility and linear dispersion (Dirac cone) at the K-point in the Brillouin 

zone where the valence and conduction bands touch with each other as shown in 

the magnified image in Figure 1.1 (b). The velocity of graphene electrons near 

the Dirac cone can be calculated by the relation of E= ħkvf where E is electron 

energy; ħ is Planck’s constant divided by 2π; k is wave vector and vf is the 

Fermi velocity. The calculation shows the value of vf of ~10
6
 m/s. These unique 

properties of graphene make it a promising candidate for the future electronic 

and photonic devices.  
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Figure 1.1. (a) Structure of graphene and (b) Bondings on graphene. The 

magnified image shows the linear dispersion at the K point. 

 

 

1.2 Dependence of graphene electronic property on 

graphene layer number 
 

Figure 1.2 shows calculated electronic band curves of graphene film 

which covers on Si-face SiC [1]. In the case of buffer layer, there is no Dirac 

cone and the band gap is very wide. For monolayer graphene (2 carbon layers) 

there is a Dirac cone where the conduction and valence bands touch each other 

without band gap. In the case of bilayer graphene, there are two parabolic bands 

with a small band gap. The parabolic bands originate from the interaction of 

Fermi electrons. As described above, graphene electronic properties vary with 

layer number of graphene and hence the accurate method for graphene thickness 

estimation is necessary. In chapter 4 of this thesis the author demonstrates an 

accurate method for graphene film thickness estimation by using X-ray 

diffraction.  
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Figure 1.2. Calculated electron band structures of graphene on Si-face SiC. 

Reproduced by permission of IOP Publishing [1] and reprinted with permission 

from [3]. Copyright (2007) by the American Physical Society.  

 

 

1.3 History of graphene fabrication 
 

Graphene was first produced in 2004 by Andre Geim, Konstantin 

Novoselov and their collaborators from the University of Manchester, UK and 

the Institute for Microelectronics Technology in Chernogolovka, Russia [4]. In 

2010, the Nobel Prize in physics was awarded to Andre Geim and Konstantin 

Novoselov. Nevertheless there are some groups reporting that Andre Geim and 

Konstantin Novoselov are not the first people who discover graphene, i.e. there 

are some research group produced graphene before them. The timeline about 

history of graphene fabrication is shown in Table 1.1. 
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Table 1.1. Timeline in the history of graphene preparation modified from 

reference [5].  

Period Event Worker names 

1840-

1958 
Graphite oxide was prepared. 

Schafhaeutl, Brodie, 

staudenmaier, 

Hummers and others 

1962 

Reduced graphene oxide (r-Go) by the 

chemical and thermal reduction of graphite 

oxide. 

Boehm and co-

workers 

1969 
Graphene monolayer on the Pt surface was 

confirmed. 

Morgan and 

Somorjai 

1970 
graphene monolayer was prepared by 

segregating carbon on the surface of Ni (100). 

Blakely and co-

workers 

1975 
graphene monolayer was prepared by 

subliming silicon from silicon carbine. 

Van Bommel and 

co-workers 

1999 

Graphite was micromechanically exfoliated 

into thin lamellae comprised of multiple layers 

of graphene 

Ruoff and co-

workers 

2004 
Graphene was prepared by micromechanical 

exfoliation. 

Geim and co-

workers 

 

 

Graphene can be fabricated by various methods such as mechanical 

exfoliation of graphite, chemical vapor deposition (CVD) of carbon-bearing 

gases on the surface of copper films [6]-[7], and cutting open nanotubes [8]. 

The growth of graphene by heating silicon carbide (SiC) crystals is also one of 

the efficient approaches for a large scale production of graphene. For some 

applications such as field-effect transistors (FETs) need a substrate which has 

graphene on an insulator. The transference of graphene which was grown 

elsewhere, onto another insulator degrades the graphene properties such as 

carrier mobility. The growth of graphene on a SiC substrate can solve this 

problem because SiC is a semi-insulator.   

 

1.4 SiC structure and its properties 
 

Silicon carbide (SiC) is an extremely hard material which consists of 

silicon and carbon atoms. In this thesis, I study on the growth of epitaxial 
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graphene on SiC. The knowledge about the SiC structures is necessary because 

they can affect on the growth of epitaxial graphene. Moreover, understanding of 

SiC structures such as interlayer spacings help us to distinguish between SiC 

and epitaxial graphene peaks in X-ray diffraction when the sample is measured 

to determine the graphene film thickness (see chapter 4). Generally, there are 2 

types of SiC which are commonly used, i.e., 4H-SiC and 6H-SiC. An nH-SiC 

unit cell is defined by n bilayers of SiC. For example, 4H and 6H-SiC contain 4 

and 6 SiC bilayers, respectively. Each bilayer of SiC consists of Si and C plane. 

Figure 1.3 shows schematic of the unit cell structure of 4H and 6H-SiC. The 

lattice constant (aSiC) and layer spacing are ~0.308 nm and ~0.25 nm, 

respectively, for both types. In addition, the stacking sequences for 4H and 6H-

SiC are ABCB… and ABCACB…, respectively.    

 

Figure 1.3. The unit cell structure of 4H and 6H SiC. Small and big circles 

represent carbon and silicon atoms, respectively. Reproduced by permission of 

IOP Publishing [1]. 
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Silicon carbide (SiC) is a semiconductor with attractive properties such as 

wide band gap, high saturated electron mobility, high break-down electric field, 

good chemical and thermal stability [11]. Since SiC is a polar crystal, SiC has 2 

types of surface i.e. Si-terminated and C-terminated faces. SiC substrate that 

ends up with the Si layer is called Si-face SiC. Similarly, SiC substrate that ends 

up with the C layer is called C-face SiC. However, graphene formed on Si-face 

and C-face SiC substrates have different quality and thickness. For example, the 

graphene film on Si-face SiC has orderly orientation, i.e., the graphene layer 

stacking is almost AB stacking and orientation of each layer is same. On the 

other hand, the layer stacking of graphene film on C-face SiC has various 

orientations. In addition, if the SiC both faces (Si-face and C-face) are annealed 

under the same conditions (same annealing temperature, time and ambient 

pressure), the formation of graphene film on C-face SiC will be thicker than that 

on Si-face. Moreover, the buffer layer will appear only on Si-face SiC but it 

disappears on C-face SiC.  

 

 

1.5 Growth of graphene on SiC by thermal decomposition 

in argon gas atmosphere. 
 

The conventional growth of graphene on SiC is just annealing SiC 

substrate in UHV at graphitization temperature. Figure 1.4 (a) shows graphene 
morphology after annealing in UHV. The terrace width of graphene is very 

narrow around 200-500 nm. In 2009, Emtsev et al. tried to anneal Si-face SiC 

substrate under argon pressure [12]. They found that annealing under argon gas 

can reduce the graphene roughness. Figure 1.4 (b) shows the morphology of 

graphene on Si-face SiC (0001) after annealing the SiC substrate under argon 

gas pressure of 0.3 atm. The terraces of graphene film which was grown by 

annealing under argon gas are wider obviously than the sample which is 

annealed in UHV. Wider terraces on Ar-grown epitaxial graphene are attributed 

to the reduction of Si evaporation from the SiC substrate. The presence of a 

argon pressure can reduce Si evaporation because when Si atoms desorbed from 

the surface, the Si atoms have a possibility to crash with Ar atoms and reflect 

back to the surface. The reduction of Si evaporation increases time to improve 

the surface before graphitization. Emtsev et al also measure the structural and 

electronic properties of Ar-grown graphene layers by using low-energy electron 



11 

 

diffraction (LEED), photoelectron spectroscopy and Raman spectroscopy. They 

found that although the process of Ar-grown epitaxial graphene on Si-face SiC 

results in an improvement in surface morphology, all other properties such as 

orientation with respect to the substrate, electronic structure and charge carrier 

density remain unchanged as compared to vacuum-grown layers. Namely, the 

structure of epitaxial graphene on Si-face SiC is still           and has 

orientation difference of 30 degree from the SiC substrate. For the electronic 

structure of Ar-grown graphene, Dirac point is still lower Fermi level owing to 

electron doping from the substrate. Although the electronic properties of both 

process (Ar-grown and UHV-grown) are same, Emtsev et al also show that 

electronic qualities (such as electron mobility) are different due to the difference 

in surface roughness. The improvement of electron mobility in Ar-grown 

graphene is shown in Table 1.2.  

Emtsev and co-worker show that annealing SiC under only high pressure 

of Ar gas (~900 mbar).This process can give us only graphene film with large 

domain and low roughness. In this thesis, we show the dependence of small 

graphene shape on inert gas pressure and annealing temperature. The SiC 

substrate will be annealed under various inert gas pressures and annealing 

temperature. Shape of small graphene with ring-shape, triangle-shape and 

stripe-shape will be shown clearly by using Atomic force microscopy (AFM) 

and scanning electron microscope (SEM). In addition, this process can keep 

intact edge of the small graphene due to the bottom-up growth. It is different 

from the growth of small graphene by cutting a large graphene sheet that 

destroys the graphene edge.     

 

 
Figure 1.4. Morphology of graphene on SiC after annealing in (a) UHV and (b) 

argon pressure of 0.3 atm.  
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 Table 1.2. electron mobilities (in cm
2
V

-1
s

-1
) on UHV- and Ar-grown graphene 

measured at T= 300 and 27 K. This table is modified from [12]  

Method 300 K 27 K 

Ar 930 2000 

UHV 550 710 
 

 

1.6 Purpose of this study 
 

 This thesis is focus on the estimation of layer number of epitaxial 

graphene on SiC substrate and the growth of graphene on Si-terminated and C-

terminated SiC by annealing the substrates under inert gas.  

For the estimation of graphene layer number, there are many methods can 

be performed for determination of graphene layer number such as Auger 

electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), angle-

resolved photoemission spectroscopy (ARPES), surface X-ray diffraction 

(SXRD), scanning electron microscope (SEM) and low-energy electron 

microscope (LEEM). In the case of AES and XPS, a creation of model of the 

sample structure (graphene on SiC) is required. Moreover, knowledge of the 

inelastic mean free path of electrons in graphene layer is needed. In fact, it is 

not easy to understand the realistic model of the sample and accurate value of 

the inelastic mean free path of electrons. Therefore, it is difficult to obtain 

accurate information about graphene layer number from these methods. For 

SXRD method, it is a useful method which can estimate the film thickness but 

the acquirement of the accurate surface information is complicated and takes a 

long time. For the layer number estimation by LEEM, many researchers 

recently believed that the estimation of graphene layer number from this method 

is reliable. The layer number is determined from the number of minima in the 

LEEM spectra. Nevertheless, there is nobody proved that this method give us 

accurate information or not.   

In this thesis, we offer a simple and accurate method for determining the 

layer number of graphene on SiC by using X-ray diffraction. The layer 

estimation methods by SEM, ARPES and Raman are also performed to confirm 
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the accuracy of this estimation method of graphene layer number. Moreover, in 

this thesis, we have studied the growth of graphene on Si-terminate and C-

terminate SiC. In the case of graphene on Si-terminated SiC, we demonstrate 

the growth of epitaxial graphene in various shapes such as embedded and 

protrusive graphene stripes, graphene rings, and graphene triangles   

   

 

1.7 Outline of this thesis 
 

In this thesis, I study on the growth and layer estimation of epitaxial 

graphene on 6H-SiC. Thickness (or layer number) of the epitaxial graphene film 

on SiC is estimated by X-ray diffraction technique. In addition, I also study the 

growth of embedded and protrusive graphene stripes, graphene rings and 

graphene triangles on 6H-SiC. The followings show outline of the study in this 

thesis.  

In chapter 1, Introduction including graphene and SiC structure, history 

of graphene synthesis and graphene properties are written in this chapter. 

Moreover, the basic knowledge about the improvement of graphene quality by 

annealing SiC substrate under Ar gas atmosphere is also described.    

In chapter 2, the basic knowledge such as analytical instruments and X-

ray diffraction is written concisely to understand the instrument and principle 

clearly. 

In chapter 3, the experimental procedure is thoroughly written including 

synthesis and characterization of graphene.     

It is important to know the layer number of graphene film since the 

electronic properties of graphene depend on graphene film thickness. In chapter 

4, the efficient method to determine graphene film thickness on 6H-SiC by 

using X-ray diffraction is demonstrated. I offer a simple and effective master 

equation to estimate graphene film thickness on 6H-SiC. The accuracy of the 

results is confirmed by ultra-high vacuum scanning electron microscope (UHV-

SEM) and angle-resolved photoemission spectroscopy (ARPES).  
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In chapter 5, I anneal C-face 6H-SiC (000  ) substrates under argon gas to 

produce epitaxial graphene films with average thickness of 3 monolayers on the 

substrate. I also characterize the surface structure and morphology by reflection 

high-energy electron diffraction (RHEED) and atomic force microscopy (AFM). 

Moreover, Raman mapping measurement reveals that the graphene layer has 

high uniformity in doping concentration and strains. After graphitization I found 

that the step height of SiC surface is lower than 9 nm and graphene grows 

continuously across these steps to form large domains. AFM phase images 

indicate that the SiC surface is completely covered by graphene.  

In chapter 6, I find the growth of protrusive striped graphene on Si-face 

6H-SiC (0001) by annealing the SiC substrate under Ar gas. This result shows a 

strong contrast against the epitaxial graphene on SiC substrate grown in UHV; 

the epitaxial graphene is embedded in SiC surface with bonds between graphene 

edge and Si or C atoms of SiC substrate. For the graphene grown in Ar, the 

graphene edge structures approach free standing graphene because there is no 

bonding between graphene edge and SiC substrate.  

In chapter 7, I display the growth of graphene rings on Si-face 6H-SiC 

(0001) since graphene rings have many attractive properties such as high 

electromagnetic confinement. This property implies that graphene rings are 

suitable for applying to optical antennas. Moreover, this growth method can 

preserve the structure of ring edges intact unlike electron-beam lithographic 

methods.  
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Chapter 2 

Experimental Method 

 

2.1 Basic principle of analytical methods 
 

2.1.1 Atomic force microscopy 

 

AFM Topographic image 

 

 Atomic force microscopy (AFM) is a type of microscopy which can show 

the resolution on the order of nanometer. The AFM consists of a laser beam, 

cantilever and position detector (as shown in Figure 2.1). The force between the 

tip and the sample is given from the Hooke`s law  

 

F=-kz,     (eq. 2.1) 

 

where  

F is the force; 

k is stiffness of the cantilever; 

and z is the distance from equilibrium point of cantilever.    

 

The AFM can measure morphology by maintaining a constant force. Moreover, 

AFM can distinguish the materials which have different viscosity and hardness 

by using phase imaging. 
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Figure 2.1. Systematic setup of AFM components. 

 

 

AFM Phase image 

 

For our experiments, SPM-9600 AFM which purchased from Shimadzu 

Corporation is carried out. AFM tapping mode is set up in this instrument. AFM 

phase imaging is a function in tapping mode of AFM. Therefore, it is possible to 

measure the morphology and phase image at same position and time. Phase 

imaging is created from the phase shift of the oscillating cantilever. The phase 

shift is originated from a delay in oscillation of the cantilever as shown in 

Figure 2.2. This delay is correlative with the viscosity and hardness of the 

material. Therefore, AFM phase imaging can distinguish materials on the 

sample surface. Figure 2.3 shows an example of phase image. This image 

displays two different contrasts (bright and dark brown) revealing there are 2 

types of material. These two types of material are proved in Chapter 4, these are 

graphene (bright regions) and buffer layer (dark regions). In this thesis, we use 

the phase imaging to distinguish the graphene material from the buffer layer and 

SiC substrate.   

 

Cantilever 

Laser 
Detector 
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Figure 2.2. Phase shift originated from delay of cantilever when it measured on 

the different material. 

 

 

 

Figure 2.3. 1010 m
2
 AFM phase image measured on the sample which 

contains graphene on SiC substrate. 
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2.1.2 Angle resolved photoemission spectroscopy 

 

 Angle resolved photoemission spectroscopy (ARPES), also known as 

ARUPS (angle-resolved ultraviolet photoemission spectroscopy), is an 

experimental technique for observing the energy dispersion of the electrons. 

ARPES makes use of the photoelectric effect by striking a monochromatized 

ultraviolet on a sample surface and counting the photoelectrons which leave the 

surface by an electron energy analyzer. This analyzer can measure the kinetic 

energy (Ekin) of electrons emitted into a given direction. Using the kinetic 

energy, we can estimate the wave vector of the electron in the matter in the 

extended scheme by 

 cossin2
1

kinx mEK


  

 sinsin2
1

kiny mEK


  

 cos)(2
1

 kinz EmK


,     (eq. 2.2) 

whereandare the polar and azimuthal emission angles (as shown in Figure 

2.4), m is electron mass,  is the work function and ħ is the Planck constant 

divided by 2π.  

 



20 

 

 

Figure 2.4. Experimental setup of ARPES. 

 

2.1.3 Reflection high-energy electron diffraction 

 
 Reflection high-energy electron diffraction (RHEED) is a technique for 

examining the surface of materials. A RHEED system consists of electron 

source (electron gun), detector screen and the clean surface sample, as shown in 

Figure 2.5. The incident electron beam from the electron gun approaches the 

sample at small angle . Then the diffracted electrons reach the detector screen 

and form a diffraction pattern.  

 Azimuthal angle is an angle between the direction of an incident electron 

beam and the ordered crystal lattice direction (Figure 2.6 shows an example of 

RHEED scans at the azimuthal angle difference of 90 degrees). The most 

RHEED system is equipped with a sample holder that can rotate the sample 

around the surface perpendicular axis. The RHEED scan has to carry out at least 

2 different azimuthal angles for the reliable characterization of a crystal 

structure.     
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Figure 2.5. Systematic setup of RHEED components. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. The electron beam incidents on the sample surface at a different 

azimuthal angle of 90 degrees. 

 

2.1.4 X-ray diffraction 

 

 X-ray diffraction (XRD) is a non-destructive technique that reveals the 

crystallographic structure. The simple XRD system requires an X-ray source, 

Detector Screen 

screen 

Electron gun 

( ) 

Sample 

Sample holder 

SAMPLE 

(a) 
(b) 

S
A

M
P

L
E

 

[h1,k1,l1] 

[h2,k2,l2] 

[h1,k1,l1] 

[h2,k2,l2] 
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detector and clean surface sample as shown in Figure 2.7 (a).  The diffraction 

will occur when Bragg`s condition (see below) is satisfied. XRD profiles can 

give us the information about interlayer spacing by calculation from the Bragg`s 

equation.  

 When an X-ray beam shines on the sample surface, the atoms on the 

surface play the part of scattering centers and emit scattered x-ray waves. The 

intensity of the scattered wave relates to the phase difference. If the phase 

difference is not equal to integer multiple of wavelength, the scattered wave will 

be absent due to the cancelation of each scattered wave. Therefore the scattered 

wave appear only in the case of phase difference is equal to integer multiple of 

wavelength. Figure 2.7 (b) shows the path difference = BCAB  =  2dsin Hence 

the reflected wave occurs when 

2dsin=n               (Bragg’s equation) 

(eq. 2.3) 

where n is an integer, is an X-ray wavelength, d is a lattice spacing 

perpendicular to the surface and  is the angle between the incident beam and 

the scattering planes.      

 In this thesis, the XRD is employed to study the SiC (0001) spacing, 

interface-graphene and graphene-graphene spacing. The XRD profiles will be 

calculated for graphene thickness estimation. 
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Figure 2.7. Schematic of a setup of XRD (a) and diffraction on the sample 

surface (b). 

 

2.2 Basic principle for X-ray diffraction 
 

X-rays is a name of electromagnetic radiation which has a wavelength in 

the range of 0.01 to 10 nm. X-ray diffraction is a common technique to study 

the crystal structures of solids. In this thesis, X-ray diffraction technique is used 

to determine layer spacing and graphene film thickness on 6H-SiC (0001). In 

this section we describe the intensity of X-ray diffraction at observation point 

from the fundamental concept. The major contents in this section are made brief 

and modified from Ref [14].    

 

2.2.1 Classic scattering from a free electron 

 
When the monochromatic X-rays shine on a sample, atoms on the sample 

will scattered the beam. In this section we consider the scattering of X-ray by a 

free electron. For the classic scattering, when an X-ray beam hits an atom, an 

(a) 

(b) 

X-ray source Detector Sample (  

d 
( 
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electric field from the X-ray beam will force an electron to move with 

acceleration. The movement of an electron with acceleration releases electro-

magnetic wave which has a same frequency as the incident radiation.      

 

Figure 2.8 Classical scattering by a free electron 

 

 Figure 2.8 shows a schematic of classical scattering by a free electron. 

When an X-ray incident beam hits the electron, the instantaneous values of the 

electric fields in y and z components at the position of the electron are   

0Y = E0Ysin2t, 0Z = E0Zsin2t   (eq. 2.4) 

where, E0Y and E0Z are amplitude of electric field of the incident beam in y and z 

components, respectively.  is frequency of incident beam. t is time. After the 

beam hit the electron, the electron is moved by the force from the above electric 

field with acceleration of  

   
  

 
 

    

 
           (eq. 2.5) 

   
  

 
 

    

 
           (eq. 2.6) 

 From the electromagnetic theory, the electric field () at point P can be 

calculated by 

  
      

   
      (eq. 2.7) 

where, c is velocity of light, a is electron acceleration, R is distance from 

electron to point P.   is an angle between a and R. 

In the case of y-component with acceleration of    
    

 
      , the electric 

field () at point P is given by 

e- 

E0Z 
E0Y 

Incident Beam 

P 

R 

X  
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         .   (eq. 2.8) 

 

In a similar process, the electric field () at point P in the z-component is given 

by 

  

   
     

    
      .    (eq. 2.9) 

The amplitudes of electric field () at point P for the both components are  

    
     

    
        (eq. 2.10) 

   
     

    
.                (eq. 2.11) 

 

Therefore, the resultant amplitude E at the point P is  

     
     

  
  

      
    

     
      .  (eq. 2.12) 

Since the electric vector from the incident beam takes with equal probability in 

all orientations in the YZ-plane, i.e., 

    
       

  .     (eq. 2.13) 

Considering the averages  

        
       

      
  ,    (eq. 2.14) 

We have 

    
       

   
 

 
   

  .    (eq. 2.15) 

Therefore,   

     
  

       
 

 
   

   
 

 
   

         (eq. 2.16) 

        
  

  

       
      

 
 .   (eq. 2.17) 

We can calculate the intensity at point P by using the following equation 



26 

 

  
 

  
    .     (eq. 2.18) 

After the substitution of     , the intensity at the point P is given by 

  
 

  
   

  
  

       
      

 
    (eq. 2.19) 

    
  

       
      

 
     (eq. 2.20) 

where    
 

  
   

  . The factor  
      

 
  is called the polarization factor. 

 

2.2.2 Scattering from several electrons 

 
In the previous section we showed the scattering by a free electron. In this 

section, we consider the case of the scatting from many electrons. Figure 2.9 

shows the condition of a plane wave shines on the electrons (circle). The 

scattering takes place from the electrons to observation point P.  

 

Figure 2.9 Scattering of a plane incident beam by many electrons. Circles 

represent scattering electrons. The integer numbers (1, 2, 3,…, n) in circles 

indicate the number of scattering electrons. X1, X2, X3,…, Xn are the total 

distances between wave front W to the point P.   

  

 The instantaneous value of the electric field at point P in each scattered 

wave is given by 

             
    


 ,    (eq. 2.21) 
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where  is the frequency,  is the wavelength and En is the amplitude from each 

scattering electron. If we expanded the equation, we can obtain 

                  
    


              

    


  . (eq. 2.22) 

Therefore, the resultant instantaneous electric field at point P is  

                     
    


                 

    


 . (eq. 2.23) 

Let      

       
    


         (eq. 2.24) 

       
    


      ,   (eq. 2.25) 

And hence  

                             (eq. 2.26) 

            .     (eq. 2.27) 

 

2.2.3 Scattering by an atom 

 
 In the case of scattering from many electrons (previous case), we know 

the instantaneous value of the electric field is 

             
    


 .    (eq. 2.28) 

We have already proven (in the case of scattering by a free electron) that after a 

free electron was accelerated, En equals to 
    

    
. Therefore, the instantaneous 

value of the electric field becomes 

   
    

    
        

    


 .    (eq. 2.29) 

 

 



28 

 

 

Figure 2.10 Scattering of a group of electron around an atom 

  

In this case we consider the scattering by an atom. The distances from 

atom to electrons have to be considered. Figure 2.10 shows the scattering of this 

condition. The incident beam with amplitude E0 hits an atom at point O. rn 

represents the position of each electron related to the atom. X1, X2 and R are the 

distance between wave front-electron, electron-point P and atom-point P, 

respectively. s0 and s are unit vectors pointing to incident beam and R direction, 

respectively. 

 The total path from wave front to point P is X1+X2. Therefore the 

instantaneous value of the electric field at point P is  

       
    

     
        

         


    (eq. 2.30) 

Since            and            , 

  X1+X2 =                           .  (eq. 2.31) 

So, 

   
    

     
        

               


    (eq. 2.32) 

is derived. Using exponential expression, 

  
    

     
  

      
               


 
    (eq. 2.33) 

  
    

     
 

      
   


   

  
           


 
.    (eq. 2.34) 
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Generally, the distance from the atom to the observation point P and that from 

electrons to the point P are approximately same (X2R). Hence 

 

  
    

    
 

      
 


    

  


           

. 

(eq. 2.35) 

The term    
  


           

 is called atomic scattering factor. 

 

2.2.4 Diffraction by graphene on SiC (0001) 

 
 In the previous section, we showed the instantaneous value of the electric 

field at point P by the diffraction from an atom. In this section, we focus on the 

intensity of the diffraction from the graphene on SiC (0001) at the observation 

point P. First, we consider an incident beam with intensity I0 and wavelength  

shines on the graphene on Si-face 6H-SiC (0001). The conditions are 

demonstrated by Figure 2.11. The point O represents a crystal origin. The 

position of atom is indicated by vector   
 =m1a1+m2a2+m3a3+rn.  

 

Figure 2.11  Diffraction by a small crystal 

 By modifying the instantaneous value of the electric field at point P by 

the diffraction from an atom (eq. 2.35), the instantaneous value of the electric 

field at point P by the diffraction from a small crystal is given by 

   
    

    
   

      
 


    

  


          

  
   (eq. 2.36) 
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where fn is an atomic scattering factor. After substituted 

  
 =m1a1+m2a2+m3a3+rn we get 

   
    

    
   

      
 


    

  


                             

 (eq. 2.37) 

   
    

    
 

      
 

 
     

  


           
 

    
  


                  

       
  


                  

       
  


                  

     (eq. 

2.38) 

The term of      
  


           

 is called structure factor (F). From the 3 Laue 

conditions  

            (eq. 2.39) 

            (eq. 2.40) 

            (eq. 2.41) 

where    
 


       is the change between incident and scattered wave 

vectors. Since we are considering on the graphene film on SiC (0001) where 

Miller indices of h and k are zero, therefore the instantaneous value of the 

electric field can be reduced to 

   
    

    
 

      
 


 
             

    
    ,  (eq. 2.42) 

where N3 is a number of graphene layer. 

The intensity of the field at the observation point P is given by 

  
 

  
     

 

  

    
 

        
      

 


 
 
 

      
   

          
    
     

 
 (eq. 2.43) 

   
        

 
              

    
     

 
,   (eq. 2.44) 
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Chapter 3 

Synthesis and Characterization of 

Epitaxial Graphene on 6H-SiC (0001) 

 

3.1 Graphene synthesis 
 

3.1.1 SiC single crystalline substrate 

 

High-quality n-doped Si-terminated and C-terminated 6H-SiC substrates 

for our experiments were purchase from Crystal Base company with the sizes of 

1230.25 mm and 2530.235 mm. All 6H-SiC substrates are polished one 

face from the company. The orientations of the Si-terminated and C-terminated 

6H-SiC are (0001) and (000  ), respectively. The degree of hardness, band gap 

and electronic conductivity of these 6H-SiC are 13, 3.93 eV and 0.076 Ω/cm, 

respectively.  

 

 

3.1.2 Thermal treatment of SiC 

 

Precleaning of a 6H-SiC substrate was carried out by ultrasonic in acetone 

for about 6 minutes. After acetone was evaporated, the substrate was 

immediately mounted on the sample holder and put to an exchange chamber 

(right part in Figure 3.1). After that, air in the exchange chamber is evacuated 

until the background pressure reaches ~10
-6

 Pa. A gate valve between the 

exchange and the main chambers is opened followed by transfering the sample 

into the main chamber with the base pressure of ~10
-8

 Pa by using a transfer rod. 

Then the gate valve is closed. Next, Si atoms from Si source are deposited on 

the substrate with the Si thickness of ~2 layers. Si deposition process is 
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expressed by a simple schematic in Figure 3.2. First, the filament is heated by 

applying an electrical current to emit electrons. Then, the emitted electrons are 

confined by electric field to strike the Si wafer. Some emitted Si atoms will 

deposit on the surface of SiC substrate. In the case of annealing the SiC 

substrate under UHV condition, the substrate is annealed in this main chamber. 

For annealing the SiC substrate under inert gas conditions, the substrate is 

transfer to the exchange chamber by the transfer rod again without exposure to 

air. After the transfer, the gate between both chambers is closed followed by 

inert gas introduction. The samples were named by using the gas type and value 

of gas pressure where they were annealed in. The sample is annealed by 

resistive heating method (Figure 3.3) where the sample is connected with 2 

electrodes. The direct current (I) is flowed into the SiC substrate to increase the 

substrate temperature. The annealing temperature was in a range from ~900 C 

to graphitization temperature in steps of approximately 100 C. The annealing 

time was about 10-15 minutes per step to produce a few layered graphene. The 

annealing temperature is measured by detecting the thermal radiation from the 

sample using a pyrometer. 

 

 

Figure 3.1. Experimental setup shows the whole view which consists of main 

(left part) and exchange (right part) chamber. The base of the pressure of the 

main and exchange chamber are ~10
-10

 and ~10
-8

 torr, respectively. 
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Figure 3.2. Schematic of Si deposition process. 

 

 

Figure 3.3.  Schematic of resistive heating system. 
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3.2 Characterization of epitaxial graphene on 6H-SiC 

(0001) 
 

3.2.1 Reflection high-energy electron diffraction (RHEED) 

 

 After annealing, the sample was transferred back to the main chamber by 

the transfer rod to measure the surface structure by RHEED which has an 

electron gun generating an incident electron beam with energy of 10kV hits on 

the sample surface with a small incident angle between beam and sample 

surface. The RHEED patterns which reveal the surface structure of the sample 

are projected onto the screen as shown in Figure 3.4. These RHEED patterns 

were recorded by a CCD camera. In order to measure RHEED patterns from 

different azimuths the sample can be rotated by rotating the manipulator on top.     

 

 

Figure 3.4. Schematic of systematic setup insides the main chamber. 
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3.2.2 Synchrotron X-ray diffraction (XRD)  

 

 An ex-situ XRD measurement is carried out at the beam line 4C, Photon 

Factory, KEK (Tsukuba, Japan). The sample is put on the sample holder which 

can move in horizontal and vertical directions. The sample holder also can be 

rotated around itself (r direction) and experimental circumference (R direction) 

as shown in Figure 3.5. In our experiment, an X-ray detector which can be 

rotated around experimental circumference (R direction) is performed to collect 

the diffracted X-ray. Diffraction data were collected at X-ray energy of 10.2 

keV and incident beam size of 1 mm at room temperature. 

 

Figure 3.5. Schematic of X-ray diffraction system. 

 

3.2.3 Angle-resolved photoemission spectroscopy (ARPES)  

 

 An ARPES measurement was conducted at room temperature at the beam 

line 5U of UVSOR-II in the Institute for Molecular Science, Okazaki, Japan. 

The excitation photon with energy of 80 eV shines on the sample. The emitted 
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valence electrons are collected and analyzed by lens and hemispherical analyzer 

as shown in Figure 3.6. Namely, after the sample was shined by ultraviolet, 

photoelectrons emit from the sample surface and are collected by a special lens. 

This lens can resolve the electron momenta, i.e., it can send electrons which 

have the same momenta to the same location at the exit aperture of the lens. 

Electrons with different momenta and energy will enter the entrance slit and go 

out of the exit slit of the hemispherical analyzer at different position. Figure 3.7 

shows the electron path in the case of the two electrons which have same kinetic 

energy but different momenta. In addition, the hemispherical analyzer was 

applied by two different potential, V1 and V2, at the inner and outer 

hemispherical to alter the electron`s trajectory. Figure 3.8 show the path of 

photoelectron which contain a same momentum, inside the hemispherical 

analyzer. Fast electrons which contain high kinetic energy will follow a larger 

radius of circular trajectory (blue trajectory). On the other hand, slow electrons 

which contain lower kinetic energy will follow a small radius of the circular 

trajectory (red trajectory). Therefore the 3D mapping which contain momentum, 

kinetic energy and intensity of the photoelectrons can be created by this 

instrument.  
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Figure 3.6. Schematic of angle-resolved photoemission spectroscopy system 

 

Figure 3.7 Schematic of electron path inside the hemispherical detector in the 

case of same kinetic energy but different momentum. 
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Figure 3.8. Schematic of electron path inside the hemispherical detector. 
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Chapter 4 

Graphene Film Thickness Estimation by 

X-ray Diffraction (XRD) 

 
The estimation of the graphene film thickness on SiC substrate is vitally 

important since the properties of graphene depend on its thickness. In general, 

there are several techniques, such as scanning electron microscope (SEM) [17], 

Auger electron spectroscopy (AES) [18, 19], X-ray photoelectron spectroscopy 

(XPS) [20], attenuation of substrate Raman intensity [20], angle-resolved 

photoemission spectroscopy (ARPES) [15] and surface X-ray diffraction 

(SXRD) [21, 22] to determine the layer number of graphene grown on SiC. For 

the AES and XPS, the thickness determination relies on the Si/C intensity ratio 

and the model which assumes that graphene is grown uniformly on SiC 

substrate. Their accuracy could suffer from the unrealistic model and the 

inaccurate knowledge of the inelastic mean free path of electrons [18-20, 23]. In 

the case of the estimation by attenuation of substrate Raman intensity, the 

accuracy depends on the Raman intensity of SiC which varies in position.  In 

the case of ARPES, it can reveal the graphene band structure which implies 

only the combination of graphene layer but not respective coverages. Low 

accelerating voltage SEM is a technique which can locally distinguish the 

relative graphene thickness regions by difference in contrast but it cannot 

exhibit the absolute graphene thickness unless contrast-thickness relation for 

each sample is obtained. The SXRD is a wonderful method which can estimate 

the film thickness. Charrier et al. demonstrates the determination of graphene 

thickness by using SXRD [24]. They measured the structure factor along the 

graphite rod versus the l (coordinate in the reciprocal space) and then fit a 

simulated Structure factor to the experimental data. Since the Structure factor at 

each l obtains by calculation from a rocking scan (intensity Vs diffraction angle 

  measurement), it is take time to obtain the data of rocking scan for all l. In 

addition, the simulation for fitting the structure factor data is complicate. 

Therefore the acquirement of the accurate surface information by using the 
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SXRD method is more complicated and takes a long time than our XRD method 

which uses a simple equation and takes a few minute to obtain experiment XRD 

data.         

In this chapter, we have determined the layer thickness of non-uniform 

graphene on SiC substrate by the X-ray diffraction (XRD). The surface 

information, such as layer spacing and the graphene thickness distribution, is 

obtained by using a simple equation. The results are also confirmed by ARPES 

and ultra-high vacuum scanning electron microscope (UHV-SEM).  

 

4. 1 Experimental 
 

N-type Si-terminated 6H-SiC (0001) substrates were first deposited by 

silicon about 2 layers then annealed under argon gas with a pressure of 0.05, 0.3 

and 0.5 atm. The annealing temperature was in a range from ~900 C to 

graphitization temperature (1550C for the 0.05 atm sample, 1675 C for the 

0.3 atm sample andC for the 0.5 atm sample) with increasing 

temperature by ~100 C. The annealing time was about 10-15 minutes at each 

temperature to produce a few layered graphene. The sample heating was carried 

out by direct current through the sample. The samples were named as the value 

of argon pressure where they were annealed in and their graphitization 

temperature; e.g. 0.05 atm 1550 C sample means a SiC substrate was annealed 

under argon pressure of 0.05 atm at graphitization temperature of 1550 C. 

After annealing, an ex-situ XRD measurement was carried out at the beam 

line 4C, Photon Factory, KEK (Tsukuba, Japan). Diffraction data were collected 

at X-ray energy of 10.2 keV and incident beam size of 1 mm at room 

temperature. An ARPES measurement was also conducted at room temperature 

at the beam line 5U of UVSOR-II in the Institute for Molecular Science, 

Okazaki, Japan. The excitation photon energy was set to 80 eV. An Ultra-High 

Vacuum (UHV)-SEM (Omicron Nano Technology) observation with incident 

beam of 1.7-2.2 keV was also carried out.  
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4.2 Thickness estimation by XRD method 
 

 For demonstrating the graphene film thickness estimation by XRD 

methods, we choose samples which annealed under argon pressure of 0.05, 0.3 

and 0.5 atm with graphitization temperature of 1550 C, 1675 C, 1700 C, 

respectively. Figure 4.1 shows XRD profiles of (a) 0.05 atm 1550 C sample, 

(b) 0.3 atm 1650 C sample and (c) 0.5 atm 1700 C sample. As indicated in the 

figure, diffraction peaks of graphene and SiC are observed at ~20  and 27.8 , 

respectively. The d-spacings can be calculated from the peak position using 

Bragg’s equation. In this experiment, the X-ray wavelength () of 1.21553 Å is 

used. 

  



43 

 

 

 

 

Figure 4.1. XRD experimental data of the samples annealed under Ar pressure 

of (a) 0.05 atm, (b) 0.3 atm and (c) 0.5 atm.  
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4.2.1 Calculation method for graphene thickness estimation 

 

To estimate graphene thickness from XRD profiles, the Laue diffraction 

function was used. At first, a simple model was assumed that the graphene was 

grown uniformly on SiC substrate as shown in Figure 4.2. Under this 

assumption, the total scattering amplitudes is A(k)=        
   using the 

summation of geometric series (    
        

   
) we can obtain       

            

       
 and the intensity (I) of the XRD diffraction is 

 

       
              

             
 

 (eq. 4.1)  

Here, F is a structure factor, N is the number of graphene layer and ka = 

(4dsin)/ where d is a lattice spacing perpendicular to the surface,  is an 

angle between the incident ray and the scattering planes,  is a wavelength of X-

ray. The calculated curve using this uniform model (Figure 4.3) shows that the 

full width at half maximum (FWHM) will get smaller in case of higher layer 

number. On the other hand, if the layer number is smaller, the FWHM will 

increase. Moreover, this model is useless in the case of the single carbon layer 

(only buffer layer). The atomic scattering factor term is also added in (eq. 4.1) 

for the better fitting as 

                

 

   

 

 

 

(eq. 4.2) 

where f(θ) is an atomic scattering factor of carbon which can be taken from ref 

[25].  
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Figure 4.2. The model showing graphene grown uniformly on SiC. The number 

of carbon atoms (blue circle) is equal in every graphene layer.     
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Figure 4.3. Calculated curves with various graphene thicknesses obtained from 

the uniform graphene model.  
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Figure 4.4. Experimental XRD data after subtracted SiC and buffer layer peak.  

 

 

Figure 4.5. Calculated curve fitting on the graphene peak of experimental XRD 

profile (blue dots) of 0.05 atm 1550 C sample. Green dot and red dash 

calculated curves originate from uniform model with the thickness parameters 

(N) are 1 and 2 layers, respectively.        
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4.2.2 Fitting calculated curve with uniform model on XRD 

experimental data 

 

 Figure 4.4 shows experimental XRD profile of 0.05 atm 1550 C after 

subtracted SiC peak and SiC-buffer peak. Figure 4.5 shows the simulated curves 

fit on the graphene peak of this XRD profile. Green dotted line and red broken 

line in Figure 4.5 are calculated curves from (eq. 4.2) with graphene layer 

number (N) of 1 and 2, respectively. The spacing d of 3.60 Å was employed. As 

shown in the figure, there are large discrepancy between the calculated curve 

and the experimental one, i.e., too broad for N = 1 or too narrow for N = 2. This 

suggests that the number of graphene layers on the SiC substrate is not uniform, 

but has a distribution.      

 

 

Figure 4.6. Schematic of thickness distribution model used in (eq. 4.3). 0 is 

assumed as 1. 
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Figure 4.7. Calculated curves based on the non-uniform model with =1 

(black solid curve), =0.2 (green broken curve),=0.5 

(blue dot curve). 

 

 

4.2.3 Fitting curves calculated from non-uniform model on XRD 

experimental data 

 

In order to improve the fitting, another model which includes graphene 

thickness distribution was introduced as shown in Figure 4.6. With this model 

and the Laue functions, XRD intensity can be calculated as 

              
     

 

   

 

 

 

(eq. 4.3) 

where j is a occupancy of j-th graphene layer (its value is between 0 and 1). kaj 

= (4djsin)/ where dj is a lattice spacing (between j
th

 and (j-1)
th
) perpendicular 

to the surface Figure 4.7 shows the example of calculated curves which 
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originated from the non-uniform model (eq. 4.3) focusing on a region around 

the graphene peak. The black solid curve is a calculated intensity of graphene 

peak in the case of trilayer graphene with uniform thickness (=1). By 

using the non-uniform model, the peak width of the calculated curve can be 

controlled by adjusting the graphene layer number, i.e. we can expand the peak 

width by decreasing the occupancy of 3
th
 graphene layer as shown by the green 

broken curve (=0.2). The curve can also be lifted up by decreasing 

occupancy of the base layer as demonstrated by blue dot 

curve0.2=0.5). Note that the case of 0.2=0.5) is not 

practical. It is used to clearly demonstrate the lift of simulation curve.   

Figure 4.8 (a)-(c) show fitting of simulated curves which calculated from 

(eq. 4.3). Spacing parameters (dj) used in those calculations are shown in Table 

4.1. The experimental curve in Figure 4.5 is between the simulated curves 

calculated from uniform model with N=1 and N=2, implying that the graphene 

film thickness on this sample is about 1 or 2 graphene layers. Figure 4.8 (a) 

shows the calculated curve with occupancy 1=1 and 2=0.14 fits on the data 

profile. Although the fitting is better than the case of uniform model, there is a 

large discrepancy around 2=10-13. Figure 4.8 (b) shows the calculated curve 

with occupancy 1=0.7 and 2=0.14. Decrease in 1 can lift up the calculated 

curve around 2=10-13. We find that the parameters 1=0.47 and 2=0.14 are 

the best fitting for this data as shown in Figure 4.8 (c). The graphene thickness 

of two samples which were annealed under argon pressure of 0.3 atm and 0.5 

atm were also estimated by the same method as demonstrated in Figure 4.9 (a) 

and (b), respectively. The fitting parameters were summarized in Table 4.1. 

Figure 4.10 (a)-(c) shows simulated curves (red curves) fitting on the 

experimental profile on 0.05 atm 1550 C sample, 0.3 atm 1650 C sample and 

0.5 atm 1700 C sample, respectively. These simulated curves originate from 

the superposition of Graphene (black), SiC (green), and SiC-buffer (blue) 

curves. SiC and SiC-buffer curves are calculated by using Gaussian function. 

The SiC-buffer peak positions are 24.7, 25.2 and 24.8 for Figure 4.10 (a)-(c), 

respectively implying that the spacing between SiC and buffer layers are 2.84 Å, 

2.79 Å and 2.83 Å, respectively (eq. 2.3). 2
 (= (O-E)

2
/E; O is intensity from 

the calculation, E is that from experiment) dependences on j and dj parameter 

change are shown in Figure 4.11 and Figure 4.12, respectively. Please note that, 

in order to avoid the effect of SiC substrate, the fitting was operated in the range 

of 2 from 10 to 22. The 2
 curves reveal steep valley, which suggests the 
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fitting resolution is good enough. For the interlayer spacings dj, there is one 

thing to point out. d value for bulk graphite is known as 3.35 Å and the fitting 

results for 0.3 and  0.5 atm samples agree with this value. While for 0.05 atm 

sample, calculated d values are about 3.5 Å and about 5% larger than that of the 

bulk value. The reason for the increase in interlayer spacing of this sample is 

not clear but similar values were also obtained by Weng group measured by a 

high-resolution high-angle annular-dark-field (HAADF) scanning TEM 

(STEM) [27]. Coverages of n-layer graphene regions (n) can be calculated 

from  values as n = n-n+1, and those results are shown in the “by XRD” line 

in Table 4.2. 
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Figure 4.8. Calculated curve (black solid curve) which originated from non-

uniform model fits on the graphene peak of experimental XRD profiles (blue 

dots) of 0.05 atm 1550 C sample. 
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Table 4.1. XRD fitting parameters, dj’s (inter layer spacing) and j’s (occupancy 

of j-th graphene layer). 

Ar 
Pressure 

0.05 atm 0.3 atm 0.5 atm 

j 1 2 1 2 3 1 2 

d (Å) 3.55 ± 0.05 3.50 ± 0.05 3.30 ± 0.05 3.30 ± 0.05 3.30 ± 0.05 3.40 ± 0.10 3.40 ± 0.05 

 (%) 47 ± 2 14 ± 2 75 ± 5 35 ± 5 10 ± 5 90 ± 5 36 ± 5 

 

 

 

 

Figure 4.9. Calculated curve (black solid curve) which originated from non-

uniform model fits on graphene peak of experimental XRD profiles of (a) 0.3 

atm 1650 C and (b) 0.5 atm 1700 C.  
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Figure 4.10. Simulation curve (red curve) fits on experimental XRD profile of 

(a) 0.05 atm 1550 C sample, (b) 0.3 atm 1650 C sample and (c) 0.5 atm 1700 

C sample. Black, green and blue curves originate from graphene layer, SiC 

bilayer and SiC-buffer layer, respectively. Simulation black curve is calculated 

from (eq. 4.3). Green and blue curves are calculated from Gaussian function.   
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Figure 4.11. The chi-squared (
2
) dependence on j parameters for (a) 0.05 atm 

1550 C sample, (b) 0.3 atm 1650 C sample and (c) 0.5 atm 1700 C sample. 

The other fitting parameters (except j) are taken from Table 4.1. 
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Figure 4.12. The chi-squared (2
) dependence on layer spacing (dj) parameters 

for (a) 0.05 atm 1550 C sample, (b) 0.3 atm 1650 C sample and (c) 0.5 atm 

1700 C sample. The other fitting parameters (except dj) are taken from Table 

4.1. 
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4.3 Confirmation of the thickness estimation by SEM 
 

Scanning electron microscope (SEM) is an electron microscope which 

focuses an electron beam and scans on the sample to produce its images by 

detecting secondary electrons from the sample surface. In the case of different 

graphene film thickness on SiC, the intensity of secondary electron emitted 

from the sample is distinct as shown in Figure 4.13. Namely, the secondary 

electron intensity of the thicker graphene area is higher that of thinner region.   

 

 

Figure 4.13. Dependence of SEM contrast on the primary electron acceleration 

voltage for 1, 2, 4, 6, 8 and10 graphene layers (this figure reprint from Ref [26]). 

Unit of the horizontal axis should be corrected to kV, though the figure is 

reproduced without modification here. Copyright (2010) The Japan Society of 

Applied Physics. 
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 To confirm the layer number distribution obtained by XRD analysis, low 

acceleration UHV-SEM experiments were carried out. Figure 4.14 shows 

respective SEM images for 0.05 atm 1550 C sample, 0.3 atm 1650 C sample 

and 0.5 atm 1700 C sample. As shown in the figures, there are clear contrasts 

on the sample surfaces (indicated by 0, 1, and 2 in the figure). The contrast in 

SEM images reflects the number of layer of graphene. However, absolute 

values of the layer number cannot be determined. To overcome this weakness, 

the following procedure was carried out. Samples used in this experiment were 

heated by direct current, so that sample area near electrode could not be heated 

as high as graphitization temperature. Thus, SiC surface remains in this area. 

Therefore, continuous observation from the SiC area to the graphitized area 

gives a relationship between contrast and layer number for each sample. As a 

result, it was confirmed that the area 0, 1 and 2 in SEM images correspond to 

buffer layer, monolayer and bilayer graphene regions, respectively. 

Unfortunately, it was impossible to distinguish more than 2 layers region from 

bilayer region under our experimental condition (acceleration voltage, S/N ratio 

etc.). It is also a problem to compare XRD and SEM results, since observation 

area is different, ~1 mm for XRD and ~10 m for SEM. Therefore, SEM 

measurements were carried out at several points within XRD measurement area, 

and area of each contrast was summed up. Coverages of n-layer graphene 

regions derived from SEM images are listed in “by SEM” line in Table 4.2. As 

shown in the table, coverages determined by XRD analysis are in good 

agreement with those measured by SEM. 

 

Table 4.2. Coverages of n-layer graphene regions determined by XRD and SEM.  

 

Ar 

Pressure 
0.05 atm 0.3 atm 0.5 atm 

Layers 

(n) 

Buffer 

(0) 

Monolayer 

(1) 

Bilayer 

(2) 

Buffer 

(0) 

Monolayer 

(1) 

Bilayer 

(2) 

Trilayer 

(3) 

Buffer 

(0) 

Monolayer 

(1) 

Bilayer 

(2) 

by XRD 53% 33% 14% 25% 40% 25% 10% 10% 54% 36% 

by SEM 53% 41% 6% 25% 48% 27% 4% 58% 38% 
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Figure 4.14. Low accelerating voltage UHV-SEM images of (a) 0.05 atm 1550 

C sample, (b) 0.3 atm 1650 C sample and (c) 0.5 atm 1700 C sample taken 

with accelerating voltage of 2.2, 2.2 and 1.7 kV, respectively. There are 3 

contrast levels in these images, bright (indicated 0 in the figure), dark gray (1), 

and black (2), corresponding to buffer layer, monolayer and at least bilayer 

graphene, respectively. Inset figure in (a) is the magnified image in the broken 

line square. The image contrast was adjusted to make a distinction of graphene 

thickness clearly.   
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4.4 Confirmation of the thickness estimation by ARPES 
 

ARPES (angle-resolved photoemission spectroscopy) is one of 

techniques for estimating layer number of epitaxial graphene since the number 

of  bands increases with the number of layers. Figure 1.2 shows calculated 

band structures of the interface (buffer), 1 and 2 graphene layers. At the 

interface layer (left panel), there is no π band near EF at the K point. The 

monolayer (middle) and bilayer (right) show one and two π bands, respectively 

near EF around the K point. Figure 4.15 (a)-(d) show the experimental data from 

reference [28] corresponding to the graphene band structures of 1-4 graphene 

layers.  

 

  

Figure 4.15. ARPES band structure of the  and * bands near EF and K-point. 

(a)-(d) are the data corresponding to graphene the band structure of 1-4 

graphene layers. Reprinted with permission from [29]. Copyright (2007) by the 

American Physical Society. 

 

For qualitative inspection, ARPES experiment was also carried out and 

its result is shown in Figure 4.16. The sample used in this experiment is 

graphene grown under 0.05 atm of Ar pressure, which was determined as 
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mixture of 33% monolayer and 14% bilayer graphene using the XRD analysis. 

Here, the origin of the energy axis is taken at the Fermi energy EF. The inset 

curves at the bottom of Figure 4.16 display intensities of photoelectrons with 

energies of -1.5, -2 and -2.5 eV as a function of wave number (the momentum 

distribution curve). The intensity profile was fitted by Gaussian functions, and 

the results were shown by broken lines. In this fitting noise peaks indicated by 

vertical arrows were ignored. The electronic band obtained by the ARPES 

measurement consists of a single branch as shown by the fitting result, which 

implies this sample consists of monolayer graphene [15]. However, the band 

apparently shows a band gap (~0.3 eV) and binding energy shift (~0.4 eV), 

which is different from free standing graphene monolayer [16]. It is considered 

that the band gap opening and the energy shift are caused by interaction (strain 

and/or doping) between monolayer graphene and the substrate [30]. Since 

ARPES evaluates only graphene layers (but not a buffer layer). It can be said 

that the graphene region is dominated by monolayer region. However, it is very 

difficult to obtain quantitative values of the layer distribution. The XRD 

analysis delivers that 70% (33/(33+14)) of graphene region of this sample is 

monolayer, which is qualitatively consistent with the ARPES result.  
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Figure 4.16. ARPES spectra of the 0.05 atm 1550 C sample around the K point 

of graphene. Upper right illustration represents a schematic electronic band 

structure which originated from a graphene monolayer. The band gap between 

valence and conduction bands may originate from the interaction between 

graphene and SiC substrate. An inset at the bottom shows momentum 

distribution curves of photoelectrons at the energies of -1.5, -2 and -2.5 eV. 

Broken lines in the graph show the components of the monolayer electronic 

structures fitted using Gaussian functions. Vertical arrows indicate two of noise 

signal lines (both in ARPES mapping and the inset graph).  
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4.5 Confirmation of the thickness estimation by Raman 
 

 Raman spectroscopy is another method for estimating the layer number of 

few-layer graphene on SiC. Since the electron band structure of graphene 

monolayer and bilayer near K point are different as shown in Figure 1.2, the 

shapes of 2D peak of the graphene monolayer and bilayer are also different, i.e., 

there is a single 2D peak for the graphene monolayer but in case of graphene 

bilayer, this 2D peak splits in 4 component curves [31]. Figure 4.17 (a) shows 

Raman spectra of 0.05 atm 1550 C sample, 0.3 atm 1650 C sample and 0.5 

atm 1700 C sample. Figure 4.17 (b)-(d) show the simulation curves fitting on 

the experimental data around 2D peak of 0.05 atm 1550 C sample, 0.3 atm 

1650 C sample and 0.5 atm 1700 C sample, respectively. In the case of 0.05 

atm 1550 C sample (Figure 4.17 (b)) the 2D peak can be fit by a single curve 

but for 0.3 atm 1650 C and 0.5 atm 1700 C sample, the 2D peak can be fit by 

4 component curves. These imply that at the Raman measurement area, 

graphene layer numbers of 0.05 atm 1550 C sample, 0.3 atm 1650 C sample 

and 0.5 atm 1700 C sample are monolayer, bilayer and bilayer, respectively. 

These are corresponding with XRD, SEM and ARPES.  
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Figure 4.17. (a) Raman spectra of 0.05 atm 1550 C sample (green), 0.3 atm 

1650 C sample (blue) and 0.5 atm 1700 C sample (black). (b)-(c) Raman 

spectra at 2D peak of (b) 0.05 atm 1550 C sample, (c) 0.3 atm 1650 C sample 

and (d) 0.5 atm 1700 C sample. Orange curves are simulation curves fitting on 

the 2D peaks data curves. Small red, green, violet and blue curves in (c) and (d) 

are the component curves of the simulation ones. All component curves are 

calculated from Lorentzian function.  

 

4.6 Conclusion 
 

 In this section I offer the new and simple method to deliver absolute and 

reliable information on graphene thickness distribution on SiC substrate using 

XRD experiments and Laue function. Unlike other methods like low 

acceleration SEM, this is a standardless method, i.e., you don’t need a standard 

or a known sample to determine absolute values of layer number distributions. 

This approach is, therefore, suitable for the sample on which at least 1 carbon 

layer (buffer layer) covers the whole area shone by an X-ray beam.  
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Chapter 5 

Growth of Epitaxial Graphene with 

Large Domain on C-terminated 6H-SiC 

(000  ) 

 

Graphene is attracting considerable attention from the physics, chemistry, 

materials science, and electrical engineering communities. It is considered as a 

viable candidate for all-carbon post complementary metal-oxide-semiconductor 

electronics. To this end, wafer-size graphene is desired to be grown on an 

insulating or semiconducting substrate while preserving the unique electronic 

properties. Although, large-sized graphene can be produced through chemical 

vapor deposition (CVD) on metals, after transferring to an insulating substrate, 

the CVD-grown graphene presents quite low carrier mobility because the 

impurity atoms or clusters are introduced inevitably into the film [32]. The 

growth of epitaxial graphene on high resistive SiC, without any transferring 

process, is considered as a promising approach to the graphene-based 

electronics [33]. The surface free energies of SiC are different at the two polar 

surfaces, 2220 erg/cm
2
 for the Si-terminated surface and 300 erg/cm

2
 for the C-

face [34]. The C-terminated surface graphitizes at a higher rate compared with 

the opposite one [35] and always forms multilayer epitaxial graphene. From the 

viewpoint of transistor application, thin graphene layers are desired to 

effectively switch the on/off current. Up to now, it is still challenging to 

produce few-layer graphene (FLG) on the C-face SiC. Importantly, graphene on 

C-face possesses unprecedented carrier mobility (>200,000 cm
2
 V

−1
 s

−1
) [36], 

making an excellent choice for high-performance transistor. 

Graphene epitaxially grown on SiC was generally accomplished in 

ultrahigh vacuum (UHV). The synthesis conditions can be precisely controlled, 

and the growth can be in situ monitored by techniques such as reflection high-

energy electron diffraction (RHEED) and angle-resolved photoemission 
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spectroscopy. The UHV-grown graphene consists of small-sized domains and 

considerable defects, and the carrier mobility is not as high as expected. 

Recently, it has been reported that a dense argon gas used during graphene 

growth can create large domains on the Si-face of SiC [37, 38]. This method has 

been seldom used on the C-face of SiC because the effect of high-temperature 

annealing results in the fast formation of thick graphene layers. In this chapter, 

an Ar-mediated rapid heating method developed to prepare high quality 

graphene on C-face SiC is reported. This method reduces the soak time at high 

temperature and thus provides the formation of FLG with uniform thickness 

distribution. The surface step height is lower than 9 nm, so that the graphene 

layers can grow continuously over these steps to form large-sized domains. 

 

 5.1 Experimental 
 

Few-layer graphene was prepared on commercial n-type 6H-SiC (000  ) 

(ρ = 0.076 Ω cm) substrates. The synthesis was carried out in a double-chamber 

vacuum system, in which the sample can be studied by RHEED and AES 

without exposure to air. To remove the surface oxides, we deposited 2 

monolayers (ML) of Si on the SiC surface in UHV, followed by heating at 

1000 °C for 10 min. Then, the SiC was heated up to 1650 °C with a heating rate 

of about 30 °C/s in 0.05 atm Ar. The soak time at the annealing temperature was 

10 s. After heating, the sample was rapidly cooled down. Micro-Raman 

spectroscopic analyses were performed on a Renishaw inVia Reflex Raman 

microscope. The excitation source was a 532-nm laser. Atomic force 

microscopy (AFM) measurements were carried out in air using a Shimadzu 

SPM-9600 scanning probe microscope (Shimadzu Corp., Kyoto, Japan). 

 

5.2 Structure of graphene on C-face SiC measured by 

RHEED 
 

The surface structure was investigated by RHEED. The as-received SiC 

substrate gives the SiC (1 × 1) structure, as shown in Figure 5.1 (a and b). The 
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RHEED patterns after heating in Ar ambience at 1650 °C are shown in Figure 

5.1 (c and d). In each azimuth, the diffraction spots (or strips) originated from 

graphene lattices are denoted with G and G*. The coexistence of G and G* in 

one azimuth indicates the existence of the rotated graphene domains. The other 

diffraction spots are attributed to the SiC (3 × 3) reconstruction. When heated in 

UHV, a SiC (3 × 3) reconstruction is usually observed prior to the graphitization 

on the C-face SiC [40]. Hieber et al. have reported two graphene domains that 

grow on the neighboring SiC (3 × 3) and (2 × 2) reconstructions, respectively 

[41]. The absence of SiC (2 × 2) reconstruction, as shown in Figure 5.1, signifies 

that the graphene layers are of high uniformity in phase. Figure 5.1 (e) 

schematizes the combined reciprocal lattice of SiC/graphene. 

 

 

 

Figure 5.1. Reflection high-energy electron diffraction patterns of SiC before (a, 

b) and after graphitization (c, d). Azimuth of the incident beam are         (a, c) 

and          (b, d); (e) illustrates the reciprocal lattices of SiC, including the 3 × 3 

surface reconstruction, and of the rotated graphene. 
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Figure 5.2. Raman spectra of SiC         before and after the few-layer 

graphene (FLG) growth (top spectra). The bottom shows the FLG spectrum 

after SiC subtracting. Inset: the Lorentz fitting of the 2D band. 

 

 

Figure 5.3. Raman spectra of few-layer graphene on Si-face SiC (0001). Inset: 

the magnified image around 2D peak position showing the full-width at half-

maximum of 2D peak is about 70 cm
-1

. 
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5.3 Graphene properties characterized by Raman 
 

The Raman spectra of C-face SiC          before and after the heating are 

shown by black and red lines, respectively on the upper side in Figure 5.2. A red 

line under side in Figure 5.2 presents the Raman spectra of graphene on SiC 

        after subtracting SiC signal. After graphitization, the 2D band of FLG is 

clearly detected around 2700 cm
−1

, whereas the peak of G band is not so sharp 

due to the background from the SiC substrate. When the spectrum from SiC is 

subtracted, the G peak, roughly 1/2 the height of the 2D peak, is apparently 

observed at 1585 cm
−1

, as shown in the bottom spectrum. In addition, the D 

band (around 1350 cm
−1

) is nearly invisible, indicating that the graphene has 

large-sized domains and contains few defects or sp
3
 carbon. The shape of the 

2D peak is related to the graphene structure. It is widely known that the 2D 

band of monolayer graphene shows a sharp, single Lorentz peak. In the AB 

Bernal stacking, it contains multiple components. For instance, the 2D peak of 

graphite consists of two components [42], whereas in few-layer graphene on the 

Si-face of SiC, it shows a broad peak with four comparable components [43]. 

Figure 5.3 shows the Raman spectra of few-layer graphene on Si-face SiC 

(0001) with the full-width at half-maximum of 2D peak of about 70 cm
-1

. It is 

obviously exhibiting broader than the case of few-layer graphene on C-face SiC 

(0001). The 2D band of C-face graphene is fitted by Lorentz peaks (see Figure 

5.2 inset). It contains an intense peak located at 2702 cm
−1

, whose intensity is 16 

times larger than the weaker one at 2739 cm
−1

. As the intensity of the two 

components is not comparable, the sharp 2D peak is different from that of AB 

stacked graphene layer, but is more semblable to the single 2D peak of 

turbostratic graphite [43]. There are 2 types of rotated graphene planes on C-

face SiC, i.e., AB stacking and turbostratic graphite. The significant intensity 

difference between two 2D components implies that the fraction of AB stacking 

is not as much as expected. This can be assigned to the interlayer expansions 

caused by the interference of π* states between adjacent planes, which makes 

the FLG analogous isolated sheets in behavior [44]. 

Owing to the different work functions between graphene and SiC, the as-

grown epitaxial graphene is usually n-doped [45], and the electron 

concentration in graphene layers decays rapidly with graphene thickness. Das et 

al. reported that the Raman intensity ratio of 2D to G peak is greatly influenced 

by the electron concentration of graphene [46]. The neutral graphene has the 
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highest I2D/IG ratio about 3.2, which decreases with p or n-type doping 

concentration. The I2D/IG mapping therefore signals the thickness distribution of 

graphene layers. In Figure 5.4 (a), the ratio is predominantly in a narrow range 

of 1.4-2.5, covering more than 95% on the surface. The C-face graphene gives 

larger I2D/IG ratio, compared with the FLG (2.7 and 3.3 ML in thickness) on the 

Si-face SiC, which exhibit the I2D/IG <1.0 [15]. It is likely that the decoupling of 

C-face graphene layers by the rotational configuration reduces the electron 

doping. 

 

 

Figure 5.4. (a) 100 × 100 µm
2
 Raman spectral mapping for 2D/G peak ratio. (b) 

Raman spectra taken at different positions along a line in (a). (c) Full-width at 

half-maximum (FWHM) of G and 2D peaks of (b). 

 

Unlike Das's electrolyte/graphene/SiO2 layered structure, the epitaxial 

graphene on SiC presents compressive strains resulted from the different 

coefficients of thermal expansion between SiC and graphene during cooling. It 

was found that the I2D/IG ratio of Si-face epitaxial graphene hardly changed with 

strains despite the significant shift of the peak positions (both G and 2D) [48]. 

Additionally, the strains in C-face graphene are partially relaxed by forming 

graphene ridges (unlike graphene on Si-face SiC which rarely contains graphene 

ridges as shown in Figure 5.6) and expected to be smaller than those on the Si-

face.  
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Figure 5.4 (b) shows the variation of Raman spectra taken from different 

locations a–f in Figure 5.4 (a). In general, the G and 2D peak positions remain 

unchanged at approximately 1585 cm
−1

 (G) and 2700 cm
−1

 (2D), respectively. 

The Raman shift, especially for the G peak, is also sensitive to doping 

concentration [46, 49]. The invariance of the peak positions means that the FLG 

has high uniformity in doping concentration and strain distribution. The full-

width at half-maximum (FWHM) of G and 2D peak are listed in Figure 5.4 (c). 

FWHM of G is in the range between 19 and 23 cm
−1

 and that of 2D varies 

around 35 cm
−1

. The peak widths are obviously smaller than these in the Si-face 

FLG [47], but are very close to those of exfoliated neutrality graphene [46]. The 

peak widths further confirm that the C-face FLG is less doped. 

 

5.4 Surface morphology  
 

The morphology of SiC surfaces was investigated using AFM in tapping 

mode, which simultaneously provides the topographic and phase images. The 

as-received SiC, which is mechanically polished, contains considerable wire-

like scratches, and the surface roughness is within 4 nm. After graphitization, 

AFM images of the sample are displayed in Figure 5.5. In the topographic 

image (Figure 5.5 (a)), it can be seen that the original scratch damages vanished 

after the graphene growth, and the rough surface contains irregular 3–9-nm 

steps. The bright, giraffe-patterned stripes are the graphene ridges, with 

height < 6 nm, which are usually observed in C-face graphene. It should be 

mentioned that the surface morphology is nearly uniform throughout the 

graphene region. The phase mapping of AFM can detect variations in 

composition, adhesion, friction, and viscoelasticity. In the case of epitaxial 

graphene on SiC, the contrast in phase image originates from both the surface 

morphology and the material hardness [50]. Figure 5.5 (b) shows the phase 

image of Figure 5.5 (a). By comparison with the topographic images, the 

contrast is correlated to the surface morphology, corresponding to graphene 

ridges (arrow R) and SiC steps (arrow S), respectively. A phase image taken at 

SiC/graphene boundary is shown in Figure 5.5 (c). The graphene region that 

contains giraffe pattern is significantly different from the SiC area. From this, 

we can confirm that the surface in Figure 5.5 (a) is completely covered with 

graphene. 
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Figure 5.5. Atomic force microscopy images of few-layer graphene (FLG) on 

6H-SiC(000–1). (a, b) topographic and corresponding phase images of the 

surface with fully covered FLG. Inset in (a) shows a height profile along the 

dotted line. In (b), the arrows indicate the graphene ridges(R) and surface steps 

(S), respectively. (c) A phase image taken at the SiC/graphene boundary. (d) 3D 

topographic image of a graphene ridge across a 6-nm step. 

 

 

Figure 5.6. AFM topographic (a) and phase (b) images measured on the 

graphene area above Si-face SiC (0001). The sample was prepared by annealing 

Si-face SiC (0001) under Ar pressure of 0.3 atm with the graphitization 

temperature of 1675 C.  

 

20×20µm 

(a) 

20×20µm 

(b) 
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Since the SiC substrate is covered with a few layers of graphene, the 

surface steps originate mainly from the underlying SiC substrate. Large steps is 

expected to obstruct the continuous growth, leading to discrete graphene layers. 

The electrical properties of epitaxial graphene affected by SiC steps have been 

experimentally verified [51]. For the growth of high-performance graphene, the 

formation of the large step should be controlled. The decomposition of SiC that 

generates carbon atoms available to grow graphene results in the SiC depression 

[52-53]. The local SiC depression leaves behind surface steps, their height being 

commonly within several nanometers. When annealed under Ar ambience, 

however, large-height steps are generally observed. Even the growth of 

monolayer graphene from atomically flat surface causes steps 8-15 nm height 

[38]. A single layer of graphene requires only 3.14 SiC bilayers to provide 

carbon atoms [52]. The large-height steps cannot be simply attributed to the SiC 

depletion, even taking into account the broadened terrace after graphitization. 

To investigate the effects of Ar-mediated annealing on the surface roughness, 

we annealed a SiC substrate at 1400 °C under the same Ar pressure for 30 min. 

Although this annealing temperature is too low to graphitize the SiC, surface 

steps with height > 10 nm were formed [39]. The Si–C bond can be broken at 

temperature as low as 1100 °C to form graphene [40]. At higher temperature, 

which is not enough to graphitize the SiC in the presence of Ar, the SiC surface 

is in dynamic equilibrium, i.e., the released Si and C atoms recombine on the 

SiC surface. In minimizing the surface free energy, the self-assembly of Si and 

C atoms to form SiC results in the formation of broad terraces, and accordingly, 

the step height increases. A short-time soak at high-temperature region is 

therefore performed in the present work via the rapid annealing strategy. 

Although the graphene grown contains few-layer graphene, the surface steps are 

not higher than those of Si-face monolayer graphene obtained by a long-time 

annealing [38]. In addition, the graphene ridges climb over the surface steps, as 

indicated by arrows in Figure 5.5 (a). A three-dimensional (3D) AFM 

topographic image is shown in Figure 5.5 (d), in which a ridge forms through an 

8-nm height step. This suggests that the graphene layers consist of large 

domains and grow continuously across the steps. 
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5.5 Conclusions 

High quality FLG has been grown on the C-face of 6H-SiC using an Ar-

mediated rapid heating method. The graphene layers are of high uniformity with 

an average thickness of 3 ML. Raman spectra of FLG measured at different 

locations show that the peak positions remain invariable at 1585 cm
−1

 (G band) 

and 2700 cm
−1

 (2D band). The values of I2D/IG ratio almost invariant, i.e. they 

are in the narrow range between 1.4 and 2.5. After the graphene growth, the 

surface is modified by wide terraces with 3–9-nm height steps, and the FLG 

continuously extends across the steps to form large-scaled grains. 
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Chapter 6 

Growth of Embedded and Protrusive 

Striped Graphene on Si-terminated 6H-SiC 

(0001) 

 
 The formation of epitaxial graphene was originally accomplished by 

annealing the Si-face 6H-SiC in ultrahigh vacuum (UHV). It is already known 

that the growth of epitaxial graphene under this condition gives us the 

embedded graphene in SiC substrate. Kageshima et al. [54] show that an 

embedded structure is energetically preferable by using a first-principle 

calculation method. In addition, the edges of graphene islands with this 

embedded structure have no broken dangling bonds. Namely, C atoms at 

graphene edge bond with Si or C atoms of the SiC substrate. In this chapter, we 

have demonstrated the growth of embedded and protrusive striped graphene on 

Si-terminated 6H-SiC (0001) by annealing the SiC substrates under Ar 

atmosphere. This method can keep the graphene edge intact. In addition, carrier 

concentration and strain of graphene film are characterized by Raman and 

angle-resolved photoemission spectroscopy.  

 

 

6.1 Experimental 
 

N-type Si-terminated 6H-SiC (0001) substrates were employed and first 

cleaned by ultrasonic precleaning with acetone. After that the substrates were 

put in a main chamber with the base pressure of ~10
-8

 Pa and deposited by Si 

atoms around 2 layers. Then the substrates were transferred, without exposure 

to air, to another annealing chamber, and annealed by resistive heating under Ar 
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gas pressure of 0.05 and 0.3 atm. The annealing temperature was in a range 

from ~900 to graphitization temperature (1550 ºC for 0.05 atm sample and 1675 

ºC for 0.3 atm sample) with steps of ~100 ºC (10~15 minutes per each step). 

The annealing temperature was measured by an optical pyrometer. 

After annealing, reflection high-energy electron diffraction (RHEED) 

which has incident beam energy of 10 kV was employed to measure the 

structure of SiC surface in the main chamber (base pressure of ~10
-8

 Pa). The 

topography of samples was measured by atomic force microscopy (AFM) in air. 

An ultra-high vacuum scanning electron microscope (UHV-SEM) which has 

incident beam of 2.2 keV was performed to confirm the shape and position of 

graphene. Raman spectroscopy was performed at room temperature with the 

532 nm excitation laser. Angle-resolved photoemission spectroscopy (ARPES) 

measurement was conducted at room temperature at the beam line 5U of 

UVSOR-II in the Institute for Molecular Science, Okazaki, Japan. The 

excitation photon energy was set to 80 eV. 

  

 6.2 Structure of graphene on Si-face 6H-SiC (0001) 

measured by RHEED  
 

After annealing, the samples were transferred to measure the evolution of 

the surface structure by RHEED. The results show that in the case of the sample 

which annealed under Ar pressure of 0.05 atm (0.05 atm sample) the structure 

of SiC (0001) evolves from 11         66 reconstruction at the 

annealing temperature of 1500 C and 1550 C, respectively, as shown in Table 

6.1. Figure 6.1 shows RHEED patterns after annealing the sample at 1100C 

((a) and (b)), 1500C ((c) and (d)) and 1550C ((e) and (f)). Figure 6.2 shows 

schematics of RHEED patterns in a unit cell before the graphitization. In the 

case of 11 reconstruction (Figure 6.2 (a)), diffraction spots appear only at the 

SiC spots (00), (01), (10) and (11). For the       reconstruction, there are 

two additional diffraction spots appearing between the (00) and (11) spots as 

shown in Figure 6.2 (b). Figure 6.3 (a) displays a large area of RHEED pattern 

measured after annealing at the graphitization temperature (1550 C). RHEED 

patterns of graphene layer over the SiC (Figure 6.1 (e) and (f) and Figure 6.3 

(a)) reveal that the reflections from graphene appears around (0.72, 0.72) and 
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                        spots when the incident beam is applied in the         direction 

[56]. In addition, when the sample is rotated by 30 degree (         incidence), 

the reflections from graphene are observed near (0, ±2) spots. Figure 6.3 (b) 

shows a schematic of the reciprocal lattice of 66 reconstruction where a green 

dash line rhombohedron represents a graphene unit cell which has the different 

angle of 30 degree from a SiC unit cell (black dot line). 

In the case of annealing under Ar pressure of 0.3 atm (0.3 atm sample), 

the structure changes from 11  33  66 reconstruction after annealing at 

the temperature of 1300 C and 1675 C, respectively, as shown in Table 6.1. 

Figure 6.4 shows RHEED results after annealing at 900C ((a) and (b)), 1625C 

((c) and (d)) and 1675C ((e) and (f)) under Ar pressure of 0.3 atm. In the case 

of 33, there are 2 diffraction spots appearing between the (00) and (11) spots 

and between (00) and (01) spots as indicated by circles in Figure 6.4 ((c) and 

(d)). Table 6.1 also shows that the graphitization temperature of 0.3 atm sample 

is higher around 125C than that of 0.05 atm sample. The shift of this 

graphitization temperature can be attributed to the reduction of Si sublimation. 

Namely, the presence of higher pressure of Ar gas increases probability of Si 

collision with Ar atoms, leading to the increase of the number of Si atoms 

reflecting back to the surface. Therefore, the higher annealing temperature is 

needed for the graphitization of 0.3 atm sample. 

Table 6.1. Surface structures of Si-face SiC which was annealed under Ar 

pressure of 0.05 atm and 0.3 atm at each annealing temperature.  

Temperature 

(
o
C) 

Structure 

(Ar 0.05atm) 

Structure 

(Ar 0.3atm) 

900 (11) (11) 

1000 (11) (11) 

1100 (11) (11) 

1200 (11) (11) 

1300 (11) (33) 

1400 (11) (33) 

1500  33  (33) 

1550 (66) (33) 

1575  (33) 

1625  (33) 

1675  (66) 
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Figure 6.1. RHEED patterns from SiC (0001) which was annealed under Ar 

pressure of 0.05 atm at 1100 C (a and b), 1500 C (c and d) and 1550 C (e and 

f) showing 1×1,   ×   and 6×6 reconstruction (respectively) with the beam 

direction of         (a, c and e) and          (b, d and f). Red and black indexes 

indicate reflections from graphene and SiC substrate, respectively. 
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Figure 6.2. Schematics of RHEED patterns in the case of (a) 11, (b)       

and (c) 33 reconstruction. Blue balls represent reciprocal point. 

(a) 

 33(b) 

(33) (c) 

(11) 
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Figure 6.3. (a) RHEED patterns from the SiC (0001) which was annealed at 

graphitization temperature (1550 C) under Ar pressure of 0.05 atm. Blue 

circles indicate superlattice reflection spots. Green arrows are pointing to the 

diffration from graphene lattice. (b) Schematic of reciprocal lattices of 66 

reconstruction. Blue and black balls represent reciprocal lattice point from 1×1 

SiC and graphene surface, respectively. 

Beam direction [1010] 

  

01 01 

11 11 

00 

(b) (66) 

(a) 
[1210] [1210] 
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Figure 6.4. RHEED patterns from the SiC (0001) which was annealed under Ar 

pressure of 0.3 atm at 900 C (a and b), 1625 C (c and d) and 1675 C (e and f) 

showing 1×1, 3×3 and 6×6 reconstruction, respectively. Azimuth of the incident 

beam are         (a, c and e) and          (b, d and f). Red and black indexes 

indicate the positions of reflections from graphene and SiC substrate, 

respectively. 
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6.3 Growth of embedded and protrusive striped 

graphene on Si-face SiC (0001) 
 

In this study, we annealed the SiC substrates by resistive heating method. 

This method provides us with a non-uniform distribution of temperature on the 

SiC substrates, which leads to a systematic distribution of graphene thickness on 

the sample. This method also gives us opportunities for measuring the graphene 

morphology and shape from their initial state. Figure 6.5 shows AFM images of 

the 0.05 atm ((a) and (b)) and 0.3 atm samples ((c) and (d)). In the case of 0.05 

atm sample, AFM topographic and phase images (Figure 6.5 (a) and (b), 

respectively) reveal that bright regions in Figure 6.5 (b) are the position of 

graphene regions. The graphene regions are lower than their terrace, as shown 

clearly by the line profiles along the black line (Figure 6.5 (a) inset). We also 

found that the graphene is first nucleated at the upper step edge. It is attributed 

to the SiC decomposition which prefers to occur at the step edge due to the 

instability of the step edge. SEM image (Figure 6.6 (a)) shows three distinctive 

SEM contrasts, i.e., bright, dark gray and black (narrow striped line) indicating 

buffer layer, monolayer and bilayer graphene, respectively [57]. SEM results 

confirm the bright region in AFM phase image (Figure 6.5 (b)) is graphene 

regions. For annealing the 0.3 atm sample, Figure 6.5 (c) and (d) shows 

graphene morphology and shape measured at the beginning state of graphene 

growth. These AFM results reveal that graphene is first grown at the upper step 

edge. The AFM topography line profile along the black line (inset in Figure 6.5 

(c)) shows the position of graphene region at the upper step edge is about 1.2 

nm higher than that of SiC region on the same terrace. AFM phase (Figure 6.5 

(d)) and SEM (Figure 6.6 (b)) images confirm the protrusive area at upper step 

edge is graphene region. Although, the height of the protrusive area implies that 

this region should contain a buffer layer and 3 graphene layers, the thickness 

measurement using X-ray diffraction (XRD) reveals the presence of graphene 

monolayer, bilayer and trilayer on this sample are 40%, 25% and 10%, 

respectively [57]. Since the area in Figure 6.5 (c) and (d) was measured around 

the beginning state of graphene growth, the graphene thickness on the 

protrusive region should be graphene monolayer. It implies that the protrusive 

area consists of SiC layers stacking at the base and a buffer layer and graphene 

monolayer terminating on the top.  
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 In addition, we use Raman spectroscopy to confirm the thickness of the 

protrusive striped graphene on the 0.3 atm sample. Since Raman 2D peak 

originates from Dirac cone, the appearance of Raman 2D peak can confirm the 

presence of graphene inside the Raman laser beam spot. Figure 6.7 (a) shows an 

optical image of 0.3 atm sample at the boundary between SiC and graphene 

regions. Figure 6.7 (b) shows the relation between intensities of 2D peak and 

positions along the yellow line in Figure 6.7 (a). The relation shows that the 

intensity of 2D peak is high in graphene region and it becomes lower near the 

boundary. Finally, the intensity of 2D peak becomes the lowest outside 

graphene region (in SiC region). The variance of 2D peak intensity is attributed 

to size of graphene area inside the Raman beam spot. In the graphene region, 

graphene area is larger than Raman laser beam spot (~1 m) therefore the 

intensity of the 2D peak in this region is high. At the boundary, the graphene 

size is smaller than Raman laser beam spot hence the intensity of Raman 2D 

peak is lower than that in graphene region.  

It is well known that the 2D peak shape depends on graphene thickness. 

For example, if the shape of 2D peak is explaned by one Lorentzian function 

curve, it implies that this graphene film thickness is monolayer. In the case of 

bilayer graphene, the 2D peak shape is broader than that in the case of graphene 

monolayer. The 2D peak shape of bilayer graphene may be explained by four 

Lorentzian function curves. Figure 6.7 (c) shows Raman spectra measured at the 

position (-500,0). Figure 6.7 (c) inset shows a calculated curve fit on 

experimental data at 2D peak by using only one Lorentzian function curve, and 

implies that graphene film thickness on this region is monolayer graphene. The 

2D peak shape along the yellow line in Figure 6.7 (a) is also investigated every 

50 m. We can observe only monolayer graphene from the boundary to 500 m 

the graphene region. Raman results correspond with XRD and SEM results 

which reveal that the thickness of the protrusive striped graphene near the 

boundary region between SiC and graphene is graphene monolayer.   
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Figure 6.5. 1010 m
2
 AFM images of (a) and (b) 0.05 atm and (c) and (d) 0.3 

atm samples. Inset in (a) and (c) show line profiles along black lines. Bright 

regions in AFM phase image (b and d) indicate graphene regions. 
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Figure 6.6. 1010 m
2
 SEM image of (a) 0.05 atm and (b) 0.3 atm sample taken 

with acceleration voltage of 2.2 keV.  
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Figure 6.7. (a) 0.3 atm sample image measured at the boundary between SiC 

and graphene by optical microscope. (b) Intensities of the 2D peak which vary 

in positions along the yellow line in (a). (c) Raman spectra measured at position 

(-500,0). Inset shows Raman spectra at 2D peak (blue curve) and fitting curve 

(red curve).  
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Figure 6.8. Optical microscope image meassured on the 0.3 atm sample 

displaying the positions that are meassured by AFM. AFM images at position 1, 

2, 3 and 4 are presented in Figure 6.5 (c and d),  Figure 6.9 (a and b), Figure 6.9 

(c and d) and Figure 6.9 (e and f). 

(a) (b) 1 2 3 4 

SiC Graphene 

Tlower Thigher 
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Figure 6.9 AFM 20×20µm
2 

topographic (a, c and e) and phase (b, d and f) 

images. 
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In general, formation of embedded graphene on Si-terminated 6H-SiC is 

commonly found [58] but the growth of protrusive graphene is rare because it 

needs higher energy for C diffusion to incorporate and form graphene. Figure 

6.9 displays the growth of protrusive graphene on SiC substrate at higher 

annealing temperature regions by AFM measurement. The positions of AFM 

measurement are shown in Figure 6.8. At the beginning, narrow SiC steps 

bunch on the sample surface. After that the protrusive graphene strips are 

formed at the upper-side step edge (Figure 6.5 (c) and (d)). Then the size of 

protrusive graphene becomes larger and larger, as shown in Figure 6.9 ((a) and 

(b)) and Figure 6.9 ((c) and (d)), respectively. Finally, the protrusive graphene 

completely covers the SiC substrate. The terrace width is obviously wider than 

the terrace width at the initial state, as shown in Figure 6.9 ((e) and (f)). 

Here, I propose models of the graphene growth process. Figure 6.11 

shows schematics of graphene growth process for 0.05 atm (Figure 6.11 (b)) 

and 0.3 atm (Figure 6.11 (c)) samples. A schematic in Figure 6.11 (a) shows the 

bunching steps, which appear on both samples, before graphene nucleation. In 

the case of 0.05 atm sample (Figure 6.11 (b)), the SiC substrate is first 

decomposed at upper step edge. Si atom sublimation leaves behind free C atoms 

on the lowered area. After that those free C atoms incorporate and nucleate 

buffer and graphene layer, consecutively. Since the graphene position of this 

sample is lower than the position of SiC substrate on the same terrace, therefore 

it is possible that C atoms at the edge of carbon layer (buffer and graphene 

layer) bond with Si or C atoms of the SiC substrate to reduce the total energy 

[59]. For 0.3 atm sample (Figure 6.11 (c)), which were annealed under higher 

graphitization temperature than 0.05 atm sample, the free C and Si atoms which 

were released from the SiC decomposition diffuse and incorporate at the step 

edge. Free C and Si atoms can be confined at step edge due to the Schwoebel-

Ehrlich barrier, i.e., For free atoms migrating on a terrace, the number of nearest 

neighbor atoms at the top edge of the step is lower than that on the terrace. This 

leads to the occurrence of addition diffusion barrier at the step edge as shown in 

Figure 6.10. This addition diffusion barrier is called Schwoebel-Ehrlich barrier 

[60,61]. The free C and Si atoms prefer to be trapped around the edge. After 

many free atoms stopped at the step edge, subsequent free atoms will upward 

hop on top the previous trapped atoms. After that the Si atoms on top start to 

sublimate and then the first carbon layer on top is formed by remaining free C 

atoms. Since the position of the graphene is higher than that of bare SiC terrace, 

there is no bonding between graphene edge and the SiC substrate. It means we 
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can fabricate striped graphene with intact edges which near free standing 

graphene on SiC.   

In this section, we describe about two types of graphene growth on SiC 

(0001), i.e., embedded and protrusive graphene. The type of graphene growth 

can be controlled by Ar pressure. Namely, if the SiC (0001) is annealed under 

argon pressure of 0.05 atm, epitaxial graphene film will be embedded in the SiC 

substrate. On the other hand, if the SiC (0001) is annealed under argon pressure 

of 0.3 atm, the protrusive graphene on SiC substrate is obtained.    

 

 

Figure 6.10. Schematic of surface topography (above) and diffusion barrier 

(below). A black solid circle represents a free atom which diffuses from the 

terrace to a step edge.  
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Figure 6.11. Schematic of graphene growth process showing bare SiC surface 

with bunching step (a), embedded (b) and protrusive (c) carbon layer at SiC step 

edge. Small and big circles indicate carbon and silicon atoms, respectively.  
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6.4 Raman characterization 
 

In this section, an electron carrier concentration and strain of embedded 

(0.05 atm sample) and protrusive (0.3 atm sample) graphene are investigated by 

Raman measurement. Figure 6.12 shows Raman spectra of 0.05 atm (green 

solid line) and 0.3 atm (blue solid line) samples after the subtraction of SiC 

spectra. The position of G peak (near 1600 cm
-1

) can be measured and is 

approximately the same for both samples. The inset in the figure shows the 

magnification of 2D peak around 2700 cm
-1

. The 2D peak position for the 

embedded graphene (0.05 atm sample) is slightly blue shifted (around 20 cm
-1

) 

with respect to the protrusive sample (0.3 atm sample).  

For the electron carrier concentration, the charge doping of graphene can 

change the G peak position [63-65]. The G peak positions in the two samples 

are approximately same. It suggests that the carrier concentration of embedded 

and protrusive graphene is identical. It is corresponding to angle-resolved 

photoemission spectroscopy (ARPES) results (Figure 6.12 (b) and (c)) showing 

the same doping level for both samples.      

 In the case of graphene film strain, Mohiuddin research group found that 

the strain on graphene film can change the position of G and 2D peaks [66]. In 

our case, the positions of G peaks of the embedded and protrusive graphene are 

nearly same but only the 2D peaks of both samples are slightly different. These 

suggest that the both samples contain approximately the same strain even 

though there are the bonds between graphene edge and SiC substrate in the case 

of embedded graphene.    

In addition, the graphene film thickness is also determined by fitting the 

2D peak. As the number of graphene layer relates to the number of the 

combination of 2D peak, i.e., 2D peak consists of 1 and 4 combination peaks for 

graphene monolayer and bilayer, respectively. Figure 6.12 inset shows that the 

combination of 2D peak for 0.05 and 0.3 atm sample are 1 and 4 combination 

curves, respectively implying that the thickness of 0.05 and 0.3 atm sample at 

the Raman measurement area are graphene monolayer and bilayer, respectively.  

The above analysis reveals that the types of graphene (embedded and 

protrusive graphene) do not affect on electron concentration and graphene strain. 
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Figure 6.12. (a) Raman spectra after subtracting of SiC spectra. Green and blue 

solid lines indicate the samples annealed under Ar pressure of 0.05 atm and 0.3 

atm, respectively. (a) Inset: magnification of Raman spectra at the 2D peak 

region. Orange curves are simulation curves.  (b) and (c) ARPES spectra of the 

0.05 atm and 0.3 atm sample (respectively) showing Dirac cone around the K 

point of graphene. 

 

6.5 Conclusion  
 

I have grown and investigated the epitaxial embedded and protrusive 

striped graphene on Si-terminated 6H-SiC (0001). We found that the 
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graphitization temperature rises from 1550 C to 1675 C with increment of Ar 

pressure from 0.05 atm to 0.3 atm. Graphene unit cell for both samples has 

rotated by 30 degree from SiC unit cell. In addition, graphene prefers to be 

grown and embedded at step edge for 0.05 atm sample. In the case of 0.3 atm 

sample, free C and Si atoms which are released from the SiC decomposition 

diffuse to the step edge and nucleate protrusive graphene layer there. Raman 

peak characteristics and ARPES spectra reveal that the embedded and 

protrusive graphene have approximately the same carrier concentration and 

graphene film strain.   
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Chapter 7 

Growth of Non-Concentric Graphene 

Ring on 6H-SiC (0001) Surface 

 
 Optical antennas are devices that efficiently convert the energy of free 

propagating radiation into localized energy and vice versa. The development of 

optical antennas is promising for improving the efficiency of sensing, 

photodetection, photovoltaic technique, light emission, spectroscopy and so on 

[68]. Graphene is a two dimensional carbon material where its carbon atoms are 

packed in a honeycomb crystal lattice. Graphene plasmons have much tighter 

confinement and relatively long propagation distances that are advantage for 

tunable devices [69]. The electric field enhancement factor of graphene plasmon 

for tunable terahertz optical antennas was demonstrated using analytical model 

by Liu et al. [70] which has shown that the electric field enhancement factor 

from graphene ring is about 20 times larger than gold nanoring. They also found 

that graphene ring with eccentricity can increase efficiency of optical antennas. 

Traditionally, graphene ring can be fabricated by cutting down a larger 

graphene which can be prepared in many ways such as mechanical exfoliation 

of graphite, chemical vapor deposition (CVD) of carbon-bearing gases on the 

surface of copper films [71,72] and thermal decomposition of SiC substrates.   

 In this chapter, the growth of non-concentric epitaxial graphene rings on 

Si-terminated SiC (0001) is studied. This method can keep the ring edge intact. 

Moreover, the edge structure of the ring is armchair edge because it is the stable 

edge structure of graphene islands on SiC [73]. The contents in this chapter 

were published in [74]. 
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7.1 Experimental 
 

Epitaxial graphene was produced by employing N-type Si-terminated 6H-

SiC (0001) substrates. The procedure for graphitizing SiC was performed by 

resistive heating under UHV and inert gas (He, Ne or Ar) pressure of 0.05-0.3 

atm. The annealing temperature was in range of ~900C to graphitization 

temperature (~1300 ºC, ~1600 ºC and 1675 ºC under UHV, inert gas pressure of 

0.05-0.1 atm and Ar pressure of 0.3 atm, respectively) with steps of ~100C 

(10~15 minutes per each step).  

After annealing, reflection high-energy electron diffraction (RHEED) with 

incident beam energy of 10 kV was employed to measure the structure of SiC 

surface in the main chamber (base pressure of ~10
-8

 Pa). The morphology of 

samples was measured by atomic force microscopy (AFM) and scanning 

tunneling microscopy (STM) in air and UHV, respectively. Ultra-high vacuum 

scanning electron microscopy (UHV-SEM) with on incident beam of 2.2 keV 

was also performed.  

 

 

 7.2 Condition for the growth of graphene rings on Si-face 

SiC (0001) 
 

RHEED results show the surface structure of 66 reconstruction after 

annealing at the graphitization temperature (~1600 ºC). The reflections from 

graphene are appeared around (0.72, 0.72) and                         spots [75] when 

the incident beam was applied in the         direction. In addition, when the 

sample was rotated by 30 degree (          incidence), the reflections from 

graphene are observed near (0, ±2) spots, suggesting that the graphene unit cell 

is rotated by 30 degree from the SiC unit cell.  

I find the non-concentric graphene rings with the diameter of ~500 nm 

can be grown on the samples after annealing under various conditions as shown 

in Table 7.1. Figure 7.1 shows AFM topographic (a, b, c, e, g and i) and phase 

(d, f, h and j) images of the samples annealed in UHV (a and b), He pressure of 

0.05 atm (c and d), Ne pressure of 0.05 atm (e and f), Ar pressure of 0.05 atm (g 

and h) and Ar pressure of 0.3 atm (i and j). In the case UHV (Figure 7.1 (a) and 

(b)), narrow terraces (~hundreds nanometer) are obtained. Graphene islands are 
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indiscernible on this sample. For annealing in He gas, bright and dark brown 

regions in AFM phase images (Figure 7.1 (d)) indicate graphene and non-

graphene areas, respectively. The terraces which obtained on this sample 

surface are obviously wider than those annealed in UHV. It is attributed to 

higher graphitization temperature and suppression of Si sublimation. The 

significantly high growth temperature enhances the surface diffusion. Therefore 

the sample surface can be completely restructured before graphene is formed 

[76]. On this sample surface, triangular graphene islands appear on wide 

terraces as indicated by red circles. For Ne (Figure 7.1 (e) and (f)), bright 

yellow, dark brown and black regions in AFM phase images (Figure 7.1 (f)) 

indicate graphene bilayer, monolayer and buffer layer, respectively. On wide 

terraces of this sample the triangular graphene islands with and without non-

graphene area inside are observed as shown in inset (e) and (f). Figure 7.1 (g) 

and (h) show the initial stage of graphene formation measured after a SiC 

substrate was annealed under Ar pressure of 0.05 atm. The formation of 

monolayer graphene rings and triangular graphene islands can be observed. 

Note that the graphene rings on SiC (0001) do not have perfect circles at their 

edge. The shape of their edges looks like a hexagon. In the case of annealing 

under Ar pressure of 0.3 atm (Figure 7.1 (i) and (j)), graphene island is absent 

on the terrace even if the terrace width is as large as the sample annealed under 

the gas pressure of 0.05 atm.  

 

Table 7.1. Density and diameter of graphene rings on SiC which annealed under 

various gases and pressure. 

Pressure (atm) 
UHV 

0.05 0.1  0.3  

Gas Type He Ne Ar Ar Ar 

Graphitization 

Temperature (C) 
1300  ~1600  1675  

Ring Density (m-2) 0 0.17 0.14 0.24 0.056 0 

Ring Diameter (nm) 0 500 500 500 500 0 
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Figure 7.1. AFM topographic (a, b, c, e, g and i) and phase (d, f, h and j) images 

of the samples annealed in UHV (a and b), He pressure of 0.05 atm (c and d), 

Ne pressure of 0.05 atm (e and f), Ar pressure of 0.05 (g and h) and Ar pressure 

of 0.3 atm (i and j). (b) Magnified image of a dash square in (a). Insets in (e, f) 

and (g, h) are magnified images around cirlcle area in (e, f) and (i, j), 

respectively.  
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7.3 Edge structure of graphene ring 
 

The presence of graphene on triangular islands was also confirmed by 

STM measurement. Figure 7.2 (a) shows the morphology of a triangular 

graphene island with a deep pit at its center measured on the sample annealed 

under Ar gas pressure of 0.05 atm by STM. The area in a square dash frame is 

magnified and shown in Figure 7.2 (b) reveals moiré pattern which originated 

from a mismatch between graphene structure and the SiC substrate. A 

rhombohedron indicates 66 reconstruction on this surface. The superlattice 

periodic is ~1.8 nm suggests graphene lattice constant is ~2.4 Å. Figure 7.2 (c) 

shows the schematic of (a) revealing the regions of monolayer graphene 

(yellow) and buffer layer (green). Figure 7.2 (d) shows a schematic of moiré 

pattern which contains 66 reconstruction (indicated by a red rhombohedron) in 

the same direction as Figure 7.2 (b). A blue triangle is an imitation of a 

triangular graphene island which is arranged in the same direction as the 

triangular graphene island in Figure 7.2 (a) demonstrating that the edge 

structure of the triangular graphene island is armchair edge.   
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Figure 7.2. (a) STM images (V = -1 V and I = 0.05 nA) shows morphology of 

graphene islands which contains a hexagon pit at its center. (b) Magnified STM 

image (V = -0.5 mV and I = 0.05 nA) of the dash square frame in (a) showing 

moiré pattern which originated from mismatch between graphene and the 

substrate. A rhombohedron indicates 66 structure. (c) Schematic of (a) reveals 

the monolayer graphene (yellow) and buffer layer (green) regions. (d) 

Schematic of graphene structure lying on SiC structure reveals moiré pattern. A 

rhombohedron indicates the 66 structure with same direction as (b). The 

triangle is a imitation of triangular graphene of (a), suggesting the triangular 

island has armchair edge.     
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7.4 Growth of graphene rings 
 

UHV-SEM is one of the methods which can identify the thickness of 

graphene layers by SEM contrast. For this measurement, the accelerating 

voltage is set to 2.2 eV. At this accelerating voltage, SEM contrast of thinner 

graphene is brighter than that of thicker graphene [77]. We choose the sample 

which was annealed under Ar pressure of 0.05 atm to study the evolution of 

graphene rings by UHV-SEM technique. The graphene thickness distribution 

was also confirmed by X-ray diffraction (XRD) and angle-resolved 

photoemission spectroscopy (ARPES) [78]. Figure 7.3 (a) shows a schematic of 

resistive heating method for annealing SiC substrates. This heating method 

gives us a non-uniform temperature on the sample, leading to an appearance of 

graphene thickness distribution on the surface. This effect gives us an 

opportunity to find evidences for the progress of graphene ring growth from the 

initial state. Figure 7.3 (b) shows SEM image measured at the boundary 

between graphene (dark region) and SiC (bright region). At the boundary region 

(Figure 7.3 (c)), The SEM image gave 3 different contrasts, i.e., bright, dark 

gray and black indicaing SiC, buffer and graphene regions, respectively. The 

buffer layer and striped graphene monolayer are first formed at step edges. 

Graphene rings also start formimg at this state as indicated by a vertical arrow. 

Surprisingly, we have never found buffer layer ring (without graphene layer) on 

the substrate although the first carbon layer which is formed on the SiC 

substrate is buffer layer. It implied that the formation speeds of graphene and 

buffer layer on the ring are nearly same. At the higher annealing temperature 

area Figure 7.3 (d), the whole surface is covered by at least 1 carbon layer 

(buffer layer). We find that the shape of graphene rings evolves to triangle-like 

and points to the same direction on the same terrace. At the highest annealing 

temperature area on this sample (Figure 7.3 (e)), a buffer layer area is often 

found inside the graphene island although the size of triangular graphene islands 

becomes larger and merges the other graphene regions as shown clearly in 

Figure 7.3 (f).  
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Figure 7.3. SEM image (acceleration voltage of 2.2 kV) of SiC (0001) annealed 

under argon gas pressure of 0.05 atm. (a) Schematic showing annealing method 

by resistive heating. (b) Wide view SEM image measured at the boundary 

between graphene and SiC shows positions which are measured and displayed 

in (c)-(e). A vertical arrow in (c) indicates an example of graphene ring formed. 

(f) Manified image at the square dash rectangle in (e).       
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Figure 7.4. AFM topographic (a, c and e) and phase (b, d and f) images showing 

the growth evolution of triangular graphene islands on SiC (0001) substrate. 

Scale bars indicate 100 nm. Bright and dark regions in phase images represent 

graphene and SiC regions, respectively. 

  



107 

 

Figure 7.4 shows a sequence of graphene ring growth observed by AFM. 

Figure 7.4 (a) and (b) are topographic and phase images, respectively, measured 

at the same time and position on the SiC (0001) surface annealed under Ar gas 

perssure of 0.05 atm, showing a small deep SiC hexagon pit inside a larger 

shallow one with non-concentricity before graphene ring growth. No difference 

in phase contrast confirms the material inside and outside the pit are same (both 

are SiC). Figure 7.4 (c) and (d) display a next step of graphene ring evolution. 

The difference in phase (bright region) in Figure 7.4 (d) indicates graphene first 

layer which is grown around a deep pit on a larger shallow one. After that, the 

graphene ring becomes a bigger triangular graphene island as shown in Figure 

7.4 (e) and (f). 

 

 

7.5 Discussion 
 

7.5.1 Growth of graphene stripe at step edge 

 

We find that the step bunching appears on the surface after the substrate 

was annealed at near graphitization temperature. When the annealing 

temperature reaches a graphitization temperature, the buffer layer and graphene 

monolayer first nucleate at step edge and propagates into their upper terrace 

with almost identical speed. It is attributed to same rate of Si sublimation. In the 

case of the growth of buffer layer, Si sublimation rate is fast because Si can be 

easily sublimated from the bare SiC surface directly. For the growth of 

graphene monolayer, the SiC layers under the buffer layer are still decomposed 

with high speed because there are two easy ways for releasing the free silicon 

atoms; (1) releasing through the above buffer layer to the surface or (2) 

interstice layer underneath the buffer layer to step edge (Figure 7.5 (a)). This 

supposition is corresponding with the earlier study which has shown the 

calculation of the barrier energy for Si penetration through buffer layer structure 

is ~4.7 eV and that for Si interstice is ~3.5 eV [79]. The both energy barriers are 

obviously lower than the case of Si diffusion through a graphene layer (>13 eV).  

Note that graphene monolayer originated from the topmost buffer layer, i.e., 

after a new buffer layer was grown, the old buffer layer becomes a new first 
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graphene layer as indicated by black line in Figure 7.5 (b). The free carbon 

atoms which are released by erosion of the step edge coalesce to the new buffer 

layer with same speed as the initial state. Eventually, the extended buffer layer 

covers SiC surface as shown in Figure 7.5 (b). At this state, the decomposition 

of SiC under buffer layer is far from step edge leading to the Si atoms under the 

buffer layer have only one easy way to desorb from the surface, i.e. releasing 

through buffer layer structure results in reduction of graphene formation speed. 

Therefore, SiC surface is covered by buffer layer faster than graphene 

monolayer. 

 

 

7.5.2 Growth process of graphene rings 

 

  We find that graphene rings evolve from SiC hexagon pits which 

originate from a point defect which caused by vacancy of carbon atom [80]. A 

carbon atom, which has the lowest energy to form vacancy on a SiC surface, is 

first dissociated and leaves behind a vacancy as labeled by number 1 in Figure 

7.6. This vacancy lowers the number of bonds surrounding Si atoms and leads 

to their dissociation (labeled by number 2). The surrounding C atoms (number 

3) and the next outer Si atoms (number 4) are repeatedly dissociated in the same 

process, consecutively. Finally a hexagon SiC pit with zigzag edge appears on 

the terrace. A new pit also nucleates inside the old one by repeating the same 

process. 
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Figure 7.5. Schematic of graphene growth at the step edge showing the 

formation of (a) buffer and (b) first graphene layers. Small and big circles 

represent carbon and silicon atoms, respectively. Red and black lines represent 

buffer and graphene layer, respectively.  
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Figure 7.6. Schematic of SiC (0001) surface shows the origin of a SiC hexagon 

pit with zigzag-edge. Small and big circles represent carbon and silicon atoms, 

respectively. The number near the atoms indicates dissociation order.    

 

 

The results from the AFM (Figure 7.1) show graphene rings can be 

formed on the substrates which are annealed under inert gas pressure around 

0.05 atm. In addition, the type of inert gas has no effect on the formation of 

graphene ring as shown in Figure 7.1 (c) - (h). The key factors of graphene ring 

growth may be graphitization temperature and Si sublimation rate. In the case of 

annealing a SiC substrate under inert gas, the graphitization temperature shifts 

higher, leading to higher possibility of pit formation. Nevertheless graphene 

rings cannot be grown by annealing a SiC substrate under higher pressure of 

inert gas although the graphitization temperature increases as shown in Figure 

7.1 (i) - (j). It is attributed to compensation of atoms (vacancies once formed are 

buried easily) on the surface, i.e., annealing under high pressure of inert gas 

results in increase of graphitization temperature as well as decrease of Si 

sublimation rate. Although there are many vacancies on the surface during 
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annealing at high temperature, those vacancies are filled up by atoms diffusing 

around them.     

Schematic in Figure 7.7 shows the sequence of the growth of graphene 

ring. Two pits with eccentricity are first nucleated on the SiC terrace by carbon 

vacancy (Figure 7.7 (a)). When the edges of the two pits are eroded and merged 

each other there is a strong attractive interaction between SiC steps to be united 

into one group. For a better understanding of erosion speed on the two SiC pits, 

Figure 7.8 shows a schematic of the erosion speed and direction of the two 

concentric 6H-SiC pits. The depth of each pit is three SiC bilayers. Since SiC 

has three-fold symmetry and the erosion speed depends on the stacking 

structure, therefore three symmetrical directions at the pit step have the same 

erosion speed. In addition, the stacking sequences of upper and lower half of 

6H-SiC are opposite leading to the erosion speed, in the same direction, 

between shallow and deep pits is different. Eventually, the edges of the two pits 

will merge each other. After the merging, both edges are, therefore, eroded 

together even if the upper step has higher erosion speed than the lower one [82]. 

The speed of erosion of pit step depends on the step height, i.e., a higher step 

needs higher energy to break Si-C bonding more than a lower one, leading to the 

erosion speed of the higher step being slower than that of lower one. Therefore, 

the edge step of the larger pit without edge mergence is eroded fastest (as 

indicated by vectors in Figure 7.7 (a)), and free carbon atoms from step erosion 

form graphene layer between large and small pit area. The evidence from SEM 

measurement (Figure 7.3 (b) and (c)) shows buffer and first graphene layers are 

formed at around same time. The growth mechanism is same as the case of 

graphene stripe growth at step edge. Graphene formation in the direction of 2 

askew vectors in Figure 7.7 (b) continues until the graphene surrounds the small 

pit as shown in Figure 7.7 (c). The formation of graphene ring at this stage 

destroys the strong interaction of merging edge, resulting in independence of the 

erosion of two pit edge (separation of the step edges). The erosion speed 

depends on the direction of the step; since 6H-SiC has 3-fold symmetry, 3 

equivalent direction have the same erosion speed but the other three have 

different one. This causes final shape of graphene islands to be triangle-like 

(Figure 7.7 (d)).     

 The epitaxial graphene rings are fabricated by annealing SiC under inert 

gas pressure of 0.05 atm. The width of graphene rings can be controlled by 

annealing temperature and time. Most of graphene rings which are grown by 

this method give us off-center rings that are suitable for application to tunable 
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terahertz optical antennas because the calculation using the model from Liu et al 

shows the electric field enhancement factor of graphene ring increases with 

eccentricity of the ring. Moreover, this electric field enhancement factor is 

about 20 times larger than that of gold nanoring with the same size [70]. 

However, in the model the diameter of graphene ring was chosen to be 100 nm. 

The diameter in their calculation is different from our results which give us the 

minimum graphene ring diameter of ~500 nm, implying that the electric field 

enhancement factor from our graphene rings may be larger than that from the 

model. The largest rings (shape is triangle-like) is approximately 2 m.    

 

 

7.6 Conclusion            
 

We found the growth of non-concentric graphene rings with armchair edge 

on SiC (0001) by annealing under inert gas pressure. The formation of graphene 

ring depends on the pressure of ambient gas but slightly depends on the type of 

gas. The highest density of non-concentric graphene rings occurs after annealed 

under condition of Ar pressure of 0.05 atm. The minimum diameter of graphene 
rings is about 500 nm.  
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Figure 7.7. Schematic showing a sequence of the growth of epitaxial graphene 

ring. Green and black regions represent SiC and graphene, respectively. Red 

vectors indicate step erosion direction and speed. Symbol “X” indicates an 

origin point to guide the eye. 
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Figure 7.8. Schematic of erosion speed on two SiC pits. 
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Chapter 8 

Summary of This Thesis 

 
 In this thesis, I have demonstrated the growth and characterization of 

graphene on Si and C terminated SiC. Moreover, I have demonstrated a new 

method for estimating graphene thickness on 6H-SiC (0001) (In chapter 4). This 

method gives us the absolute and reliable information about graphene thickness 

distribution on SiC substrate by using XRD experimental results and simple 

Laue function. This new method was confirmed by other measurements such as 

angle-resolved photoemission spectroscopy, ultra-high vacuum scanning 

electron microscope and Raman spectroscopy. 

 In case of the growth of graphene on C-terminated SiC (chapter 5), an Ar-

mediated rapid heating method was carried out to grow a high quality few-layer 

graphene on the C-face 6H-SiC (000  ) substrate. After annealing, the few-layer 

graphene was obtained. The few-layer graphene can continuously extend across 

the steps (3–9 nm in height) to form large-scaled grains. Raman spectra show 

that the peak positions remain unconverted at 1585 cm
−1

 (G band) and 

2700 cm
−1

 (2D band). The intensity ratio between 2D peak and G peak (I2D/IG) 

is predominant in the range of about 1.4–2.5.  

 For the growth of graphene on Si-terminated SiC, I have demonstrated 

the growth of various shapes of graphene on SiC (0001) such as embedded and 

protrusive graphene strips, graphene rings and graphene triangles. I found that 

the shapes of the graphene depend on inert gas pressure and annealing 

temperature. In chapter 6, the growth of epitaxial embedded and protrusive 

striped graphene on Si-terminated 6H-SiC (0001) was demonstrated by 

annealing the SiC substrates under argon pressure of 0.05 and 0.3 atm, 

respectively. I found that the graphitization temperature rises from 1550 C to 

1675 C with increment of Ar pressure from 0.05 atm to 0.3 atm. The reflection 

high energy electron diffraction results reveal that graphene unit cell for both 

cases, embedded and protrusive graphene, is rotated by 30 degree from SiC unit 
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cell. In addition, graphene prefers to be grown at upper-side step edge. In the 

case of the sample annealed under argon pressure of 0.3 atm, a nucleation of 

protrusive graphene layer occurs at the upper-side step edge. It is attributed to 

diffusion of free C and Si atoms which are released from the SiC decomposition 

and migrate to the step edge and form graphene there. In addition, Raman peak 

characteristics and ARPES spectra revealed that the embedded and protrusive 

graphene on the sample annealed under Ar pressure of 0.05 atm and 0.3 atm, 

respectively, have approximately the same carrier concentration and graphene 

film strain.   

 In chapter 7, the growth of non-concentric graphene rings with an 

armchair edge was demonstrated by annealing SiC substrates under inert gas 

pressure. The experimental results reveal that pressure of ambient gas is an 

important factor for the growth of graphene rings. In this chapter I also express 

that the type of gas is slightly effect on the formation of graphene rings. In 

addition, I found that the highest density of non-concentric graphene rings 

occurs after annealing under the condition of Ar pressure of 0.05 atm. The 

minimum diameter of graphene rings is about 500 nm.  
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