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Abstract 

Thermal annealing 4H-SiC(0001) substrates to produce epitaxial graphene on Si-terminated 

SiC was performed using five different procedures, i.e. direct and indirect current heating at 

different based pressures and a temperature of about 1300 . The aim is to study the effects 

of graphene growth under different conditions and also to produce large homogeneous 

graphene. To investigate the prepared samples, two surface analytical techniques, i.e. low 

energy electron microscopy (LEEM) and photoelectron spectroscopy (PES) have been used. 

LEEM was first used to observe the surface morphologies of the prepared samples. In 

combination with LEEM instrument, low energy electron diffraction (LEED) was used to 

verify the existence of graphene on SiC substrate. The number of graphene layer was 

determined by collecting electron reflectivity at different electron energies. The number of 

dips observed in the electron reflectivity curve corresponds to the number of graphene layer. 

The experimental results obtained from LEEM and LEED have demonstrated that a film 

consisting of fairly large domains of 1 and 2 monolayer (ML) graphene was obtained by 

direct current heating of SiC under high vacuum (HV) condition with the based pressure of 

10
-6

 Torr. A domain size in the range of up to about 5 to 10 μm have been observed. 

Meanwhile another graphene film prepared by the same method and the same temperature 

but under ultra high vacuum (UHV) condition with the based pressure of 10
-10

 Torr has much 

smaller domain size of 1 ML graphene compared to that grown under HV condition. We 

therefore suggested that the based pressure during the graphene growth has a strong influence 

on the morphology of graphene. This is because the Si evaporation rate is suppressed when 

heated in a high pressure environment, which normally leads to the improvement of the 

surface quality. The suppression of the Si evaporation rate has also been verified by a result 

obtained from the other sample directly heated under much higher based pressure, i.e. in an 

argon (Ar) environment of 1 atm. 

In addition to LEEM and LEED, the existence of graphene on SiC substrate has also been 

verified by the PES measurement. The C1s spectrum of graphene sample grown on 

SiC(0001) substrate showed three components, i.e. bulk SiC, graphene (G) and the buffer 

layer (B) located at 283.7 eV, 284.5 eV and 285.1 eV, respectively. The intensity ratios of the 

three components in the C1s spectrum were also used to estimate the number of graphene 

layer. The estimated number of graphene layer corresponds to the result obtained from 

LEEM. 
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1. Introduction 

1.1 Graphene 

Graphene is generally referred to a two-dimensional (2D) form of carbon based materials. 

The carbon atoms in graphene are covalently bound together with sp
2
-bonding forming a flat 

sheet with honeycomb structure as shown in Fig. 1(a). 

 
Figure 1 (a) A schematic of two-dimensional hexagonal sheet of carbon atoms (circles). The bond 

length between carbon atoms is 1.42 Å [1]. The vector     and     are defined as in-plane unit cell 

vectors which |   |=|   |=2.4589 Å [2]. The solid- and the dashed-lines represent the unit cell of 

graphene. (b) A schematic image of the in-plane σ bonds and the out-of-plane π bonds in the graphene 

sheet [2]. 

Carbon atom consists of three sp
2
 orbitals and one pz orbital. Those sp

2
 orbitals on the 

carbon atom form three in-plane σ bonds to the nearest neighbor carbon atoms constructing 

the honeycomb structure. Meanwhile the partially filled pz orbitals or π orbitals perpendicular 

to the plane contributes to the interaction between graphene and the substrate and the 

interaction between graphene layers. A schematic of the in-plane σ bonds and the out-of-

plane π bonds is shown in Fig 1(b). 

Apart from graphene, graphite, carbon nanotubes and fullerenes are also carbon based 

materials but they have different dimensionalities. The three-dimensional (3D) form, 

graphite, is composed of several graphene sheets, stacked on the top of each other. In the case 

of a one-dimensional (1D) carbon nanotube, it can be made by rolling up a graphene sheet. 

Graphene, moreover, can be wrapped up into a zero dimensional (0D) form, a so-called 

fullerene. One can say that graphene is a basic building block of other carbon based 

materials. This is illustrated in Fig 2. 
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Figure 2 A graphene sheet as a building block of other forms of carbon based materials [3]. 

1.2 Electronic and transport properties of graphene 

Graphene has become attractive to many researchers due to its outstanding electronic and 

transport properties. Before going through graphene’s electronic properties, it would be good 

to review how the hexagonal lattice and the first Brillouin zone (1
st
 BZ) of graphene look like 

when it is considered in the reciprocal space (sometimes called the k-space). This is because 

the electronic band structure of any material is usually plotted in the reciprocal space. 

As shown in Fig 1, the unit cell vectors     and     of graphene in the real lattice can be 

written as; 

    
 

 
                   

 

 
           

where a is defined as a bond length equal to 1.42 Å. 

The reciprocal lattice vectors     and     of graphene can now be determined by using the 

relation          π    so     and     are given by; 

    
 π

  
                  

 π

  
          

The reciprocal lattice and the first Brillouin zone of graphene constructed by the vectors     

and     are illustrated in Fig 3. 
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Figure 3 A schematic drawing of the reciprocal lattice of graphene. The large circles indicate the 

lattice points in reciprocal space. The gray area represents the 1
st
 BZ. The high symmetric points in 

the 1
st
 BZ (the   -,   - and   -points) are also labeled. 

In 2004, A. K. Giem and K. S. Novoselov succeeded to fabricate free-standing and one-

atom-thick graphene by mechanical exfoliation [4]. Many studies of the properties of 

graphene have since then been reported. A. K. Giem et al. [5] also revealed that the energy 

dispersion of the π-band around   -points in the 1
st
 BZ is linear, as shown in Fig 4(a). If such 

π-band is plotted in three dimensions (kx, ky and E), the linear dispersion shows a cone-like 

shape, a so-called “Dirac cone” (See Fig 4(a) and 4(b)). The Fermi-level (EF) is usually 

located at the Dirac point, i.e. at the connection point between the cones of valence band and 

conduction band. This unique feature of the graphene’s band structure has also been verified 

by an ab initio calculation [6] as shown in Fig 4(c). The Dirac point can, however, be shifted 

away from the Fermi-level by chemically doping. For example, the Dirac point of the 

epitaxial grown graphene on a Si-terminated silicon carbride (SiC) is located at about 0.4 eV 

below EF because of charge transfer from the SiC substrate to the graphene layer [7]. The 

shift of Dirac point can also be caused by metal deposition. The shift to about 1.25 eV below 

EF due to lithium (Li) deposition on graphene has been reported [8]. This is because empty 

states in the π-band of the graphene are filled by electrons from deposited Li atoms. 
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Figure 4 (a) The electronic band structure of free-standing monolayer graphene obtained by A. K. 

Giem et al. [5]. The 1
st
 BZ and the Dirac cone of π-bands around the   -point are included. (b) A 

three-dimensional plot of the π-bands in the 1
st
 BZ of the monolayer graphene [9]. (c) The electronic 

band structure of graphene obtained by an ab initio calculation [6].  

Due to the interactions between the charge carriers and the periodic potential of graphene 

honeycomb lattice [3], the charge carriers around the   -points in graphene mimic relativistic 

particles and can be described by the Dirac’s equation. This gives rise to new quasiparticles 

called “massless Dirac fermions” coming up with the Fermi velocity (νF) of 10
6
 m/s. Such a 

massless quasiparticle is considered as an electron charge e
-
 losing its rest mass (m0). The 

emergence of those massless quasiparticles obtained by solving the Dirac’s equation 

corresponds to the nature of linear energy dispersion of the π-band around the   -points. This 

has a profound effect on transport properties; the mobility (μ) at an ambient condition of 

those charge carriers in graphene can exceed 15,000 cm
2
/Vs [3]. Such mobility, moreover, is 

almost independent of the temperature [3] leading to a huge reduction of phonon scattering. 

This results in a very long mean free path (λ) of the carriers, perhaps on the order of 

micrometers.  
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Because of very good transport properties even at room temperature, graphene has the 

potential to be a candidate for being used in electronic devices instead of silicon (Si) which is 

approaching its limits. Recently, there has been a try to make use of graphene as field-effect-

transistors (FETs) [10]. Unfortunately, those graphene-based FETs (GFETs) are not suitable 

to utilize for digital applications since graphene is a gapless semiconductor resulting in a high 

OFF-state leakage and non-saturating drive current. It is, however, possible to induce a gap 

and engineer its size by controlling the number of layers and by chemical functionalization 

[3, 11]. According to the article [3], a gap of up to 0.3 eV can be induced. Even though 

GFETs are now not suitable to use for digital applications, they can be used for analog 

devices (for examples, low noise amplifiers (LNAs) or radio-frequency (RF) transistors) [10]. 

LNAs are usually made by III-V semiconductor which is expensive. However GFETs can 

provide cheaper, lighter weight and higher efficiency than such III-V technology.  

In addition, graphene can improve functions of silicon-based complementary metal-oxide-

semiconductor (CMOS) devices such as radio-frequency switches or photonic modulators 

due to its strong interactions with photons and electrochemical stability [12]. For MOS 

structure-based electronic devices, graphene can also be utilized as a gate electrode instead of 

metal gate to eliminate mechanical stress induced in high-κ gate dielectric resulting in 

improvement of device performance [13]. Graphene has also become a promising material 

for organic photovoltaic (OPV) cells [11]. Due to graphene’s high conductivity and 

transparency, it provides a great potential for being used as a transparent electrode, an 

acceptor material or even an interface layer material in OPV cells. 

1.3 Preparation of graphene 

Graphene can be prepared in several ways. Four methods often used to produce graphene 

are briefly described below; 

Mechanical Exfoliation 

Even if there are several methods which can be used to produce graphene, mechanical 

exfoliation, until now, is known to be the simply method utilized to obtain graphene. The 

method was first applied by Novoselov K. S. et al. in 2004 [4]. They used just a common 

adhesive tape to stick on and peel off small pieces of graphite, repeating it several times until 

a monolayer-thin graphite or graphene sample was obtained. This peeling process can be 

done easily because of the very weak van der Waals interaction between graphite’s layers. 

The exfoliated graphene pieces were obtained as checked by optical microscopy and then 

gently transferred onto a cleaned substrate, usually a SiO2/Si substrate. Images of graphene 

flake obtained by this mechanical exfoliation method are shown in Fig 5. 
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Figure 5 (a) Image of a multilayer graphene flake with a thickness of about 3 nm on the top of a SiO2 

substrate. (b) Atomic force microscope (AFM) image of 2 x 2 μm of the graphene flake from (a) 

taken at its edge. The dark grey indicates the SiO2 surface and the bright grey area with a 3 nm height 

above the substrate, respectively. (c) AFM image of single-layer-graphene. The number 1, 2, 3 and 4 

label the SiO2 surface and areas with 0.8, 1.2 and 2.5 nm heights above the substrate, respectively. [4] 

This exfoliation method is considered to be the best for obtaining small high quality of 

graphene samples and since no specific equipment is required, it is very cheap [9]. However, 

the method has some limitations. It is not suitable to be utilized for applications because the 

graphene films are not routinely achieved using this method. So a large-scale production is 

not feasible. Moreover, the use of the adhesive tape can leave glue residues on the sample 

limiting the carrier mobility. The glue residues can be removed by baking the sample up to 

200  in hydrogen/argon environment for an hour or alternatively heating the sample under 

vacuum up to about 500  [9]. 

Epitaxial Growth on SiC 

Because of its wide band gap and other suitable/interesting properties, SiC has become the 

substrate of choice for graphene-based device applications. An epitaxial growth has the 

potential to provide large-scale production of homogeneous graphene film which is not 

possible to achieve using the mechanical exfoliation method [9]. Therefore, this epitaxial 

method has become the most promising candidate to use for producing high quality large-

scale graphene film. In this thesis work, the epitaxial growth method has been utilized in 

efforts to produce large homogeneous graphene layers on SiC substrates.  

In 1975, van Bommel et al. studied the formation of graphite on SiC substrates [14] by 

heating both C-terminated (000-1) and Si-terminated (0001) surfaces in ultrahigh vacuum 

(UHV) to temperatures from 1000  to 1500 . They found that in this temperature range, a 

sufficient amount of Si sublimated and left only carbon atoms on the surface. Those carbon 

atoms then rearranged themselves and formed a few- or even a single-layer of graphene. 

They verified their results using the low energy electron diffraction technique (LEED) and 

called this phenomenon “graphitization”. Later this graphitization method has been labeled 

epitaxial growth of graphene on SiC substrates and many studies using different variations of 

this method have been reported [2, 7, 15, 16, 17].  
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The growth rate, morphology and electronic properties of epitaxial graphene on SiC 

depend strongly on which of the polar faces (Si-face and C-face) it is grown on [2]. The 

growth rate on the Si-face is much slower than on the C-face. The morphology of epitaxial 

graphene grown on the C-face shows azimuthally rotational disorder between the grains that 

may consist of different numbers of layers of graphene [18]. In conventional LEED, a ring 

like diffraction pattern is typically obtained from epitaxial graphene grown on the C-face. 

The graphene grown on the Si-face is more uniform. LEED pattetrn shows (1 x 1) diffraction 

spots rotated by 30  relative to the SiC substrate surface [17].  

Although, the morphology of epitaxial graphene grown on C-face shows considerably 

smaller grain/domain sizes compared to the large grain/domain sizes obtained for graphene 

grown on the Si-face, better transport properties (i.e. electron mobility) of C-face grown 

graphene has been reported [2, 15]. The graphitization rate depends also on the growth 

temperature and the surface quality of the SiC substrates [15, 16]. Higher growth temperature 

leads to faster sublimation of Si atoms from the substrate which affects the thickness of the 

graphene films. Defects on the substrate surface can cause high graphitization rate leading to 

very thick and inhomogeneous graphene films so the SiC substrate should be well prepared 

and have few defects inorder to obtain a larger and more uniform graphene film. 

Some problems using this epitaxial growth method have earlier been identified; (1) 

Control of the morphology is difficult when the substrate is heated under UHV since small 

grains and inhomogeneous graphene films are then obtained [16]. (2) On the Si-face, a carbon 

buffer layer (See Fig 6(a)), with (    x    )R30  surface reconstruction, forms at the 

interface between graphene and the SiC substrate [8, 16]. This buffer layer has been 

considered as a main obstacle for future development of device applications because it forms 

strong covalent bonds with the SiC substrate and thus shows no graphitic electronic 

properties which reduce the transport properties. The first problem can be solved, in 

principle, by doing the growth in an ambient argon gas [15, 16]. Exposure of SiC to an argon 

environment during the heating process prevents a too high desorption rate of Si atoms from 

the substrate. Moreover, the growth temperature can be significantly increased up to 2000  

which reduces vacancies and grain boundaries, and induces step bunching and therefore 

allows graphene to be grown more uniformly on the larger terraces obtained. As a result, the 

quality of the graphene film grown on SiC is improved. To deal with the other problem, 

intercalation of graphene by, for examples, hydrogen (H) [16] or lithium (Li) [17] have been 

reported to eliminate the buffer layer (See Fig 6(b)). These elements have the ability to 

intercalate into the substrate interface region and thereby decouple the buffer layer from SiC 

substrate. The decoupled buffer layer then transforms itself into another graphene layer.  

Angel-resolved photoemission spectroscopy (ARPES) can be utilized to investigate the 

effect of atomic intercalation on the electronic band structure of graphene. The number of 

graphene layers grown on SiC(0001) can be identified by the number of π-band branches 

around the   -point in hexagonal Brillouin zone. If the buffer layer is decoupled and 

transformed to another graphene layer, an additional π-band should be observed as illustrated 

in Fig 7. 
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Figure 6 (a) Schematic picture of monolayer graphene grown on a SiC(0001) substrate, buffer layer 

and SiC substrate. (b) After intercalation of hydrogen atoms (hydrogenation), the buffer layer is 

decoupled and transformed into another graphene layer. [16] 

 
Figure 7 ARPES spectra around the   -point recorded from (a) monolayer graphene before 

hydrogenation. (b) After hydrogenation. [16] 

CVD Growth 

Graphene films can be produced by chemical vapor deposition (CVD) of hydrocarbons 

onto various substrates. Nickel (Ni), Copper (Cu) and other transition metals or transition-

metal-carbide surfaces [19] are typically used as substrates. In the case of Ni, thin layers of 

Ni are first prepared on SiO2/Si substrates and then heated up to 1000  inside a quartz tube 

under an argon atmosphere. During heating, a mixture of reaction gases, typically methane 

(CH4), hydrogen (H2) and argon (Ar) are flowed through the tube. The chemical reaction 

between the sample and the gases leads to formation of graphene on the Ni films. To suppress 

formation of multi-layers of graphene, the sample must then be rapidly cooled to room 

temperature  25  in flowing argon. 

The average number of graphene layers, the domain size and the substrate coverage can be 

controlled by adjusting the Ni film thickness and the growth time [20]. Thinner Ni films and 

shorter growth time can result in predominantly mono- and bi-layer graphene films which are 

suitable for electronic device applications. One merit of this CVD method is that it allows 

transferring the graphene films to arbitrary substrate, which is useful for device applications. 

There are two ways to transfer the graphene films on Ni substrate; etching away Ni layers by 

an aqueous of iron (III) chloride (FeCl3) or etching both SiO2 layers and Ni layers by use of 

buffered oxide etchant (BOE) or hydrogen fluoride (HF). After etching, the graphene films 

are transferred to a new substrate such as SiO2 by using a polydimethylsiloxane (PDMS) 

stamp. It has been reported [20] that a one-atom-thick graphene film transferred to a SiO2 
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substrate shows an electron mobility of about 3,700 cm
2
/Vs at low temperature. Even though 

this method cannot provide graphene films with high electron mobility as exfoliated graphene 

flakes, i.e.  15,000 cm
2
/Vs [3], it can provide large-scale graphene films. Since the graphene 

films only grow on the top of the Ni layers, various shapes of graphene films can be obtained 

by patterning the Ni layers. This can be said to be another great advantage of this CVD 

method. The growth, etching and transferring processes of large-scale CVD-grown graphene 

and patterned graphene films are summarized in Fig 8. 

 
Figure 8 A flowchart of synthesis, etching and transfer processes for large-scale and patterned 

graphene films [20]. (a) Synthesis of graphene films on thin patterned Ni layers. (b) Etching away the 

Ni layers using FeCl3 and transfer of graphene films using a PDMS stamp. (c) Etching away both 

SiO2 and Ni layers using BOE or HF solution and transfer of graphene films. 

Reduction of Graphite Oxide 

In addition to mechanical exfoliation, epitaxial growth on SiC and CVD methods, graphite 

oxide can also be used to produce graphene. Graphite oxide can be prepared in three different 

ways using the; (1) Brodie- [21], (2) Staudenmaier- [22] and (3) Hummers- [23] methods. 

These three methods are based on oxidation of graphene using strong acid and oxidants. Park 

S. and Ruoff R. S. [24] have suggested that the sp
2
-bonded carbon network of graphite is 

disrupted and it forms new bonds with hydroxyl- or epoxy-groups. Moreover, the edge of a 

graphite layer can be populated by carboxylic- or carbonyl-groups. The chemical structure of 

graphite oxide is illustrated in Fig 9. 

 
Figure 9 The chemical structure of graphite oxide. The minor functional groups (carboxylic- and 

carbonyl-groups) at the edge of the layer are not shown [24]. 
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Since each layer of graphite oxide or graphene oxide sheet is hydrophilic, the intercalation 

of water molecules between the graphite oxide layers automatically occurs resulting in 

enlargement of the inter-layer distance between the graphene oxide sheets. Ultra-sonication is 

then used to separate graphite oxide into a few- or even single-graphene oxide sheets as 

shown in Fig 10(a). Although graphene oxide sheets have already been obtained from the 

method described above, they are still not really graphene. They certainly show different 

electronic properties than graphene obtained from mechanical exfoliation or CVD methods. 

To recover the specific properties of graphene, a chemical reduction and heat treatment are 

thus required. Normally, hydrazine is used to reduce graphene oxide by converting neutral 

carboxylic-groups to negatively charged carboxylate-groups. Those reduced graphene oxide 

sheets are then automatically stabilized by electrostatic repulsion of negatively charged 

carboxylate-groups. After annealing of reduced graphene oxide, epoxy-, carbonyl- and 

carboxyl-groups on the sheets are eventually removed in the form of small molecules (e.g. 

H2O, CO2 and CO) [25]. The resulting sheets show better electrical conductivity and 

transparency compared to the starting graphene oxide [9, 25]. Even though the method of 

reduction of graphene oxide possibly provides large-scale production of graphene, the 

restoration of graphene from the reduction process has not yet been fully accomplished (See 

Fig 10(b)). 

 
Figure 10 (a) A schematice of the synthesis of reduced graphene oxide sheets by the reduction 

process of graphite oxide [24]; (1) Oxidation of graphite to synthesis graphite oxide. (2) Separation of 

graphite oxide into individual graphene oxide sheets using ultra-sonication. (3) Controlled reduction 

of graphene oxide by hydrazine yielding reduced graphene oxide sheets. (b) An image of re-

graphitization of graphene oxide to reduced graphene oxide [25]. Oxygen-containing functional-

groups are removed and partial sp
2
-configuration is restored. 
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2. Experimental methods 

2.1 Vacuum system 

To prepare graphene layer on SiC substrate by epitaxial growth method, a clean and 

controllable conditions are required since the growth environment is crucial for the graphene 

growth process. Residual gases, for example, oxygen (O2), carbon monoxide (CO), water 

vapor (H2O), and unknown materials can contaminate the substrate’s surface and thus affect 

the growth including the quality of graphene layer. In an aspect of surface analysis, the 

vacuum system is unavoidably important for surface sentivity techniques such as 

photoelectron spectroscopy (PES) or low energy electron microscopy (LEEM). For example, 

in the case of PES, the emitted photoelectrons must be able to travel from the sample through 

the analyzer and then to the detector so if there are a lot of residual gas particles inside the 

chamber where the sample is analyzed, those photoelectrons may collide with the particles 

and not be able to reach the detector. Moreover, the vacuum condition can also prevent the 

contaminations on sample’s surface. Such examples implicitly tell why surface sentivity 

techniques must be operated under vacuum condition. 

The most common term used to define the vacuum state is pressure (P) and it is often used 

in the units of Torr or millibar (mbar). The vacuum state is established when the pressure of 

any system is less than the atmospheric pressure (760 Torr or 1,013 mbar) which can be 

divided into three regions as shown in Table1. 

Table1. The subdivision of vacuum state. 

Vacuum level Pressure range (Torr) 

Rough vacuum 760-10
-4

 

High vacuum 10
-4

-10
-8

 

Ultrahigh vacuum < 10
-8

 

The pressure inside any closed chamber is originated from the momentum transfer from 

the gas phase particles inside the chamber to the chamber’s wall. Therefore, to reduce the 

pressure, those gas phase particles have to be removed. The number density of gas particles 

(n) in a given volume (V) is related to the gas pressure (P) and the thermodynamic 

temperature (T) by the law of the kinetic theory of gases which is often expressed by the 

equation; 

                    

where, kB is  the Boltzmann constant. 
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According to the equation (1), at constant temperature, a reduction of the number density 

of particles is always proportional to a reduction of the pressure. Such number density can be 

removed from the chamber through the action of vacuum pumps. When the chamber is 

pumping down, the volume of gas that passes through the plane of intake aperture of the 

pump per unit time is defined as the actual pumping speed (SP) which is given by; 

   
 

  
              

where, PP is defined as the pressure at the intake aperture of the pump and Q is defined as the 

throughput of the pump.  

In vacuum technology, the throughput (Q) is used to indicate the pump’s performance and 

commonly used in the unit of                . However, the ability of the pump to remove 

gas from the chamber is not only determined by the throughput but also depends on the 

conducting element, for example valves, pipes, coldtraps or even apertures, in the pumping 

system used to transmit the gas. The throughput of gas passing through any conducting 

element is given by; 

                       

(P-PP) in the equation (3) is the pressure difference between the intake and exit of the 

conducting element. The constant C is a so-called conductance of the conducting element and 

is determined by the geometric nature of the element. Generally, the vacuum system consists 

of several conducting elements. If those elements are connected in series, the total 

conductance (Ctot) is given by; 

 

    
 

 

  
 

 

  
 

 

  
                 

On the other hand, when the elements are joined in parallel, 

                             

When the conductances of all conducting elements between the chamber and pump are taken 

into account, the pumping speed at the base of chamber will be defined by the effective 

pumping speed (Seff). Since the throughput must be constant for any plane in the system 

which is measured, one can write the equation; 

                          

where, P is now defined by the pressure in the vacuum chamber. 
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By using the equation (3) and (6), the relation between the effective and actual pumping 

speed of the system can be written by; 

 

    
 

 

  
 

 

 
              

where, C in the equation (7) is the total conductance connecting between the pump and the 

vacuum chamber. If the conductance of each element and the actual pumping speed of the 

pump itself are known, the effective pumping speed can be determined. The concept of the 

effective pumping speed is schematically illustrated in Fig. 11 

 
Figure 11 A schematic of chamber-conducting element-pump assembly. 

From the equation (7), it clearly reveals that the effective pumping speed never exceeds 

the actual pumping speed. However, to obtain the high value of effective pumping speed, the 

conductance C should be larger than 1. This can be achieved by making the conducting 

elements between the pump and vacuum chamber as short and wide as possible. 

In this thesis work, two types of pump, i.e. (1) rotary vane pump and (2) turbomolecular 

pump, are used to obtain the vacuum state inside the chamber. A short detail of both pumps is 

described below; 

Rotary vane pump 

Rotary vane pump is the most common type of pump being used in vacuum technology. It 

is often used as a backing pump to produce the minimum vacuum level required to operate 

turbomolecular pump which can reach much lower pressure. The pump consists of a 

cylindrical housing or stator and an eccentrically mounted rotor with spring-loaded vanes. 

During rotation of the rotor, the vanes slide along the walls of stator. With such setting of the 

pump, the gas is drawn into the pump at the inlet, confined, compressed and then discharged 

to the atmosphere through an exhaust valve (See Fig. 12(a)). Oil is employed as a sealing 

medium and lubricant between the moving components. This kind of pump has come with 

both a single- and two-stage model (See Fig. 12(b)). The ultimate pressure of 10
-2

 Torr can be 

obtained from single-stage vane pumps, while two-stage vane pumps can reach 10
-4

 Torr.  
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Figure 12 Cross-section of (a) a single-stage and (b) two-stage rotary vane pumps [26]. 

The rotary vane pump used in this work is TRIVAC D 8 B Oerlikon Leybold Vacuum. The 

description of TRIVAC D 8 B is given in Table2. 

Table2. The technical data of TRIVAC D 8 B rotary vane vacuum pump. 

Type Two-stage rotary vane pump 

Actual pumping speed (m
3
/h) 8.5 

Ultimate pressure without gas ballast (Torr) < 1.5 x 10
-3

 

Ultimate pressure with gas ballast (Torr) < 3.8 x 10
-3

 

Connection, intake and exhaust (DN
1
) 16 KF

2
 

1Nominal inner diameter in millimeter for vacuum flanges 
2Klein flange is a type of vacuum flange, also known as Quick flange (QF). To achieve a vacuum seal, two flanges are 

joined by a circular clamp and an o-ring. 

Turbomolecular pump 

Turbomolecular pump is a type of mechanical compression-pump. The pump works 

properly when the pressure at the intake aperture of the pump is below 10
-2

 to 10
-3

 Torr so 

that it must be backed by a rotary pump. The ultimate pressure below 10
-10

 Torr can be 

reached (with mild baking a system) from this kind of pump. The pump normally consists of 

many rotor/stator pairs (pumping stages) in the form of disc mounted in series. Each disc of 

both rotor and stator can have 20 to 60 blades (See Fig. 13). After gas passes through the 

aperture of the pump inlet flange, it is captured by the upper pumping stages having blades of 

large opening angle. The gas is transferred to the lower pumping stages or whose blades are 

of smaller opening angle in order to compress the gas. The compressed gas is removed and 

then discharged to the atmosphere by a backing pump. 
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Fig 13 Cross-section of a turbomolecular pump [26]. 

In this work, we use turbomolecular pump TURBOVAC 151 produced by Oerlikon 

Leybold Vacuum. The description of this pump is given in Table3. 

Table3. The technical data of TURBOVAC 151 turbomolecular pump. 

High-vacuum port (DN) 100 ISO-K
3
/100 CF

4
 

Actual pumping speed (l/s) 

 

N2 

Ar 

He 

H2 

145 

150 

135 

115 

Ultimate pressure (mbar) < 1.0 x 10
-10

 

Max inlet pressure with water cooling (mbar) 5.0 x 10
-2

 

Max forevacuum pressure for N2 (mbar) 5.0 x 10
-1

 

Forevacuum port (DN) 25 KF 

Purge gas or vent port (DN) 10 KF 
3The ISO-K flange or the ISO LF is a flange’s type which uses a double claw clamp to join two flanges together and 

therefore achieve a vacuum seal. 
4Conflat (CF) flanges use copper gaskets inserting between two flanges to obtain a vacuum seal. 

The built-up vacuum system 

For this thesis work, we have built-up a vacuum system for growing graphene, as shown 

in Fig. 14. The system consists of two vacuum chambers; (1) an upper chamber, and (2) a 

lower chamber. Those two chambers are separated by a manual valve. Graphene growth is 

performed in the upper chamber. The sample can be viewed through a window port during 

the growth process. A hot-filament ionization gauge located at the lower chamber is 

employed to measure the pressure in the vacuum system. This gauge usually measures the 

pressure in the region from 10
-4

 to 10
-10

 Torr. Meanwhile a pirani gauge is connected to the 

upper chamber to measure the pressure ranging between about 760 and 10
-4

 Torr. This gauge 

is used for measuring pressure when performs the growth of graphene in the Ar atmosphere.  

The Ar gas is allowed to flow into the upper chamber via a leak valve. Vacuum leaks of the 
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system can be detected by a mass spectrometer which is set up on the lower chamber. The 

turbomolecular pump is connected to the end of the lower chamber and backed by the rotary 

vane pump. 

 
Figure 14 The built-up vacuum system for growing graphene at different view. 

Effective pumping speed of the built-up system 

The effective pumping speed (Seff) of the built-up system at room temperature can be 

roughly approximated using the theoretical background of vacuum system described above. 

First of all, the conductances (C) of all conducting elements must be known. Since an inner 

radius of the upper chamber, the lower chamber and the manual valve are the same; they can 

be considered as a long pipe with a length of 50.5 cm (13.5, 30 and 7 cm for the upper 

chamber, the lower chamber and the manual valve, respectively) and an inner diameter of 8.9 

cm. The pipe is connected to the TURBOVAC 151 turbomolecular pump. According to 

Table3, a diameter of high-vacuum port of the pump is 10 cm (10 KF). A schematic image of 

the conductances is simply illustrated in Fig. 15. 
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Fig 15 A schematic of upper chamber-manual valve-lower chamber-pump assembly. 

The equation for determination of the conductance of the pipe (Cpipe) having diameter D cm 

and length L cm at room temperature is given by [27]; 

          
  

 
                       

From equation (8), the conductance of the system is determined to be 170.31 liters/s. By 

substituting the conductance of the system and the actual pumping speed into (7), the 

effective pumping speed of the built-up system can be approximated to be 78.32 liters/s. It 

should be noted that the actual pumping speed of the turbomolecular pump depends on 

species of gas particles and dry air contains about 78.09% of nitrogen (N2). We therefore 

assume that the actual pumping speed of the pump is approximate to the actual pumping 

speed (SP) of N2 given in Table3. As mentioned earlier, the ionization gauge is connected to 

the lower chamber near the intake aperture of the pump. The pressure measured by the gauge 

can be thought of as the pressure at the intake aperture of the pump (PP). By using the 

equation (6), it is possible to estimate the pressure in the upper chamber. For example, if the 

gauge is monitoring 3x10
-7

 Torr, the pressure in the upper chamber will approximately 

correspond to 5.5x10
-7

 Torr which is very close to the pressure near the intake aperture. 

2.2 Photoelectron spectroscopy 

Photoelectron spectroscopy (PES) is an analytical method widely used in surface science. 

The technique is based on the photoelectric effect which was first observed in 1880 by Hertz 

[26] and then explained by Einstein in 1905 [26]. If the sample’s surface is irradiated by 

photons of sufficient energy, electrons in atoms at the surface region directly acquire energies 

from the photons leading to emission of electrons from the surface. Those elastic emitted 

electrons are named photoelectron. The kinetic energy (    ) of photoelectrons is equal to the 

energy difference between the incident photon energy (  ) and the binding energy (EB) of an 

electron in the atom for a given orbital. However in the case of solids, the influence of 

surface must be taken into account, this gives rise to the additional term of energy called the 

work function (  ). The work function is defined as the minimum energy which is required 
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to remove an electron from the surface. The energy level diagram of photoemission process is 

illustrated in Fig. 16 and the process can, therefore, be written by the equation; 

                           

 
Figure 16 The energy level diagram for photoemission process. 

After ejection of photoelectrons, they are collected by the spectrometer. The spectrometer 

measures the kinetic energy and also counts the number of those emitted electrons. 

Practically, the sample and the spectrometer are grounded and this leads to the same Fermi 

level (EF) of both the sample and the spectrometer as illustrated in Fig. 17.  

 
Figure 17 The energy level diagram of an electrical conducting sample grounded to the spectrometer. 
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As a consequence, the kinetic energy of photoelectron measured by the spectrometer 

differ from the actual kinetic energy by the work function difference of spectrometer (     ) 

and sample (  ). The relationship between the actual kinetic energy (    ) and the measured 

kinetic energy (    
 ) of photoelectron is given by the equation; 

    
                               

In fact, the binding energy of photoelectrons is specific for each material. If the binding 

energy is determined, it is possible to identify the elements and chemical compositions of the 

sample. From equation (8) and (9), the binding energy of the photoelectrons which respects to 

the spectrometer can be determined and written as; 

          
                      

From equation (10), the photon energy (  ) and the work function of the spectrometer 

(     ) are known, and the kinetic energy of photoelectron (    
 ) is measured by 

spectrometer. Thus the binding energy (  ) can be obtained. Moreover, according to the 

“universal curve” of electron mean free path shown in Fig. 18, it demonstrates that the mean 

free path (λ) of electron with kinetic energy in the range between 10 and 2000 eV is only in 

the order of a few ten Å. This indicates that PES technique provides highly surface 

sensitivity. In addition, the semi-quantitative analysis of the surface composition is possible 

to determine from the concentration ratio of the elements in the sample. In this case, an 

estimated thickness of graphene layer can be calculated. 

 
Figure 18 Universal curve of electron mean free path [28]. 
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Photon light sources for PES 

The synchrotron light source is one of the most convenience photon sources since it can 

provide a broad spectrum ranging from far infrared to hard X-ray (5-5000 eV) with high 

intensity. Furthermore, the photon energy can be monochromatically tuned. In this thesis 

work, the synchrotron light source on beamline I311 at MAX laboratory, Lund, Sweden was 

used to perform PES experiments. 

The x-ray in the soft energy range of 0.1 to 1.0 keV is normally used for probing electrons 

in the atomic core-levels of element. This technique refers to x-ray photoelectron 

spectroscopy (XPS). Beside synchrotron source that provide x-ray light, some of elements 

can also use as a x-ray source and the examples are given below in Table4. 

Table4. Characteristic energies and emission lines for materials used as X-ray source. 

Material Emission line Energy (eV) 

Mg Kα 1253.6 

Al Kα 1486.6 

Si Kα 1739.5 

Zr Lα 2024.4 

PES experiments are not only focus on measuring the atomic core levels, but also the 

valence band. This is because the valence electrons of any atom are involved in the formation 

of chemical bonding and the surrounding atoms. It can also provide useful information of 

electronic band structure of the sample. The valence band analysis can be achieved using 

photon energies in the UV region either from synchrotron light source or from the UV lamps 

discharged. The technique is also recognized as ultraviolet photoelectron spectroscopy (UPS). 

The photon energy is typically in the range of 10 to 80 eV which is capable of kicking out 

electrons orbiting in the outermost atomic levels. The common UV source is normally a 

noble gas discharge lamp, for example He I and He II which provide the photon energies of 

21.2 and 40.8 eV, respectively. 

2.3 Low energy electron microscopy 

Low energy electron microscopy (LEEM) is a powerful technique for surface imaging 

with high resolution down to 10 nm. In 1962, E. G. Bauer was the first pioneer on LEEM 

system. Then in 1985, the first operation of LEEM was achieved by cooperation of E. G. 

Bauer and W. Telieps [29]. The technique uses electrons having low energies in the range 

between 1 and 100 eV to probe specimen surfaces. This has made LEEM very surface 

sensitive and the probing depth can be tuned by varying the energy of incident electrons. The 

set up of this system also allows an electron diffraction pattern to be collected on a small 

specific area (μ-LEED). Moreover, LEEM can be combined with photoemission 

spectroscopic, the instrument is so-called spectroscopic photoemission and low energy 

electron microscopy (SPELEEM). This instrument can provide the topography, crystal 

structure, chemical composition and even magnetic structure of surfaces. A schematic cross-

section of SPELEEM instrument is illustrated in Fig. 19. However the tunable photon source 
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is required for SPELEEM. Therefore, SPELEEM is most suitable equipped at the synchrotron 

radiation. 

The modes of operation of SPELEEM are summarized in Table5. 

Table5. The modes of operation of SPELEEM [30]. 

SPELEEM – Modes of operation 

Real Space 

Low energy electron microscopy (LEEM) 

Bright-field imaging 

Dark-field imaging 

Phase contrast 

Mirror electron microscopy (MEM) 

Spin-polarized low energy electron microscopy (SPLEEM) 

Photo emission electron microscopy (PEEM) 

X-ray Photo emission electron microscopy (XPEEM) 

Photoemission spectroscopy (PES) 

Diffraction 

Low energy electron diffraction (LEED) 

μ-diffraction (μ-LEED) 

Photoelectron angular distribution (PAD) 

In this study, we use LEEM to investigate surface morphology of the graphene samples 

grown by different procedures. In the LEEM mode of operation, the high energy electron 

beam, typically 15 to 20 keV is emitted from an electron gun located at the end of the 

illumination system. The electron beam is then focused by the condenser system consisting of 

a set of electromagnetic lenses. The focused beam traveling through the illumination system 

is deflected by the magnetic beam separator at the center toward the specimen chamber. The 

high energy electrons are decelerated to an energy of a few eV after pass the objective lens at 

the entrance of the specimen chamber since the specimen, located in front of the objective 

lens, are set at high potential as the electron gun. The energy of slow electrons can be 

determined by potential difference between the electron gun and the specimen. The low 

energy electrons are then scattered at the specimen surface and reflected back into the 

objective lens. Due to the potential difference between the specimen and the objective lens, 

the low energy electrons are accelerated and traveled toward the beam separator. The beam 

separator then deflects the electron beam to the imaging system where the projector lens, a 

fluorescent screen and a CCD camera are located for collecting image. 

 
Figure 19 A schematic cross-section of SPELEEM instrument [31]. 
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In combination with synchrotron source, photoelectron microscopy and spectroscopy can 

be collected from the sample using XPEEM and PES modes. In this case the energy filter 

needs to be equipped in the imaging system. The photon beam from synchrotron source emit 

on the specimen through the port on the specimen chamber. The photoelectron and secondary 

electron are generated and used to form the first image on the beam separator by the objective 

lens. The first image is then magnified in the imaging system, passed through the 

hemispherical energy filter and reached a channel pair amplifier where the image enlarge 

onto a fluorescent screen and recorded with CCD camera. 

To switch the mode of operating between imaging, diffraction and spectroscopy, two 

apertures; (1) the field-limiting aperture and (2) the contrast aperture have to be inserted or 

removed. The field-limiting aperture is used to adjust the probing area. In LEEM mode, the 

field-limiting aperture is located in the beam separator on the illumination side while it is at 

the imaging side in XPEEM mode. The contrast aperture located on the imaging side is used 

to adjust the angular range of the electrons for imaging, i.e. controlling contrast of the image. 

The contrast appear in LEEM images is generally caused by local differences in reflectivity 

on the specimen surface due to differences in crystal orientation, surface reconstruction, 

adsorbate islands and etc. These can provide either bright field contrast when the electron 

beam is on the optical axis of the objective lens or dark field contrast when the image is 

produced by only the diffracted beam (the beam on the optical axis of the objective lens is 

cut-off by the contrast aperture). Moreover, if the specimen surface is not completely flat, it 

can also produce the contrast due to the optical path difference leading to the constructive and 

destructive interferences of the reflected beam. The contrast caused by roughness and atomic 

step on the surface is so-called phase contrast or step contrast. 

In addition, LEEM also allows real-time observations of dynamical process on the 

specimen surface such as thin film growth, phase transitions, magnetic microstructure and 

other in situ experiments. Furthermore, LEEM also provides the way to determine the 

number of graphene layers by measuring the electron reflectivity intensities as a function of 

energy of incident electron [32]. The reflectivity of low energy electrons from thin films 

oscillates depending on the energy of incident electron and the film thickness. The reflectivity 

oscillation has been understood in terms of the interference between the electron waves 

reflected from the film surface and the interface between film and substrate. As a 

consequence, the number of dips in the oscillating electron reflectivity curve corresponds to 

the number of graphene layers. 

In this work, LEEM measurements were performed at Institute of Solid State Physics, 

University of Bremen, Germany. The LEEM instrument is from Elmitic GmbH. LEEM was 

used to investigate the surface morphology and thickness of graphene samples grown by 

different procedures. The surface structure was characterized using μ-LEED. The electron 

reflectivity measured versus kinetic energy of the incident electron allows a direct 

determination of the number of graphene layers. The results are demonstrated in section3. 
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2.4 Sample preparation 

In this thesis work, we intend to produce graphene layers on Si-terminated SiC(0001) 

substrates by epitaxial growth method. The n-type on-axis 4H-SiC(0001) wafer with a small 

mis-orientation of 0.05º was used as substrates. The wafer was purchased from Cree with 

chemical and mechanical polishing on the Si face. Before graphene formation, the substrates 

were cleaned using the RCA method and HF etching in order to remove organic and 

inorganic contaminations, and surface oxides. The graphene growths were performed using 

five different procedures, i.e. varying heating method, growth environment and heating time. 

The reason for growing graphene in different ways is to investigate effects of the graphene 

growth under different conditions. During heating the sample, an IR pyrometer was used to 

measure the temperature on the sample. The five procedures for producing graphene samples 

labeled A, B, C, D and E are described below. 

Sample A was prepared in situ by direct current heating the substrate at a temperature of 

1300 ºC for two minutes in high vacuum with the pressure of  1.9 × 10
-6 

Torr.  

Sample B was also prepared in situ by direct current heating the substrate at a temperature 

of 1300 ºC for one minute but in ultra high vacuum with the based pressure of  1.0 × 10
-10 

Torr.  

Sample C was prepared ex situ by direct current heating the substrate at a temperature of 

1300 ºC for two minutes in an ambient Ar pressure of 760 Torr. 

Sample D was prepared by indirect heating the substrate. In this case the substrate was 

sandwiched in between the graphite sheets that were wrapped with tungsten wire, see Fig. 

20(b). High electrical current was applied to tungsten wire and the graphite sheets were 

heated up to 1200 ºC for three minutes in high vacuum with the pressure of 3.0 × 10
-5 

Torr. It 

should be noted that sample D was first aimed to be heated up to 1300  but the tungsten 

wire could not handle such a high electrical current and broke during heating. As a result, the 

aimed temperature 1300  could not be reached. The temperature was measured on the 

graphite sheet. 

Sample E was prepared in the way intending to suppress the Si sublimation from the 

substrate in order to obtain large area homogeneous graphene. The Si-face of SiC(0001) 

substrate was mounted facing up to the C-face of SiC(000-1) with a small gap in between, see 

Fig. 20(c). The sample was then direct heated to temperature of 1300 ºC for two minutes in 

high vacuum with the pressure of 1.2 × 10
-6 

Torr.  
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Figure 20 (a) Direct current heating method for sample A, B, C and E. (b) and (c) represent a 

schematic image of sample preparation of sample D and sample E, respectively. 

Sample A, C, D and E were prepared at Department of Physics using home-built system as 

illustrated in Fig. 14, while sample B was prepared at synchrotron facility MAXLAB 

according to standard procedure used to produce a monolayer graphene on SiC(0001) 

substrates [8, 16]. The quality of as-grown samples prepared by these five different 

procedures was investigated using LEEM and PES. The obtained results are presented in the 

next chapter.     
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3. Results and discussion 

Sample A 

A LEEM image, at a field of view (FOV) of 20 μm, of sample A that was prepared by 

direct current heating at 1300  for 2 min in high vacuum (HV) is shown in Fig. 21(a). The 

image reveals a graphene film with two different domains. Bright grey areas are labeled (1) 

and dark grey areas are labeled (2). By collecting the LEEM images at different electron 

energies, the electron reflectivity curve from the two different domains in Fig. 21(a) can be 

extracted and plotted to determine the number of graphene layers. The curve obtained from 

area (1) and (2) exhibits one and two dips, respectively, as shown in Fig. 21(b). This 

corresponds to 1 and 2 monolayer (ML) of graphene, respectively. A domain size in the range 

of up to about 5 to 10 μm is seen to be obtained. The domains are thus fairly large. This is 

contrary to what has been observed earlier for graphene grown by thermal annealing of SiC 

under UHV condition, when uneven graphene films with small grain/domain sizes have been 

obtained [15, 16, 33]. To grown in HV instead of UHV has thus improved the quality of 

graphene film quite considerably. A small feature in the electron reflectivity curve obtain 

from area (1) is also visible at 1.5 eV. This demonstrates that the area (1) has a little mixture 

of 2 ML graphene but it is still dominated by 1 ML graphene.  

 
Figure 21 (a) LEEM image taken from sample A. The FOV is 20 μm and the electron energy is 4.7 

eV. (b) Electron reflectivity curves plotted as a function of electron energy from two different areas 

labeled (1) and (2). (c), (d) LEED-patterns collected at electron energy of 60 eV corresponding to area 

(1) and (2) in (a), respectively.  
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The formation of graphene can also be verified by using LEED. A LEED patterns 

collected from area (1) and (2) are shown in Fig. 21(c) and (d), respectively. The (1x1) 

graphene and               buffer layer spots are clearly observed in the pattern from 

both area (1) and (2). This is in agreement with the earlier study [34] at which the six 

              buffer layer spots around the (1x1) graphene spots are clearly visible for 1 

and 2 ML graphene. The LEED pattern collected from both area (1) and (2) shows 3-fold 

rotation symmetry but the pattern obtained from area (1) is rotated 60  relative to that 

obtained from area (2). C. Virojanadara et al. [16] have suggested that this originates from the 

underlying              buffer layer and its interaction with the graphene layer. 

Sample B 

The surface morphology of sample B that was prepared by direct current heating at 1300  

for 1 min but under UHV condition is considerably different from that of sample A, as seen 

in Fig. 22(a). The FOV of this image is 15 μm. It is apparent that sample B has a rough 

surface with much smaller grains/domains compared to sample A. A LEED pattern collected 

from sample B is shown in Fig. 22 (b). It indicates graphene formation as revealed by the 

distinct (1x1) graphene and               buffer layer spots. The (1x1) spots from the 

SiC substrate are clearly visible in this diffraction pattern. Noticeably the six buffer layer 

spots around the graphene (1x1) spots have equal intensity for sample B while only three of 

those spots are more pronounced for sample A (Fig. 21(c) and (d)). This is a contribution 

from several small grains in the graphene film since the electron beam spot irradiated the 

sample was limited at 1 μm
2
 which was much larger than the grain sizes. The intensity of the 

six buffer layer spots was thus averaged over several grains in such area. In the case of 

sample A, the grain size is in the range of 5 to 10 μm as mentioned above such that the LEED 

patterns shown in Fig. 21(c) and (d) were collected from only one domain. The electron 

reflectivity curve extracted from sample B shows a single dip at 3.6 eV, see Fig. 22(c). This 

implies that sample B contains mainly 1 ML graphene. 

The C1s spectrum collected from sample B, at photon energy of 450 eV, is displayed in 

Fig. 22(d). When applying a curve fitting procedure, the spectrum is decomposed in to three 

components, i.e. bulk SiC, graphene (G) and the buffer layer (B) components. These are 

located at 283.7 eV, 284.5 eV and 285.1 eV, respectively, as illustrated by the peaks 

underneath the spectrum in Fig. 22(d). By comparing the intensity ratios extracted for the 

different components in C1s spectrum, the number of graphene layers can be approximately 

determined. The intensity ratios extracted from sample B are in good agreement with the 

intensity ratios earlier obtained for a 1 ML graphene sample [16], as shown in Table7. This 

implies that sample B contains mainly 1 ML graphene. This corresponds well to the result 

obtained from the electron reflectivity curve as shown in Fig. 22(c). 

Table7. The intensity ratio from different components in the C1s spectrum shown in Fig. 22(d). 

Sample 
Intensity ratio 

G/SiC B/SiC G/B 

1 ML graphene sample [16] 3.8 1.8 2.2 

Sample B 3.5 1.7 2.0 
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Figure 22 (a) LEEM image of sample B at a FOV of 15 μm and electron energy of 5.4 eV. (b) The 

corresponding LEED-pattern collected at an electron energy of 60 eV. (c) Electron reflectivity curve. 

(d) C1s spectrum collected using a photon energy of 450 eV. 

As described in section2.4, sample B was heated at the temperature 1300 , which was the 

same temperature used for preparing sample A. However the pressure inside the chamber 

during heating sample B was 10
2
 to 10

3
 times lower and the heating time was only 1 min 

compared to the 2 min used for sample A. In 2008, C. Virojanadara et al. [34] succeeded to 

grow large homogeneous graphene film on SiC(0001) in a crucible which was inductively 

heated in a furnace at an ambient argon (Ar) pressure of 1 atm. They suggested that the use of 

a surrounding ambient of Ar can suppress a too fast Si sublimation rate leading to a smooth 

decomposition of the SiC. Their result has been supported by an experiment of Emtsev et al. 

[33] in 2009. They also suggested that under such a high pressure of Ar, the Si atoms 

desorbing from the SiC surface during graphitization process can be reflected back to the 

surface by collision with Ar atoms resulting in the reduction of Si evaporation rate. Thus to 

be able to sublimate Si atoms away from the surface, the higher temperature is required, e.g. 
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according to [34], the SiC substrate was heated at 2000  to obtain 1 ML graphene. The 

increase of heating temperature enhances the diffusion process of atoms on the surface 

improving the quality of the graphene film. In addition, C. Virojanadara et al. [16] have 

mentioned that the longer heating time has a much smaller effect on the size of graphene’s 

flakes and uniformity of the graphene film. As a consequence, the factor which could explain 

the difference between the graphene film on sample A and B is the pressure. Therefore 

annealing SiC under HV instead of UHV should be responsible for the reduction of Si 

evaporation rate. It retards the graphitization process resulting in large domains of 1 and 2 

ML graphene on the surface of sample A as observed. In the case of sample B, the pressure 

inside the chamber was much lower. Those Si atoms could leave the surface much easier such 

that the atoms on the surface have no time to reconstruct themselves leading to an uneven 

graphene film with small grains. This has been demonstrated by a study of R.M. Tromp and 

J.B. Hannon [35]. They revealed that heating SiC in UHV leads to the pit formation on the 

surface that hinders formation of flat graphene film. This also yields small grain sizes 

because the surface is out of thermodynamic equilibrium. They further investigated the 

thermodynamic and the kinetic of graphene growth on SiC(0001) [36] by heating SiC at 

temperature above 1300  in a disilane background pressure of 2x10
-5

 Torr in order to form 

the equilibrium condition. Their resulting film appeared more homogeneous consisting of 

only 1 and 2 ML graphene and the grain size was much larger, in the range of micrometer 

scale, compared to that achieved under UHV conditions. This corresponds to what we have 

obtained for sample A and what was discussed in [33, 34].  

Sample C 

This sample was prepared at the same temperature and time as sample A, i.e. at 1300  for 

2 min. The difference was that sample C was annealed in an Ar environment of 1 atm instead 

of in HV. The LEEM image collected from this sample reveals effects of electron beam 

exposure, as shown in Fig. 23. The area which had been exposed to the electron beam for 

some minutes appears brighter in this image. This is caused by a charging effect induced by 

the existence of an oxide/silicate layer on the sample surface. No LEED pattern, i.e. no (1x1) 

graphene or even               buffer layer spots, was possible to observe from this 

sample. Thus no graphene was formed on this sample. 

 
Figure 23 LEEM image taken from sample C at a FOV of 100 μm and electron energy of 4.6 eV. The 

brighter area appearing during the beam exposure is due to the charging effect. 
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When heating 6H or 4H-SiC(0001) in UHV, a             surface reconstructions is 

normally induced at the temperature of 900 to 1050  [37] and at around 1050  the 

              reconstruction starts to form [37]. In order to obtain graphene formation, a 

temperature above 1250  is required [37]. However, the temperature above 1250  is 

needed to induce graphitization when the substrate is heated in a background gas, e.g. the 

study of R.M. Tromp and J.B. Hannon [35] mentioned above. They heated the SiC substrate 

in a disilane background pressure of 2x10
-5

 Torr at a temperature above 1300  to produce 1 

or 2 ML graphene. According to K. V Emtsev’s study [33], a temperature above 1600  is 

required in order to obtain 1 or 2 ML graphene on SiC substrate when heated in an ambient 

pressure of Ar. Even though large homogeneous graphene can be produced by introducing a 

background gas, the way to obtain even more homogeneous graphene film have been 

suggested and reported by C. Virojanadara et al. [34]. In addition to suppressing the Si 

evaporation rate by heating the substrate in an ambient pressure of Ar, they also used a 

specially designed crucible in which the temperature gradients on the substrate were 

minimized during the growth process. This allowed the substrate to be heated up 

homogeneously to 2000  to obtain 1 ML graphene. This has later also been verified by the 

experiments of W. A. de Heer et al. [15] and they also claimed that introducing an Ar gas of 

about 1 atm reduces the graphene formation rate by the factor of about 10
3
 compared to 

heating SiC in UHV. The reduction of graphene formation rate allowed the SiC substrate to 

be heated at about 300  higher temperature. Moreover, they demonstrated that confining the 

substrate in a crucible can lead the growth process close to thermodynamic equilibrium since 

it limits the escape of Si atoms resulting in a high Si vapor pressure.  Therefore, heating SiC 

substrate in an ambient Ar at only 1300  is not enough to induce graphitization. As a 

consequence, heating sample C at 1300  in an Ar environment of 1 atm results only in Si 

enrichment in the surface selvedge region or perhaps only in the formation of the 

            or (3x3) reconstructions, since Si will not desorb/sublimate from on the 

surface. Earlier oxidation studies [38, 39, 40] demonstrated that             surface 

reconstruction of SiC(0001) is highly reactive to oxygen at both room temperature and at 

elevated temperatures, especially 800 . The samples are taken out from the vacuum 

chamber and are thus exposed to the air after heating and cooling down cycle applied. With 

Si present on the surface of a sample, formation of an oxide/silicate layer is expected. This 

seems to be the most plausible explanation for the presence of the oxide/silicate layer induced 

charging effect as observed on the surface of sample C. 

Sample D 

Fig. 24(a) shows a LEEM image of sample D that was prepared by indirect current heating 

at about 1200  in high vacuum. The sample was sandwiched in between the graphite sheets 

during heating, see Fig. 20(b) in section2.4. From the LEEM image, the surface looks quite 

homogeneous even though there are a lot of small pits dispersed all over the surface. The 

LEED pattern in Fig. 24(b) was recorded from the same area on the surface. It clearly reveals 

the (1x1) spots of the SiC substrate which indicates that whatever has formed on the surface it 

is fairly thin since the diffraction spots of the SiC substrate is dominant in the LEED pattern. 
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Very diffuse (1x1) graphene spots, indicated by arrows in Fig. 24(b), can also be seen and 

their intensity is much lower than the SiC substrate spots. It is possible that these (1x1) 

graphene spots originate from some graphite flakes rubbed off from the graphite sheets and 

deposited onto the substrate. If graphitization of the SiC surface occurred,               

buffer layer spots and (1x1) graphene spots rotated 30  relative to the SiC substrate spots 

should also be observed. Nevertheless, since the substrate (1x1) spots dominate and there are 

no               spots observed in the diffraction pattern from a carbon buffer layer, this 

LEED pattern indicates that no ordered carbon layer has formed. The additional spots 

observed in Fig. 24(b) originate from a             reconstruction that we interpret as due 

to a thin oxide layer, silicate layer, consisting of Si and O atoms [41, 42] since we can 

observe some charging effects on the sample during electron beam exposure. To confirm that 

those              spots really originate from an oxide layer, other surface analysis 

techniques such as PES or auger electron spectroscopy (AES) are required.  

 
Figure 24 (a) A LEEM image of sample D taken at a FOV of 50 μm and electron energy of 0.09 eV. 

(b) The corresponding LEED-pattern collected at 40 eV electron energy. 

As shown in section2.4, Fig. 20(b), the sample was sandwiched by two sheets of graphite 

during annealing. The temperature measured on the graphite sheet was about 1200  so that 

the temperature on the substrate would be lower and never be high enough to induce 

graphitization. It is worth noticing again that a temperature above 1250  is needed in order 

to induce graphitization. We suggest that instead of graphitization,             surface 

reconstruction was induced on the surface as in the case of sample C, therefore leading to the 

formation of the oxide layer after exposure to the air.  Also, the enhancement of the quality of 

graphene films has been expected from sandwiching the sample with the graphite sheets. This 

has come up with the idea that it could have an effect to suppress the Si evaporation rate. 

Although this sample did not yield a good result as expected, further investigation is still 

needed to prove that it really contributes to the improvement of the graphene film’s quality or 

not. Unfortunately, it was not possible in this set up for sample D to go to a higher 

temperature than 1200 . The tungsten heating wire was broke when electrical current of 33 

A was applied so the set up need to be redesigned in order to obtain a higher heating 

temperature. 
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Sample E 

Sample E was prepared in different way as described in section2.4. The idea was to mount 

the Si-face of sample E face to face to the C-face of a SiC(000-1) sample and thereby 

suppress the Si sublimation from sample E which could lead to an improved graphene film 

quality. In addition, sample E was heated under high vacuum condition, i.e. at a pressure of 

1.2× 10
-6 

Torr. This is very close to the pressure used during the growth of sample A. 

Therefore a similar homogeneous graphene film with large domain was expected from 

sample E. However, the LEEM image recorded from sample E shown in Fig. 27(a) 

demonstrates that the surface morphology looks inhomogeneous and instead of large 

domains, it contains a lot of small areas/flakes. The contrasts in the LEEM image can be 

distinguished into two main types, i.e. the dark grey and the bright grey areas. The electron 

reflectivity curves extracted from the dark grey and the bright grey areas, see Fig. 25(b), 

clearly show one and two dips corresponding to 1 and 2 ML graphene, respectively. Fig. 

25(c) shows the LEED pattern obtained from the area in Fig. 25(a). It reveals the (1x1) 

graphene spots and the               spots from the buffer layer underneath the graphene 

layer.  

 
Figure 25 (a) A LEEM image recorded from sample E at a FOV of 10 μm and electron energy of 3.3 

eV. (b) The electron reflectivity curve extracted from the dark grey and the brighter grey areas in (a). 

(c) A LEED pattern collected from the same area as in (a) at 45 eV electron kinetic energy.  
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LEEM images of sample A, B and E at the same FOV of 50 μm are shown for comparison 

in Fig. 26. Large domains of 1 and 2 ML graphene are revealed for sample A as illustrated by 

the LEEM image in Fig. 26(a). On the contrary, only small graphene flakes have formed on 

the surface of sample B and E. The surface morphology of sample B, however, appears more 

uniform compared to that of sample E, see Fig. 26(b) and (c) even though they were heated at 

the same temperature. It should be noted that, for preparation of sample E, the Si- and C-face 

samples have different electrical resistivity. In this case, the resistivity of the Si-face sample 

was about 4.7 times lower than of the C-face sample. As a consequence most of the current 

passed through Si-face sample E during the growth process. We therefore suggest that while 

Si-face sample E was heating up to about 1300 , the temperature on the C-face sample 

reached only 500-700 , mainly due to the heat transfer from sample E. At this temperature, 

the C-face sample started to outgas. Those desorbed atoms from the C-face sample deposited 

on sample E and thus affect the graphitization process and the morphology of the grown 

graphene. 

 
Figure 26 A LEEM image of (a) sample A, (b) sample B and (c) sample E at a FOV of 50 μm. The 

electron energy was 4.7 eV for sample A and E and 5.3 eV was for sample B. 
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4. Summary 

In this thesis work, we have grown epitaxially graphene on Si terminated 4H-SiC(0001) 

by thermal annealing with five different procedures to study effects of graphene growth under 

different conditions. Five samples were labeled A, B, C, D and E. Sample A, C, D and E 

were prepared using the home-built vacuum system at Department of Physics, Chemistry and 

Biology (IFM), Linkӧping University, Sweden. Meanwhile sample B was prepared at 

synchrotron facility MAXLAB, Lund, Sweden. After the sample preparation step, the surface 

morphologies of the samples were investigated using low energy electron microscopy 

(LEEM) and the photoemission technique, i.e. PES, was performed for sample B to measure 

C1s core-level spectrum. 

The LEEM image of sample A that was prepared by direct current heating under high 

vacuum at 1300  for 2 minutes revealed that the surface of sample A contains fairly large 

domains of 1 and 2 ML graphene. This is confirmed by the measured electron reflectivity 

curve that exhibits a single and double dips for 1 and 2 ML graphene, respectively. A domain 

size in the range of up to about 5 to 10 μm have been observed. LEED patterns which were 

recorded from the regions of 1 and 2 ML graphene showed the (1x1) graphene and 

              buffer layer spots. On the contrary, the surface morphology of sample B 

that was prepared by direct current heating under UHV at 1300  for 1 minute looks uneven 

and it mainly consists of much smaller domains of 1 ML graphene compared to sample A. 

The C1s spectrum recorded from sample B using the photon energy of 450 eV showed three 

components, i.e. bulk SiC, graphene (G) and the buffer layer (B) located at 283.7 eV, 284.5 

eV and 285.1 eV, respectively. The intensity ratios extracted from sample B were in 

agreement with the intensity ratios earlier obtained for a 1 ML graphene sample [16] and also 

corresponded to the result obtained from the electron reflectivity curve that shows a single 

dip. The existence of graphene on sample B surface was also verified by the LEED pattern of 

(1x1) graphene and               buffer layer spots. According to the earlier study [16], 

the longer annealing time have a much smaller effect on the size of graphene flakes and the 

uniformity of the graphene film. Therefore the pressure should be the factor contributing to 

an improvement of the graphene film quality. We conclude that heating SiC in high pressure 

environment can reduce the Si evaporation rate leading to the formation of large domains of 

graphene. In the case of sample B which was heated under UHV, Si atoms can leave off the 

surface much easier so that those atoms near the surface do not have enough time to 

reconstruct themselves resulting in an uneven graphene film with small flakes. Sample C was 

prepared by direct current heating at 1300  in an ambient of Ar for 2 minutes. The LEEM 

image collected from sample C revealed the charging effect during the beam exposure which 

was induced by the existence of a thick oxide layer on the surface. Both (1x1) graphene and 

              buffer layer spots were not observed from this sample which indicates that 

there is no graphene forming on the surface. Heating sample C at 1300  in an ambient of Ar 

resulted in             surface reconstruction of SiC substrate which is highly reactive to 

oxygen. This             reconstruction thus reacted to oxygen when the sample was 

exposed to the air, therefore resulting in the formation of an oxide layer. 
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Sample D was prepared by indirect current heating and sandwiched in between two 

graphite sheet. Both the graphite sheets were heated at 1200  through the tungsten wire 

wrapping around. The LEED pattern which was recorded from this sample showed the (1x1) 

spots of the substrate and very diffused (1x1) graphene spots. In addition, the extra 

            spots owing to an oxide layer on the surface were also observed. Consider the 

growth temperature of 1200 , it is unlikely that the graphitization can occur. Since the 

              buffer layer spots and (1x1) graphene spots rotated 30  relative to the SiC 

substrate spots were not observed. We have therefore suggested that those (1x1) graphene 

spots originated from some graphite flakes rubbed off from the graphite sheets and deposited 

onto the substrate surface. Moreover, being sandwiched by the graphite sheet possibly 

suppressed the Si evaporation rate leading to             reconstruction which later 

reacted to oxygen after exposure to the air as in the case of sample C. 

Sample E was prepared by direct current heating for 2 min in the way that the Si-face of 

sample E was mounted face to face to the C-face of a SiC(000-1) sample. The pressure 

during the growth of this sample was very close to the pressure during the growth of sample 

A. However, the LEEM image revealed an uneven film containing a lot of small flakes of 1 

and 2 ML graphene, instead of large domains of graphene as expected as observed in sample 

A. We have suggested that this might be a result from the difference in resistivity between the 

C-face and the Si-face samples. As a consequence, most of the current passed only through 

sample E during growth process. While sample E was being heated up to 1300 , the C-face 

sample, which reached only 500-700  due to the heat transfer from sample E, started to 

outgas. Therefore the graphitization process and the morphology of the grown graphene were 

possibly affected by those desorbed atoms from the C-face sample. 
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