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Graphene has attracted significant research attention for next generation of 

semiconductor devices due to its high electron mobility and compatibility with planar 

semiconductor processing. In this dissertation, the influences of Ohmic metals and high dielectric 

(high-k) constant aluminum oxide (Al2O3) deposition on the structural and electrical properties 

of multi-layer epitaxial graphene (MLG) grown by graphitization of silicon carbide (SiC) 

substrates have been investigated. Uniform MLG was successfully grown by sublimation of 

silicon from epitaxy-ready, Si and C terminated, 6H-SiC wafers in high-vacuum and argon 

atmosphere. The graphene formation was accompanied by a significant enhancement of Ohmic 

behavior, and, was found to be sensitive to the temperature ramp-up rate and annealing time. 

High-resolution transmission electron microscopy (HRTEM) showed that the interface between 

the metal and SiC remained sharp and free of macroscopic defects even after 30 min, 1430 °C 

anneals. The impact of high dielectric constant Al2O3 and its deposition by radio frequency (RF) 

magnetron sputtering on the structural and electrical properties of MLG is discussed. HRTEM 

analysis confirms that the Al2O3/MLG interface is relatively sharp and that thickness 

approximation of the MLG using angle resolved X-ray photoelectron spectroscopy (ARXPS) as 

well as variable-angle spectroscopic ellipsometry (VASE) is accurate. The totality of results 

indicate that ARXPS can be used as a nondestructive tool to measure the thickness of MLG, and 

that RF sputtered Al2O3 can be used as a (high-k) constant gate oxide in multilayer grapheme 

based transistor applications.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation 

Graphene is a 2-dimensional (2D) structure of a single layer of carbon atoms arranged as 

a honeycomb lattice structure with strong covalent bonding in a sp
2
 hybridized network.  It is the 

building block of carbon nanotubes and graphite [1-2].  The outstanding electrical properties of 

graphene, such as ballistic electron transport (10-100 times faster than silicon (Si)), and 

mechanical flexibility make graphene an attractive candidate for advanced semiconductor 

devices which are smaller and faster (able to work at higher frequencies) than silicon based 

devices.  As discussed by Geim and Novoselov [1-2], with Si-based technology approaching its 

fundamental limit, new materials to replace silicon are welcomed, and graphene has shown 

exceptional promise in this regard.  In fact, due to the planar 2D structure of graphene and the 

abovementioned properties, it is probably one of the best candidates (for the post-silicon era) for 

making metal–oxide–semiconductor field-effect transistors (MOSFETs) and high electron 

mobility transistors (HEMTs).  So far, several techniques such as mechanical exfoliation, liquid 

phase exfoliation, chemical vapor deposition (CVD), and epitaxial growth by graphitization of 

silicon carbide (SiC), have been proposed as viable methods to fabricate graphene sheets.  

Although each technique has its own advantages and disadvantages, some of these techniques are 

not industrially scalable.  For instance, mechanically exfoliated graphene sheets have been very 

useful for theoretical studies of graphene properties such as ballistic transport or thermal 

conductivity.  However, due to difficulties associated with the graphene bandgap engineering, 

the incorporation of free-standing graphene with a suitable substrate, and small graphene domain 
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sizes, mechanically exfoliated and chemical vapor deposited graphene have limited compatibility 

with planar semiconductor processing.  However, graphitization of silicon carbide at high 

temperatures yields the epitaxial growth of monolayer as well as few-layer graphene (FLG), 

which possesses the same attractive properties of free-standing single layer graphene. It provides 

the ability to engineer the band gap and adjust its semiconducting/metallic characteristics, and 

automatically integrates the film with a high thermal conductivity substrate.  Therefore, 

annealing of SiC at high temperatures in different atmospheres, such as inert gas and high and 

ultra-high vacuum is being intensively studied for the production of epitaxial graphene.  

However, it has been shown that 1-2 layers are required to electronically decouple the epitaxial 

graphene from the substrate [3] in the graphene/SiC system; otherwise, scattering effects induced 

by the substrate degrade carrier mobility in the graphene layer or bi-layer.  Thus, it can be 

expected that some subset of graphene devices on SiC substrates will feature multilayer graphene 

[4], and the ability to determine multilayer graphene thickness is therefore important.  Since the 

graphitization process can be performed in a wide range of atmospheres, pressures, and 

temperatures, it yields different numbers of graphene layers and domain sizes with different 

carrier transport properties.   

However, despite the tremendous progress on graphene processing and characterization, 

the subject is still in its infancy.  With regard to graphene growth by graphitization of SiC for 

example, an understanding of the growth kinetics is only just emerging [5], and difficulties 

persist in synthesizing large domain sizes with a controlled number of layers and targeted 

electronic properties.  The success of graphene based technology will depend critically on the 

ability to reproducibly synthesize wafer-scale graphene with controlled thickness and 

morphology, and tailored electronic properties. Additionally, several characterization techniques 
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(destructive and non-destructive) including atomic force microscopy (AFM),  auger electron 

spectroscopy (AES), micro Raman spectroscopy, and X-ray photo electron spectroscopy (XPS), 

and have been proposed to determine thickness of graphene layers.  However, each of these 

methods exhibit disadvantages, and even when the same technique is used by different groups 

for thickness estimation, substantial discrepancies among reported results are observed.   Over 

the last several years, the graphene knowledge base has progressed impressively to the point 

where epitaxial graphene (~1-2 layers) field-effect transistors (FETs) with cutoff frequencies as 

high as 100 GHz and mobilities ranging from 900 to 1500 cm
2
.V

-1
.s

-1
 have been demonstrated 

[6-7].  However, this mobility is significantly lower than the >200,000 cm
2
.V

-1
.s

-1 
mobility 

measured at room temperature [1-2]. This disparity in performance highlights the critical need to 

better understand the intrinsic and externally induced electronic scattering mechanisms, as well 

as the processing-structure-property relationships related to the graphene and the other layers that 

are required for functional transistors.   

In addition, because gate oxides are a critical component of transistor technology, 

understanding the effect of gate oxide processing on the multilayer graphene microstructure and 

carrier transport properties is important.  High-k dielectrics such as HfO2 and Al2O3 reduce the 

required thickness of the gate oxide and exhibit significantly lower leakage currents compared to 

conventional silicon dioxide [8].  Thus, it is very critical to find appropriate gate oxides which 

exhibit low leakage current, high breakdown strength, and a low density of interface traps.  

1.2 Major Contribution of Dissertation 

The present work addresses the following key issues that require a deeper understanding if 

the full potential of graphene and multilayer graphene based technologies are to be realized: 
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a) Reproducible, controlled synthesis of multilayer epitaxial graphene with homogenous 

thicknesses  

b) Non-destructive determination of number of graphene layers using X-ray photoelectron 

spectroscopy and a Beer-Lambert formalism 

c) Understanding the effects of Ohmic and Schottky metal contact deposition on the 

structural and electrical properties of metal/ semiconducting multilayer epitaxial 

graphene contact 

d) Optimization of aluminum oxide deposition conditions and investigation of the oxide 

deposition on structural and electrical properties of the multilayer epitaxial graphene 

e) Preliminary modeling of graphene formation by the graphitization process using density 

functional theory (DFT) 

1.3 Organization of the Dissertation  

This dissertation has seven chapters and is organized as follows. Chapter 1 provides a 

brief introduction for the whole work.  In chapter 2 a general overview of previous works related 

to graphene, its synthesis and properties, as well as applications is presented.  Chapter 3 provides 

a description of the equipment and experimental procedures for growing multilayer epitaxial 

graphene and depositing metal and oxide contacts, as well as structural characterization methods.  

In addition, this chapter proposes a methodology for estimating the number of graphene layers 

using variable angle spectroscopy ellipsometry (VASE) coupled with angle resolved x-ray 

photoelectron spectroscopy (XPS). In chapter 4, the method for synthesizing uniform and 

homogenous multilayer epitaxial graphene (MLG) is presented. Moreover, thickness and optical 

properties of epitaxially grown multilayer graphene on 6H-SiC is determined by variable angle 

spectroscopic ellipsometry (VASE) and angle resolved X-ray photoelectron spectroscopy 
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(ARXPS), and the obtained results compared to high resolution transmission electron 

microscopy, which shows excellent agreement with the ARXPS results.  Computational 

modeling results regarding formation of epitaxial graphene and surface reconstruction of SiC is 

also described in chapter 4.  Chapter 5 discusses the influences of Ohmic metal deposition on 

Hall mobility, carrier concentration, current-voltage characteristics, contact and sheet resistances, 

work function, and structural properties of metal/graphene/SiC interfaces.  Atomic scale 

characterization of titanium Ohmic and Schottky contacts to SiC using three dimensional atom 

probe tomography and high resolution transmission electron microscopy is presented in this 

chapter.  The impact of high dielectric constant, pinhole free aluminum oxide (Al2O3) deposition 

by radio frequency (RF) magnetron sputtering on the structural and electrical properties of 

multilayer epitaxial graphene is also presented in chapter 6.  Chapter 7 presents the conclusions 

of this work and suggestions for future work are outlined in Chapter 8. 
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 History and Early Production of Graphene 

Graphene is a 2-dimensional arrangement of carbon atoms bonded by sp
2
 bonds, as 

shown in Figure 1.  

 

 

Figure 1. The chicken wire structure of graphene [1]. 

 

The term graphene for describing a single layer of carbon was used for the first time in 

1987, by Mouras et al. [2].  One year later, Harrach and Métrot [3] used graphene as a term when 

they were studying the electrochemical intercalation of sulfuric acid (H2SO4) into graphite.  

However, this term has been used in different contexts for describing the different geometries of 
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carbon structures such as nanotubes and fullerenes, Figure 2 [4-6].  For instance, Lambin et al. 

[7] depicted carbon nanotubes as cylindrical graphene. Thus, graphene has been used as a 

descriptive term for many years. 

 

Figure 2. Three carbon structures which can be obtained from sheets of hexagonal carbon. 0D 

fullerene, 1D carbon nanotubes and 3D graphite [6]. 

 

 The first reported scientific interest of graphene was expressed by Novoselov et al. [8], 

who observed a strong electric field effect in a so-called mono-crystalline graphitic film of few-

layer graphene (FLG), showing carrier mobility of 3,000 to 10,000 cm
2
/V.s with electron and 

holes concentration of about 10
12

 to 10
13

 1/cm
2
. In their work, they prepared FLGs by 
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mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) as shown in Figure 3 [9].   

Mechanical exfoliation or the “scotch tape method” is one the first techniques for producing 

monolayer and few-layer graphene.  In this method, a piece of scotch tape is used to peel off the 

graphene sheet from Kish graphite, which yields graphene domain sizes of about few 

micrometers [10-11].  Mechanically exfoliated graphene is suitable for theoretical and 

fundamental studies but is clearly incompatible with planar semiconductor processing and scale-

up.  

 

Figure 3. Mechanical exfoliation of graphene from highly oriented pyrolytic graphite (HOPG) by 

using tape [9]. 
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2.2 Properties of Graphene 

2.2.1 Band Structure of Graphene 

 Graphene has shown a wide range of intriguing properties including the quantum Hall 

effect, which gives rise to high electron mobility.  Figure 4 shows the band diagram of graphene 

[12-13].  This band diagram was obtained based on a tight binding model, which is a solution of 

the following Hamiltonian equation, Eq. 1 [12].  

)()(3)( kftkftkE ′−+±=
±

       Eq.1
 

In Eq. 1, t is the nearest neighbor hopping energy which is 2.8 eV for graphene, k is the 

momentum vector related to the k symmetry  point in the graphene Brillion zone, and f(k) can be 

obtained by Eq. 2. 

)
2

3
cos()

2

3
cos(4)3cos(2)( akakakkf xyy +=

    Eq.2
 

where (a) is carbon to carbon distance, and kx, ky, kz are the momenta related to the space point in 

the x, y, and z directions of the graphene Brillion zone [12].  As seen for monolayer graphene, 

the conduction and valence bands approach each other and the band gap is close to zero, which 

gives monolayer graphene a semi-metallic character.  The points where conduction and valence 

band separation is smallest are the Dirac points.  

Figure 4 shows the conical diagram of conduction and valence bands of monolayer and 

few-layer graphene.  The exceptional band diagram of 2D graphene causes electrons to behave 

as mass-less particles, which enables them to conduct charge with a very high speed.  Because of 

this, it is believed that electrons in graphene behave like a two-dimensional electron gas (2DEG) 

[14].  This phenomenon is also known as quantum Hall effect [15]. 
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Figure 4. The energy band diagram of monolayer graphene. Note that the six Dirac cones are 

located in hexagonal positions [12]. 

 

Although monolayer graphene lacks an energy gap between the valence and conduction 

bands, the graphene energy band gap is tunable, and there are several ways to achieve this.  The 

easiest way to introduce a band gap in graphene is by adding another graphene layer to the first 

layer, provided that the orientations of these two layers differ, as is shown in Figure 5 [16].  

Interestingly, the semi-metallic band structure of graphene convinced the pioneers of graphene 

that “graphene may be the best possible metal for metallic transistor applications” [8].  
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.  

Figure 5. The conical band diagram of graphene. The band gap of 250 meV was observed when 

bilayer graphene placed in a displacement electric field [16]. 
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2.2.2 Carrier Mobility in Graphene  

According to solid-state physics principles, carrier mobility describes the behavior of 

particles (i.e. electrons and holes) and quantitatively expresses how fast electrons or holes can 

move in a material.  As mentioned in Ref. 12 and 13, graphene has shown extremely high 

electron mobility. In order to explain high carrier mobility in graphene, a closer look into the 

energy-momentum behavior of carriers is necessary. Specifically, for ordinary semiconductors, if 

E is energy of particle and P is particle momentum with mass of M and c is speed of light, then 

the energy-momentum behavior follows Eq. 3 [17]. 

 )( 2242 cPcME +=
       Eq. 3 

Thus, the energy-momentum behavior of carrier in an ordinary semiconductor is strongly 

related to mass of carrier. However, the interaction of electrons with carbon atoms in a 

honeycomb structure is significantly different than carrier behaviors in an ordinary solid. The 

honeycomb structure changes the energy-momentum relation to Eq. 4,  

νPE =
           Eq. 4 

which ν is Fermi-Dirac velocity and for graphene, and it is 300 times less than the speed of light 

[17]. This equation eliminates the influences of carrier mass on energy-momentum behavior, and 

particle energy is only proportional to particle momentum and is the main reason for observation 

of high carrier mobility of graphene as mentioned by Neto et al. [17].  However, it should be 

mentioned that the transport mobility of graphene is also dependent on several factors such as the 

supporting substrate and the synthesis process which can be found in Ref. 18 and will be 

explained in Chapter 5. 
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2.2.3 Mechanical Properties of Graphene 

The intriguing properties of graphene are not limited to electrical behavior; it has also 

shown promising mechanical and thermal properties. Frank et al. [19], applied atomic force 

microscopy (AFM) as schematically shown in Figure 6 to measure Young’s modulus and tension 

in monolayer graphene.  They obtained a Young’s modulus of 0.5 TPa, which is 2.5 times higher 

than steel and 2.7 times larger than Si, suggesting that monolayer graphene is extremely strong 

compared to steel and Si. 

 

Figure 6. AFM set-up for measuring the mechanical properties of single layer graphene [19].          

 

2.2.4 Thermal Properties of Graphene 

The thermal conductivity of graphene has also been studied by several research groups.  

For instance, Balandin et al. [20] used lasers to study the thermal conductivity of graphene, as 

shown in  Figure 7, and obtained conductivity of 5300 W/m.K. which is even larger than the 

thermal conductivity of carbon nanotubes, and suggests that graphene can be used as super 

thermal conductors and in heat sink  systems. 
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Figure 7. Set-up used to measure the thermal conductivity of graphene by Balandin et al. [20]. 

 

2.3 Synthesis of Graphene 

In Table 1, different methods for graphene synthesis according to [21] are shown. In the 

following sections, the methods of mechanical exfoliation, chemical vapor deposition, and 

epitaxial growth by Si sublimation from SiC will be discussed.  As mentioned in Ref. 21 several 

factors such as compatibility with current commercial chip fabrication, domain size of the 

graphene sheet, cost, and throughput should be considered when choosing the appropriate 

fabrication method for practical applications.  

 

 

 

 

 

 



16 
 

 

Table 1. Different techniques for the synthesis graphene. 

 

 

2.3.1 Mechanical Exfoliation 

As mentioned before, mechanical exfoliation is accomplished by using a piece of Scotch 

tape to peel off sheets of graphene from Kish graphite or highly ordered pyrolytic graphite 

(HOPG).  The exfoliated graphene is then typically transferred  to a Si wafer with a silicon oxide 

SiO2 layer on top to make graphene layers visible by optical microscopy, as Figure 8 shows [22].  

The AFM image of an exfoliated graphene sheet obtained by mechanical exfoliation is shown in 

Figure 9. 
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Figure 8. Optical microscopy image obtained from the first and second layer of exfoliated 

graphene on Si/ 300 nm SiO2 substrate [22]. 

 

 

Figure 9. AFM image of exfoliated graphene in 2D (a) and 3D (b) [23].  

 

Although this mechanical cleavage produces high quality graphene sheets, these 

graphene layers have several major drawbacks; i) due to their small domain size, they are only 

useful for fundamental research [24-25] ii) the method is not compatible with planar 

semiconductor processing iii) the method suffers from reproducibility and scale-up issues iv) the 
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film must be transferred to a suitable substrate and finally iv) the method does not permit a study 

of the growth kinetics and thermodynamics . 

2.3.2 Chemical Vapor Deposition (CVD) 

The growth of graphene by chemical vapor deposition (CVD) has attracted significant 

research attention. In the CVD method, a substrate with a pre-deposited catalyst film is first 

introduced into a chamber [26].  The catalyst materials are normally transition metals such as 

cobalt, nickel, and copper, which have low carbon solubility and a close lattice match to carbon.  

Then, a steady state flow of precursor gases, such as methane or acetylene plus argon or 

argon/hydrogen, is introduced into the chamber, which reacts with catalysts, as shown in Figure 

10 [27].    

 

Figure 10. On the left are the various steps of graphene formation by chemical vapor deposition 

using methane as a precursor and copper as the catalyst.  On the right, the methane flux variation 

is shown [27].    

 

The rate of graphene growth is governed by several factors including the pressure of 

precursor and temperature of process, which impact the thermodynamics and kinetics of 

graphene nucleation and growth.  The main advantage of CVD is the ability to make large areas 

of graphene with low defect concentrations [27].  However, similar to mechanical exfoliation, 



19 
 

the main limitation of CVD growth is that the produced graphene must then be transferred onto 

the desired substrate, which typically introduces defects to the graphene. One method of 

graphene transfer process is shown in Figure 11. 

 

 

Figure 11. Transferring the graphene grown on copper by CVD onto a flexible substrate by the 

hot lamination method [28].   

 

2.3.3 Epitaxial Growth by Graphitization of Silicon Carbide 

Recently, graphitization of SiC has attracted many researchers for synthesis of wafer 

scale and uniform graphene as a viable and expandable technique that is fully compatible with 

semiconductor processing [29-30].  Due to close lattice matching of graphene and SiC, this 
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process is also known as epitaxial growth of graphene.  However, graphitization of SiC is 

nothing new, and as early as the 1970s, researchers showed that thermal decomposition of silicon 

carbide would result in surface graphitization [31], as Figure 12 depicts.  One of the most 

important factors about epitaxial graphene is that it exhibits similar properties to those in free-

standing graphene observed by experiments and fundamental studies [30] such as 2D Dirac 

electron transport. An additional advantage of this method is that the process integrates the 

epitaxial graphene with the high thermal conductivity SiC semiconductor substrate and 

sublimation process is very compatible with current commercial semiconductor processing 

methods.  

 

Figure 12. Monolayer epitaxial graphene formed on silicon carbide [32]. 

 

Silicon carbide has more than 250 allotropes. However, not all types of SiC are suitable 

for the epitaxial growth of graphene.  Based on Figures 2, 4 and 12, it is clear that only the 

hexagonal/wurtzite polytypes of SiC are suitable for this process. The morphology and thickness 
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of the graphitized area is highly dependent on the type of surface atoms and the thermal 

annealing process [31].  In Figure 13, the two possible types of surface terminations for SiC, 

namely Si terminated and C terminated are shown.  

 

Figure 13. Si terminated SiC (left) and C terminated SiC (right) [31]. 

 

A review of published works [30, 34-35] shows that sublimation of Si from the SiC can 

be accomplished in a wide range of pressures ranging from ultra-high vacuum to atmospheric 

pressure, as well as a variety of temperatures which yields different graphene domain sizes with 

varying topographies and electrical properties. However, despite substantial progress, several 

significant issues remain to be addressed and the technology is nowhere close to commercial 

deployment.  For instance, as mentioned by Shen et al. [36] and Rutter et al. [37] an 

inconsistency between the electrical properties of epitaxial graphene layers, exfoliated ones and 

theory has been observed.  In fact, recent measurements have reported significantly lower hall 
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mobility values (800 to 2,000 cm
2
/V.s) for epitaxially grown graphene on SiC substrates [38-39] 

compared to the values predicted by theory (200,000 cm
2
/V.s).  Further elucidations of the 

epitaxial graphene showed that in-plane atomic scale defects in the graphene/SiC interface 

induced inelastic scattering of the charge carriers, which suppressed the transport properties 

(mobility) of epitaxial graphene [37].  It was observed that not only the surface of graphene 

layers controls the electrical behavior, but that the interface between the graphene and the 

substrate also plays a critical role [40-41].  In fact, the lattice mismatch between the a-axis of 

epitaxial graphene and the 6H-SiC substrate (~ 25%) creates a complex atomic structure at the 

interface and can dramatically affect graphene electrical behavior [42].  Thus selecting the 

appropriate type of SiC and annealing procedure is critical for achieving the optimal structure 

and electrical properties of multilayer epitaxial graphene (MLG).  

 On the other hand, while it has recently been explained why MLG on carbon-terminated 

SiC retains the mobility of single layers [42], the success of graphene based devices depends 

critically on the ability to synthesize wafer-scale graphene with controlled thickness and 

morphology, and with reproducible, tailored electronic properties. Raman spectroscopy is 

effective for distinguishing single layer graphene from bi-layers or tri-layers, but the technique 

loses its utility for thicknesses involving 5 layers or more [43].  As mentioned earlier, it has been 

shown that 1-2 layers are required to electronically decouple the epitaxial graphene from the 

substrate [44] in the graphene/SiC system, otherwise scattering effects induced by the substrate 

degrades carrier mobility in graphene layer or bi-layer.  Thus, it can be expected that some subset 

of graphene devices on SiC substrates will feature multilayer graphene [42], and the ability to 

determine multilayer graphene thickness is therefore important.  With regard to thickness 

determination, a variety of characterization techniques (destructive and non-destructive) 
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including atomic force microscopy (AFM) [45], micro Raman spectroscopy [46-47], X-ray photo 

electron spectroscopy (XPS) [48] and auger electron spectroscopy (AES) [49] have been used.  

However, each of these methods exhibit deficiencies and even when the same technique is used 

by different groups for thickness estimation, substantial discrepancies among reported results are 

observed.  For instance, Röhrl et al. [50] used the Raman peak shift to determine the number of 

graphene layers, but Shivaraman et al. [49] suggested that using the attenuated intensities of 

Raman peaks is more appropriate for this purpose.  Similarly, Nemes et al. [51] discussed 

differences observed between thickness measurements by tapping mode AFM and repulsive 

mode AFM.  Thus, while the synthesis of epitaxial graphene on SiC substrates [52-54] by 

sublimation is reproducible, to date there is no standard procedure for absolute determination of 

the number of graphene layers [53-54].   

2.4 Applications of Graphene 

2.4.1 Electronic Applications of Graphene 

The ultrahigh electron mobility of graphene makes it an excellent candidate for post-

silicon CMOS technology [31].  In fact, unlike carbon nanotubes, graphene has shown a great 

potential for applications in planar semiconductor devices [30, 35].  Carrier transport in the 

graphene channel remains almost intact after transistor fabrication, which is a superior 

characteristic compared to Si based transistors.  For instance, Sano and Otsuji [55] compared the 

threshold voltage and leakage current of ultrathin-body Si-on-insulator (UTB-SOIs) based metal 

oxide semiconductor field effect transistors (MOSFETs) with graphene channel field effect 

transistors (GFETs) and have shown that the switching speed of GFETs is several times faster 

than UTB-SOIs which makes them excellent candidate for THz electronic applications, Figure 

13. 
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Figure 14. Dependence of delay time on gate length for GFETs and UTBSOI devices [55]. 

 

Very recently, researchers in the IBM Thomas Watson Research Center successfully 

made graphene field effect transistors (GFETs) with a high ON/OFF ratio by applying a 

perpendicular electric field on few-layer graphene to engineer the band gap at room temperature 

[56-57], as Figure 15 shows.  They could achieve the maximum ON/OFF ratio of 100 for GFETs 

at room temperature with a band gap of 80 millielectronvolts (meV).  In Figure 15 (c), drain 

current versus drain voltages for these GFETs are shown and in Figure 15 (d) the ON/OFF 

current ratio for different temperatures is shown. 
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Figure 15. Schematic diagram and electrical characteristics of a graphene field effect transistor 

[56-57]. 
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2.4.2 Optoelectronic Applications of Graphene 

The applications of graphene are not limited only to electronic devices, and several 

research works have shown the potential of graphene for opto-electronic applications.  For 

instance, in a work by Sun et al. [58], multilayer graphene (MLG) was used as an anode for 

organic light emitting devices in the structure of Al/glass/multilayered graphene/V2O5 

/NPB/CBP: (ppy)2Ir (acac) BphenBphen:Cs2CO3 /Sm/Au, as shown in Figure 16.  This 

functionality was facilitated by the optical transparency, large workfunction and high electrical 

conductivity of MLG. 

 

Figure 16. (a) and (b) Structure of an organic light emitting diode featuring graphene as the 

anode as demonstrated  in Ref. 58. 
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In another work by Blake et al. [59], graphene was used as an electrode for Liquid 

Crystal Displays (LCDs) and produced excellent performance with high contrast ratio. In fact, as 

mentioned earlier, graphene is a single atomic layer of carbon with high conductivity, 

remarkable optical transparency, and inert chemical properties.  These properties make graphene 

an excellent candidate for LCD applications.  Figure 17 is a schematic of the proposed graphene-

based LCDs. 

 

Figure 17. Schematic of a graphene based LCD made by Blake et al. [59]. Layers 1, 2,3 and 4 are 

glass, graphene, metal contact and alignment layer (polyvinyl alcohol) respectively, and layers 5, 

6, 7, and 8 represents liquid crystal, alignment layer, ITO and glass. 
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In Figure 18, the variation of transmitted light of a graphene based LCDs for different applied 

voltages is shown.  

 

Figure 18. Variation of normalized transmission with different applied voltages for a graphene 

based LCD [59].  

 

2.4.3 Other Applications of Graphene 

As the knowledge base of graphene has grown, more applications are continually being 

proposed. In the following, another example of the versatility of graphene is discussed.  Due to 

the honeycomb, subnanometer hexagonal lattice, graphene can be used as membrane for gas 

separation [60].  It should be mentioned that due to the repulsive forces caused by the electron 

distribution of the carbon atoms, the perfect graphene layer does not pass any gas molecules even 

for small gases such as Helium [60].  Thus, in order to use graphene as a membrane, a 

subnanometer hole/defect should be introduced in the graphene structure. Jiang et al. [60] used 
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an electron beam in transmission electron microscopy to drill a hole in the graphene structure, 

Figure 19, and they have obtained H2/CH4 selectivity of 10
8
.  

 

 

Figure 19. Via made into graphene structure by using an electron beam [60]. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES AND THEORETICAL MODELING 

 

 3.1       Source Materials Preparation 

The base materials for all experiments were epitaxial quality, hexagonal, silicon and 

carbon terminated 6H-SiC obtained from CREE.  Silicon carbide exists in more than 250 

polytypes with different stacking sequences of the carbon and silicon atoms.  All of the SiC 

polytypes are wide bandgap semiconductors with high breakdown strength, and capability to 

perform at high temperature without suffering from intrinsic conduction effects [1-3].  The 

crystal structure of SiC can be cubic, hexagonal, or rhombohedral [4].  The properties of the two 

substrate types used in this study are shown in Table 2.  

Table 2 Properties of SiC wafer used in this study [3]. 

Lattice parameters 
a=3.081 Å 

c=15.117 Å 

Band gap 3.03 eV 

Crystal structure Hexagonal with stacking sequence of 6 

Surface orientation {0001} ± 0.5° 

Primary flat orientation {1010} plane 

Type n 

Dopant Nitrogen 

Doping density 9×1014 – 1×1019 /cm3 ± 25% 

Resistivity 0.111 Ohm-cm 

Thickness 256 µm 
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To remove any contamination prior loading into vacuum chamber, the following cleaning 

procedure was performed on as received SiC:  

1- Ultra sonic cleaning of the wafer in acetone, methanol and distilled (D.I.) water for 15 

min each. 

2- Blow drying with nitrogen (N2) gas. 

3- Drying in oven at 120 °C for 5 min. 

4- Immersion in 10% solution of hydrofluoric (HF) acid in water for 30 seconds to remove 

native oxides. 

5- Blow drying with N2 gas, and immediate placement in the vacuum chamber for the 

graphitization procedure. 

3.2       Vacuum Chamber and Graphitization Equipment 

A modified thermal evaporator system with capability of evacuation to 10-7 Torr with dry 

pumps, controlled gas flow with the help of mass flow controllers, and with low outgassing of all 

of the vacuum components near 1600 °C was used for the graphene synthesis in this study.  The 

graphitization procedure was computer controlled using thermocouples which were coupled via 

PID loops to a Genesys™ 8-400 TDK-lambda power supply. The setup is shown in Figure 20. 

Vacuum monitoring was provided by a Kurt-Lesker capacitance gauge and Bayard-Alpert glass 

encapsulated ion gauge.  To minimize the outgassing rate, ConflactTM flanges and copper gaskets 

were used throughout.   Moreover, prior to annealing, the chamber walls were cleaned with 

either, HF acid or Sodium Hydroxide (NaOH) solutions as appropriate.  A bake out process was 

performed to eliminate possible water vapor an OH condensation.  Tungsten evaporation boats of 

the type shown in Figure 21 (R.D. Mathis) were used for annealing of the SiC samples. 
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Figure 20. High vacuum chamber used in this work to synthesize multilayer epitaxial graphene 
and for making Ohmic contacts. 

 

Figure 21. Tungsten evaporation boat used for thermal heating of SiC. 

3.3       Graphitization Conditions for the Synthesis of Multilayer Epitaxial Graphene 

Graphitization was performed under two conditions (i) vacuum of 10−6 Torr (ii) argon 

pressure of 35 mTorr.  Depending on annealing conditions, the SiC samples were exposed to 

different temperatures ranging from 950 to 1480 °C with several different ramping rates (10 to 
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2.2 °C/min) and soak times (2–8 min) as reported in [5].  Some anneals were purposely 

performed under more severe annealing conditions to obtain graphite. Additionally in order to 

obtain Ohmic contacts for samples onto which metals were deposited, annealing was done in the 

same temperature range but with different annealing times (5 to 30 min) as reported in [6].   

 Several shadow masks were used to deposit metal contacts and oxides onto the SiC and 

multilayer epitaxial graphene respectively.  To measure current-voltage curves and study Ohmic 

behavior of contacts, a shadow mask facilitating deposition on a 1mm dot pattern was used to 

deposit titanium onto the SiC and multilayer epitaxial graphene.  To measure contact (Rc) and 

sheet (Rsh) resistance, a transmission line method (TLM) mask was used.  Due to uniform current 

distribution, TLM is one the most precise way to determine contact resistance, which was 

originally invented by Shockley [7-8].  For the patterning of contact pads for Hall measurements, 

transmission electron microscopy (TEM) sample preparation grids (Ted Pella Inc., Figure 22) 

was used.   
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Figure 22. Three different shadow masks used in this study for metal deposition.  
 

3.4       Deposition of Metal Contacts on SiC and Multilayer Epitaxial Graphene 

To deposit metal contacts on the SiC and multilayer epitaxial graphene, several 

deposition methods were used.  In following, a brief description of each method is given.  

3.4.1 Pulsed Laser Deposition (PLD) 

Here, the 248 nm, ultraviolet krypton fluoride (KrF) line of an Excimer laser was used to 

deposit titanium contacts (200 to 300 nm) through a circular shadow mask at 10−6 Torr, which 

was achieved by turbo-pumping. At a laser power density of ∼4.2 J/cm2 operated at 10 Hz, a 250 

nm thick film was obtained after 30,000 shots. Prior to opening the shutter for deposition, the 
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surface of the target was cleaned by exposure to the laser fluence for 2 min.  The substrate to 

target separation was 5 cm and the target was 99.99% pure. The separation between contacts was 

set at 100 µm to allow Raman analysis of the material in between.  

3.4.2 Magnetron Sputtering 

Direct current (DC) magnetron sputtering was also used to deposit titanium and 

aluminum contacts on SiC and multilayer epitaxial graphene through the circular and TLM 

shadow masks.  Prior to metal deposition the SiC samples were subjected to a buffered 

hydrofluoric acid etch to remove native oxides.  The base pressure of the chamber was 6×10−6 

Torr, the working pressure was set to 7 mTorr of Ar, and the sputtering power density was 3.94 

W/cm2.  Moreover, gold contacts were deposited on some samples using a Gatan precision 

etching coating system (Model 682 PECS™). 

3.4.3 Thermal Evaporation 

The base pressure for the thermal deposition was 10-7 Torr, which was obtained by 

cryopumping backed by a roughing pump. Silver and aluminum contacts were deposited by 

thermal evaporation with a deposition rate of 2 Å/min using two types of boats (R.D. Mathis) as 

shown in Figure 23.  The thickness of deposited metal was controlled by quartz crystal sensors.  

 

  

Figure 23. Tungsten evaporation boat used for evaporating metal contacts.  
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3.5 Deposition of Aluminum Oxide 

In order to obtain a continuous, pinhole free thin film of Al2O3 (purity of 99.99%), radio 

frequency (RF) magnetron sputtering at different power densities ranging from 2.5 to 9.8 W/cm2 

was studied.  The base pressure of sputtering chamber was 5×10-6 Torr and sputtering pressure 

was varied from 10 to 13 mTorr.  The target to substrate distance was set to 6 cm and deposition 

was carried out at room temperature.  Two gases of Ar-23% O2 and pure Ar (99.99%) were used 

as sputtering gases.  Indium tin oxide (ITO) and silicon wafers were used as substrates to 

optimize the processing conditions prior to Al2O3 deposition onto the MLG.  . 

3.6  Characterization and Analysis  

3.6.1 Electrical Characterization 

3.6.1.1 Current-Voltage Measurements 

Current-voltage, contact and sheet resistance, as well as leakage current, breakdown field 

strengths and TLM electrical characterization of as-deposited and annealed samples were 

accomplished using a Micromanipulator probe station (MM Micromanipulator Inc.) integrated 

with a computer controlled Keithley 2420 source-measure unit.   

3.6.1.2 Hall Mobility Measurements 

In order to measure Hall  mobility, carrier concentration and dopant type, an Ecopia 

HMS-5000  with a Van der Pauw contact arrangement was used at room and liquid nitrogen 

temperatures in accordance to Ref. [9].  In this technique, four contacts are place on the corner of 

sample and while the current passes through two of the contacts, a magnetic field is placed 

perpendicular to current direction and voltage changes appearing across the two other contacts 

are measured, as schematically shown in Figure 24.  Moreover, the Van der Pauw method can be 

used to obtain sheet resistance of thin films.   
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Figure 24. Schematic of Hall mobility set up. 

 

However, since the contact sizes were larger than ideal van der Pauw contacts, the 

geometrical correction factor (C) was used to increase the accuracy of the results, described in 

details in Ref. 10 and 11. Thus, if µm is the measured Hall mobility of the sample then the actual 

mobility of sample (µ) can be obtained by Eq. 1: 

µ= µm×C                Eq. 1 

3.6.1.3 Capacitance-Voltage Measurements 

An Agilent 4294A impedance analyzer integrated with a Micromanipulator probe station, 

and an ac oscillation (probe) voltage of 100 mV was used to evaluate the interface trap density at 

the oxide/MLG interface using capacitance-voltage measurements.  Here measurements were 

performed at 1 MHz, and a single frequency approximation was used to estimate the interface 

trap density as embodied by Eq. 1 [11-12], 
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where Dit is interface trap density, Gm is the peak value of the measured conductance, ω is the 

angular frequency, q is the electron charge (q =1.602 x 10-19 C), Cm is the capacitance that 

corresponds to the peak conductance value, Cox is the capacitance of insulator (the capacitance 

measured in accumulation), and A is the area of the interface junction as defined by the area of 

the metal contact.  Dielectric constant of aluminum oxide film was measured by Eq. 3 [11], 

d

Ak
C 0ε=

              Eq. 3 

where C is the capacitance of oxide film, k is dielectric constant, A is the area of oxide film, and 

d is the thickness of film, and ε0 is the vacuum permittivity and equals to 8.854×10-12 F/m.
 

3.6.2 Structural Characterization 

3.6.2.1 Profilometry 

In order to measure the thickness of deposited films, a Veeco Dektak 150 stylus 

profilometer in contact mode was used.  In this method, a stylus with vertical resolution of 6 Å 

moves across the sample and measures height variation between two coated and uncoated areas.  

3.6.2.2 Variable Angle Spectroscopic Ellipsometry (VASE) 

To measure thickness, refractive index and extinction coefficient of multilayer epitaxial 

graphene as well as the aluminum oxide films, variable angle spectroscopic ellipsometry (VASE) 

measurements were performed over the 450-1000 nm spectral range at room temperature using a 

VASE Woollam M-2000V spectrometer and the WVASE32 software package.  Spectroscopic 

ellipsometry (SE) is non-destructive and surface-sensitive, with the capability of detecting 

thicknesses ranging from a single atomic layer to thousands of angstroms.  It facilitates direct 

determination of the real and imaginary components of the complex index of refraction, 

extinction coefficient, and film thickness simultaneously [13-17].  The physical underpinnings of 
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the technique are well understood and documented [18].  In summary, plane-polarized light 

impinges a sample at a certain angle, and the change of polarization of the reflected beam is 

analyzed.  The optical constants are determined from the measured relative phase change, ∆ and 

the relative amplitude change, ψ, introduced by reflection from the surface [15].  More 

specifically, ψ and ∆ provides the ratio between the s-polarized (rs) and p-polarized (rp) light 

reflected off the surface of interest;  
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which directly relates to the complex index of refraction through Fresnel’s Relations;  
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where rp and rs are the p and s components of the reflected polarized light, and n  is the 

complex index of refraction. Both Ψ and ∆ are wavelength dependent.  Once the real (n) and 

imaginary components (k) of the complex index of refraction have been measured, the thickness 

determination is rather straightforward since the amplitude of the electrical component of the 

propagating light wave is: 
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where d is thickness and t is time. 
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3.6.2.3 X-ray Photoelectron Spectroscopy (XPS) 1 

The chemical composition and thickness of the multilayer epitaxial graphene and 

metal/SiC contact interfacial region were analyzed with the help of variable angle resolved X-ray 

photoelectron spectroscopy (ARXPS).  The thickness values obtained from VASE were verified 

with ARXPS at room temperature using a PHI 5000 VersaProbe TM Scanning X-ray Microprobe 

Spectrometer.  Thickness of the multilayer graphene from ARXPS measurements was 

determined by applying the Beer-Lambert formalism [19-20].  Specifically, given graphene of 

thickness dG on the SiC substrate, then the total photoelectron signal intensity from the 

multilayer graphene is obtained by integrating from 0 to dG, and the form of Beer-Lambert 

equation which applies is Equation 5:   

[ ])cos/exp(1 θλGGdII
GG

−−= ∞

 
                   (5) 

where 
G

I  is the intensity of the C1s photoelectron peak from the epitaxial graphene on SiC, 

∞

G
I is the C1s photoelectron signal from infinite layers of graphene i.e. highly oriented 

pyrolytic graphite (HOPG), dG is the graphene thickness, λG is the photoelectron attenuation 

length (inelastic mean free path) in graphene, and θ is detection angle (angle between the normal 

to the surface and detector).  The electron attenuation lengths (EALs) of graphene and HOPG are 

taken to be equal and were calculated from the National Institute of Standard and Technology 

(NIST) electron effective attenuation length database [21], which is based on Monte Carlo 

simulations of electron transport in solids as described by Lesiak et al. [22].   

 
1 Text and formula from this point to section 3.6.2.4 were reproduced from [20] with permission from Institute of 
Physics. 
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A similar equation to Eq. 5 describes the photoelectrons generated in the 6H-SiC 

substrate.  If  
∞

SiC
I is the intensity of C1s photoelectrons  arriving at the multilayer epitaxial 

graphene/SiC interface from the SiC wafer, then passage through the multilayer epitaxial  

graphene will result in attenuation and the equation that applies is:
  

[ ])cos/exp( θλGGdII
SiCSiC

−= ∞

              (6)
 

In other words, attenuation of the SiC C1s photoelectrons occurs in the graphene layer 

and therefore the thickness and attenuation length that apply are the graphene thickness, and 

graphene attenuation length.    is the  C1s photoelectron signal from the untreated SiC 

wafer.  The ratio of intensities is therefore: 
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from which the multilayer graphene thickness is obtained 

[ ]∞+= RRd GG /1lncosθλ                 (10)  

where  ∞

∞
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In the preceding the photoelectrons of interest are all C1s. 
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3.6.2.4 Atomic Force Microscopy (AFM) 

Topographical variation and surface morphology investigations of the multilayer 

epitaxial graphene and deposited aluminum oxide was imaged by using a  Veeco Multimode 

Nanoscope III AFM in tapping mode. 

3.6.2.5 3-Dimentional Atom Probe (3DAP) Tomography 2 

To prepare samples for 3DAP characterization, a dual beam Focused Ion Beam (FIB) 

procedure developed by Imago Scientific Instruments (now operated by Cameca division of 

Ametek) in conjunction with the University of North Texas was used [23-24]. An Imago 

scientific local electrode atom probe (LEAP®) instrument was used to investigate the 3 

dimensional (3D) atomic structure of the Ti/SiC interface. In Figure 25 a schematic diagram of 

3DAP system is shown [25].  While the substrate is given a positive potential, the electrode is 

maintained at negative potential and this electric field ionizes atoms.  3DAP tomography 

experiments were performed in pulsed-laser evaporation mode for both as–deposited (rectifying) 

and Ohmic contacts using a pulse frequency of 200 kHz, laser pulse energy of ~0.5 nJ and 

average evaporation rate at ~0.5% with a steady-state applied voltage.  The 3DAP specimens 

were evaporated at temperatures of 40 and 240 K for the annealed and as-deposited specimens 

respectively.  

 
2 Text from this point to section 3.6.2.6 were reproduced from [24] with permission from American Institute of 

Physics. 
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Figure 25 Schematic of 3DAP system showing the potential difference between substrate and 
electrode which ionizes the specimen [16]. 

 

Since a metallurgical interface is absent in the as-deposited samples, a temperature of 

240K was used to reduce the stress on the specimen and consequently the possibility of sample 

delamination that could be induced by the 3 to 8 kV steady-state voltage used for ionization.  

This higher temperature aids the transitions between the relatively discrete layers (in this case Ti, 

TiOx, SiOx and SiC) which have very different ionization potentials.  The annealed samples form 

a robust, metallurgical contact which is relatively more diffuse at the interface due to 

intermixing, thus allowing for easier evaporation of the interface region, and consequently 

permits specimen evaporation at a lower temperature.  Lower specimen temperatures result in 

less noise and spurious signals in the mass spectrum, as well as a higher spatial resolution, and 

are therefore the preferred option whenever possible.  Analysis of the mass spectrum and 

subsequent 3D reconstructions of the atomic (ionic) species were carried out using the IVASTM 
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(Imago Visualization and Analysis Software) software.  More specifically, the common set of 

mass-to-charge values that were used for reconstructing the 3DAP data from both sets of samples 

were; C1+, C2+, (C3)
1+, (O2)

1+, Ti1+, Ti2+,  TiO1+ Si1+, Si2+, Si3+, SiO1+ and (SiC2)
2+.  In addition to 

the common set, peaks corresponding to the (TiC)1+ and (TiC)2+ ionic species were present in the 

mass spectrum from the Ohmic sample and were included in the analysis.   

3.6.2.6 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

The structure of the Ti/SiC interfaces, in both the case of the as-deposited and Ohmic 

contacts, was studied by cross-section HRTEM using a FEI Tecnai G2 F20 S-Twin 200 keV 

microscope. The cross-section TEM samples were also prepared using the dual-beam FIB [23].  

After contact formation, an additional 300 nm of platinum was deposited by FIB onto the Ti to 

keep the Ti/SiC interface intact and unaffected by the sample milling and lift-out processes, 

which are necessary to create the 3DAP and TEM specimens.   

3.6.2.7 Raman Spectroscopy 

Raman analysis was performed using a Thermo Electron Almega XR system to evaluate 

graphitization of the SiC between the contacts. The diameter of the Raman probe was ∼2 µm. 

Graphitic carbon and other sp2 bonded carbons exhibit strong Raman scattering and easily 

identifiable Raman spectra [26-27] in spite of their intense optical absorption. Micro-Raman 

mapping of epitaxial graphene was obtained by Thermo Electron Almega XR with laser 

wavelength of 532 nm by using an objective lens of 100X.  
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3.7.4.8 Auger Electron Microscopy (AES) 

Elemental distribution of aluminum, oxygen, carbon and silicon etc. was obtained by 

Auger electron spectroscopy nanoprobe (670xi Scanning Auger Nanoprobe). The beam diameter 

was 10nm. 

3.6.2.9 X-ray Diffraction (XRD) 

XRD pole figure analysis is a powerful tool for the investigation of the orientation of 

crystalline planes of epitaxial samples [28].  In this method, the X-ray source and collector are 

kept in specific angles, the sample is rotated perpendicular (around β) to the particular plane (α) 

that is being investigated [29], and the crystalline structure is mapped into a stereographic image.  

While planes parallel to the surface appears at low α values (close to 0°), planes which are 

perpendicular to surface appears at high β (close to 90°), as is shown in Figure 26. 

 

Figure 26. A blank XRD pole figure map showing the angles of interest. 
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3.7 Computational Modeling of Si Sublimation 

Vienna ab initio simulation package (VASP) software was used to model the 

reconstruction of the Si terminated (0001) surfaces of 6H-SiC, after Si sublimation. The 

planewave cut-off energy was calculated by convergence energy calculations and obtained to be 

900 eV which is close to the reported values in Ref. [30], which allows the system to achieve to 

energy convergence. A total number of 48 Si and C atoms were used for the calculations, and 

Methfessel-Paxton scheme was used for mesh generation, and k-point of 771 was obtained, 

subsequently Si atoms were removed so as to form two graphene layers. Prior to each Si 

removal, surface relaxation calculations were performed to allow the Si and C atoms to relax to 

their equilibrium atomic positions, and then the properties calculations were executed. 
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CHAPTER 4    

RESULTS: SYNTHESIS, CHARACTERIZATION AND MODELING OF MULTILAYER 

EPITAXIAL GRAPHENE  

4.1 Introduction 

Epi-ready silicon (Si) and carbon (C) terminated n-type 6H-SiC were used as the base 

material for this study.  Upon completion of  cleaning procedure, 4×4 mm SiC specimens were 

loaded into vacuum chamber, which was then pumped down to 1×10-6 Torr.  In order to obtain 

multilayer epitaxial graphene, graphitization of the SiC samples was performed in high-vacuum 

and under an argon pressure of 35mTorr.  Since silicon has higher vapor pressure compared to 

carbon (see Figure 27), upon heating Si sublimes and leaves the carbon behind which rearranges 

to the graphene honey-comb structure.  The end result may be single or multi-layer epitaxial 

graphene, [1-3], depending on the annealing conditions (temperature, ramping rate, soaking time, 

pressure).  To obtain the most homogenous multilayer epitaxial graphene with the largest 

possible domain sizes, several ramping rates ranging from 10 to 2 °C/min and temperatures 

ranging from 1400 to 1600 °C were investigated under both annealing atmospheres.  After each 

annealing procedure, scanning micro-Raman spectroscopy was performed to determine the 

formation of epitaxial graphene and to measure the epitaxial graphene domain sizes.  Below, the 

results of each method are presented and described, while the role of annealing atmosphere on 

the structural and electrical properties of multilayer epitaxial graphene is discussed. 
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Figure 27. Vapor pressure of silicon and carbon at different temperatures [1].  
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4.2 Raman Spectroscopy Study of Multilayer Epitaxial Graphene 1  

Figure 28 shows the micro-Raman spectra for samples exposed to 1428 oC anneals at 10-6 

Torr with different temperature ramp rates and soak times.  The prominent peak at 1580 cm−1 is 

referred to as the G peak (or graphite peak) and is due to the doubly degenerate zone center E2g 

C-C stretching mode [4,5].  The feature at ~2700 cm-1 (so called 2D band) is a two-phonon band 

taken to be 2 x 1350  and is always observed in graphite samples [6-7].  As discussed extensively 

in the literature [e.g.8-10], the Raman spectrum of graphite is characterized by a G peak that is 

more intense than the 2D peak and the converse is true for graphene.  As shown in the spectra, 

the temperature ramp rate and sublimation time play an important role in the graphene formation 

process.  For example, Figure 28, curve (a) represents a typical 5 minute anneal at 1428 oC 

performed at a ramp rate of 10 oC/min.  It resulted in a sharp G peak and a weaker 2D signal, and 

the G/2D signal intensity ratio was 2.1 as Figure 29 shows.  This peak ratio and the peak 

positions are characteristic of graphite formation.  Similar anneals but with a 7 oC/ min 

temperature ramp-up produced two peaks of almost equal intensity, resulting in a G/2D ratio of 

~1 (Figure 28 curve (b)).  The G/2D ratio decreases significantly to 0.86 after 1428 oC annealing 

for 5 minutes with at 5 oC/min temperature ramp-up, and is interpreted to be an indication of few 

layer graphene formation when considered together with the obtained negative shift in 2D 

position shown in Figure 28 curve (c) and Figure 29. As the literature indicates [e.g.11-13], a 

shift of the 2D peak position to longer wavelengths together with a G/2D peak ratio that is larger 

than one and  increasing, is generally taken to be the signature of few layer graphene 

transforming to graphite due to increasing thickness, and has been extensively documented 

[e.g.12] in the literature.   

 
1 Text and figures from this point to figure 30 were reproduced from [7] with permission from Institute of Physics.  
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Figure 28.  Raman spectra for 1428 and 1450 °C vacuum-anneals under different conditions.  
Note the height variation of the Raman G and 2D peak highlighted by the dotted lines.  
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Figure 29.  Variation of the G/2D peak ratio and the 2D peak position with different ramping rate 
for samples annealed at 1428 °C. 
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For the Si terminated SiC, multilayer epitaxial graphene formed in a narrow temperature 

range from 1420 to 1435 oC and prolonged soaking times or higher annealing temperatures 

resulted in the formation of graphite.  For example, annealing at 1428 oC for 30 min rather than 5 

minutes resulted in graphite, as did annealing at 1450 oC for 5 minutes as curves (d, e) of Figure 

28 show.  In Figure 29,  the G/2D ratios and 2D peak position as a function of temperature ramp-

up rate are highlighted while Figure 30 presents the detailed micro-Raman spectra for SiC, 

highly ordered pyrolytic graphite (HOPG), and multilayer epitaxial graphene structures annealed 

at different temperatures.  The temperature ramp-up rates and annealing times are identical.  The 

6H-SiC samples as well as those annealed at 1106 and 1339 °C are characterized by a 1515 cm-1 

peak.  This peak is diminished by annealing at 1428 °C with the aforementioned optimal 

conditions and instead, the carbon G peak emerges, although its intensity is less than the G peak 

of HOPG.  This observation is consistent with the observations of Gupta et al. [14].  The 2D 

peak of graphene emerged only after the 1428 oC anneal and as Figure 30 shows, the 2D peak of 

the synthesized graphene is shifted to longer Raman wavelengths compared to the 2D peak of 

HOPG [11].  It should be mentioned that the peak position of both D and 2D peaks are highly 

sensitive to the Raman laser energy and any comparison of peak positions reported in other 

works must be done with caution [15].  Another peak which shows up in this range is the G* at 

around 2450 cm-1.  Due to the small intensity of the G* peak, fewer studies have been performed 

on the characteristic behavior of the G* feature in graphene layers. Graphene shows a sharp 2D 

peak with full width at half maximum (FHWM) of 20 cm-1, and like the G* this peak is also 

shifted toward shorter wavelengths while HOPG shows a wider 2D peak with a FHHM of 35 cm-

1 and shoulder. 
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Figure 30. Evolution of the Raman spectra for three different annealing temperatures.  The 
spectra of the 6H-SiC substrate and HOPG are included for comparison. Ramp rate and 
annealing time for all samples were 5 °C/min and 5 min respectively.  Only annealing at 1428 °C 
resulted in the formation of graphene.  

 

For further quantitative analysis of the Raman spectra, first and second derivative 

analyses of the Raman data were used.  It should be pointed out that the first and second 

derivative of a function provides the best approximation of the numbers of peaks and their 

positions [16], which is due to the high accuracy of the derivative function for determining the 

slope of each curve at any specific point.  In Figure 31, the first and second derivative of the 

Raman spectra of the synthesized multilayer epitaxial graphene and HOPG are shown. While for 

HOPG the G and 2D peak positions are 1580 and 2759 cm-1, for multilayer epitaxial graphene 

made on SiC, the G and 2D peak positions are 1580and 2743 cm-1.  
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Figure 31. First and second derivatives of the Raman spectrum of multilayer epitaxial graphene 
and HOPG  

 

 In Figure 32, two annealing procedures which yielded graphite and multilayer epitaxial 

graphene respectively are shown.  Considering that the initial SiC wafer was Si terminated and 
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epitaxy ready, an additional step in the annealing procedure is necessary prior to the Si 

sublimation process to remove the native silicon dioxide (SiO2) which forms on the surface.  

SiO2 can be removed by thermal decomposition by annealing in temperature range of 950 to 

1050 °C with soaking time for 10 to 20 min.  In the present case, a soak time of 20 minutes 

ensures that the silicon dioxide is removed from the surface, and it provides enough time for the 

Si and C atoms to reconstruct.  For the samples with the most homogenous graphene domain 

sizes, the ramping rate from room temperature to 1000 °C was 5 °C/min, and from 1000 °C to 

1428 °C a ramp rate of 2.9 °C/min produced the best results.  A gradual increase in the number 

of layers and less homogenous graphene layers was observed for higher ramp rates.  In fact, 

since the ramp rate determines the graphitization kinetics, it plays a critical role in the silicon 

sublimation and surface rearrangements of carbon and silicon.  To mitigate this problem, both 

ramp rates in stages I and III (Figure 32) were changed and the subsequent structure was 

analyzed by micro Raman mapping, which will be discussed below.  Thus, ramping rate of 

2.9°C/min was found to be optimal and was used for all samples.  The optimum graphene 

synthesis conditions for Si terminated SiC were determined to be 2 minutes at 1428 °C with a 2.9 

oC/ min ramping rate in a vacuum of 10-6 Torr.  A similar approach was used to synthesize 

multilayer epitaxial graphene under an argon atmosphere.  In Table 3, the optimum conditions 

for synthesizing multilayer epitaxial graphene for Si and C terminated SiC under high-vacuum 

and argon annealing are presented.  A discussion of the topology of argon and vacuum annealed 

epitaxial graphene follows in the sections below.   
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Figure 32. The annealing procedures that yielded a) graphite and b) homogenous multilayer 
epitaxial graphene. 

 

Table 3. Graphitization conditions for synthesizing multilayer epitaxial graphene on Si and C 
terminated surfaces under high-vacuum and argon atmosphere. 

Surface termination and annealing atmosphere Final temperature Ramping rate 

Si terminated-high vacuum annealing   1428 °C 2.9 °C/min 

C terminated-high vacuum annealing 1445 °C 2.9 °C/min 

Si terminated-argon annealing 1456 °C 2.9 °C/min 

C terminated-argon annealing 1475 °C 2.9 °C/min 

 

As previously mentioned, with the graphitization of SiC in high-vacuum the Si atoms 

randomly sublime from different nucleation sites, thus the multilayer epitaxial graphene made 
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under high-vacuum conditions tends to be rough and highly corrugated [3].  In fact, the main 

limitation of vacuum annealing for growing epitaxial layers of graphene is lateral heterogeneity, 

which continues to be an unsolved problem.  However, annealing in argon atmosphere gives rise 

to an improved graphene surface structure, showing remarkably reduced roughness. This is 

presumably because the argon overpressure suppresses the Si sublimation, and slows the 

graphitization kinetics 

Figure 33 shows representative two dimensional micro-Raman surface maps of the 

multilayer epitaxial graphene samples obtained for different ramping rates and annealing 

conditions for both Si and C terminated SiC.  These Raman maps were experimentally obtained 

by using the automated scanning feature of a Thermo Electron Almega XR system with a 1 µm 

resolution setting.  The map size is limited by the instrument capability, with larger scans being 

possible at lower resolution. For Si terminated SiC made under ramping rates of 10, 7, and 5 

°C/min, a large ratio of G/2D peaks is seen.  This might be due to excessive ramping rate which 

intensifies Si sublimation.  However, for ramping rate of 2.9°C/min, the intensity of the 2D peak 

is significantly greater than that of the G peak throughout the scanned area, which confirms that 

only multilayer epitaxial graphene and no graphite was detected within the scanned area.  The 

most homogenous multilayer epitaxial graphene was obtained when annealing was performed 

under argon atmosphere.  The ratio of 2D/G is noticeably higher than the vacuum-annealed ones.  

As mentioned above, it is believed that [3] the positive pressure of argon atoms on the surface 

hinders the sublimation of Si atoms and graphitization of the surface happens at lower rates, 

compared to the high-vacuum annealing procedure. 
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Figure 33. Raman map showing the extent of formed graphene for Si terminated SiC made under 
high-vacuum. (a) , (b), (c) and (d) are for ramp rates of 10, 7, 5, and 2.9 °C /min. Improved 
multilayer epitaxial graphene domain sizes were obtained by annealing under argon for (e) Si 
terminated and (f) C terminated SiC, as presented in Figure 32 and Table 3. 
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4.3 Atomic Force Microcopy (AFM) of Multilayer Epitaxial Graphene 

Figure 34 (a) shows an AFM image of epitaxial graphene on C face 6H-SiC synthesized 

in vacuum annealing.  Although large graphene-layers are observed, it appears that the layers are 

randomly distributed on the surface leading to a highly irregular surface.  This has also been 

observed by Luxmi and co-workers [17].  It is expected that this rough surface topography 

increases electron-acoustic phonon as well as surface scattering that gives rise to lower electron 

mobility values, which will be discussed in Chapter 5.  However, the scenario is different for the 

case of multilayer epitaxial graphene grown on C face SiC under argon annealing as Figure 34 

(b) shows. The topography is significantly improved and the domain sizes of graphene layers are 

larger than in the previous case.  The pressure of the argon atoms significantly hinders random Si 

sublimation and the rate of graphitization for entire surface is very similar which yields uniform 

and parallel terraces.  The smoother and flatter topography of the graphene layers will play a 

critical role in the electrical and structural properties of multilayer epitaxial graphene which will 

be discussed further below, and which was also observed by other researchers [18].  Due to this 

superior morphology, graphitization of SiC under argon annealing has been used to produce 

wafer size epitaxial graphene [17]. 
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Figure 34. Atomic force microscopy images of multilayer epitaxial graphene grown on C 
terminated SiC under (a) high-vacuum (b) 35 mTorr of argon.         
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4.4 Thickness and Optical Constants Estimation by Spectroscopic Ellipsometry 

Prior to ellipsometric analysis of the multilayer epitaxial graphene films, preliminary 

input parameters were obtained from analyzing HOPG with the Cauchy model.  As Figure 35 (a) 

and (b) show, the measured wavelength dependence of Ψ and ∆ for HOPG is in excellent 

agreement with the Cauchy model.  The resulting refractive index and damping constant at 500 

nm were 3.0 and 1.8 respectively.  These values are consistent with published results [19].   
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Figure 35.  Measured (black curves) and Cauchy modeled (red curves) values of (a) Ψ and (b) ∆ 
respectively for HOPG.  

 

As depicted in Figure 35, substantial fluctuations in Ψ and ∆ values as well as index of 

refraction and extinction coefficient of HOPG for low wavelengths are observed.  The observed 

oscillations could be due to the following reasons:  

(i) Instability of the ellipsometry lamp at some wavelengths causes wiggles to appear at low 

wavelengths, as also observed in the reflection-wavelength plot of Ref. 25. Other materials may 

also show this behavior depending on lamp which is used in ellipsometry system [20]. 

(ii) Another explanation for the observed wiggles in HOPG might be due to the birefringent 

properties of graphene layers. Birefringence causes decomposition of light into ordinary and 

extraordinary rays in anisotropic materials, as depicted in Figure 36 (a) and (b).  
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Figure 36. (a) Birefringence properties of graphene layers, (b) birefringence origin. 

 

By considering index of refraction in other directions, the oscillations can be more 

intense. The large fluctuation spikes are noticeable in anisotropic HOPG, as Figure 37 (a) shows 

[21].  Likewise, birefringent behavior is observed in 6H-SiC substrates. If no is the ordinary 

index of refraction and ne is the extraordinary index of refraction, then birefringence is defined 

as: 

oe nnn −=∆
           (1) 
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Figure 37 (b) represents Shaffer’s calculations [22] of birefringence for 6H-SiC. 

 

 

Figure 37. (a) Wiggles observed in other works [20], (b) Birefringence of SiC according to Ref. 
21. 
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In the case of the multilayer graphene on SiC, use of the Cauchy model resulted in a high 

mean square error (MSE) values and was deemed inadequate.  The Lorentz oscillator model, 

which was described in Chapter 3, was used instead.  As Figures 38 (a) and (b) show, the 

measured wavelength dependence of Ψ and ∆ for multilayer graphene on SiC is in excellent 

agreement with the model.  The refractive index and damping constant for the multilayer 

graphene on 6H-SiC were deduced from analysis of Ψ and ∆, and are plotted as a function of 

wavelength in Figure 39.  It should be noted that measurements were performed at five different 

angles to improve the accuracy of the results.  After calculating the optical constants while using 

the previously described Lorentz oscillator model, the thickness of graphene layer was estimated 

to be 5.4 nanometers by VASE, which is ~16±1  graphene layers if the graphene interlayer 

spacing is taken to be 0.335 nanometers [23, 24]. 
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Figure 38.  Measured (black curves) and Lorentz modeled (red curves) values of (a) Ψ and (b) ∆ 
respectively for multilayer epitaxial graphene on carbon-terminated 6H-SiC.  The Lorentz model 
is an excellent fit to the experimental ellipsometric data as can be seen. 
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Figure 39.  Measured (black curves) and Lorentz modeled (red curves) of (a) refractive index n, 
and (b) extinction coefficient k obtained for multilayer epitaxial graphene on carbon-terminated 
6H-SiC.   

 

4.5 Thickness Estimation by Angle Resolved X-ray Photoelectron Spectroscopy 2  

 To validate the thickness determined by spectroscopic ellipsometry, angle resolved XPS 

(ARXPS) was performed on the same samples [25].  Figure 40 shows the photoelectron spectra 

obtained at 10 different tilt angles.  At 90o tilt the sample surface is perpendicular to the detector 

and thus the penetration depth, interaction volume and photoelectron signal intensity is highest.  

Tilting at 40 o and lower angles eliminates the C1s of C in 6H-SiC at 283.4 eV due to reduced 

penetration depths.  At tilt angles smaller than 60 °, only the graphene signature C1s peak at 

284.5 eV [26] remains since the X-rays are interacting with only the near-surface layers i.e., the 

 
2 Text and formula from this point to section 4.6 were reproduced from [25] with permission from Institute of 
Physics.  
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multilayer graphene.  At zero tilt, a C1s signal from graphene or SiC signal is not detected, 

because the detector is in the plane of the sample surface.  Based on the ARXPS results (see 

Figure 40), only angles smaller than 40 ° where the graphene signature C1s peak is dominant 

were used for the thickness determination of the synthesized multilayer graphene on the parent 

6H-SiC substrate.  As previously stated, the electron attenuation lengths (EALs) of graphene and 

HOPG are taken to be equal and are calculated using NIST database [25] for 1486.6 eV X-ray 

excitation.  Taking the sample to 5.4 nm thick as was determined by variable angle spectroscopic 

ellipsometry, then at 40, 30, 20 and 10 degrees the NIST database reports the EAL to be 2.8, 2.8, 

2.8 and 2.8 respectively, which is essentially constant and averages to 2.8, Figure 41.  It should 

be noted that the NIST database shows the EAL to be essentially independent of thickness i.e., 

the practical EAL would be the same irrespective of what the thickness of the sample was 

initially estimated to be.  Angle resolved XPS was therefore performed on the carbon-terminated 

6H-SiC substrate and HOPG over the 40 o to 10 o tilt angle range in order that 
∞

SiCI and 
∞

GI

could be determined at each angle.   
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Figure 40.  Angle resolved XPS spectra of multilayer epitaxial graphene on carbon-terminated 
6H-SiC that was used for thickness determination.  The graphene signature C1s peak at 284.5 eV 
starts to become dominant for detection angles smaller than 40 o.   
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Figure 41.  Variation of electron attenuation length (λG or EAL) with tilt angles for HOPG 
calculated from the NIST software [27].  For detection angles smaller than 50 ° where the 
graphene signature C1s peak is dominant, the EAL is about 2.8 nm. 
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The ARXPS data from the 6H-SiC wafer and HOPG are presented in Figures 42 (a) and 

(b).  Application of the Beer-Lambert analysis described (Eq. 10) above to the experimental data 

obtained at tilt angles of 10, 20, 30, and 40 degrees yield thicknesses of 6.5, 6.4, 6.4, and 6.6 nm 

respectively, which is an average of 6.5 nm.  This corresponds to ~18 (±1) layers of graphene 

and is in good agreement with the VASE results.  The input values for Equation 10 are 

summarized in Table 4.   

 

 

 

292 290 288 286 284 282 280 278

40
o

30
o

20
o

10
o

0
o

 

 

P
h
o
to
e
le
c
tr
o
n
 I
n
te
n
s
it
y
, 
a
.u
.

Binding energy, eV

(a)

 



76 
 

292 290 288 286 284 282 280 278

40
o

30
o

20
o

10
o

0
o

 

P
h
o
to
e
le
c
tr
o
n
 I
n
te
n
s
it
y
, 
a
.u
.

Binding energy, eV

(b)

  

Figure 42.  Measured ARXPS spectra for the (a) C terminated 6H-SiC wafer and (b) HOPG at 
different tilt angles. 

 

Table 4.  R, R∞, and dG for 40, 30, 20 and 10 o tilt angles obtained from the ARXPS 
measurements.  

Tilt Angle, 

degree 
R

 
R∞

 

λG (nm) dG (nm)
 

0 - - 2.8 - 

10 40.6 4.1 2.8 6.5 

20 4.7 0.4 2.8 6.4 

30 1.9 0.1 2.8 6.4 

40 1.3 0.1 2.8 6.6 
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4.6 Verification of Thickness Estimation with High Resolution Transmission Electron 

Microscopy 

In order to verify the VASE and ARXPS results, high resolution transmission electron 

microscopy (HRTEM) of the multilayer epitaxial graphene grown on carbon terminated SiC with 

ramping rate of 2.9 °C/min for 2 min soaking time was performed. More details about growth 

conditions and structural analysis of this sample were mentioned in Sections 4.2 and Table 3.  In 

order to protect the multilayer epitaxial graphene during TEM sample preparation, a 100 nm 

titanium thin film was deposited prior to focused ion beam (FIB) milling.  Figure 43 presents the 

HRTEM image of about 16-17 graphene layers, which is in excellent agreement with ARXPS 

results.  

 

 

Figure 43.  HRTEM image of multilayer epitaxial graphene showing about 16 graphene layers. 
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4.7 Qualitative Chemical Analysis by Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) with depth profiling was done to qualitatively verify 

HRTEM and ARXPS results.  Prior to depth profiling, a survey of the multilayer epitaxial 

graphene was performed.  Then, the sample was sputtered with low energy Ar+ ions (2kV and 

0.65 µAmp) and subsequently a depth profile was obtained.  Evolution of the kinetic energy 

signal intensity for the multilayer epitaxial graphene and SiC substrate are presented in Figures 

44 (a) and (b).  Figure 44 (a) represents the variation of carbon peaks at 270 eV for graphene 

shifting toward 272 eV for SiC while Figure 44 (b) represents the development of silicon peak 

for multilayer epitaxial graphene and SiC substrate.  A very weak silicon peak was observed for 

multilayer epitaxial graphene and as sputtering proceeded, the underlying Si atoms appeared.  In 

Figure 44 (c), variation of the carbon and silicon intensities for different sputtering cycles are 

shown. 
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Figure 44. Auger depth profiles of multilayer epitaxial graphene grown on SiC. 

 

4.8 Pole Figures Analysis of Multilayer Epitaxial Graphene  

As mentioned in Chapter 3, X-ray diffraction (XRD) pole figures are a powerful tool for 

the investigation of the orientation of crystalline planes of epitaxial samples [28].  In this 

method, the X-ray source and collector are kept in specific angles and the sample is rotating 

perpendicular (around Φ) to the particular plane (Ψ) that is being investigated [ 29 ], and 

crystalline structure is mapped onto a stereographic image.  While planes parallel to the surface 

appear at low Ψ values (close to 0 °), planes which are perpendicular to surface appear at higher 

Ψ (close to 90 °).  However, it should be mentioned that due to the spot size of the X-ray beam, 

pole figures gives a broad map of wafer sized samples and unlike Raman and Auger 

spectroscopy it does not give specific information about micro-scale features.  XRD pole figures 

of (0001) and (0002) planes of 6H-SiC and HOPG were measured prior to mapping the 

orientation of multilayer epitaxial graphene grown on SiC, as depicted in Figure 45 (a) and (b). 

For 6H-SiC substrates, six symmetry orientations as well as a strong (0001) planes are observed 

at the center of the figure, which verifies that the as-received silicon carbide has hexagonal 
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symmetry and it is oriented around (0001) axis.  However, the stereographic image is somewhat 

different from the HOPG sample, and it seems that (0002) plane appears at larger Ψ values, 

meaning that this plane is not exactly parallel to surface.  

 

Figure 45. XRD Pole figures obtained for (0002) planes of (a) 6H-SiC and (b) HOPG.  
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In Figure 46, the XRD pole figures for high vacuum and argon annealed multilayer 

epitaxial graphene are shown.  The angle of pole figure was set at the main graphene XRD peak, 

i.e. for (0002) plane or 26.42 º.  For the high vacuum annealed samples, the (0002) plane is 

spread over various angles, which indicates that this plane is not necessarily parallel to the 

surface of the sample.  For the argon-annealed samples, the arrangement of the (0002) plane is 

more uniformly formed as is shown in Figure 46 (b).  Indeed, most of the (0002) planes are 

either parallel to the surface or slightly tilted (about 9 to 10 degree).  These pole figures are in 

concurrence with the observed AFM topography images that show almost uniform graphene 

planes for the argon-annealed samples and randomly oriented planes for the vacuum-annealed 

ones. However, it should be mentioned that XRD pole figures provides specific information 

about lateral homogeneity on the wafer scale, and it does not provide information for smaller 

domains. As it was observed by Raman mapping, the multilayer epitaxial graphene domains are 

laterally very uniform on the micrometer scale, as Figure 33 shows.  
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Figure 46. XRD pole figures obtained for (0002) planes of multilayer epitaxial graphene made 
under (a) high-vacuum (b) argon. 

 

4.9 Modeling of Silicon Sublimation from SiC and Graphene Formation 

An ab-initio calculations based on the first principle theory was performed to study the 

sublimation of silicon atoms from the silicon carbide (6H-SiC) substrate, and to model the 

growth of the epitaxial graphene layers. Prior to the modeling of  Si sublimation, cut-off energy 
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calculations for 6H-SiC substrate were performed and a energy cut-off of 900 eV was obtained 

which was in close agreement with other works [30].  By considering a perfect (0001) surface 

(Figure 47), then removing a single Si atom one at a time, and afterward relaxing the whole 

structure, the formation of multilayer epitaxial graphene was modeled as Figure 48 shows.  It 

should be mentioned that for each step of the relaxation process, the energy of formation as well 

as relaxation energy of the structure were calculated.   

 

 

Figure 47. Perfect 6H-SiC crystal structure with silicon termination at (001) surface. 
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Figure 48. Relaxed structure of 6H-SiC after removing the four top silicon atoms. 

 

 After removing three Si atoms and relaxing their corresponding structures, two graphene 

layers were obtained as shown in Figure 49.  The two epitaxial carbon layers show different 

electronic behaviors.  The valence charge density maps for different C and Si atom in this 

structure indicates the existence of dangling bonds between the first carbon layer  and lower Si 

and C atoms (the SiC substrate), while C atoms in the second layer show an independent charge 

density from lower atoms.  In fact, the separation of the first layer from the SiC substrate is about 

2 Å, which is very close to theoretical values (2 Å).  This layer is covalently bonded to the 

substrate. Interestingly, the free-charge density map of the second C layer shows that it is an 

electronically independent graphene layer and not firmly bonded to lower carbon atoms. 

Moreover, the inter-plane spacing distance increased to 3.4 Å, due to very weak Van der Waals 

forces, in contrast to strong covalent bonds between buffer layer and substrate. However, it 
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should be mentioned due to hypothesis in DFT calculations, interlayer spacing of 3.4 Å is 2% 

higher than observed values [29]. In fact, the first layer works as a buffer/interface layer between 

the second (and subsequent) graphene layers and SiC substrate, which electrically decouples the 

properties of graphene from the SiC substrate [31]. 

 

Figure 49. Two consequent carbon layers obtained by sublimation of Si atoms from SiC, for 48 
Si and C atoms.  

 

This density functional theory result, is in agreement with other reports that dicusses the 

growth of graphene layers on SiC substrates [35].  Thus, as mentioned in Chapter 1 and 2, it is 

expected that monolayer epitaxial graphene does not show the extraordinary properties of free 

standing graphene, which is the main reason that more studies that are focused on multilayer 

epitaxial graphene are needed.  However, more studies are needed to validate the results of 48 

atoms for a bigger systems with more number of graphene layers.  
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CHAPTER 5  

RESULTS: THE INFLUENCE OF OHMIC METALS DEPOSITION ON THE STRUCTURE 

AND PROPERTIES OF EPITAXIAL MULTILAYER GRAPHENE 

5.1 Metal Contact Deposition on SiC and Multilayer Graphene 

5.1.1 Pulsed Laser Deposition (PLD) of Titanium at Room and Elevated Temperatures 

            Titanium (Ti) metal contacts were deposited onto silicon carbide (SiC) specimens at 

room temperature by pulsed laser deposition (PLD).  Prior to Ti deposition, the samples were 

dipped in 10 % HF aqueous solution for 10 seconds to remove surface oxides.  In order to 

investigate elemental chemical distribution of contacts, AES surface mapping was performed. 

The results are summarized in Figure 50.  This mapping indicates that the amount of trapped gas 

(such as oxygen and nitrogen) at the Ti-SiC interface for the samples deposited at room 

temperature is high, and also a  sharp interface between deposited Ti and SiC substrate is seen. 

 

Figure 50. AES surface mapping of titanium contacts for as deposited samples. 
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To investigate the effect of annealing on the Ti-SiC Ohmic contacts, high-vacuum 

annealing was done at 973 °C for 5 min. In Figure 51, the AES surface maps of annealed Ti-SiC 

contacts are shown, which indicate lateral diffusion of Ti into SiC.   

 

Figure 51. AES surface mapping of Ti-SiC contacts. 

 

5.1.2 Structural and Electrical Characterization of Annealed Ti-SiC Contacts 
1
 

Figure 52 is a typical Raman map of the surface between Ti contacts after annealing has 

been performed [1]. As can be seen from the ratio of the 2D/G peaks over the scanned region, 

some areas of the surface are multilayer epitaxial graphene while others are graphite.  This 

Raman map was experimentally obtained by using the automated scanning feature of the Raman 

spectrometer with a resolution setting of 2 µm.  As discussed by Sutter [2], the main limitation of 

 
1
 Text and figures from this point to figure 56 were reproduced from [1] with permission from Institute of Physics.  
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vacuum annealing for growing epitaxial layers of graphene is lateral heterogeneity, which 

continues to be an unresolved problem. 

 

 

Figure 52. Typical three-dimensional Raman image of the surface which shows uneven graphene 

formation. 

 

 Figure 53 is the current–voltage characteristics of the contacts in their as-deposited 

condition and after annealing. As Figure 53 shows, the contacts deposited at room temperature 

and 300 
°
C were both rectifying although the 300 

°
C samples exhibited a relatively smaller 

contact resistance.  Post-deposition annealing at temperatures between 900 and 1215 
°
C resulted 

in Ohmic characteristics but the slope of the I–V curves did not change substantially with 

annealing in this temperature range.  However, as Figure 53 (b) shows, annealing at 1428 
°
C 

results in a sharp, 380% increase in the I–V curve slope.  Further annealing at 1450 
°
C where 

graphite forms decreased the I–V curve slope back to below the 1339 
°
C level.  If one assumes 

that the formed multilayer epitaxial graphene is responsible for the enhanced Ohmic behavior, 

then one possible explanation for the higher resistivity after the 1450 
°
C anneal might be the 
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lower electron mobility of graphite compared to graphene [ 3 ]. These results suggest that 

graphene formation can contribute significantly to the Ohmic behavior of the structure through 

lower sheet resistance.  

The above described trend with regard to I–V slope change is reproducible, although the 

amount of change is less predictable.  Figure 53 (c) is the I–V plot of 6H-SiC samples from the 

same wafer that were processed in a separate run.  In this case, the multilayer epitaxial graphene 

formation process (5 min anneals at 1428 
°
C with a 5 

°
C min

−1
 ramp-up rate) resulted in a 198% 

increase in slope, while annealing for 5 min at 1450 
°
C with the same temperature ramp-up 

(which produces graphite) decreased the slope of the I –V curve.  Clearly the trend is the same, 

but the obtained current values and percentage change in slopes are different.  This researcher 

proposes that these differences are due to the run to run variations in the extent of multilayer 

epitaxial graphene coverage and the number of synthesized graphene layers.  Despite the 

aggressive anneals which resulted in graphitization, the contacts and interfaces were structurally 

sound and relatively sharp.  
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Figure 53.  (a) Current-voltage characteristics for as deposited samples show rectifying behavior. 

(b) Current-voltage for annealed Ti-Graphene-SiC contacts.  Contacts annealed at 1428
°
C with 

graphene domains show better Ohmic behavior compared to contacts annealed at temperatures 

lower than the graphene formation temperature and contacts annealed at 1450 
°
C where graphite 

formed.  
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A HRTEM image of the Ti-SiC-graphite junction is shown in Figure 54.  The Ti–SiC 

interface is relatively sharp, and free of voids or other three dimensional defects.  Moreover, as 

Figure 55 shows, elemental scans of the Ti–SiC interface obtained by energy dispersive 

spectroscopy (EDS) confirmed a relatively sharp, carbon rich contact region.  A synopsis of the 

mechanism that facilitates Ohmic contact formation and graphene (or graphite) growth 

simultaneously follows.  Given that the free energy of formation for TiC is lower than that of SiC 

(e.g. at 1000 
°
C the values are −54 kJ mol

−1
 and −170 KJ mol

−1
 for SiC and TiC respectively), 

heating results in the formation of TixC compounds, and eventually thermodynamically stable 

TiC.  After the metal carbide is formed and thermodynamic equilibrium is established locally at 

the TiC–SiC interface, the chemical potential driving TiC formation dramatically decreases.  The 

formed TiC effectively becomes a diffusion barrier to carbon.  The vertical interface is stable, 

and remains so with temperature increase up to 1430 
°
C where Si sublimes and graphene 

formation occurs between the Ohmic contact pads.  With the assumption that the graphene 

coverage and thickness is as targeted, the processing steps schematically shown in Figure 56, 

could lead to functional transistors.   
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Figure 54.  High-resolution TEM image shows sharp vertical interface between Ti and SiC at 

different resolutions. 

 

Figure 55. Elemental analysis of the Ti-SiC interface obtained using energy dispersive 

spectroscopy (EDS) by Transmission Electron Microscopy.  The thickness of the carbon rich 

interface is around 12 nm. 
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Figure 56. Schematic of the Ohmic contact and multilayer epitaxial graphene formation process, 

and envisioned structure of a high electron mobility transistor (HEMT). ‘S’ and ‘D’ indicate 

source and drain. 
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In Figure 57 (a) and (b), the AES depth profiles of two annealed Ti-SiC samples scanned 

for elemental C and Ti are shown. When samples are annealed at 940 °C, the AES measurement 

of carbon and titanium with a depth profile shows a sharp interface between the Ti and SiC.  The 

contact region becomes less sharp for  anneals at 1215°C, presumably due to more interdiffusion 

at the higher temperature.  

0 10 20 30 40 50 60

1215oC

In
te

n
s
it

y
, 

a
.u

.

Sputter time, min

940oC

(a)

 

0 10 20 30 40 50 60

1215
o

C

In
te

n
s
it

y
, 

a
.u

.

Sputter time, min

940
o

C

(b)

 

Figure 57. AES depth profile of as deposited and annealed Ti-SiC contacts (a) elemental C, (b) 

elemental Ti. 
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5.1.3 Investigation of Titanium Ohmic and Schottky Contacts by 3D Atom Probe Tomography 

(3DAP) 

Local electrode atom probe (LEAP) was used to study the elemental composition of the 

Ti-SiC interface in 3D. Magnetron sputtering was used to deposit Ti onto 6H-SiC specimens 

through circular shadow and transmission line method (TLM) masks. The latter is shown in 

Figure 58 (a).  LEAP sample preparation was done by FIB milling in accordance to Ref. 15, and 

the samples were sharpened to a radii of 90-102 nm, as Figures 58 (b) and (c) show. 
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Figure 58. SEM micrograph of (a) deposited titanium through a transmission line method (TLM) 

mask onto 6H-SiC specimens (b) and (c) LEAP samples of the Ti-SiC interface region prepared 

by FIB milling. 

 

Figure 89 shows the variation of current with voltage for as deposited samples with 

forward and reverse biases. As can be seen, such contacts were rectifying or Schottky in 

character. Moreover, the I-V curve represents a symmetrical dependence for both forward and 
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reverse biases with a high contact resistance of 1×10
-2

 Ω.cm
2
, and sheet resistance of 1×10

-1
 

Ω/sq, as summarized in Table 5. 
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Figure 59. I-V curve for as-deposited samples showing rectifying behavior. 

 

Table 5. Contact resistance (Rc) and sheet resistance (Rs) obtained by TLM method for as 

deposited and annealed samples. 

Contact conditions Rc, Ω.cm
2 

Rs, Ω/sq 

As deposited 1×10
-2

 1×10
-1

 

As annealed 3×10
-3

 7×10
-4

 

 

2
 The 3D atom probe reconstruction of the interface of the as-deposited contact is shown 

in Figure 60 (a) [4].  Here the dark blue dots represent Ti ions, red, burgundy, grey and dark grey 

 
2
 Text and figures from this point to section 5.1.4 were reproduced from [4] with permission from American institute 

of Physics.  
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represents C, C3, Si, and SiC2 respectively, dark green and aqua represent SiO2 and SiO, and 

violet and yellow represent TiO and O2, respectively.  The data shows abrupt changes in the Ti, 

C and Si atomic concentration profiles at the interface denoting marginal interfacial reactions 

and very limited diffusion of C into the Ti contact layer, in accordance to AES depth profiling.  

This can be rationalized based on the fact that the contact was deposited at room temperature, 

and had not been exposed to higher temperatures.  The data also indicates that the native oxide 

(SiOx) reforms in the time between the oxide-etch and metal deposition, and the formation of 

TiOx, a result of the strong affinity of Ti for oxygen.  Figure 60 (b) is a one dimensional 

compositional profile corresponding to the 3D reconstruction shown in Figure 60 (a) with the 

distance axis lying perpendicular to the Ti-SiC interface. The presence of Ti on the SiC side of 

the interface observed here is an artifact due to overlap of the mass-to-charge of Ti
2+

 and (C2)
1+

 

and is actually due to the presence of (C2)
1+

 ions. 
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Figure 60. (a) 3DAP tomography image of the as-deposited interface; the dark blue dots 

represent Ti ions, red, burgundy, grey and dark grey represent C, C3, Si, and SiC2 respectively, 
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dark green and aqua represents SiO2 and SiO,  the violet and yellow represent TiO and O2 

respectively.  The analysis box is an interfacial volume with dimensions of 20×10×20 nm (b) one 

dimensional Ti, C, O and Si concentration profiles obtained from the reconstructed 3DAP 

tomography image.  

 

Figure 61 (a) shows the Ohmic I-V curve for the sample annealed at 1000 °C.  From 

TLM measurements a contact resistance of 3×10
-4

 Ω.cm
2 

was determined, which is in close 

agreement with previously reported values [5].  Figure 61 (b) shows a 3D reconstruction of the 

Ohmic Ti-SiC interface with the same color code representation of the as-deposited, rectifying 

contact.  In addition light violet and yellow-green have been added to represent TiC and O ions 

respectively.  Figure 61 (c) shows one-dimensional compositional profiles of the major 

constituents corresponding to the different species represented in the 3DAP reconstruction 

(Figure 61 (b)) with the distance axis lying perpendicular to the Ti-SiC interface.  As seen from 

both the 3D reconstruction as well as the corresponding compositional profile, the Ohmic contact 

is characterized by significant diffusion of C into the Ti layer.  The carbon appears to be 

homogeneously distributed in the Ti, within a distance of 10 nm from the interface.  This is in 

contrast to the results reported by Park and Holloway [6] that showed the precipitation of 

graphite at the interface.  A possible explanation for the discrepancy is that in the present case, 

the thick Ti layer was not fully or optimally converted to TiC due to insufficient carbon, whereas 

in the previous report [1] carbon in excess of that necessary to convert the ~20 nm Ti layer to 

TiC simply precipitated at the interface. While being compositionally diffuse, the Ti-SiC 

interface remains structurally sharp and uniform, based on the representative HRTEM image 

shown in Figure 61 (d).  Oxygen that was previously localized at the interface in the as-deposited 

condition diffuses into the Ti with annealing, probably to the detriment of the contact resistance.  

The diffusion of carbon and oxygen into the Ti is driven by the negative free energy of formation 
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of titanium carbides and oxides, and presumably continues until the associated chemical 

potentials vanish.  As the 3DAP analysis shows, there is no evidence of titanium silicide 

formation at the interface indicating that if silicides had formed during the temperature ramp-up, 

they would not be stable at the contact formation temperature and would eventually decompose 

during annealing.  
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Figure 61. (a) Ohmic I-V curve of the sample annealed at 1000 
o
C (b) 3DAP tomography image 

of the Ti/SiC interface after annealing; the dark blue dots represent Ti ions, red, burgundy, grey 

and dark grey represents C, C3, Si, and SiC2 respectively , aqua represents SiO, the violet, light 

violet and yellow-green represents TiO, TiC and O ions respectively (c)  One dimensional 

concentration profile of the major constituents obtained from the 3D atom probe data (d) Cross 

section TEM micrograph of the Ohmic interface which shows relative structural sharpness and 

an absence of  three dimensional defects such as voids. 
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5.1.4 Investigation of Workfunction of Ti Contacts 

As mentioned earlier, with annealing carbon diffuses into the titanium and forms TixC. 

The amount of carbon varies at different locations of interfacial region.  In fact, as mentioned by 

Ghosh [7], Ohmic contact formation results in a modulation of the material workfunction which 

gives rise to an effective work function (Wm) at interface.  If one considers two elements A and 

B with ratio of x, then the effective work function can be estimated by: 

Wm=WB+x(WA-WB)                 (1) 

where, WA and WB are work functions of solvent and solute respectively. Ghosh [6] also showed 

that the effective work function obtained theoretically by the above formula is in good agreement 

with experimentally determined values.  From the carbon concentrations determined from 3DAP 

results and applying in the above equation, one can determine the variation of workfunction with 

changes in carbon concentration in the interface regions.  Figure 62 (a) shows the variation of 

workfunction with the concentration of carbon and Figure 62 (b) depicts variation of 

workfunction versus distance along the titanium/SiC interface.  As seen, a modulation in 

workfunction appears for different locations in the interfacial region, and the workfunction of 

titanium changes from 4.85 to 4.79 eV over a distance of 12 nm at the interface.  This is one of 

the reasons that linear current-voltage behavior (Ohmic) was observed for annealed samples. 
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Figure 62. Variation of calculated contact effective work function (Wm) versus (a) carbon 

concentration and (b) distance obtained by 3DAP results. 
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5.2 Carrier Mobility Measurement for Multilayer Epitaxial Graphene 

In order to measure the mobility of multilayer epitaxial graphene, two types of contacts 

were deposited.  For the first set of samples, titanium was deposited and subsequent annealing at 

1428 °C was performed.  In Figure 63, the SEM image and also AES map of titanium contacts is 

shown, which depicts a diffused pattern for Ti. 

 

 

Figure 63.  SEM image and AES map of annealed titanium contacts. 

 

For the second set of samples, multilayer epitaxial graphene was synthesized and then 

gold contacts were deposited on the graphene. The SEM image as well as carbon (light green) 

and gold (red) AES maps are shown in Figure 64.  
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Figure 64. SEM image and AES map of gold contacts on multilayer epitaxial graphene. Light 

green area represents multilayer epitaxial graphene area and red area shows the gold contacts. 
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As can be seen, the gold area is spatially distinct from the graphene area while for 

titanium pads there is a lateral diffusion of titanium.  As mentioned earlier, according to 

thermodynamics, for samples with Ti contacts, TiC forms on the surface, and initial mobility 

measurement show that annealing of titanium contacts depressed the carrier mobility of 

graphene.  Thus, for all carrier mobility measurements gold contact pads were used. In Figure 65 

(a), the variation of Hall mobility (µ) with carrier concentration for multilayer epitaxial graphene 

prepared under high-vacuum and argon atmosphere are shown. For multilayer epitaxial graphene 

synthesized in high-vacuum a wide range of mobility deviation is seen and the maximum 

obtained µ was 2470 cm
2
/V.s  with a carrier concentration of 7.58×10

14
 cm

-2
, while the lower 

mobility was approximately in the 519 cm
2
/V.s range, with the average mobility of 1134 

cm
2
/V.s. In fact, according to Eq. 2 (a) and (b), as carrier mobility increases, sheet resistance (Rs) 

decreases [8]: 

snqµ
ρ

1
=                             2 (a) 

W

ρ
=sR

   

                           2 (b) 

where ρ is resistivity, q is electron charge, µ is electron mobility, ns is density of free electrons, 

and W is sample thickness. 

Moreover, as mentioned by Tedesco et al. [9], as carrier density (ns) approaches the 

intrinsic carrier density (ni), the Hall mobility would increase, which is also observed for 

multilayer epitaxial graphene samples.  For argon-annealed samples, the Hall mobility values are 

in a narrower range compared to high-vacuum annealed ones.  While the average mobility is 

about 1760 cm
2
/V.s, the maximum mobility reaches 1940 cm

2
/V.s for a sheet concentration of 

2.78×10
15

 cm
-2

.  Argon-annealed samples show about 1.55 times higher Hall mobility values in 
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comparison to vacuum-annealed ones.  It should be mentioned that a similar correlation of 

carrier mobility with annealing conditions was observed for other mobility measurement 

techniques such as Hall-bar method [10].  

The temperature dependence of the Hall mobility of multilayer epitaxial graphene 

synthesized under high-vacuum and argon, as well as C faced 6H-SiC for the 180 to 300 K 

temperature range of is shown in Figure 65 (b). As can be seen, the carrier mobility of multilayer 

epitaxial graphene varies more rapidly with temperature in comparison to the 6H-SiC substrate, 

and as temperature decrease more, the differences between multilayer epitaxial graphene and SiC 

mobility values increases, although the increments are more for the case of argon-annealed 

samples. This indicates that that carrier transport in multi-layer graphene is more temperature 

sensitive than in the 6H-SiC substrate. The carrier mobility values obtained for C faced 6H-SiC 

are consistent with those reported in Ref. 11 and12.  
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Figure 65. Hall mobility (µ) of vacuum and argon annealed MEG on C faced 6H-SiC, and the 

error percentage is 2.2 % for measured Hall mobilities values. (b) Temperature dependence of 

Hall mobility for high-vacuum and argon-annealed MEG as well as a C faced 6H-SiC substrate 

for the 180 to 300 K range. Note the dashed lines which show slope changes for the case of 

MEG, and the error percentage is 2.2% for measured Hall mobilities values. (c) Carrier 

concentration as a function of temperature for high-vacuum and argon-annealed MEG and C 

faced 6H-SiC.    
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The slope of the carrier mobility versus temperature curve is not identical for all 

temperatures.  The mobility variation at lower temperature may exhibit a positive or negative 

slope. For the case of argon-annealed samples, a maximum mobility of 4200 cm
2
/V.s was 

obtained at 190 K, while for the vacuum-annealed samples a maximum of 2530 cm
2
/V.s was 

measured at 200 K.  This can be explained by considering the fact that scattering mechanisms 

including surface scattering and electron-acoustic phonon scattering become activated at elevated 

temperatures as mentioned by Li et al. [13] and Chen [14].  It is believed that the presence of 

charged graphene surface reduces Hall mobility at low temperatures i.e. ≤ 190 K [7].  However, 

for argon annealed samples, the mobility approaches a constant level and does not change for 

temperatures lower than 200 K.  As discussed in Ref. 8 and 13, if carrier transport is limited to 

electron-acoustic phonon scattering, mobility would decrease as temperature increases with 

factor of T
-3/2

, Eq. 3. 

2/5*

2/3

c

l
m

T −

∝µ
                                

(3) 

where µl is the mobility due to electron-acoustic phonon scattering, T is temperature, and mc
*
 is 

the conductivity effective mass.  

Interestingly, as seen in Figure 65 (b), the power dependence of Hall mobility with 

temperature for high-vacuum and argon-annealed samples are -1.7 and -1.8 respectively.  This 

suggests that electron-acoustic phonon is the dominant scattering mechanism for the region 

where mobility decreases with increasing temperature.  On the other hand, the Hall mobility of 

the high-vacuum annealed samples decrease more at lower temperature which might be due to 

thicker graphene layers and static ripples which intensifies scattering mechanisms [15].  It is 
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worthy to mention that for temperatures lower than 200 K, the variation of mobility with 

temperature is different.   

It should be mentioned that the mobility of graphene is also dependent on the substrate 

and synthesis process [16]. However, more investigation is required to determine the impact of 

scattering on the carrier mobility of epitaxial graphene.  Additionally, as mentioned by Weingart 

et al. [9], carrier trap centers such as bumps in the graphene film (as observed by AFM and micro 

Raman mapping) and impurities on the surface would affect carrier transport. 

Figure 65 (c) displays the variation of carrier concentration with temperature for high-

vacuum and argon annealed multilayer epitaxial graphene as well as for C faced 6H-SiC 

substrate.  As seen, in all temperature ranges, the high-vacuum and argon-annealed multilayer 

epitaxial graphene demonstrates 1 to 2 orders of magnitude lower carrier concentration compared 

to SiC substrate, which is consistent with the observed higher carrier mobility of multilayer 

epitaxial graphene at lower temperatures.  

In Figure 66, a comparison of the room temperature Hall mobility for multilayer epitaxial 

graphene grown on Si and C terminated SiC in argon atmosphere is presented.  For samples 

grown on Si terminated SiC, substantially lower Hall mobility values are observed in comparison 

to those grown on C terminated surfaces.  This is likely related to the rougher surface 

morphology of multilayer epitaxial graphene that is obtained with growth on Si terminated SiC 

in comparison to C terminated surfaces, which increases carrier scattering and thus decreases 

mobility.   
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Figure 66. Carrier mobility of epitaxially grown graphene determined by Hall measurements on 

Si (○) and C (■) terminated SiC with argon annealing, and the error percentage is 2.8% for 

measured Hall mobilities values. 
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CHAPTER 6  

RESULTS: THE INFLUENCE OF HIGH-K Al2O3 OXIDE DEPOSITION ON THE 

STRUCTURE AND PROPERTIES OF EPITAXIAL MULTILAYER GRAPHENE 

 

6.1 Aluminum Oxide Deposition on Multilayer Epitaxial Graphene 
1
 

6.1.1 Aluminum Oxide Deposition under Argon-23% Oxygen and Argon Atmosphere 

In order to study the effect of dense aluminum oxide gate oxide deposition on the 

multilayer graphene structure and electrical properties, radio frequency (RF) magnetron 

sputtering was performed under sputtering atmospheres of Argon-23 % Oxygen and pure Argon 

[1]. A commercially available, two inch, 99.9999% purity Al2O3 target was used. First, Al2O3 

deposition was done in an Ar-23 % O2 atmosphere with sputtering power densities of 4.9 and 9.8 

W/cm
2
.  After oxide deposition in Ar-O2 atmosphere, the Raman signature peak of the multilayer 

graphene was significantly reduced.  Figure 67 shows the Raman spectrum of an initial 

multilayer graphene samples as well as the Raman after 50 nm of Al2O3 was deposited at RF 

powers of 4.9 and 9.8 W/cm
2
 under Ar-23 % O2.  As can be noted from Figure 67, when Ar- 

23% O2 was used as the sputtering medium for the Al2O3 deposition, the MLG was eliminated 

presumably by a reactive etching process.  In other words, the sputtering medium is reactive and 

ionized and energetic oxygen reacts with the MLG carbon to form gas phase carbon by-products 

possibly mono-oxide and dioxide. Nevertheless, quantitative XPS analysis of the Al2O3 shows 

the O:Al stoichiometry ratio of the film is 3:1.6.  In other words, the dielectric is oxygen rich as 

 
1
  Text and figures for this chapter were reproduced from [1] with permission from Institute of Physics. 
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the XPS analysis in Figure 68 [2] confirms.  Thus, based on these results, the mixture of Ar-O2 

gas was not used to deposit the Al2O3 further.   
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Figure 67. Raman spectra of as-synthesized multilayer graphene and after depositing aluminum 

oxide onto the multilayer epitaxial graphene using an Ar- 23% O mixture. 

 

Figure 68.  XPS analysis of as-deposited aluminum oxide under Ar- 23% O2 gas. 

 



120 
 

However, the scenario was different for RF magnetron sputtering of Al2O3 under pure 

argon gas. Figure 69 is a comparison of the Raman spectra of an initial multilayer graphene 

sample, and the Raman after Al2O3 films were deposited onto the multilayer epitaxial graphene 

under Ar- 23% O2 and pure argon atmospheres. As discussed above and can be noted from 

Figure 69, when Ar- 23% O2 was used as the sputtering medium for the Al2O3 deposition, the 

MLG was eliminated presumably by a reactive etching process.   
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Figure 69. Comparison of Raman spectrum of two Al2O3 films deposited on multilayer epitaxial 

graphene made in Ar-O2 and pure argon atmospheres.  The ratio of 2D/G peaks is also shown. 

 

Figure 69 also compares the Raman spectra of the MLG before and after deposition of 50 

nm of Al2O3 which was grown at 4.9 W/cm
2 

using 11.3 mTorr of Ar.  As can be seen, the ratio of 
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the 2D/G peak ratios decreased by only 2.6 % which shows that the oxide deposition using these 

parameters did not affect the MLG quality in a significant manner.   

6.1.2 Optimization of Aluminum Oxide Deposition on ITO and Si Substrates 

In order to obtain a dense, pinhole free dielectric film with high breakdown strength, the 

processing conditions of the Al2O3 was optimized on silicon wafers and indium tin oxide (ITO) 

substrates. Table 6 summarizes the deposition parameters that were used. 

 

Table 6. Initial sputtering conditions for deposition of aluminum oxide on ITO and Si substrates. 

Sputtering power, W 
Power density, 

W/cm
2 

Argon Pressure, 

mTorr 

Sputtering 

time, min 

Thickness, 

nm 

 

Roughness, 

nm
 

50 2.46 11.6 60 57 1.1 

75 3.7 11.6 60 82 - 

90 4.44 11.6 60 104 1.1 

100 4.93 11.6 60 123 1.3 

 

 

AFM was performed on deposited aluminum oxide samples to determine the pinhole 

structure and evaluate their density.  When a RF power of 2.4 W/cm
2
 used, the aluminum oxide 

grain size was very small and also small voids could be seen on the surface. The root mean 

square (RMS) roughness of the samples deposited at 2.4 W/cm
2
 power is about 1.135nm.  As the 

sputtering power increased to 4.4 and 4.9 W/cm
2
, the aluminum oxide grains grew to larger sizes 

and the structure appeared to be denser than when 2.4 W/cm
2
 was used. The RMS roughness for 

4.4 and 4.9 W/cm
2
 was 1.175 and 1.370 nm respectively.  As the deposition power increases at a 
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constant Ar pressure (Table 6) sputter erosion of the target increases and the film becomes 

thicker.  Further, as the sputtering power increases so does the atomic peening, which results in 

denser films and improved electrical properties.  Figure 70 shows AFM images of aluminum 

oxide films deposited under sputtering powers of 2.4, 4.4 and 4.9 W/cm
2
.  The AFM images in 

Figure 70 are representative of why 4.9 W/cm
2 

and 11.3 mTorr of Ar were used as the Al2O3 

deposition parameters.  As can be seen, the Al2O3 film grown at 2.4 W/cm
2 

and 11.3 mTorr of Ar 

contains a relatively high density of voids, and the surface topography is characterized by very 

small Al2O3 islands. 
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Figure 70.  Atomic force microscopy image of Al2O3 film deposited under Argon at power 

densities of (a) 2.4 W/cm
2
, (b) 4.4 W/cm

2
 and (c) 4.9 W/cm

2
. 

            

In order to measure the breakdown field strength of the aluminum oxide, I-V 

measurements were performed on samples using a Micromanipulator probe station. Silver was 

deposited by thermal evaporation as a gate metal contact to form Ag/Al2O3/ITO structures.  The 

highest breakdown field strength was 1.11 MV/cm, which was obtained for a sputtering power of 
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4.9 W/cm
2
, while for a RF power of 4.4 W/cm

2
, the breakdown field strength was 0.92 MV/cm.  

The current density-field strength curves (J-E) for four samples are shown in Figure 71.  
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Figure 71. Current density versus breakdown field strength obtained from I-V measurements for 

aluminum oxide grown with four different sputtering powers. 

 

During I-V measurement, after the alumina had reached its breakdown strength, the 

surface of silver contact locally melted. The local melting of silver contacts after breakdown 

strength measurements is also reported in other works [16]. 
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Leakage current densities of 8×10
-6 

A/cm
2
 and 7×10

-5
 A/cm

2 
were obtained for aluminum 

oxide films deposited at 4.4 W/cm
2
 and 4.9 W/cm

2
 in 11 mTorr gas pressure.  In Table 7 the 

breakdown field strengths and leakage currents at 0.5 MV/cm field are shown. 

Table 7. Breakdown field strength and leakage current for aluminum oxide deposited with 

different power density. 

Sputtering power, W Breakdown field strength, MV/cm Leakage current at 0.5 MV/cm, A/cm 

50 0.49 1×10
-4 

75 0.62 8×10
-5

 

90 0.92 8×10
-6

 

100 1.11 7×10
-5

 

 

The cross-sectional SEM image of the initial aluminum oxide film obtained in Ar-23 % 

O2 gas is shown in Figure 72 (a) which presents an extremely porous e film.  The SEM images of 

two samples sputtered at 3.7 and 4.9 W/cm
2
 under Ar gas are shown in Figure 72 (b), and (c).  

Although both Al2O3 films have a sharp interface with Si wafer,  the film made at 3.7 W/cm
2
 

shows pinholes and in some areas, the aluminum oxide film is not homogenous and dense.  

However, the film made at 4.9 W/cm
2
, shows an improved quality and is void free and uniform. 

A cross sectional image of the Al2O3 on a Si substrate shows large pores in the Al2O3 film, which 

results in reduced breakdown field strength and increased leakage current.  In contrast, sputtering 

at a higher power density of 4.9 W/cm
2 

and 11.3 mTorr of Ar results in a continuous, 

homogenous, dense Al2O3 film, and sharp, void-free interface between the Al2O3 and Si wafer as 

Figure 72 (c) shows.   
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Figure 72. SEM image of aluminum oxide film samples made in (a) Ar-23% O2 gas with a 

sputtering power of 4.9 W/cm
2
, and (b) Ar only with 3.7 W/cm

2
 and (c) Ar only with 4.9 W/cm

2
. 

Note that for samples made with the lower sputtering power, the Al2O3 film is porous, while the 

sample made with 4.9 W/cm
2
 is highly dense and void-free.   
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As the electrical properties and microscopy images (AFM and SEM) indicate, the best 

conditions for growing aluminum oxide films by sputtering under argon atmosphere in our 

laboratory were a power density of 4.9 W/cm
2 

and gas pressure of 11 mTorr, as mentioned in 

Table 5. XPS shows that the stoichiometry ratio of Al to O for Ar sputtered films is improved 

compared to when Ar/O mixture used, as is tabulated in Table 8.  

 

Table 8. Nominal stoichiometry for two deposited oxide films deposited under Ar-23% O and 

pure Ar. 

Sputtering Gas Stoichiometry 

77% Argon-23% Oxygen Al1.6O3 

100% Argon Al1.7O3 

 

To further optimize the aluminum oxide sputtering conditions, the power was changed 

from 4.44 to 5.9 W/cm
2
 with time to obtain a thickness of 100 nm.  The argon pressure was kept 

constant at 11 mTorr. The sample sputtered at 5.2 W/cm
2
 shows a higher breakdown field 

strength and lower leakage current compared to sample sputtered at 4.4 and 4.9 W/cm
2
. 

However, the sample sputtered at 5.2 W/cm
2 

shows slightly better properties in compared to 5.9 

W/cm
2
, so this condition was chosen as the optimum sputtering condition, i.e.110 Watts or 5.2 

W/cm
2
.  These results are summarized in Table 9. 
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Table 9. Variation of sputtering conditions for constant thicknesses. 

Sputtering power, W 

Argon Pressure, 

mTorr 

Thickness, nm 

 

Breakdown 

field strength, 

MV/cm 

Leakage current 

at 0.5 MV/cm, 

A/cm
2 

90 11.6 100±1 0.92 8×10
-6

 

100 11.6 100±1 1.02 9×10
-6

 

110 11.6 100±1 1.34 1×10
-7

 

120 11.6 100±1 1.32 2×10
-7

 

 

The J-E curves corresponding to the different sputtering conditions used for 100 nm aluminum 

oxide films are shown in Figure 73.  
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Figure 73. Current density versus breakdown field strength for several sputtering powers. 
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Using the optimum sputtering condition (110 Watts, 11 mTorr Argon pressure) 

determined from the previous experiments, aluminum oxide films with thicknesses of 23, 30 and 

35 nm were deposited. The index of refraction obtained by ellipsometry as well as the damping 

constant curves for these three films are shown below in Figure 74:  

450 600 750 900

1.755

1.760

1.765

1.770

1.775

1.780

1.785

1.790

 Wavelength, nm

 n

 k

In
d
e
x
 o

f 
re

fr
a
c
ti
o
n
 

0.0

0.1

0.2

E
x
tin

c
tio

n
 c

o
e
ffic

ie
n
t

 

Figure 74. Index of refraction and extinction coefficient of deposited Al2O3 film made in pure 

argon atmosphere at optimum sputtering conditions of 5.9 W/cm
2
 and 11 mTorr argon pressure.  

 

The refractive index (n) and extinction coefficient (k) of deposited Al2O3 film was 

obtained by aid of VASE is shown in Figure 74 and for the wavelength of 500 nm; the n is 1.77, 

which is in close agreement with Refs. 16. The leakage current of the 23 nm thick sample is 

about 1×10
-6

 A/cm
2
 and the breakdown strength is about 0.39 MV/cm. However as thickness 

increases to 35 nm, the breakdown field strength improves to 0.62 MV/cm, and the leakage 

current is about 7×10
-7

 A/cm
2
 as shown in  Table 10. 
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Table 10. Optimum sputtering conditions for three different thicknesses of 23, 30 and 35 nm. 

Sputtering power, W 

Thickness, 

nm 

 

Breakdown field 

strength, MV/cm 

Leakage current at 0.5 MV/cm, 

A/cm
2 

110 23±1 0.39 1×10
-6 

110 30±1 0.48 9×10
-7

 

110 35±1 0.62 7×10
-7

 

 

It should be mentioned that both leakage current and breakdown field strength are 

thickness dependent, and as thickness of Al2O3 film decreases to 23 nm, a limit in breakdown 

field strength and rapid increase in leakage current (1×10
-6

 A/cm
2
) is seen, which might be due to 

tunneling of electrons.  Thus, the author selected 30 nm as the thinnest Al2O3 film which gives 

rise to optimum electrical condition.  

6.1.3 Effect of Aluminum Oxide Deposition on the Structure of Multilayer Epitaxial Graphene 

Using the above described optimal conditions, 30nm of Al2O3 was then RF magnetron 

sputter deposited onto the MLG in order to evaluate the influence of the oxide deposition on the 

structure and carrier mobility of the MLG. Complete structures for capacitance-voltage 

measurements were subsequently formed by thermal evaporation of 90 nm of Al to form a stack 

consisting of 90 nm Al/ 30 nm Al2O3/5-6 nm MLG/SiC.  The structure is schematically shown in 

Figure 75 (a). The AES depth profiling of Al/Al2O3/MLG/SiC sample is shown in Figure 75 (b) 

representing four different layers: Al, Al2O3, MLG, and SiC substrate.  Figure 75 (c) is a high 

resolution TEM image of the Al2O3/MLG interface and shows that the interface is sharp and void 



131 
 

free.  This is a key consideration since the interface roughness and inhomogeneity has an 

enormous impact on charge scattering and mobility.  This high interface quality of Al2O3/MLG 

can play a critical role in gate oxide applications.  Additionally, it also shows that the 

graphitization conditions described above produced 16-17 layers of graphene, which is in 

excellent agreement with the ARXPS results, and indicates that ARXPS can be used as a 

nondestructive tool to provide good estimates of the thickness of MLG. 
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Figure 75. (a) Schematic of top gate oxide structure for graphene based high electron mobility 

transistors consisting of Al/Al2O3/MLG/SiC (b) Auger depth profiling of Al/Al2O3/multilayer 

epitaxial graphene/SiC stack (c) HRTEM image of Al/Al2O3/MLG/SiC. No significant void 

formation is seen at the Al2O3/MLG interface. 

 

6.1.4 Effect of Aluminum Oxide Deposition on the Mobility of Multilayer Epitaxial Graphene 

The temperature dependence of the Hall mobility before and after deposition of 30 nm 

Al2O3 onto the MLG is shown in Figure 76 for a temperature range of 180 to 300 K.  The Hall 

mobility of the MLG at room temperature is about 1990 cm
2
/V.s, which is consistent with 

reported values for multi-layer graphene and bi-layer graphene [3-5].  The mobility at 180 K is 

significantly higher at 4570 cm
2
/V.s.  The reduced mobility at higher temperatures can be 

ascribed to increased electron-acoustic phonon scattering [10-11].  It is observed that for all 

temperatures, the mobility was slightly reduced after Al2O3 deposition, which is probably due to 

increased scattering from interface defects that were formed by sputter deposition process.  
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However, it must be noted that the reduction in mobility after Al2O3 growth is relatively 

small; the room temperature mobility is 1990 cm
2
/V.s before oxide deposition and 1910 cm

2
/V.s 

or 96% of its original value afterward.  This behavior is consistent with the micro-Raman 

structural data, and points to modest changes in the MLG quality as being responsible.  

Specifically, as Figure 69 shows, the ratio of the 2D/G peak ratios decreased by only 2.6 % after 

Al2O3 deposition which indicates that the oxide deposition parameters used here did not 

significantly degrade the quality of the MLG. We attribute the differences in mobility of the 

MLG before and after Al2O3 deposition to defects induced by the deposition process and the 

associated carrier scattering mechanism(s) at the alumina/graphene interface. 
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Figure 76. Variation of Hall mobility versus temperature for (□) as synthesized MLG (●) MLG 

after deposition of 30 nm Al2O3, and the error percentage is 2.2% for measured Hall mobilities 

values. 
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6.1.5 Determination of Trap Concentrations at the Aluminum Oxide/Multilayer Epitaxial 

Graphene Interface Using Capacitance-Voltage Measurements  

In order to estimate the concentration of defects at the Al2O3/MLG interface, capacitance-

voltage and conductance-voltage measurements were performed on the Al/Al2O3/MLG 

structures at 1 MHz using a 100 mV ac probe as previously mentioned.  The obtained results are 

shown in Figure 77.  Applying Equation 1 in Chapter 3, and the methodology developed by 

Nicollian-Goetzberger [6] which is presented in detail by Schroder [7], the interface trap density 

at the Al2O3/multilayer graphene junction was estimated to be 5.1×10
10

 eV
-1

cm
-2

.  This compares 

to an interface trap density of 10
11

–10
12

 eV
-1

cm
-2

 in HEMTs based on gallium nitride (GaN) 

using Al2O3 as the gate oxide [8].  The dielectric constant of 11 was obtained for the aluminum 

oxide film deposited in Argon atmosphere. As the C-V plot shows the transition from 

accumulation to depletion in the Al/Al2O3/MLG structures required approximately 0.5 V, which 

suggests potentially low required switching power in multilayer graphene transistor applications. 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
0.010

0.012

0.014

0.016

0.018

0.020

0.022

0.024

0.026

0.028

 

 

 
C

o
n
d
u
c
ta

n
c
e
, 
S

C
a
p
a
c
it
a
n
c
e
, 
n
F

Voltage, V

0.0

0.1

0.2

0.3

0.4

 

 

 

Figure 77. Variation of capacitance-voltage and conductance-voltage for a MIS structure 

consisting of Ag/Al2O3/multilayer epitaxial graphene/SiC. 
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CHAPTER 7 

CONCLUSIONS  

 

7.1 Epitaxial Growth of Multilayer Graphene on Silicon Carbide        

Uniform multilayer epitaxial graphene was successfully grown by sublimation of silicon 

from an epitaxy-ready, Si and C terminated, 6H-SiC (CREE, Inc.) in a temperature range of 1428 

to 1473 
o
C under high-vacuum of 10

-6 
Torr as well as argon pressure of 35 mTorr.  A ramping 

rate of 2.9 
o
C/minute and soaking time of 2 min produced the largest MLG domains that were 

typically a few tens of microns in size. Optimum annealing conditions were obtained by 

performing spectroscopic and microscopic studies such as Raman spectroscopy and atomic force 

microscopy on annealed samples. Raman spectroscopy was used to verify graphene formation 

and also measure MLG domain size. The ratio of the 2D/G peak intensities was essentially 

constant over the scanned area for the best samples, and showed that the synthesized multilayer 

graphene was uniform.    

7.2 Ohmic Contacts Formation to Multilayer Epitaxial Graphene and Silicon Carbide 

The feasibility of forming structurally sound Ti Ohmic contacts then multi-layer epitaxial 

graphene in a single process was demonstrated, which circumvents the problem of graphene 

transformation into metal carbides if the process were to be executed in the usual sequence with 

carbide forming metals.  Deposition of   Au onto the formed multilayer graphene also produced 

Ohmic contacts.  

7.3       Atomic Scale Characterization of Titanium Ohmic Contacts to Silicon Carbide 

3D atom probe tomography and (3DAP) and high resolution transmission electron 

microscopy (HRTEM) were used to investigate and probe the nanoscale structural and 



138 
 

compositional gradients of Ohmic and Schottky Ti/SiC metal-semiconductor interface. The 

atomic scale characterization results of Ti/SiC interface clearly indicate that there is substantial 

diffusion of carbon from SiC into the Ti contact layer leading to a chemically diffuse interface. 

In contrast the interface appears to be structurally well-defined based on HRTEM studies.  The 

carbon diffusion into the Ti contact layer leads to the formation of a TiC/TiCx interfacial reaction 

zone providing a graded workfunction profile that moderates the workfunction difference 

between Ti and SiC, resulting in low contact resistance and Ohmic contact formation.  

7.4       Impact of Structure and Topography on Carrier Transport Properties of Multilayer 

Epitaxial Graphene 

The effect of structure and topography of the multi-layer epitaxial graphene synthesized 

on 6H-SiC substrates under high-vacuum and argon annealing on the carrier transport and 

concentration were investigated.  Vacuum annealing process produced thicker epitaxial graphene 

layers (~7 nm) with a corrugated topography of graphene layers, while argon annealing gave rise 

to thinner graphene layers (~5-6 nm) with improved surface morphology and 1.55 times higher 

average Hall mobility, 1760 cm
2
/V.s, values.  The improved morphology and topography of 

graphene layers in argon annealing may be attributed to the overpressure of argon atoms during 

graphitization process which retards sublimation of Si from SiC surface, and slows the process 

kinetics. The measured mobility is in the range recently reported for bi-layer graphene FETs on 

SiC substrates, and suggests that multilayer graphene can produce the same performance that is 

currently achievable with bi-layer graphene in FET applications.   

7.5       Thickness and Optical Constants Determination of Multi-layer Epitaxial Graphene by 

Variable Angle Spectroscopic Ellipsometry and Angle Resolved X-ray Photoelectron 

Spectroscopy 
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A combination of variable angle spectroscopic ellipsometry (VASE) and angle resolved 

X-ray photoelectron spectroscopy (ARXPS) was also used to determine thickness and optical 

properties of epitaxially grown multilayer graphene on 6H-SiC.  The thickness determination 

was confirmed with HRTEM.  The Lorentz oscillator model produced an excellent fit to the 

experimental ellipsometric data, and estimated the thickness of the graphene layers to be ~16 

layers.  The ARXPS and Beer-Lambert analysis of the same sample estimated the graphene 

thickness to be ~19 layers. Moreover HRTEM images of multilayer epitaxial graphene and SiC 

interface confirms that number of graphene layers as determined by angle resolved X-ray 

photoelectron spectroscopy (ARXPS) is fairly accurate.  This degree of accuracy is excellent for 

applications were multiple layers of graphene are required.  Further, the real and imaginary 

components of complex index of refraction were determined.  Provided that the probe beam 

diameter is close to or in the same range as the graphene domain size, combination of these two 

techniques could potentially provide a standard, non-destructive method for thickness 

determination of multilayer epitaxial graphene on 6H-SiC substrates.   

7.6       The Influence of High Dielectric Constant Aluminum Oxide Sputter Deposition on the 

Structure and Properties of Multilayer Epitaxial Graphene 

 The optimum conditions for depositing uniform, pinhole-free and homogenous high-k 

Al2O3 on multilayer epitaxial graphene with minimal impact on its structural and electrical 

properties have been determined.  HRTEM confirms that the Al2O3/multilayer graphene interface 

is sharp and void-free. The capacitance-voltage analysis shows that the sputtering conditions 

used here produced a relatively low concentration of interface defects, which had an only modest 

impact on the carrier mobility as determined by Hall measurements.  The capacitance-voltage 

analysis showed that only 0.5 V is required to transition the structure from accumulation to 
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depletion, which is an excellent indicator of low required power for switching.  These results 

suggest that RF sputtered Al2O3 can be used as a high-k gate oxide in graphene based field effect 

transistors (FETs) applications. 
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CHAPTER 8       

 FUTURE WORK 

 

8.1 Graphene Based High Electron Mobility Transistors (HEMT) 

The epitaxial graphene based high electron mobility transistors (HEMT) have attracted 

tremendous attention for post-silicon semiconductor era. Figure 78 is a schematic explanation of 

a HEMT device. However, significant technical barriers remain.  A deeper understanding of the 

multilayer graphene growth kinetics in order to grow a targeted number of layers with tailored 

electronic properties is required.  Similarly, a deeper understanding of the processing-structure-

property relationships as they related to the microstructure and carrier transport properties is 

necessary. An understanding of the impact of other key transistor processing steps such as 

reactive ion etching for example on the microstructure and carrier transport properties is needed 

if multilayer graphene is to realize its full potential.  Provided these issues can be addressed, high 

quality (high crystalline perfection and high mobility) multilayer epitaxial graphene will be 

synthesized, which will lead to HEMT transistors as shown below.  

 

 
Figure 78. Schematic of epitaxial graphene based high electron mobility transistors. 
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8.2 Uniform Wafer Scale Synthesis of Mono and Multilayer Graphene  

Although graphene has shown its great potential for future semiconductor applications, 

the synthesis of uniform graphene at the wafer scale is a main challenge.  

 

 




