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Graphene is a leading two dimensional (2D) material with good technological 

potential. Currently, it is being scaled up in synthesis methods in order to meet future 

demands in technology markets. In this dissertation, a study of transferred epitaxial 

graphene (TEG) as a synthesis method, for large area monolayer and AB stacked 

bilayer Graphene, is presented. Monolayer epitaxial graphene (EG) is grown on the 

(0001) face of silicon carbide (SiC) in an argon atmosphere at a temperature of 1600 

o
C. Bilayer graphene can thereafter be synthesized if needed by intercalating the 

monolayer in a 100% hydrogen flow at 1050 
o
C to release what is known as the 

“buffer layer” into another graphene layer forming a bilayer. Either form of graphene 

can subsequently be transferred off the SiC substrate to mitigate the negative effects of 

the substrate. We develop a transfer process based on a gold adhesion layer and 

demonstrate for the first time, the transfer of high quality monolayer transferred 

epitaxial graphene (MTEG) and AB stacked bilayer transferred epitaxial graphene 

(BTEG). We use Raman characterization methods to determine the number and 

quality of graphene layers as well as orientation for bilayers which was made possible 

by contrast enhancement upon substrate transfer. We report these characteristics for 

the first time. Extensive structural characterization that have never been done before 

and were made possible by the successful transfer procedure, are presented in the 

Transmission Electron Microscopy (TEM) section. We successfully show suspended 



 

MTEG and BTEG samples which was never shown in literature before. We fabricate 

Transmission Line Measurement (TLM) structures to study the quality of the contact 

resistance for MTEG and BTEG. We report values in the range of 600 Ω.µm for 

MTEG and 2400 Ω.µm for BTEG. We also fabricate Field Effect Transistors (FETs) 

to study the field effect mobility and carrier concentration of MTEG and BTEG. We 

report average room temperature field effect mobility values of around 1700 cm
2
/V.s 

with best value of 2800 cm
2
/V.s for MTEG. This is over two times gain in mobility 

before transfer and is competitive with current leading synthesis methods.  We 

measured the room temperature field effect mobility of BTEG to be 250 cm
2
/V.s on 

average and with a best value of 335 cm
2
/V.s. To the knowledge of the author, there 

are no reports in literature on the measured mobility of BTEG. We carry out annealing 

studies at argon ambient of 300 
o
C for TEG and show unique properties for BTEG in 

which a demonstrated ten orders of magnitude, higher moisture absorption than 

MTEG is shown.  

A section in this dissertation will be dedicated to related work on chemical vapor 

deposition (CVD) hexagonal boron nitride (h-BN) which is a complimentary 2D 

material to graphene. Improvements on CVD growth by electropolishing the copper 

substrate will be demonstrated where root mean square (RMS) surface roughness of 

starting material is reduced from 177 nm to 12 nm, considerably improving subsequent 

h-BN CVD growth. A procedure for the transfer of CVD graphene onto CVD h-BN as 

well as fabrication of Van der Paw structures will be presented. We show initial results 

of improvements in mobility when CVD h-BN is used as a substrate for CVD 

graphene.  
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CHAPTER 1 

INTRODUCTION 

1.1 Two Dimensional Materials 

Humanity has come a long way since the initial speculations of ancient Greeks on the 

atomic composition of matter. Dalton’s work provided the first experimental evidence 

that started the whole world of precision material science and, at the turn of our 

century, it would seem the horizon is pivoted on exotic structures of materials. This is 

more so driven by the overall nanotechnology efforts and a very large and lucrative 

electronics industry that stands to benefit greatly in finances.  

One can say that the earliest form of these exotic material structures to capture the 

interest of the sciences is the buckminsterfullerene (figure 1.1), first discovered by 

Smalley et al. back in 1985 [1]. Such material is deemed zero dimension (0D) since it 

cannot be reduced beyond its physical structure. Carbon nanotubes were the second 

exotic material structure to be discovered. Carbon nanotubes came to the spotlight 

through Sumio Iijima’s work back in 1991 [2][3]. Carbon nanotubes represented the 

one dimensional (1D) material world and soon were followed by a large family of 

other 1D materials with very exotic properties. Although the field is comparatively old 

by now, it is still a very rich field to explore scientifically. These materials are being 

used in industry but to a limited extent considering their exotic material properties.   

Surprisingly, from an intuitive point of view, two dimensional (2D) materials were the 

last to come to the spotlight of exotic material structures.  
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Figure 1.1: The carbon family of dimensional materials which includes 

buckminsterfullerene, nanotubes, and graphene (Adopted from [4]). 

It is less surprising from a scientific point of view though, considering there were 

studies showing that strict 2D structures are unstable [5]. The pioneering work of 

Geim and Novoselov back in 2004 [6][7] on isolating monolayers of graphite was the 

first demonstration of 2D materials. A very large family of other 2D materials 

followed which will be covered in section 1.4. The whole family of 2D materials have 

given the science community truly exotic properties that are subject of intense 

research today [4].  
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Figure 1.2: Numerous families of 2D materials and applications researched after 

graphene (Adopted from [8][9][10][11]). 

The field is very young by scientific standards yet one can claim it is the fastest 

growing experimental field in modern times based on facts such as the original paper 

published in 2004 being the most cited experimental paper of the twenty first century 

[12]. 

On a very interesting side note, it seems that in all revolutions of material structures, 

carbon was the element that started it. An ironic coincidence considering it is the 

central element of complex lifeforms on earth.  
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1.2 Graphene 

Graphene was theoretically studied longer than it was experimentally proven to exist 

[13][14]. While synthesizing graphene might be as simple as using a pensile to write 

something on a piece of paper, reports on what resembles monolayers of graphitic 

materials date back to only 1961 [15][16]. The Transmission Electron Microscopy 

(TEM) community is familiar with such thin materials even though back then TEMs 

did not have the resolution to determine if they were indeed monolayers.  

The first work published by Geim and Novoselov which conclusively demonstrated 

monolayer graphene was of very high quality graphene that was unambiguously a 

monolayer of carbon. The robust nature of the initial discovered material set the trend 

for future work which was clearly defined. Notable mention should be given to Philip 

Kim et al. for his high impact publication of the experimental observation of the 

quantum hall effect in graphene [17] and Walt de Heer et al. who also contributed 

greatly to the field [18].     

Carbon has four electrons in its outmost valance band. The final sp2 bond remains free 

and forms what are called the π bonds which provide graphene with its electron 

transport properties. 

 

 

 

 

 

 

 

 

 
Figure 1.3: a: Graphene honeycomb lattice b: Band structure c: Energy band 

linear dispersion relation (Adopted from [35]) 
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Electrons moving in such bands behave like zero effective mass Dirac fermions due to 

the linear band energy dispersion as illustrated in figure 1.3. Ballistic transport has 

been reported [19][20] and when suspended as in figure 1.4, electrons can travel in 

graphene with mobilities exceeding 10
6
 cm

2
/V.s [21]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Suspended graphene (Adapted from [22]) 

 The honeycomb structure also provides it with exceptional strength being 100 times 

stronger than steel. Absorption, for a materials comprised of a single monolayer, is 

high at around 2.3% value [23] and opens up the opportunity, being a semi-metal 

material that passes a lot of light through, to be a potential replacement to 

technologically important materials such as Indium Tin Oxide (ITO). 

Although graphene is the oldest material in the 2D material family, it is still among the 

most technologically relevant. For example, its high conductivity for a monolayer, 

coupled with its semi-transparent, properties make it an excellent candidate for 

electrode applications in solar cells [24][25]. Certainly, it is among the most exciting 
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with recent reports showing experimental observation of superconductivity [26] and 

even laser propulsion levitating graphene [27].   

  

1.3 Bilayer Graphene  

For this dissertation, bilayer graphene plays a central role and exclusive detail will be 

presented in this section. While monolayer graphene garners more attention among 2D 

materials publication wise, bilayer graphene is a topic of intense research efforts as 

well.  How the two layers of graphene come together is a very rich field of science 

yielding a lot of publications [28][29][30][31][32][33][34]. The details and forms of 

combining two layers of graphene are beyond the scope of this dissertation save for 

the simplest which will be detailed here and known as AB stacking. 

 

 

   

 

 

 

 

 

 

 

 

Figure 1.5: AB stacked bilayer graphene with bandgap opening at around 0.25 

eV due to vertical field (Adopted from [35] )  
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AB stacked bilayer graphene is of technological interest due to the ability to open a 

finite bandgap when applying a vertical field as illustrated in figure 1.5. This would 

possibly enable the manufacturing of electronics with gate controllable bandgaps. The 

maximum bandgap is 0.25 eV  [36]. Fuhrer and Drew et al. reported the application of 

AB stacked bilayers in high performance bolometers illustrated in figure 1.6 [37][38]. 

However, their work was done using exfoliated graphene. This synthesis method 

yields high quality graphene but is limited in its application to large area synthesis 

which will be detailed in section 1.5. 

 

 
Figure 1.6: Bilayer graphene bolometer illustration with a plot of resistivity 

varying with controlled gate voltages indicating the opening of a bandgap 

(Adopted from [37] ) 

What cannot be emphasized enough here is the crucial role the AB stacking plays if 

any of these properties are to be realized. Non-AB stacked bilayer graphene or indeed 

even non-uniformly AB stacked graphene simply either does not exhibit any of these 

proprieties or the performance can be detrimental in application.  
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1.4  2D hexagonal Boron Nitride and other Materials  

Hexagonal boron nitride (h-BN) was the second 2D material to gain interest after 

graphene, led by the pioneering work of the Columbia University groups [39].  

h-BN has the same hexagonal structure of graphene with a lattice constant of 2.52 Å 

making it a very close match. Furthermore, unlike graphene, it is an insulator. It has 

phonons very high in energy and a surface that is atomically smooth (figure 1.7). 

These properties are contributing factors to the enhanced mobility of graphene when 

h-BN is used as a substrate. Furthermore it has been reported that h-BN is a self-

cleaning surface when coupled with graphene which eliminates much of the 

contaminants that work to degrade graphene mobilities[40]. All these properties make 

it the substrate of choice for graphene.  

 

 
Figure 1.7: a. h-BN smooth surface roughness b. Graphene on h-BN substrate 

illustration c. h-BN graphene encapsulation devices record highest mobilities in 

literature (Adopted from [39][41]) 
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Other complete families of two dimensional materials have gained attention as well. 

Mentions should be given to silicone [42][43][44][45], the two dimensional form of 

silicon, and black phosphorous, a 2D material similar to graphene but has the added 

property of a controllable bandgap [46][47][48]. Both materials are unstable though. 

Molybdenum Disulphide (MoS2) with a whole host of metal dichalcogenides gained a 

lot of attention, being 2D semiconductors, but mobilities and other electronic 

properties fall short of the Graphene/h-BN combination [49].    

 

 

1.5  Current Graphene Synthesis Methods 

1.5.1 Exfoliation 

The initial experiments led by the Manchester University research groups and others 

raised a lot of excitement. The scotch tape method pioneered by the Manchester group 

yielded very high quality graphene usually in the few micron size. While it is arguably 

the reason behind the whole graphene phenomenal rise because of the acceptability of 

this method, this is not the whole story. Even with contrast enhancing substrates such 

as using silicon dioxide on a silicon substrate (SiO2/Si) [50] monolayers are very 

difficult to find and often in the few tens of microns size. Research in itself was 

challenging let alone the thought of scaling up to industry production levels which so 

far did not happen using the scotch tape method. Clearly alternative synthesis forms 

are needed. 
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Graphene, being the wonder material that it is, has no shortage of alternative synthesis 

methods. Indeed one fails to find another material out there that had such amusing 

scientific papers published on its synthesis. Detonation growth and animal feces for 

starting material are on that list [51][52]. In this section, the more prevalent methods 

will be presented.  

 

 

1.5.2 Chemical Vapor Deposition 

As of the time of this dissertation, the leading method of graphene synthesis is 

Chemical Vapor Deposition (CVD) on catalytic substrates such as copper. This 

synthesis method started back with the leading work of [53][54][55]. The reason why 

it gained popularity is the relative low cost and simple requirements needed to setup a 

typical CVD chamber. Growth temperatures are typically in the 1000 
o
C range. The 

synthesized graphene area is mostly limited by the size of the starting catalytic 

substrate. Indeed even at the early stages, groups were reporting role to role 

production of very large area graphene [56]. Currently, most commercial providers of 

Figure 1.8: Graphene contrast as a function of wavelength and SiO2 thickness. 

Optimization of thickness improves graphene visibility (Adopted from [50]). 
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graphene rely on the CVD method. However CVD graphene has its shortcomings. It is 

generally hard to control the growth to achieve monolayer uniformly throughout the 

substrate. This problem has been minimized currently, but it was a challenging 

problem in the earlier days of CVD graphene. The other major problem with CVD 

graphene is that the way it grows is by nucleation on the catalyzing grains of the 

substrate. These grains have random orientation. This random orientation of the 

starting nucleation ends up creating grain boundaries once the graphene grains in turn 

coalesce as shown in figure 1.9. Cornell and Columbia University groups led by Prof. 

Muller reported extensively on this issue [57].  

 

 

 
Figure 1.9: Grain boundaries of CVD graphene revealed by TEM methods 

(Adopted from [57]) 

While the effect of these grain boundaries is highly debated in the field, the consensus 

is that graphene, with fewer of them, is better quality graphene [58][59]. Research 

work has gone into improving the grain size of CVD graphene [59] and the results are 

sufficiently impressive to challenge exfoliated graphene which sets the benchmark in 

quality. Groups have reported centimeter grain size [60] even though their method 

requires over 10 hours of growth time which is prohibitively expensive to scale up. 

CVD graphene also typically requires transfer off the metal catalytic substrate it is 
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grown on and this procedure, which will be touched upon in section 3.1, will almost 

always introduce a host of imperfections ranging from physical damage to the 

graphene, to charged and uncharged contaminants [61][62][63][64]. Another 

limitation of CVD graphene is the stacking order of bilayers. Obtaining AB stacked 

bilayer graphene is challenging with the CVD method.  With the grains being 

randomly oriented in a monolayer, it is expected that the stacking order of bilayers is 

random. Added to this, the CVD method is inherently challenging to control the 

uniformity of layer numbers. The first layer of graphene covers the catalytic 

nucleation sites and any subsequent growth tends to be less controllable due to this.  

 

 

1.5.3 SiC Epitaxial Graphene 

Epitaxial Graphene (EG) growth by high temperature annealing of Silicon Carbide 

(SiC) is the second oldest method of graphene synthesis [18].  

 

 

 
Figure 1.10: SiC EG illustration (Adopted from [65]) 
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The details of SiC EG growth will be presented in section 2.2. SiC EG grows in a 

carpet like form [66] with seemingly no grain boundaries. This growth is dictated by 

the crystal lattice of the SiC substrate. Furthermore, any subsequent layer growth is 

still dictated by the SiC crystal lattice. This has a profound effect on layer orientation 

being predominantly AB stacked as will be presented later on. The growth temperature 

is high at around 1600 
o
C.  

One more method of synthesis that shows a lot of initial promise is the epitaxial 

growth of graphene on a germanium substrate [67][68][69]. This method has high 

technological relevance since germanium is a CMOS compatible substrate that is 

touted to play a major role in future electronics. The graphene grown by this method is 

epitaxial, so it shows less of the randomness found in conventional metal CVD 

methods. This method of synthesis though is at a very early stage with little research 

done compared to CVD and SiC EG as of the time of this dissertation. 

 

1.6 Motivation for Pursuing Transferred Epitaxial Graphene 

There are three main motivations behind pursuing Transferred SiC Epitaxial Graphene 

(TEG). The first is that the SiC substrate tends to cause mobility limiting anomalies 

that will be detailed in section 2.5. Second is the possible use of more favored 

substrates such as h-BN. And the third motivation is the possible reuse of the SiC 

substrate. 

In this dissertation the procedure for monolayer and bilayer EG growth will be 

detailed in chapter two. Chapter three will cover the literature on what has been done 

in this field and then present the transfer method we developed using gold adhesion 

layers and how, for the first time, we successfully transferred high quality monolayers 
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and bilayers. Chapter four will present structural characterization of the transferred 

graphene in which we show detailed Raman studies that were made possible by 

transferring graphene to a Si2O/Si substrate, and Transmission Electron Microscopy 

(TEM) studies that show the conclusive structure of the transferred graphene and that 

were never done before nor have been possible if not for the successful transfer. We 

thoroughly conclude that the structural studies show AB stacked bilayer graphene. In 

Chapter five, we present the fabrication of characterization devices that enabled us to 

measure electronic properties of the transferred graphene and further study the AB 

stacked bilayers. We show large gains in mobility for transferred monolayers due to 

negating the substrate effects after transfer and we show how the bilayers have 

significantly different electronic properties. In the end of chapter five, a study of 

annealing and moisture absorption of the bilayers is presented. Chapter six will present 

work done in improving h-BN CVD growth by electropolishing the substrate. We also 

present the successful transfer of CVD graphene on CVD h-BN and electrical 

characterization in comparison to different substrates. The dissertation is concluded 

with a prospective and future outlook for TEG. 
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CHAPTER 2 

 

GROWTH AND CHARACHTERIZATION OF EPITAXIAL GRAPHENE 

 

In this chapter, the process of growing monolayer and bilayer EG using cold wall 

furnace growth is presented. An intercalation procedure was developed for formation 

of bilayers from monolayers.    

  

2.1 Cold Wall High Temperature Growth Furnace 

SiC is a wide bandgap semiconductor with strong covalent bonding energy in the 

range of ~ 5 eV. This necessitates very high temperature furnace growth in the range 

of 1600 
o
C in order to break such bonds and sublimate silicon and allow remaining 

carbon atoms to stitch together forming graphene. Regular quarts tubes cannot 

withstand temperatures higher than about 1200 
o
C. This necessitates cold wall 

furnaces. Our setup shown in figure 2.1 is a stainless steel cold wall chamber with 

water running through piping of the stainless steel walls as coolant allowing the 

furnace to go up to 1750 
o
C without melting the steel enclosure. There are two, upper 

and lower, heating elements which are made of tungsten. Samples are loaded into the 

chamber using a regular graphite holder. 
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Figure 2.1: Purpose built SiC epitaxial graphene chamber utilizing water cooled 

cold wall steel reaching temperatures as high as 1750 
o
C. 

Growth temperature is monitored using both a pyrometer and a thermocouple. The 

pyrometer reading is the main source of temperature measurements conducted during 

growth. Careful calibration is necessary for the pyrometer gauge as its readout values 

vary with the index of refraction of the material being measured. The usual procedure 

is to calibrate its temperature readout before sample growth.  

Due to water vapor and other contaminants sticking to the wall of the stainless steel 

chamber, it is necessary to keep it under ultra-high vacuum all the time. Water vapor is 

especially crucial to get rid of as the water molecules break up at high temperature and 

both hydrogen and oxygen can cause rough surface morphology of the EG growth. 

Ultra-high vacuum is achieved using a turbo pump as well as regularly baking out the 

chamber to very high temperatures to release any water molecules stuck to the walls of 

the chamber. Our chamber was setup with an automatic gas flow pressure controller as 

well as being able to allow the flow of ultra-high purity argon for necessary growth 

procedures.  
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2.2 Silicon Carbide Epitaxial Graphene 

SiC comes in many crystalline polytypes. The most technologically relevant to this 

dissertation is 6H and 4H. The former is the one used here. Due to the nature of SiC 

crystal structure, the two faces of the wafer are not interchangeable. The upper face, 

normally referred to as (0001) in Miller indices, is called the silicon face (Si-face) and 

the lower face (000�̅�) is called the carbon face (C-face).  

The study of (000�̅�) EG was not pursued in this dissertation. Growth on the (000�̅�) 

face tends to be very rapid with little to no control over the number of layers, 

orientation, or even morphology. Growth nucleation seems sporadic with little control. 

The graphene grown on the (000�̅�) side is akin to multilayer graphene [70][71]. 

Growth on the (0001) face is well studied in the field of graphene, dating back to the 

original work of Berger and de Heer et al. [18]. It is interesting to note that the de Heer 

paper was published in very close time proximity to the original work of Geim and 

Novoselov.   

When temperature rises to 1600 
o
C in SiC, the silicon atoms sublimate off the 

substrate leaving the carbon atoms behind to stitch together and form graphene. The 

early work of Berger and de Heer et al. [18] was done by annealing (0001) SiC at high 

vacuum pressures. This method is known to yield rough surface morphology. The 

nucleation is non-uniform as well. Earlier studies were conducted using this method 

since it is almost as early as the Geim paper. A lot of literature reported monolayer 

graphene when their characterization leaves a lot speculation.    

EG synthesis quality improved considerably when Johansson et al. and Seyller et al. 

independently reported atmospheric growth using argon ambient [72][73]. This 

worked to suppress the rapid sublimation of silicon atoms and the slow release 
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allowed the remaining carbon atoms more time to stitch together and this had a 

profound effect on the morphology of the EG.  

A little more detail is necessary on the growth to better facilitate the understanding of 

core problems facing EG. The first to consider is the surface morphology of SiC 

before growth. SiC wafers are grown to crystalline form much akin to the silicon 

industry’s methods. This necessitates growing ingots that need to be cut into wafers. 

The angles, at which these ingots are cut, play a major role in growth. This angle 

creates what is known as steps on the surface of the SiC. The step sizes are critically 

dependent on the cutting angle of the wafer. The size of these steps in turn plays a 

major role in the quality of the graphene grown. Zakharov et al. verified 

experimentally how graphene growth changed with wafer miscut angle [74].  

When the temperature is first raised in SiC, the steps come together forming larger 

terraces in what is called “step bunching” as illustrated in figure 2.2. These terraces 

can be up to 10 microns in width and hundreds of microns in length. The edges of the 

terraces are usually referred to as “step edges” and are usually in the 10 nm height 

range. These step edges are of inferior crystal quality. They are full of defects [75] and 

play a very crucial part in growth as will be detailed next.  
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Figure 2.2: a. Illustration of step bunching in SiC as temperature is raised. b. 

AFM of SiC steps before bunching c. AFM of SiC graphene after step bunching. 

When the temperature is further raised, the silicon atoms first start leaving the SiC 

surface through the step edges. The growth of graphene on step edges is considerably 

more energetically favorable over the terraces to the point that a number of layers are 

formed on the step edges first [75]. This can be up to 4 layers and some report even 

more [75][76][77]. Eventually, when the temperature is raised further, the graphene 

growth migrates to the terraces through either side of the initial step edge growth [75]. 

At some point, all the films coalesce as illustrated in figure 2.3 and numerous sources 

have shown this growth as being continues carpet like growth [66].  

It is important to note at this point that the multilayer growth of the step edges is still 

present under this “carpet graphene”. Indeed further bilayer growth and so on 

continues through these extra layers. 
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Figure 2.3: Illustrations and TEM images of SiC EG formation showing the role 

of step edges in initial growth (Adopted from [77] ). 
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2.3 Monolayer Growth Procedure  

The initial critical step in TEG is the accurate control of the number of layers as well 

as the quality of grown material. The samples used in this growth were of 1200 Χ 1200 

micron size. Towards achieving high quality monolayer growth throughout the area of 

the samples, extensive research work was done in optimizing our system. We 

developed a growth heat cycle that relied on accurate time steps and the flow of argon 

to control the sublimation rate of silicon.   

 

 
Figure 2.4: Heating cycle for monolayer EG growth. 

 

In our analysis, we have found the following procedure to yield the most repeatable 

good results. For our growth procedure we clean the SiC using regular solvent 

cleaning and load it into the chamber and leave it overnight in ultrahigh vacuum at 

around 3 Χ 10
-8

 Torr to outgas any contaminants on the surface. Following the heat 

cycle illustrated in figure 2.4, the temperature is then raised to 800 
o
C for one hour as a 
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further outgassing cleaning step. 2000 SCCM of argon flow is kept steady for 5 

minutes at 750 Torr to stabilize the system. The temperature is then rapidly raised to 

1600 
o
C for graphene growth and kept for 15 minutes. After that, the temperature is 

gradually lowered down to 900 
o
C and then power is shut off the filaments to allow for 

room temperature cool down. The sample is left in the chamber for one hour to cool 

down before it is taken out.  

We specifically chose to use 1600 
o
C for a 15 minute growth after studying various 

growth temperatures and time intervals and observing the number of layers yielded as 

shown in figure 2.5. We have experimentally verified that the increase of temperature 

or time would result in more layer growth. For optimizing growth, it is preferred to 

keep the growth time as short as possible while increasing the temperature and at the 

same time, use a reasonable growth time length that would allow accurate control of 

monolayer growth. The reason why rapid growth is preferred is that it limits the 

number of layers grown on step edges and yields more uniform growth.  
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Figure 2.5: Plots of the number of graphene layers grown as a function of 

temperature for 15 min, 30 min and 45 min growth times. 
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The number of layers was further confirmed using X-ray Photo-electron Spectroscopy 

(XPS). Using XPS, it is possible to distinguish the carbon peaks indicating the number 

of layers. XPS is a surface analysis tool that only goes about 10 nm into the material. It 

can simultaneously measure the binding energy and the number of electrons emitted 

from the material due to X-ray bombardment. Because both the buffer layer and the 

EG layer are composed of carbon, and because they have different binding energies 

that XPS can measure, it is possible to distinguish the buffer layer from EG. For 

instance, at 1450 
o
C, XPS in figure 2.6 would indicate that only the components of a 

buffer layer and bulk SiC exist, and that no EG was grown. The overlaid spectra 

shows how XPS can measure the progressive rise in intensity of the EG C 1s signal 

(peaking towards about 284.8 eV) and progressive attenuation of the intensity of the 

SiC C 1s signal (at about 283.7 eV) with increase in temperature. This indicates more 

EG layers being grown with higher temperature. 
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Figure 2.6: Overlay of XPS high-resolution C 1s spectra for 15 min growths at 

1450, 1500, 1550, 1600 and 1650 °C. 

 

 

We have found that generally 1600 
o
C was the optimal growth temperature and we 

worked towards optimizing growth time that would yield tight control of monolayer 

growth as shown in figure 2.7.  
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Figure 2.7: Plot of the average number of graphene layers grown as a function of 

growth time for 1600 °C growth. 

 

Finally, some samples were processed for hall mobility measurements. Again, the 

trend we observed is that growth at 1600 
o
C for 15 minutes gave us the highest 

mobility values with the lowest carrier concentration as shown in figure 2.8. 
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Figure 2.8: Hall measurements of carrier mobility versus carrier density where 

growth temperature of 1600 
o
C shows optimal performance.   

It is worth mentioning that, in general EG growth, it is favorable to condition the 

surface by hydrogen etching to remove polishing imperfections and further increase 

the size and quality of the terraces [73]. We unfortunately did not have such facilities 

to conduct this pre-growth treatment and chose to optimize growth without using it. 

To recap on the growth steps of EG, as the temperature is raised up to 1450 
o
C, silicon 

atoms start sublimating from the step edges forming the first layers of graphene. As 

temperature is raised to 1600 
o
C graphene starts migrating from the step edges onto 

the terraces where it stitches together to form a carpet like growth. The sample is then 

cooled down and is ready for further characterization and processing.   
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2.4 Pre-Transfer Raman and Atomic Force Microscopy Characterization 

Prior to transferring EG, the quality of the grown layers has to be assessed per each 

sample grown. Also, the characterization methods used have to be non-destructive to 

allow further processing steps. Raman and Atomic Force Microscopy (AFM) were 

used to achieve this.   

Raman has proven itself to be the leading quick and easy method of characterizing 

graphene [78]. This holds true for SiC EG as well. It is a versatile tool for graphene 

characterization with publications detailing information about the graphene layers that 

can be inferred from the Raman signal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Typical Raman signal from graphene with 

labeling on the main characterization peaks. 



 

29 

Referring to figure 2.9, in graphene Raman characterization, there are three main 

peaks used: 2D, G, and D. These peaks are located at 2700 cm
-1

, 1580 cm
-1

, and 1350 

cm
-1

 respectively. The leading Raman signal observables in graphene are as follows: 

First the 2D peak position, shape, and the full width at half maximum (FWHM). A 

Good quality monolayer will have a Lorentzian  sharp peak at around 2700 cm
-1

 with a 

FWHM 30 cm
-1

 or less [79]. A shift in peak position is usually an indication of stress. 

A non-Lorentzian shape tells you there is something wrong, such as the band structure 

of graphene or contamination. And a FWHM that is thicker either indicates that the 

graphene is not strictly monolayer (or indeed not a monolayer at all) or that the 

graphene quality is poor. The second leading observable is the 2D/G ratio. For a good 

quality monolayer this should be over 2. Third is the D/G ratio. This ratio is the best 

indicator of the quality of graphene [80][81]. The lower it is, the better the quality of 

the graphene. One other indicator worthy of mention, but is generally considered 

extreme, is the G peak showing shoulders. This is an extreme case and is usually either 

caused by a lot of contamination residue or very high strain values [82][83].  

Usually, graphene is characterized by the sharpness of the 2D peak, the sharpness of 

the G peak, the 2D/G ratio, and the G/D ratio. Unfortunately, EG is not as easy to 

characterize using Raman. The first issue is that the signal from EG on SiC is weaker 

than in more favorable substrates such as thickness optimized SiO2/Si. Second, the 

substrate gives off a signal right where the D and G peaks are expected to be. We 

usually subtract the background substrate in Raman post processing as shown in figure 

2.10. Yet still, it is not as clear as the case of a SiO2/Si substrate and leaves a lot for 

speculation. The FWHM of the 2D peak is usually a good indicator of the number of 

payers but this is not an accurate method when applied to EG when it is on SiC. It is 

however possible to conclude graphene growth and even approximate the number of 

layers.  
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The second most important characterization method is AFM. Using a very sharp tip on 

a cantilever that deflects a measurable laser beam, AFM is able to probe the surface of 

a material down to a single atom. AFM can show clear surface morphology of the SiC 

indicating how successful the growth was. It is in many ways, a better characterization 

method than Raman. The phase image of the tapping mode AFM can distinguish 

monolayers from bilayer. AFM phase image records the delay of the cantilever 

oscillation and is sensitive to the adhesion of the material among other things. Due to 

monolayer and bilayer graphene having different adhesion properties, AFM phase 

image can distinguish between them. Using AFM, it was possible to study the 

structure of the micro-terraces before they are step bunched at high temperature. 

 

 

 

 

 

 

 

 

Figure 2.11: AFM image of SiC surface steps before growth and step bunching. 

Figure 2.10: Typical Raman of EG before transfer. The background SiC signal 

was subtracted.   
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Once the SiC is raised to high temperatures and the steps bunch together along with 

the formation of graphene, it is possible to use AFM to distinguish monolayer from 

bilayer growth where the phase image shows bilayers as being darker in color as 

shown in figure 2.12. It is also possible to distinguish monolayers from bilayers using 

amplitude where the bilayers are a few nanometers recessed bellow the monolayers. 

The surface morphology of the SiC generally varies across the wafer and, in 

accordance; the uniformity of monolayer growth varies. The proceeding transfer work 

depended on the starting material and it is possible to optimize it as we have done. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: AFM phase image showing non-ideal growth where lighter portions 

are monolayer EG, and darker portions are bilayer EG.  

To summarize this section, Raman is first used to indicate the successful growth of EG 

by the formation of a 2D peak. Subsequently AFM is used to confirm the quality of 

the monolayer growth by observing the phase image indicating the uniformity. Both 

these characterization steps are non-destructive and have no subsequent effect on the 

quality of the TEG. 
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2.5 Intercalation and Bilayer Graphene Synthesis 

As illustrated in the previous section, it is possible to accurately grow monolayer EG 

by careful control of growth temperature and time. Clearly, it would also be possible 

to optimize the growth for uniform bilayers. However, we chose to pursue an 

alternative method of bilayer synthesis which we have found to yield more 

controllable results. This method relied on releasing what is called the “buffer layer” 

by high temperature hydrogen intercalation.  

When EG is formed by sublimating the silicon atoms at high temperature, the silicon 

atoms also leave the first underlying SiC layer as well. However, this underlying layer, 

which is commonly referred to as the buffer layer, is strongly attached to the SiC 

substrate. Studies have shown that this layer is a carbon rich reconstruction of the SiC 

surface and is electrically inert  [84]. What is critical about this buffer layer is that it is 

partially, but strongly, covalently bonded to the substrate. And the EG layer is weakly 

covalently bonded to this buffer layer. The EG 2D Raman peak is shifted, indicating 

the film is stressed [85].  

In the process of intercalation, hydrogen atoms at high temperature are used to 

passivate the covalent bonds between the buffer layer and the SiC substrate. This 

allows the buffer layer to be released as illustrated in figure 2.13. Our studies indicated 

that this buffer layer is effectively just another layer of graphene after being released. 

Numerous groups have found the same result [86][87][88][89].    
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There are other forms of intercalation using different gas species [90][91][92] that will 

not be touched upon in this dissertation.  

For our process specifically, we grow monolayers of graphene using the optimized 

growth method explained in the previous section, and then we intercalate only when 

we want to release the buffer layer in order to create bilayers. This is done by flowing 

hydrogen at a temperature of 1050 
o
C in a separate multi-purpose cold wall CVD 

furnace. We found this method to be the most reliable and accurate method of 

obtaining high quality bilayers. 

Figure 2.13:Intercalation releasing the buffer layer forming 

bilayers (Adopted from [89]) 
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CHAPTER 3 

 

EPITAXIAL GRAPHENE TRANSFER 

 

In this chapter, an overview of transfer methods for graphene is presented and more 

detail is given for the specific case of EG transfer and what is reported in literature. 

The various transfer methods that we have attempted will be detailed before moving 

on to the successful method of using gold as an adhesion layer. The transfer of 

Monolayer Transferred Epitaxial Graphene (MTEG) and Bilayer Transferred Epitaxial 

Graphene (BTEG) will be presented in the results of this section. This is among the 

first successful transfer of high quality atmospheric growth EG reported in literature. 

The chapter will explain challenges faced for transferring EG and will also conclude 

with a section on a study of adhesion energies that can be inferred from our 

experiments which sometimes agreed and others contradicted adhesion energies 

reported in literature. 

 

3.1 Overview of Transfer Methods for 2D Materials 

Transfer methods, being a pivotal part in the success story of 2D materials, 

understandably had a lot of deep and technical research devoted towards them. Indeed 

it is very easy to argue that the unprecedented rapid research development of graphene 

in its very early stages, is due to the success of the scotch tape transfer method 

pioneered by Geim and Novoselov [6]. Such inexpensive and technically 

straightforward transfer method allowed researchers all over the globe to rapidly 

access this field of research. Eleven years onward and the scotch tape method is still 

relevant and popular in use. In initial investigations we often isolated monolayer 

exfoliated graphene in the tens of micron size as shown in figure 3.1 but it was 
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challenging to obtain such sizes.  

 

 
 

Figure 3.1:  Exfoliated monolayer graphene we isolate.  

Another very popular method of transfer is using Poly(methyl methacrylate) (PMMA) 

as a supporting substrate while etching off the original substrate. This method was 

made popular because it is among the best ways of transferring CVD graphene grown 

on copper where the copper is dissolved in etchants. Other transfer methods worthy of 

mention is, Polydimethylsiloxane (PDMS) stamps [93], the use of release material that 

is claimed to leave very clean surfaces [62], and more sophisticated layered transfers  

[94][95][96]. All continue to push the boundaries of clean, and damage free transfers. 

Unfortunately none of these transfer methods are applicable to SiC EG. The partial 

covalent bonding of this type of graphene to the SiC substrate as previously explained 

in section 2.5 makes it adhere more strongly and therefore, trying to transfer it off 
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directly using scotch tape or other prevalent methods will either damage it severely or 

will fail altogether to cleave it off the substrate. Methods utilizing the etching of 

substrate to release graphene are a challenge in the case of SiC. SiC is a very difficult 

material to etch. Groups have successfully etched SiC using photoelectrochemical  

methods [97] but to the knowledge of the author, none have succeeded in 

demonstrating monolayers conclusively.   

 

3.2 Literature on Epitaxial Graphene Transfer 

The very first exfoliated graphene isolated by Geim and Novoselov, were of very high 

quality. As a matter of fact, they are still the standard of high quality graphene today 

by which all other synthesis methods are measured against. This makes the transfer 

literature of that form of graphene synthesis clear and straightforward. Unfortunately, 

this is not the case with SiC EG transfer. The quality of the graphene that is epitaxial 

grown varies a lot in literature, and the transfer method and success vary accordingly. 

The most striking variation one must carefully observe is the morphology of the 

starting EG. As discussed in the previous chapter, it was not until the work of [72][73]  

in growing at atmospheric argon, did the quality of EG become uniform all throughout 

the wafer. Yet groups have published on the transfer of EG before then.  

The method of choice for transferring EG is to use a metal as an adhesion layer to EG 

before mechanically exfoliating it off the SiC substrate. The preceding carbon 

nanotube community was using metals (often gold) to transfer nanotubes [98][99] as 

illustrated in figure 3.2 so this is a continuation of previous methods. 
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Figure 3.2: Early carbon nanotube research relying on gold adhesion layers for 

transfer and alignment (Adopted from [98]) 

Earlier reports on transferred EG [100][101][102][103] were done using high vacuum 

annealed samples. EG formed by high vacuum annealing is known to be flaky with 

non-uniform growth throughout the sample. This makes the actual transfer easier 

because you are transferring parts, rather than all, of the graphene layer and the 

number of graphene layers is not tightly controlled. So, transferring such graphene is 

somewhat akin to transferring graphene off graphite. Graphene adhesion energy tends 

to be weaker when the surface morphology, or number of layers is non-uniform [104]. 

Also, the final transferred graphene tends to be of inferior quality. This is reflected in 

low mobilities often reported as well as the Raman peaks which show low 2D/G ratios 

and wide 2D peaks. These are all indications of lower quality graphene as will be 

details in the next two chapters.     
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3.3 Attempts in Transferring High Quality Epitaxial Graphene 

The first method attempted in transferring EG was the simple PMMA spin and then 

the peel off of PMMA using sharp tweezers as illustrated in figure 3.3. This method 

was unsuccessful. 

 

 

 

 

 

 

 

 

Due to the partial covalent bonding between EG and the SiC substrate, the PMMA 

adhesion energy was not enough to transfer SiC EG. We also attempted to use 

sophisticated PMMA transfer aiding methods such as the bubbling technique that was 

developed with our collaborators and detailed in [105] but success was very limited. 

EG bonding to substrate was clearly strong. 

Our first successful attempt in transferring SiC EG relied on using gold as an adhesion 

layer to the graphene and then spinning PMMA on top of the gold to mechanically 

transfer the Au/Graphene layer using a sharp tweezer as illustrated in figure 3.4.  

 

 

 

 

 

Figure 3.3: Schematic of PMMA transfer method that ultimately proved 

unsuccessful in transferring EG. 



 

39 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Both our group [105] and [106] independently reported the successful transfer of 

monolayer EG off high quality SiC sublimation back around the end of 2013. Our 

work did crucially show suspended monolayer EG prepared for TEM studies and we 

were the first to show this.  

The Au/PMMA method was initially a successful method for transferring EG but this 

method was marred with difficulties. For one, we had to peel off the Au/PMMA using 

a sharp tweezer and we could never get large areas using this method. And even after 

successful transfer of the often small areas, no larger than a few hundred microns, we 

lost even more of it in dissolving the PMMA in acetone and subsequent gold etch. 

Furthermore, Raman analysis often showed shoulders on the G peak which were not 

investigated further as to what was causing them since this method was dropped in 

Figure 3.4: Illustration of the Au/PMMA transfer method. 
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favor of the Au/PVA method illustrated in the next section.  Device fabrication was 

challenging as well because the films were often very small allowing for a limited 

number of devices to be fabricated. They were also often discontinues and making a 

working device with multiple connections proved challenging.    

 

3.5 The Au/PVA Transfer Method 

Throughout this investigation it was found that depositing gold as an adhesion layer to 

EG and then using Poly(vinyl alcohol) (PVA) tape for mechanical exfoliation, yielded 

the most success. The illustration of this method is shown in figure 3.5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For one thing, as will be shown in the next section, the Raman showed very clean and 

ideal peaks for the transferred graphene. Microscope inspection showed little residue 

Figure 3.5: Illustration of the Au/PVA transfer method. 
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if proper cleaning procedure is followed. Furthermore, the strongest advantage to 

using this method is that it allowed the complete transfer of all graphene regardless of 

substrate size. In our investigation, it was typical to transfer 6000 Χ 6000 micron films 

as shown in figure 3.6. And there was no limitation to transferring 12000 Χ 12000 

micron films or lager if we intended to. The microscope images, such as figure 3.7 

would often show hundreds of microns of continues monolayer films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.6:  6 Χ 6 mm MTEG on SiO2/Si substrate. 
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There were, and indeed still are, challenges to this method. For one, earlier on, PVA 

residue was significant. This was solved by prolonged DI water rinsing. Another 

problem faced during this research which was very surprising, is that usually placing 

the PVA tape in DI water for the dissolving step, went on smoothly with no trouble. 

But when we switched to using wafers from a different supplier, the films suddenly 

started to completely delaminate during the PVA dissolving step. Numerous 

experiments went into trying to fix this problem and it somehow seems that the 

adhesion varies from one substrate to anther significantly as shown in figure 3.8. It 

varies in a way that is difficult to predict. 

 

Figure 3.7: Microscope image of MTEG showing large areas in the hundreds of 

microns range. 
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Figure 3.8: Image depicting the adhesion problem faced in transferring the 

PVA/Au/Graphene stack to various substrates. In the image, it is shown how the 

transferred stack is lost during dissolving PVA in DI water. This varies by 

substrate. This problem was resolved later on using a modification to the transfer 

procedure.   

Eventually this problem was solved by using a slightly wet cotton swab to wet the 

PVA tape, and then very slowly peel off the PVA tape as opposed to leaving the PVA 

in DI water allowing the chance for it to delaminate. It was still challenging to succeed 

even using this method. But after using this method, it was possible to transfer to any 

substrate type and hence no further investigation was carried out as to why there was 

such a large disparity in the adhesion of the transferred stack based on substrate.     

The final challenge, which has still not been overcome, is the fact that the films can 

break up during the transfer probably due to the mechanical nature of it. Figure 3.9 

shows how bad the films can crack.  
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Parallel investigations were carried out in the hope that using PDMS stamps would 

solve this problem. However the repeatability of PDMS stamp method was limited and 

due to the difficulty and cost of obtaining EG samples, this method was not 

investigated further. A final note about the cracks in films is that it is not clear if the 

cracks are due to the transfer method or due to the growth conditions not being 

optimized, or indeed even a combination of both. Certainly there are evidence, that 

both contribute to this problem.   

To summarize the detailed step by step Au/PVA transfer method, we first evaporate a 

100 nm gold film using an e-beam evaporator. We then use PVA tape along with 

tweezers to mechanically exfoliate and place the stack on any substrate of choice. A 

damped cotton swab is used to slowly wet the PVA tape while mechanically peeling it 

Figure 3.9: Microscope image of MTEG showing the cracked film 

problem. 
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off slowly. The sample is left in running DI water for about 10 minutes to clean the 

PVA residue. Potassium Iodide and Iodine Complex, which is a standard chemical, is 

used to etch the gold adhesion layer.  The sample is left in the gold etchant for at least 

20 minutes. The gold etch does not leave any residue, nor does it attack the graphene. 

Samples were left for hours sometimes with no graphene damage or characteristic 

difference. The sample is taken out and rinsed with DI water for about 10 minutes to 

get rid of any contaminating residues. The sample is then ready for characterization or 

further processing for device fabrication.  

Figure 3.10: Schematic overview of PVA/Au transfer method.  
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3.6 Adhesion Energy 

The extensive work done on testing the transfer of EG gained us significant insight on 

the adhesion energies of various materials we tested. During the course of this 

investigation we tried PMMA, as well as a host of metals that included Cr, Al, Pd, Au, 

and Ni. We eventually did settle on using Au as the adhesion layer because all other 

materials tested either, did not adhere strongly to EG, and hence fail to transfer it, or 

further processing caused significant or complete loss of the graphene film. Further 

detail per each specific adhesion layer is given in table 3.1. This section will 

summarize our findings on using these materials and what we can infer from 

comparing against adhesion energy values obtained from literature.  

Neil et al. [107] reported that the adhesion energy of EG to the SiC substrate is 3.0 

±1.0
1.6 J/m

2
. Assuming PMMA has a similar adhesion energy to PDMS which is 

measured for few layer graphene to be 0.176 J/m
2
 [108], this would explain why 

PMMA, will not transfer EG off SiC. We have confirmed the failure of PMMA to 

transfer EG experimentally. This result is true even when elaborate methods such as 

the bubbling technique [105] was used.  

The repeated and reliable success of transferring monolayer EG off SiC using gold as 

the adhesion layer raises very interesting points about the adhesion energy of 

Graphene/Au. To the knowledge of the author, the only paper that talks about the 

adhesion energy of graphene to gold is the simulation work done by Hamada et al. 

[109]. In that paper, Graphene/Au adhesion is calculated to be around 0.7 J/m
2
. This is 

the paper that was sighted for the work of Kim et al. when they chose nickel over gold 

as the adhesion layer [106]. But Judging by the fact that we had nearly 100% success 

transferring monolayers using a gold adhesion layer multiple times and that the 

monolayers were continues over hundreds of microns, it would seem the 0.7 J/m
2
 

theorized by [109] is greatly underestimating the Graphene/Au adhesion energy which 
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at least should be more  than the Graphene/SiC adhesion energy of 3.0 ±1.0
1.6 J/m

2
. We 

have further successfully used a gold adhesion layer to transfer CVD graphene off 

copper and did so repeatedly with complete film coverage and 100% yield. 

Graphene/Cu adhesion is measured to be 0.7 J/m
2
 
 
[110]. This is further evidence that 

Graphene/Au adhesion is higher than the 0.7 J/m
2
 value calculated in [109]. 

 The successful transfer of bilayer graphene synthesized by hydrogen intercalation 

gives very good insight as well. Graphene/Graphene adhesion energy is low at 0.3 

J/m
2
 [111]. Since for transfer, the bilayers must remain intact, it is safe to assume that 

after intercalation, the adhesion energy of graphene to the SiC substrate must be less 

than the 0.3 J/m
2
 value between the two graphene layers.  

Adhesion energies were reported for Graphene/Cu 12.75 J/m
2
 Graphene/Nickle 72.7 

J/m
2
 in [112]. However these values are very high and do not seem to hold true 

experimentally in our work.   

In all the above statements and conclusions we assume no surface roughness effects on 

adhesion energy [104]. This is a valid assumption, knowing that the step edges in SiC 

are about 10 nm high and the gold deposition on top of graphene is done using e-beam 

evaporation which is a very uniform film deposition.  
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TABLE 3.1 Adhesion Energy and Experimental Notes 

 
 

 

 

Adhesion 

Energy 

J/m
2

 

 

 

Reference 

 

Experimental Notes 

 

Graphene/Graphene 

 

0.3 

 

 

[111] 

 

Intercalated bilayers did not separate during 

transfer indicating EG layers show similar 

adhesion pattern to exfoliated graphene layers. 

 

 

Graphene/SiC 

 

 

3.0 ±𝟏.𝟎
𝟏.𝟔 

 

[107] 
 

Non-metal based adhesion layers tested were too 

weak to transfer EG confirming strong adhesion 

energy of EG to SiC.  

 

 

Graphene/SiC 

Intercalated  

 

 

<0.3 

 

-- 

 

Intercalated bilayer transfer did not separate the 

layers indicating the adhesion energy to SiC after 

intercalation must be lower than 0.3 J/m
2
 which is 

the adhesion energy of two graphene layers.  

 

 

Graphene/PDMS 

(close to PMMA) 

 

 

0.176 

 

[113] 
 

Failed to transfer EG. Adhesion energy too low. 

 

Graphene/Copper 

 

 

0.7 

 

[110] 
 

Au was experimentally used as an adhesion layer 

to transfer graphene off Cu substrate indicating 

that graphene adheres to Au stronger than Cu. 

 

 

Graphene/Gold 

(likely incorrect) 

 

 

0.7 

 

[109] 
 

Au used as an adhesion layer successfully and 

repeatedly transferred EG off SiC substrate 

indicating the adhesion energy is at least higher 

than 3 J/m
2
 contrary to current literature.  

 

 

Graphene/Ni 

 

3.5 

 

[114] 
 

Ni films often caused high stress that would crack 

the films and fail to transfer. Optimizing Ni 

thickness was not pursued since Au was 

successful. Also, transferred films that did not 

crack would delaminate in the Ni wet etch step 

and sample would be lost.  

 

 

Graphene/Al 

 

 

< 3.0 ±𝟏.𝟎
𝟏.𝟔 

 

-- 

 

Failed to transfer EG, indicating that the adhesion 

energy of Al must be less than 3 J/m
2
. 

 

 

Graphene/Pd 

 

-- 

 

-- 

 

Pd was difficult to clean off in etching step 
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CHAPTER 4 

 

TRANSFERRED EPITAXIAL GRAPHENE  

STRUCTURAL CHARACTERIZATION 

 

In this chapter, detailed structural analysis is presented on TEG using optical 

microscopy, Raman, and TEM. Miscopy shows the difference in contrast between 

monolayers and bilayers, while Raman shows all the characteristic peaks that are 

sharply defining monolayers and bilayers as well as the uniformity of the films. TEM 

show a direct image of monolayers and bilayers along with other more sophisticated 

characterizations that will be detailed.   

The structural characterization confirms the transfer of high quality MTEG and 

evidence of AB stacked BTEG.  

 

4.1 Optical Characterization  

Optical characterization was made possible by transferring EG. Although a monolayer 

of graphene only absorbs about 2.3% of light, it is still visible under a microscope if a 

proper substrate is used to enhance its contrast. This is certainly another one of the 

crucial reasons why the original Geim and Novoselov research work was successful in 

identifying a monolayer of graphene. This was even formally investigated in a paper 

titled “Making Graphene Visible” [115], where it is shown that if graphene is placed 

on a SiO2/Si substrate with a thickness of either 90 nm or 285 nm, peak contrast is 

achieved through interference effects with the substrate. However, in the case of SiC, 

it is a transparent substrate so graphene on top of it is not visible at all because there is 
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no interference effect enhancing its contrast. Due to this reason, an optical microscope 

is of limited use in the case of EG on SiC. An illustration of this effect is shown in 

figure 4.1. This is a simplified illustration as the actual effect is more complex.  

 

 

 

 

 

 

 

 

 

 

 

 

The first sign of successful EG transfer that we observed is the very clear visibility of 

a monolayer and a bilayer once transferred off SiC and on to a SiO2/Si substrate with 

optimized SiO2 thickness. As a matter of fact, the visibility and contrast were so great; 

you can even distinguish monolayers from bilayers by naked eye let alone visibly see 

the graphene on the substrate. Figure 4.2 shows a monolayer on the top substrate and a 

bilayer on the bottom substrate. The contrast is not true to real life due to limitation of 

the photo-image taken. In real life, the contrast is strongly visible.   

 

 

 

 

Figure 4.1: Illustration of the interference effect of thickness optimized SiO2 

substrates as opposed to SiC substrate 
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Being able to see the monolayers and bilayers helped significantly in the fabrication 

steps as well. As mentioned in the previous sections, cracks in the graphene film due 

to either transfer or misgrowth can be crucial in fabricating successful devices and 

being able to visibly see your marked graphene greatly enhanced the chances of 

successful device fabrication.   

 

   

 

Figure 4.2: 6 Χ 6 mm MTEG (top) visible contrast distinguishable from 

BTEG (bottom) by naked eye.   
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4.2 Raman Characterization 

Raman was the next characterization technique to have greatly benefited from 

transferring EG. For one thing, the substrate Raman background no longer overlaps 

with the crucial signifying peaks of graphene, allowing a better study of the D and G 

peaks where they are very clear and no background subtraction is necessary which 

often obscured results. The other very significant contribution of transferring EG, is 

that the Raman benefits from the interference effect much the same way as in the case 

of microscopy. The Raman signal counts are greatly enhanced when the EG is 

transferred onto a SiO2/Si substrate with optimized SiO2 thickness as can clearly be 

seen in figure 4.5. This leads to significantly enhanced peaks that allowed for careful 

2D/G peak ratio, and FWHM measurements. And this intern was a crucial step in 

conclusively identifying monolayers from bilayers which is otherwise an approximate 

procedure using Raman alone and without transfer. 

For MTEG Raman (figure 4.5) we found the 2D peak to be positioned around 2700 

cm
-1

. This would indicate a release of strain as the original 2D peak, when the 

graphene is on SiC, is either blue shifted or red shifted which varied by location on the 

SiC substrate. Also, the position of the 2D peak is consistent in being at 2700 cm
-1

. 

This positional consistency is not the case before transfer as we observed and others 

reported [85]. The FWHM was at about 30 cm
-1

, the D peak was a sharp Lorentzian 

and the 2D/G peak was consistently over 2, the G/D peak was often over 20. All 

indications of not only conclusive monolayers, but comparatively high quality TEG so 

far as Raman characterization is able to indicate. 

Bilayer graphene is more technical in Raman characterization. For exfoliated AB 

stacked bilayer graphene, the 2D peak exhibit very rich characteristics. As a matter of 

fact the 2D peak is the most important peak in graphene characterization in general as 

it clearly evolves with the number of layers [78]. Our concern is with bilayers though 
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and for bilayers the 2D peak is actually composed of the summation of four separate 

Lorentzian peaks. Earlier in this research, the 2D Raman peak of exfoliated graphene 

bilayers were fitted to the summation of four Gaussian peaks using MATLAB to 

verify the distinctive 2D peak of exfoliated bilayer graphene as shown in figure 4.3. 

Gaussians were used as an approximation to make the analysis easier. 

 

 

 

 

 

 

 

 

 

 

 

 

Ferrari et al. in his original work on Raman characterization of graphene [79], presents 

the best explanation of this characteristic 2D peak. He attributes it to the selectivity of 

photon emission based on the band structure of graphene. And this selectivity will 

give four possibilities and hence the four peaks as shown in figure 4.4.  

 

 

 

 

 

Figure 4.3: 2D peak of exfoliated bilayer graphene verified by fitting the 

summation of four Gaussians uisng MATLAB. 
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In the case of the Raman of the BTEG (figure 4.5), the 2D/G ratio is usually in the 

0.85 range, and the 2D peak FWHM is around 60 cm
-1

. These values are in agreement 

with literature so far as bilayer graphene goes. The major anomaly is the 2D peak not 

exhibiting the characteristic four peak components of exfoliated AB stacked bilayer 

graphene. This anomaly is also found in CVD bilayer graphene that is said to be AB 

stacked [116]. It would seem that only exfoliated graphene shows the ideal 2D peak. 

We still do believe the bilayers are AB stacked in our case as further evidence of this 

will be presented in the TEM section. We believe the 2D peak not exhibiting the 

expected characteristics is due to it being very sensitive towards imperfections in the 

band structure of bilayer graphene. Dislocations are known to cause very wide k value 

energy bands and they might play a role large enough to obscure the 2D peak’s 

dependence on band structure.  

 

Figure 4.4: Original Ferrari et al. work explaining bilayer 2D peak using 

energy band transitions (Adopted from [79]) 
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On the topic of bilayer graphene, it was possible to sometimes observe bilayers 

formed by having MTEG that tear apart during transfer and fold back. These are 

clearly visible under a microscope. They provided a clear reference to rotated TEG 

bilayers. The Raman characteristics of these folded bilayers are surprisingly similar to 

monolayers and very different from AB stacked bilayer graphene as shown in figure 

4.6.  

 

 

 

 

 

 

 

Figure 4.5: Raman of EG on SiC before transfer (Red), Raman of MTEG 

(black), and Raman of BTEG (blue) 
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This seems counter intuitive, but other research groups have shown the same result 

[117][118]. The 2D peak actually evolves as the two layers are rotated as shown in 

[118]. This was further indication that the BTEG we obtain by growth and 

intercalation rather than folded MTEG, are at the very least of very little rotation no 

greater than 3
o
 if any rotation at all. Else the Raman 2D peak would have resembled 

rotated bilayers.  

To emphasize the uniformity of the AB stacking of BTEG, a two dimensional Raman 

map was done on an arbitrary area of 150 Χ 150 microns. The Raman laser would 

raster across the area in steps of 3 microns and record the Raman spectrum per each 

spot. The 2D peaks are the same all throughout, indicating no rotation. The 2D peak 

Figure 4.6: Raman of TEG: AB stacked bilayer (black), random 

oriented bilayer (blue), and monolayer (red) 
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intensity of the raster is overlaid on top of the BTEG area shown in figure 40. 

 

 

 

 

 

 

 

  

 

 

 

This section is concluded by mentioning that CVD graphene was also used as a 

reference point for MTEG. The CVD graphene was transferred using the same exact 

method as MTEG. The Raman characteristics which are shown in figure 4.8 are of 2D 

peaks located at 2700 cm
-1

 with a 2D/G ratio of 2.8, a FWHM of 33.5 cm
-1

 and a G/D 

peak around 20, all indicating very close values to MTEG. We did not attempt to 

transfer CVD bilayers as they are more difficult to obtain and stacking order would be 

an issue.  

 

 

 

 

 

 

 

Figure 4.7: Two dimensional Raman mapping of BTEG over 150 Χ 150 micron 

area indicating AB stacking uniformity. a. 150 Χ 150 micron square area BTEG. 

b. Raman 2D peak intensity overlay. c. Typical 2D Raman peak. 
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Figure 4.8: Raman of transferred monolayer CVD graphene 

(top), and MTEG (bottom) 
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TABLE 4.1 Raman Characteristics of Graphene Layers. 

 

 

Raman Table 

 

 

2D/G 

 

FWHM  

(cm
-1

) 

 

G/D 

(Approximate) 

 

 

MTEG 

 

 

2.1 

 

 

29.5 

 

20 

 

AB stacked BTEG 

 

 

0.85 

 

62 

 

 5 

 

Rotated BTEG  

 

 

2.3 

 

31 

 

5 

 

Monolayer CVD graphene 

 

 

2.8 

 

33 

 

20 

 

 

 

4.3 Transmission Electron Microscopy Characterization 

Graphene being a monolayer of carbon atoms arranged hexagonally with only 2.46 Å 

apart puts specific constraints in it being a 2D material. The conclusive observation of 

a 2D material should be done in a suspended form in order to not have the underlying 

3D substrate appear. Transmission Electron Microscopy (TEM) is the tool of choice 

for this task since it is possible to create magnified images of suspended 2D materials 

on holy grids showing what is close to individual atoms.  

We have collaborated with the Rϋmmeli group to conduct extensive TEM studies of 

TEG. During this collaboration we would transfer the EG monolayers and bilayers 

onto an arbitrary substrate and ship the samples to our collaborators in Germany and 

then our collaborators in turn would carry out another transfer procedure to take the 

graphene films off this arbitrary substrate and onto the TEM holy grid. The details of 
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this procedure were published in [105]. The EG layers survived two mechanical 

transfers before going into the TEM, a testament to how robust EG can be. 

During this collaboration we have successfully obtained TEM images of both 

suspended monolayer and bilayer graphene. The MTEG show the clear honeycomb 

structure expected of graphene and the BTEG showed a visible contrast indicating 

more than one layer as can clearly be seen in figures 4.9 and 4.10. These images were 

very consistent throughout the different spots taken on the suspended films, further 

bolstering the claim of very uniform monolayer and bilayer growth respectively.  

 

 

 

 

 

 

 

Figure 4.9: a. Holy grid image of suspended MTEG b. TEM image of the 

honeycomb structure of MTEG c. SAED diffraction pattern of MTEG. 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: a. Holy grid image of suspended BTEG b. TEM image of the 

honeycomb structure of BTEG c. SAED diffraction pattern of BTEG. 
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Furthermore, we obtained Scanning Area Electron Diffraction (SAED) images. The 

MTEG SAED showed only one set of diffraction pattern as expected for monolayer 

graphene. The BTEG more crucially, also showed only one set of diffraction pattern as 

shown in figure 4.10 in expected accordance to AB stacking. Also, the intensity plot 

taken from the SAED image of the BTEG in figure 4.11 showed the very distinctive 

and unmistakable pattern of AB stacked bilayer graphene reported in literature [119].  

This is a very clear and conclusive indication of tight AB stacking for if the bilayers 

were rotated slightly, there would be two sets of diffraction patterns and also the 

intensity plots would not show the distinctive pattern of AB stacking. 

 

 

 

 

 

 

 

 

 

 

The BTEG is truly an interesting material. When transferred off SiC and onto the 

TEM holy grid, it would look like aligned bilayers with none of the moiré effect that is 

usually exhibited in rotated bilayers. Furthermore, it was possible to etch off parts of 

the first graphene layer using the electron beam of the TEM and reveal the underlying 

layer. This is shown in figure 4.12. Both graphene layers seemed aligned and further 

supporting the evidence of AB stacking.  

 

Figure 4.11: Intensity plot obtained from BTEG SAED. 
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This section is concluded on mentioning the occasional observed rotated BTEG under 

the TEM. Rotated bilayers have been both theorized and observed to show a moiré 

effect by multiple sources [120][121][122][123]. This moiré pattern is illustrated in 

figure 4.13. In the case of using a TEM, folded MTEG that form rotated BTEG were 

just as observable as they were in microscopy and Raman characterization. These 

rotated BTEG are formed by MTEG layers that tear and fold back and are not to be 

confused with the AB stacked BTEG that are formed by intercalation before transfer 

and that are the main subject of this dissertation.  

These rotated BTEG however, allowed us to observe TEM images of the aesthetically 

beautiful moiré effect of folded graphene using SiC EG as shown in figure 4.1.4. To 

the knowledge of the author, this has never been demonstrated before in literature 

using the SiC epitaxial form of graphene. 

 

Figure 4.12: a. Initial BTEG.  b. Parts of first layer etched off by TEM 

electron beam 12 minute exposure. 
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Figure 4.13: Visualization of the moiré pattern arising from combining 

two graphene monolayers at a 10
o
 angle (Adopted from [120]) 

Figure 4.14: TEM image of rotated BTEG from folded MTEG where the moiré 

pattern is clearly visible. b. SAED diffraction pattern showing two rotated sets. 
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CHAPTER 5 

 

TRANSFERRED EPITAXIAL GRAPHENE  

ELECTRICAL CHARACTERIZATION 

 

In this chapter, electrical characterization methods are carried out on TEG using 

mainly Transmission Line Measurement (TLM) structures and Field Effect Transistor 

(FET) structures. All measurements were conducted at room temperature. We measure 

the contact resistance for MTEG and BTEG using common contact resistance 

methods, which is a first and was never reported elsewhere. The TLM measurements 

allowed us to gain insight on the difference of mean free path between MTEG and 

BTEG.  

The fabricated FETs are used to show monolayer mobility gains higher than two times 

once transferred off the SiC substrate as well as significantly lower carrier 

concentrations. Only one other research group reports such results. Mobilities of 

BTEG are measured as well which is not reported anywhere else in literature as of the 

time of this dissertation and is an important contribution considering the potential of 

this method for large area AB stacked bilayer synthesis. Other details on the electrical 

properties of TEG will be given such as carrier independent mobility and universal 

mobility calculations. An annealing section for the MTEG and BTEG FET structures 

will report unique characteristics that distinguish MTEG from BTEG as well as the 

unique BTEG moisture absorption properties. Finally, the chapter will conclude with 

some explanation on carrier mobility limiting factors related specifically to EG.    
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5.1 Fabrication 

For the electrical characterization of TEG, we relied mainly on fabricating FETs. 

Other devices fabricated were TLMs for measuring contact resistance, and Van der 

Paws as well as Hall bars for Hall measurements. Unfortunately, it has proven too 

much of a challenge to get any Hall measurements out of TEG. The low yield as well 

as what seems to be micro-cracks along with the challenging wiring of Hall 

measurements prevented any successful measurements. So we relied mainly on the 

FET structures for electrical characterization.  

SiO2/Si, with optimized SiO2 thickness, was the preferred choice of substrate. It 

allowed for backgating the devices. It also made TEG visible for ease of fabrication. 

We were ultimately vying for using h-BN as a substrate but unfortunately the research 

did not progress fast enough to reach that stage. Usually the SiO2 was either 285 nm or 

100 nm thick. 90 nm oxide would have been optimal but was not used during this 

investigation due to availability. The thinner 100 nm oxide thickness was preferable 

over thicker 285 nm oxide because it allowed reaching the Dirac point at lower 

voltages as a consequence of the equation:  

 

 n =
ε0ɛ𝑟VG

te
               (5.1)  

  

Where n is the carrier concentration, ɛ0  is the dielectric constant of free space, ɛr is the 

relative dialectic constant, VG is the gate voltage, t is the gate thickness, and e is the 

electron charge. 

Fabrication steps followed traditional lithography procedures. Sheiply SPR-220-3µm 

photoresist was mostly used. Although the thickness of the photoresist did not allow 

for optimally sharp features, it did help in etching and contact deposition steps as it 

allowed for longer etch times and allowed contact lift off without LOR respectively. In 
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a regular process, photoresist is used as a cover material to etch TEG into device 

mesas using oxygen plasma Reactive Ion Etch (RIE). A 10 second etch time is usually 

sufficient to etch TEG. Another layer of photoresist is then exposed and used as a 

masking layer for metal contact lift off. The metal contact layers are deposited using 

electron beam evaporation. More details on metal contacts are given in the next 

section. The sample is left in acetone overnight for the lift off process and the devices 

are cleaned afterwards with Isopropanol (IPO) and prepared for electrical 

characterization. Final fabricated devices are shown in figure 5.1. Throughout the 

extensive work done in fabricating devices out of TEG, it was found that it is best to 

make processing compromises in order to minimize the processing steps and simplify 

the process as much as possible. This produced better yield which was more crucial in 

the case of TEG.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.1: Typical fabricated TEG FETs and TLMs.  
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5.2 Contact Resistance 

Contact resistance is among the main focus issues in the graphene community when 

looked upon from a device prospective. Earlier on in graphene research, contact 

resistance values were very high. Research has progressed significantly since then. 

There are sophisticated contact methods such as the one presented by the Columbia 

University groups where they contact graphene from the side in what they call a one 

dimensional contact [124]. This was too technical for us to pursue. Another method of 

getting good contact resistance is to slightly damage the graphene through ion 

bombardment [125][126]. This method allows for improved contact through the sides 

of the patches created. However this method has to be optimized and considering the 

difficultly we faced in getting TEG devices to work; it was not a viable option. 

We opted to use conventional contact methods of electron beam evaporation of metals 

onto graphene mesas, which is the widely used method in the 2D materials research 

community. Initially, we used 10 nm of titanium as an adhesion layer to graphene and 

about 150 nm of gold as the contact metal. This yielded very high contact resistance 

values that dominated the electric characteristics of the initial devices. It was 

necessary to use four point probing in such a case to measure the intrinsic properties of 

the TEG without the contacts dominating its properties. Adopting alternative recipes 

[127][128] we later switched to using 0.5 nm of titanium as an adhesion layer and 

palladium as the main contact metal with a thickness in the range of 150 nm. The 0.5 

nm titanium was thought to be a patchy deposition that allowed palladium to be the 

real contact metal, with titanium mainly just acting as a supporting adhesive. The 

contacts were afterwards, excellent to the point that the field effect mobility values 

measured using two point contact where hardly any different from four point contact 

measurements. And the Dirac point shift was negligibly small.  
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5.2.1 2p-4p Method 

Contact resistance measurements were conducted using two different methods. The 

first method, which will be referred to as “2p-4p”, was to measure the two point probe 

resistance of the FET structure, and then to measure the four point probe resistance of 

the same FET structure as illustrated in figure 5.2. 

 

 

 

 

 

 

 

  

 

We then have two sets of resistance values. Using the following equation:  

 

𝑅𝑐 = 𝑊 (
𝑅2 − 𝑅4

2
)         (5.2) 

 

Where RC is specific contact resistance (Ω.µm), W is contact width, R2 is the two point 

probe resistance, and R4 is the four point probe resistance. This equation states that 

you can get the contact resistance by canceling out the graphene resistance from the 

total resistance (which is R4 – R2 in this case) and then you are left with the contact 

resistances on both sides. You divide that value by two to get contact resistance per 

each side and then multiply the value by contact width to get the final specific contact 

resistance.  

Figure 5.2:  Schematic of contact resistance measurement. 
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For 2p-4p FET, measurements, we obtained an average specific contact resistance 

value of 1021 Ω.µm for MTEG and 2630 Ω.µm for BTEG. The value obtained for the 

BTEG is in close proximity the specific contact resistance value measured using the 

TLM method shown next. The MTEG value however is significantly higher than the 

TLM value. We attribute this discrepancy to the quality of the specific MTEG used for 

this measurement being slightly lower than the one used in the TLM set and therefor 

adversely affecting the contact resistance value.  

   

5.2.2 TLM Method 

The second method, commonly referred to as the TLM method, relies on varying the 

length of the conducting material between the contacts while keeping the width of the 

conducting material constant as illustrated in figure 5.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Illustration of TLM theory. 
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Plotting the resistance values verses the conducting material length; we get a y-axis 

intercept that gives 2RC which is the contact resistance. The x-axis intercept would 

normally give us 2LT, the transfer length. However, as detailed in [128][129] this x-

axis value of LT is usually a poor fit in the case of graphene. This is due to: (1) 

transport in graphene under the metal contact is partially ballistic, and not completely 

diffusive, (2) the metal contact dopes graphene and therefor the sheet resistance of 

graphene under the metal contact is dissimilar to graphene in the channel. 

Xia et al. [128] showed that the transfer length in metal-graphene contacts can be 

expressed using the following set of equations:  

 

𝜆 =
𝜋𝑉𝐹𝜏

2
     (5.3) 

 

𝜆𝑚 =
ћ𝑉𝐹

𝜋𝜂
     (5.4) 

 

𝐿𝑇 = √𝜆𝜆𝑚    (5.5) 

 

Where λ is the carrier mean free path, VF is the Fermi velocity, τ is the scattering time, 

η is the metal-graphene coupling strength, LT is the transfer length, and λm is the 

metal-graphene coupling length. In the devices fabricated, we were successfully able 

to obtain a set of TLM measurements for MTEG and three sets of measurements for 

BTEG. The values obtained are plotted in figure 5.4 with error bars for the three sets 

of BTEG measurements.  
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TLM measurements gave specific contact resistance values of 585 Ω.µm for MTEG 

and 2310 Ω.µm for BTEG. The specific contact resistance value of MTEG is 

respectable and comparable to leading values in literature using the same contact 

schemes which range around 200 Ω.µm [128]. The reason why it is higher in the case 

of MTEG is that generally, contact resistance is dependent on the quality of the 

graphene being contacted. While TEG is competitive with other large area graphene 

synthesis methods in terms of quality, it falls short in comparison to exfoliated 

graphene specifically which is the benchmark for graphene quality and is also the 

benchmark used in setting the good contact resistance values reported in literature. 

Specific contact resistance values for bilayer graphene are not as widely studied as in 

the case of monolayers. However, it is generally expected that RC for the bilayers 

Figure 5.4: TLM measurements for MTEG and BTEG. 
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should be higher than the monolayers since carrier mobilities in bilayers are known to 

be significantly lower than in monolayers while carrier concentration is not 

significantly higher as to offset the carrier mobility advantage of monolayers. 

Therefore the values obtained for BTEG are very reasonable and within expectation.  

 The x-axis intercept also gains a lot of insightfulness to the properties of MTEG 

compared to BTEG. While the x-axis intercept does not give an accurate value of the 

transfer length LT, it should be safe to assume that the ratio of the transfer length from 

the x-axis intercepts to the monolayers and bilayers should be a usable property. From 

our data, the ratio of the MTEG transfer length (LT1M) to the BTEG transfer length 

(LT2M) is calculated to be LT1M / LT2M = 2.5.  

It should be safe to assume that the metal-graphene coupling length (λm) is 

approximately the same for MTEG and BTEG since the same metal contact and metal 

deposition process are used. It should also be safe to make the approximation of Fermi 

velocities for MTEG and BTEG are equal. The Fermi velocity of monolayer graphene 

on SiO2 is generally approximated to be ~ 6 Χ 10
6
 m/s and bilayer graphene on SiO2 

was measured by other groups to have a Fermi velocity of 6.01 Χ 10
6
 m/s  [130].  So, it 

should be a valid approximation since in our case, both MTEG and BTEG are on the 

same nominal SiO2 substrate. 

Using these approximations and looking at the transfer length set of equations (5.3-

5.5), one can infer by knowing the LT1M / LT2M ratio, that the carrier mean free path (λ) 

of MTEG is 6.25 times that of BTEG. In turn, the scattering time (τ) of MTEG is 6.25 

times that of BTEG.  
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5.3 MTEG FET Characterizations 

FETs were used for measuring the field effect mobility of TEG. In the simplest setup, 

two point probing was used where two points contacting the graphene would act as the 

source and drain of the FET structure. The gate voltage is modulated from the 

substrate beneath the graphene which is commonly referred to as backgating. Through 

sweeping the backgate voltage (VGS) while running a low voltage between the source 

and drain (VDS), the carrier concentration of graphene is modulated and the drain 

current (ID) responds to VGS. For all the FET measurements VSD is set at 0.1 V. The 

field effect mobility can then be approximated from the linear part of the response 

curve using the following simplified FET equation: 

 

μ =
L

W

1

VDS

1

Cox
(

ID

VG
)

linear

  (5.6) 

 

Where µ is the field effect mobility, L is the device active area length, W is the device 

active area width, VDS is the voltage between the source and drain, ɛ0 is the dielectric 

constant of free space, ɛr is the relative dialectic constant, t is the gate thickness, ID is 

the drain current, and VGS is the gate voltage. 

Earlier on in this research, four point probing (figure 5.5) was used for measuring the 

field effect mobility as it has the benefit of canceling contact resistance effects and 

therefore giving the true intrinsic value of mobilities as well as removing any 

ambiguities invasive contacts could cause in shifting the Dirac point [131]. 

Approximating the field effect mobility follows the same method as two point probing 

with replacing the appropriate variables. Equation 5.6 is used for this. What changes 

here is that the sweeping variables are VDS and VGS, rather than VDS and ID in the case 

of two point probing.  
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Micro-cracks (figure 5.6) are a limiting problem in TEG. Device yield was very low, 

often no higher than 5%, and the surviving devices would, intern either not backgate at 

all, or would give low field effect mobility values. Through optimizing the transfer 

process and minimizing device fabrication steps as well as careful study of these 

micro-cracks, we were able to obtain very promising field effect mobility 

measurements for TEG.  

 

 

 

 

 

 

 

 

 

 

Figure 5.5: a. Probing setup for two point probe b. For four point probe. 

Figure 5.6: Micro-crack issue with TEG. a. Microscope image of a 10 Χ 10 µm 

square with MTEG active device having a lot of tear. b. Raman mapping of 

the same MTEG active device showing which areas have graphene left. 
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Figure 5.7 shows a typical conductivity curve we obtain from MTEG. It shows the 

typical bipolar Dirac behavior of a monolayer of graphene. Graphene on SiC tends to 

be n-doped. When it is transferred off the substrate, it is expected to be slightly p-

doped as other forms of graphene synthesis. Our devices did show p-doping but 

occasionally they showed n-doping as well (figure 62 is a case in hand). This cannot 

be attributed to the palladium contacts as palladium causes p-doping [132]. Also, this 

cannot be attributed to defects in the TEG, as defect studies also show p-doping [133]. 

The very thin titanium (0.5 nm) used as the adhesion layer for the palladium contacts 

might be a source as titanium dopes graphene negatively [132]. However, even when 

four point probing is used, which eliminates contact effects, we did occasionally see n-

doping. We attribute this n-doping to the gold etchant step in our processing. Oznuluer 

et al. grew graphene on a gold substrate [134] and they etched off the gold using the 

same etchant we used. They show very heavy n-doping for their devices. So evidently, 

this gold etch step is the source of this contamination. This is not a limiting factor in 

the gold transfer of TEG as this problem is easily solved by proper cleaning of gold 

etchant. Which is why, we only occasionally run into these n-doped devices.  

Figure 5.7: Conductivity curve for MTEG. 
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Figure 5.8 shows the field effect mobilities of MTEG FETs plotted against carrier 

concentration. As it shows in that figure and is typical for only a monolayer of 

graphene, mobility is higher at lower carrier concentration which is not the case for 

bilayers [135]. Electrical characterization shows the unique characteristics of 

monolayer graphene. 

The mobilities were promising with a high value reaching 2800 cm
2
/V.s. The average 

MTEG was at around 1700 cm
2
/V.s with an average carrier concentration of 

approximately 1.5 Χ 10
12

 cm
-2

. These are exemplary results considering the fact that 

the starting  EG on SiC would normally get an average hall mobility of around 700 

cm
2
/V.s and an average carrier concertation of around 7 Χ 10

12
 cm

-2
. This represents a 

mobility gain of more than a factor of two. It shows that a lot of the negative effects of 

the SiC substrate have been mitigated.  

Figure 5.8: MTEG field effect mobility Vs. carrier concentration. 
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 Further studying the transport characteristics of MTEG, we calculated universal 

mobility curves for some of the devices fabricated using the method of [136]. Figure 

5.9 shows the hole universal mobility curves for these devices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While a SiO2/Si substrate is not the ideal substrate for studying the transport properties 

of graphene, it does give a good reference point to compare transport results with 

literature. For our MTEG devices specifically, in referring to figure 5.9, we see high 

mobility values at low transverse electric fields. This shows that charged impurity 

scattering is not a major issue in MTEG. This is to be expected as our transfer method 

is a dry transfer and no charged particles should be trapped between the transferred 

graphene and the substrate. At around 0.5 MV/cm in figure 5.9  phonon scatting starts 

to dominate. This is expected for a SiO2/Si substrate as reported by Chen et al. on the 

Figure 5.9: MTEG hole universal mobility curves. 
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extrinsic performance limits of graphene on a SiO2/Si substrate [137]. Tirado et al. 

[136] showed the universal mobility curves of exfoliated graphene on a SiO2/Si 

substrate. The same scattering patters for exfoliated graphene in that study are 

observed in our MTEG. At higher fields in figure 5.9 beyond about 2 MV/cm mobility 

further drops in what seems to be the same effect experienced in silicon MOSFETs, 

which is namely surface roughness scattering [138].  

These results for MTEG are good and competitive with CVD graphene, the current 

leading large area graphene synthesis method. However, CVD graphene has been 

reported to give mobilities as high as 11,000 cm
2
/V.s on SiO2/Si substrates [139]. 

Commercially available CVD graphene on SiO2/Si substrate is quoted at field effect 

mobilities of 2000 cm
2
/V.s [140] which is much lower and is a conservative value 

closer to real performances of CVD graphene. The high values reported in literature 

on CVD graphene are optimized devices. But even taking this into account, SiC 

mobilities still seem lower than what they should be. So the general question is, why 

does EG after transfer, fall short of expectations?  

This seemingly upper limit to the mobility of EG shows elsewhere in literature. Early 

studies of EG predicted an intrinsic limit of EG mobility [141] at around 5800 cm
2
/V.s. 

Intercalation studies of  EG on SiC to mitigate the substrate effects without transfer, 

yield mobility values no better than 3100 cm
2
/V.s [142][143]. Even suspending 

graphene, which is known to yield mobilities in the range of 1 Χ 10
6
 cm

2
/V.s  [21] for 

exfoliated graphene,  could only give an estimated mobility of 5000 cm
2
/V.s in the 

case of suspended EG [144]. Multilayer growth on the step edges might be a source 

for mobility degradation with sources reporting as high as 10 fold mobility 

degradation [145][146]. But in our investigation we made sure that the devices 

measured were indeed only monolayer and furthermore, the mobility increasing with 

decreasing carrier concentration shown in figure 54 is a unique propriety of monolayer 
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graphene, so this cannot be the reason. Grain boundaries might be the reason for this 

underperformance [58] but multiple sources have shown EG to be a carpet like 

material. 

We speculate that the reason behind this less than optimal EG mobility is that the 

graphene that grows on step edges is full of structural defects as comprehensively 

studied in [75]. Furthermore due to SiC wafer miscut [147] making these defects in 

step edges appear as correlated line defects [148], they work as a true limiting factor in 

the mobility of EG. And although transferring EG off the SiC substrate does mitigate 

substrate effects such as film stress, and substrate doping of graphene, the mobility is 

still ultimately limited by these defects.  

To further expand on this point we used the self-consistent transport model of [149] 

which fits conductivity to a density-independent mobility attributed to the long range 

charged impurity coulomb scattering: 

 

σ−1 = (neμc + σ0)−1 + ps     (5.7) 

 

Where σ is the conductivity, n is the carrier concentration, e is the electron charge, µc 

is the carrier independent mobility, and σo is the residual conductivity at the Dirac 

point, and ps is the contribution to resistivity from short range scattering. 
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When fitting the slope of our data to the carrier independent mobility equation in 

figure 5.10 we got a mobility of nearly 4000 cm
2
/V.s for a device that shows a field 

effect mobility of 2000 cm
2
/V.s when the normal FET equation is used.  What this in 

effect is saying, is that the mobility limited by long range scattering is higher. 

Meaning it is the short range (defects) scattering that is limiting the mobility. While 

this is not conclusive evidence that indeed the structurally defective EG growing in the 

step edges, is the main cause of mobility limitations, it does add supporting evidence.  

It should be possible to experimentally show substantial evidence to this line defect 

speculation. If the mobility of MTEG is measured against the direction of transport on 

the TEG and the plot of this directional mobility showed variation with only one 

direction yielding high mobility, then this would be strong supporting evidence that 

Figure 5.10: Density independent mobility fitted to experimental curve of MTEG. 
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the line defects from step edge growth is the major mobility limiting factor. 

Furthermore, if it were possible to fabricate devices from the TEG coming from the 

terraces where the EG quality is believed to be higher, than this would show the real 

limit of TEG transport properties. Unfortunately, the low yield we experienced during 

this investigation did not allow us to pursue these specific experiments and they will 

be the topic of future research. 

To summarize this section, MTEG FET structures show mobilities in the range of 

1700 cm
2
/V.s which is competitive with commercially available CVD graphene. While 

it does fall short of record setting mobilities by CVD graphene that can go up as high 

as 11,000 cm
2
/V.s even on SiO2/Si substrates, these values come from optimization of 

the CVD graphene synthesis method over several years with various groups 

investigating CVD graphene. The mobilities reported from initial CVD graphene 

synthesis were much lower. TEG has very limited investigations in comparison. 

Without doubt, TEG would show more promising results if further research went into 

optimization of this synthesis method.  

 

5.4 BTEG FET Characterization 

For characterizing the FETs of BTEG it was necessary to anneal the FET structures in 

argon ambient at 300 
o
C for two hours. We observed that annealing BTEG improved 

mobility on average by about 25%.  

The reason for this we believe is due to the synthesis method of the bilayers. Back in 

chapter 2, it was shown that the bilayer EG was obtained by hydrogen intercalation. 

This introduces a lot of hydrogen ions that are absorbed by the bilayers. Bilayer EG 

seems to have very good absorption properties as will be shown in the next section. 

These hydrogen ions remain trapped in the bilayers even after transfer and device 

fabrication and are only released after annealing. Since the intercalation step is done at 



 

82 

elevated temperatures and with high gas flow, the absorption of the hydrogen ions is a 

considerable dose of ionized impurities that cause coulomb scattering which degrade 

the mobility. This is evident by the Dirac point shift (figures 5.11 and 5.12) from over 

50 volts before anneal to around 20 volts directly after anneal. This Dirac point shift, 

coupled with the fact that the mobility improves considerably after annealing and does 

not degrade subsequently after water vapor absorption with time, is what leads us to 

believe that hydrogen ions are trapped from the intercalation step of bilayer growth.   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: BTEG conductivity plot showing Dirac point shift with annealing. 
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The conductivity plot of BTEG after annealing (figure 5.11) is representative of 

bilayer graphene. It shows lower conductivity values as is typical of bilayer graphene 

due to the lower mobilities. It also shows high intrinsic doping with the Dirac point 

typically at around 20V which is another common characteristic of bilayer graphene 

[135].  

Figure 5.13 shows the field effect mobility of BTEG plotted against carrier 

concentration. The field effect mobility increases with increasing carrier 

concentration. This is the opposite of MTEG and is exactly the noticed behavior of 

exfoliated AB stacked bilayer graphene [135]. So this characteristic mobility increase 

with carrier concentration increase is supporting evidence of AB stacking for BTEG.  

Figure 5.12: Voltage plots of BTEG Dirac point shift with annealing. The 

voltage plots emphasis the Dirac point shift more as opposed to the 

conductivity plots.  
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The field effect mobilities extracted from BTEG FETs were significantly lower than 

MTEG. The average field effect mobility was around 250 cm
2
/V.s and highest values 

only reached 330 cm
2
/V.s.  It is typical in exfoliated graphene that bilayer mobilities 

are 2 to 5 times lower than monolayer mobilities [150]. But in our case, this is almost 

7 times lower. Granted that this lower mobility does further support the evidence of 

AB stacking as this shows that the two graphene layers are strongly coupled, it is still 

lower than expected.   

We believe the reason for the lower than expected mobilities is the buffer layer that is 

released into a graphene layer during the bilayer growth. Other sources who use 

intercalation to release the buffer layer into a free standing monolayer do mention that 

this process yields less repeatable results than regular monolayer growth on SiC [144]. 

The buffer layer, while resembling a monolayer of graphene once released by 

Figure 5.13: BTEG field effect mobility Vs. carrier concentration. 
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intercalation, still possess properties that are unique to it. Back in chapter 4 the D/G 

ratio was shown to be around 5. Pristine, exfoliated bilayer graphene does not show a 

D peak at all. This points towards BTEG having substantial defects. Since the D peak 

does not show so strongly in the case of MTEG, it appears that the released buffer 

layer indeed has more defects than a conventionally grown EG monolayer.   

In conclusion to this section, we mention that the electrical characterization of BTEG 

do support the evidence of AB stacking. Despite our BTEG showing lower than 

expected mobilities, this does not necessarily limit its potential. Right now this is a 

viable method of obtaining large area AB stacked bilayer graphene. For the low 

mobilities, the growth and transfer procedure can be optimized as in the case of 

MTEG. Furthermore, alternatively, bilayers can be epitaxial grown without the 

intercalation step to release the buffer layer. This should eliminate the factor of the 

released buffer layer limiting the mobility.  
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TABLE 5.1 Transport Characteristics of Large Area Graphene Synthesis. 

 

 

Transport 

Characteristics 

 

 

Highest 

Mobility 

(cm
2
/V.s) 

 

 

Average  

Mobility  

(cm
2
/V.s) 

 

Average 

Carrier 

Concentration 

(cm
-2

) 

 

 

MTEG on SiO2 

 

 

 

2800 

 

1700 

 

1.7Χ10
12

 

Monolayer EG on SiC 

 

 

900 650 1Χ10
13

 

Best Results Monolayer CVD graphene 

on SiO2 

 

11,000*   

Commercial Monolayer CVD graphene 

on Al2O3 

 

 

-- 2000* -- 

BTEG on SiO2 330 250 6.7Χ10
12

 

    

 

* mobility values taken from [139][140] respectively.  

 

 

5.5 BTEG Gas Absorption Properties  

Annealing experiments were carried out on both MTEG and BTEG. The FETs we 

annealed in argon ambient at around atmospheric pressure at 300 
o
C for usually two 

hours.  

After annealing, the samples are quickly taken out and electrically probed. For both 

MTEG and BTEG, the mobility did not change substantially over time after annealing. 

This is shown in figures 5.14 and 5.15 respectively. 
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Figure 5.14: MTEG field effect mobility remaining constant over time after annealing. 

Figure 5.15: BTEG field effect mobility remaining constant over time after annealing. 
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However, the Dirac point did shift with time for both MTEG and BTEG. This is 

shown in figures 5.16 and 5.17 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16: MTEG Dirac point shift with time directly after annealing. 

Figure 5.17: BTEG Dirac point shift with time directly after annealing. 
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This is a well-documented effect of graphene getting p-doped by ambient water vapor. 

Schedin et al. [151] shows this effect as well as also mentioning that the mobility does 

not degrade appreciably after absorption as it is in our case. This is an indication that 

the absorption is not substantial as in the case of bilayers being hydrogen intercalated.  

The more interesting observation here is that BTEG shows Dirac point shift with time 

that is 10 times faster than MTEG. From the conclusion of the previous section 

indicating that BTEG synthesized by releasing the buffer layer, has more defects than 

usual, this shows BTEG is a better gas absorber. This observation was also made by 

Hajati et al.  [152] where they showed improved gas sensing properties of structurally 

defected bilayer graphene. This opens up a potential technological application for 

BTEG. Unfortunately, we were not able to further investigate this topic thoroughly but 

it is open for future research.  
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TABLE 5.2 List of Cornell Nano Fabrication Facility Tools used for Fabrication 

 

Process Category Tool Name Description 

 

 

 

PHOTOLITHOGRAPHY  

ABM Contact Aligner  Flexible 200mm mask aligner with 
DUV light source 

GCA 5X Stepper GCA 200 DSW i-line wafer stepper 

Heidelberg Mask Writer 

DWL2000 

DWL2000 Laser Pattern Generator 
and Direct Writer 

GCA PG3600 Pattern Generator  Mask Pattern Generator  

 

FURNACE PROCESSING  

Wet/Dry Oxide – B2 MRL Industrial furnace for oxidation 
of silicon substrates 

Carbon Nanotube/Graphene 

Furnace  

First Nano Carbon Nanotube and 
Graphene Furnace  

COMPUTING L-Edit CAD Software L-Edit layout editor software by 
Tanner EDA   

 

ELECTRICAL TESTING 

IV Probe Station IV measurement system with sense 

leads for four point probing 

 

 

 

 

METROLOGY 

FilMetrics Film Measurement 

Systems 

F40/F50-EXR Optical measurement 
Systems for transparent thin film 

measurements  

P10 Profilometer Equipment for measuring surface 
topology in the micron or finer scales  

Woollam Spectroscopic 

Ellipsometer  

Variable angle Ellipsometer for full 
optical characterization of thin films  

MICROSCOPES AFM – Veeco Icon Veeco atomic force microscopy for 
high resolution profilometry  

Nikon Eclipse L200N High resolution microscope for device 

inspection 

Olympus Confocal Microscope High resolution microscope for device 

inspection 

Zeiss Ultra SEM Ultra-High resolution field emission 
SEM  

 

 

 

 

 

 

ETCHING 

Glen 1000 Resist Strip Oxygen plasma resist tool. Used for 

forming Graphene 

Hamatech Hot Piranha Automatic wafer processer for SC-1 

& Piranha cleans 

Oxford 81 Etch  Oxford plasmaLab 80+ RIE System 
for fluorine based etching of oxide, 

nitride & silicon 

Oxford  100 

 

Oxford PlasmaLab 100 RIE 
System for fluorine based ICP 
deep SiO2/glass etching. Used for 
etching SiC. 

PT720-740 Etcher PlasmaTherm 720/740 Chlorine-based 

RIE system for Silicon & Aluminum 
Etching  

YES Asher YES CV200RFS  Oxygen Plasma 

Asher 

 

 

THIN FILM DEPOSITION  

Oxford ALD FlexAL Atomic Layer Deposition of mainly 

Oxides  

SC4500 Evaporator CVC SC4500 combination Thermal/e-
gun evaporation system for depositing 

thin films of mostly metals  

 

PACKAGING & MIS 

PROCESSING   

Westbond 7400A Ultrasonic 

Wire Bonder 

Gold wire bonder  

RTA – AG610 Rapid Thermal Anneal – AG  

Associates Model 610 
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CHAPTER 6 

 

BORON NITRIDE RELATED WORK 

 

6.1 Boron Nitride Chemical Vapor Deposition Growth 

Much in the same line of graphene, boron nitride was early on realized as a 

technologically advantageous 2D material that needed to be scaled up because of the 

difficulties of working with small exfoliated flakes. As in the case of graphene, CVD 

is a leading synthesis method for h-BN. CVD growth of h-BN did not show the same 

level of success as graphene CVD because h-BN is more challenging to grow. 

Research groups were successful in obtaining 2 to 5 layer thickness of CVD h-BN 

[153] and later on, monolayer growth was demonstrated [154]. Large area, high 

quality multilayer CVD h-BN was only recently reported [155].  While, achieving 

large area single crystal domains in CVD h-BN is still an ongoing challenge with  

recent results [156] reporting 35 µm
2
 domain sizes by electropolishing the substrate. 

The latest advancement [157] show single crystal domain with sides no larger than 

100 µm. Obtaining high quality large domain h-BN is an ongoing topic and in our 

group, research was ongoing to improve h-BN CVD growth and implement it with 

graphene applications.  

 

6.2 Copper Template Electropolishing  

 One of the main research efforts in CVD h-BN growth is to get high quality 

controlled large area single crystal monolayer growth. In our group it was observed 

and thought that the starting copper foils might play a major role in initial nucleation 

and subsequent growth. Figure 6.1 shows a sample monolayer CVD growth result 
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showing a lot of growth imperfections which were thought to be caused by the 

substrate. We wanted to investigate the effect of electropolishing the copper foils on 

the initial nucleation of CVD h-BN. Others have reported good results from 

electropolishing the starting substrate [156] but we wanted to make closer 

observations of the starting nucleation and subsequent progression to coalesced films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The copper foils which are supplied from manufacturers and which we worked with 

often have a root mean square (RMS) roughness value of about 177 nm as we 

measured from AFM. This is due to rolling lines from the manufacturing process. 

These rolling lines can be as high as 800 nm as shown in figure 6.2. 

 

 

 

 

Figure 6.1: Coalesced h-BN films showing growth imperfections which are 

believed to be caused by the copper substrate before electropolishing. 
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Kwon et al. reported that it was possible to reduce these copper rolling lines down to 

around 8 nm [158] using a simple yet optimized electropolishing procedure. We opted 

to reduce the surface roughness as much as possible on the copper foils using a simple 

electropolishing setup to see the effects on h-BN growth. The copper foils were first 

cleaned using heated TCE, Acetone, and IPO to get rid of all organic layers left from 

the manufacturer. The copper foils are then placed in an electropolishing solution 

composed of ethaline glycol, phosphoric acid, and DI water. The concentration of 

phosphoric acid was typically 2.17 molars. The setup is shown in figure 6.3. The 

solution is heated to 65 
o
C. A constant current power source was mainly used for the 

electropolishing but we also did utilize a constant voltage source for side experiments 

such as revealing the size of the copper grains after annealing. Throughout, the 

investigation we have found that electropolishing for about 10 minutes gave best 

results.   

 

 

 

Figure 6.2: Rolling lines showing in unpolished copper foils a. dark field 

microscope image b. AFM image. 
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Electropolishing has three main regions: (1) surface controlled kinetics etching, (2) 

mass transport controlled etching, and (3) gas formation etching. For the purpose of 

getting smooth surfaces, it is best to be in the second region where electropolishing is 

smooth and all grains of the material are polished equally resulting in a smooth surface 

throughout the material. However, we did Electropolish some samples in the first 

region. Because grains get etched at different rates in the first region, this enabled us 

to visibly observe how large the copper grains got after we annealed those particular 

copper foils. The grain sizes can be seen in figure 6.4. It was important to see the 

grains grow often to the size of a few millimeters square because having large grains is 

important for improving the quality of CVD films grown on it subsequently.  

 

 

 

 

Figure 6.3: Electropolishing setup utilized for polishing copper foils. 
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Electropolishing in the mass transport controlled (second) region was carried out with 

a current density of 0.19 A/cm
2
 using a constant current source for typically 10 

minutes. We were eventually able to reduce the RMS roughness from 800 nm to 12 

nm. The surface feature heights were reduced from 800 nm to no more than 30 nm. 

The rolling lines were completely gone. This is shown in figure 6.5. A note should be 

mentioned that the AFM images in figure 6.5 are not to the same scale so the electro 

polished image might seem rough when it is much smoother. Surface imperfections 

such as pitting and even spurious contaminations from the manufacturer were reduced 

as well. The resulting copper foils showed a very smooth texture that can be observed 

visibly.  

 

 

Figure 6.4: Etching in the surface kinetics controlled region revealed the 

larger grains that were obtained by high temperature annealing of copper. 
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These electropolished copper foils were tested for h-BN CVD nucleation growth. We 

achieved significant initial improvements in quality. Figure 6.6 shows nucleation 

triangles evident of high quality growth. None of the growth imperfections observed in 

non-electropolished copper were later observed. This is an ongoing project and 

coalesced films are currently being studied using the electropolished coper foils. 

Currently we are finding that electropolishing the copper foils before growth is a 

necessary step and the electropolishing setup is repeatable and reliable.    

 

Figure 6.5: a. Microscope and AFM images of copper foil before 

electropolishing. b. After electropolishing.  
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6.3 CVD Graphene on CVD Boron Nitride Electric Transport  

Graphene on h-BN as previously explained in chapter 1, exhibits high mobility due to 

h-BN having an atomically smooth surface, a lattice constant close to graphene, and 

high energy optical phonon modes that cause less scattering at room temperature. 

Ultimately, fabricating large scale 2D devices from 2D materials would yield the high 

performance excepted from 2D materials. One candidate for this large scale 

fabrication of 2D devices is CVD graphene on CVD h-BN where, ideally both 

growths are done in the same furnace to eliminate contamination issues. There have 

been early research efforts towards this goal [159]. But CVD h-BN is still an ongoing 

research topic as explained in the previous section and therefore, we have conducted a 

few experiments in the whole theme of CVD graphene on CVD h-BN. 

We initially started out with some preliminary studies on the CVD growth of graphene 

Figure 6.6: CVD h-BN nucleation triangles on 

electropolished copper foils. 
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on exfoliated flakes of h-BN. We were successfully able to etch mesas and lay metal 

contacts on the CVD grown graphene which is on top of h-BN flakes as shown in 

figure 6.7. These were preliminary results and the graphene quality was not high. We 

were ultimately vying to use CVD  h-BN as well so this project was not pursued any 

further.   

 

 

 

 

 

 

 

 

 

 

We tested the CVD graphene on CVD h-BN concept by growing CVD h-BN on 

sapphire substrates. These films were of the thick variety. But they were uniform 

across the substrate, and therefore large area, unlike exfoliated h-BN. Thicknesses 

varied by growth conditions and we generally had three different thicknesses of 5, 20, 

and 60 monolayers. 

CVD graphene was transferred using a PMMA copper etching procedure. Regular 

PMMA is spun on top of graphene and the copper is dissolved in copper etchant. The 

PMMA/Graphene stack is scoped out and placed in several DI rinse baths before 

finally being scoped out with the BN/Sapphire substrates. The procedure is illustrated 

in figure 6.8. CVD graphene was also transferred using the same procedure to a 

standard SiO2/Si substrate for reference.  

Figure 6.7: Early attempts of fabricating CVD graphene devices grown on top of 

exfoliated h-BN flakes. 
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Unfortunately for the two thicker hBN substrates (20 and 60 monolayers), the h-BN 

layers mostly delaminated in the DI water step of the transfer procedure as shown in 

figure 6.9 and none of the devices survived further processing. 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.9: Thick CVD h-BN wrinkling badly from DI water 

and subsequently delaminating. 

Figure 6.8: Transfer procedure for CVD graphene on CVD h-BN.  
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The thinner h-BN samples did not delaminate in DI water. We successfully fabricated 

Van der Paw devices, as shown in figure 6.10, using the same recipe used in chapter 5. 

 We were successfully in obtaining Hall measurements for a few of these working 

devices. Unfortunately, the CVD graphene quality from the starting material was poor 

as evident by Raman after transfer and mobilities were very low. Nevertheless, there 

was a very clear trend showing that even with this poor quality CVD graphene, the 

mobilities were enhanced in the case of graphene on top of h-BN compared to the 

same CVD graphene on SiO2/Si as can be seen in figure 6.11. This is still an ongoing 

project and experiments will be repeated with better quality CVD graphene on better 

quality h-BN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: Van der Paw structures formed from CVD 

graphene on CVD h-BN. 
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Figure 6.11: Hall mobility Vs. carrier concentration for CVD 

graphene on CVD h-BN and SiO2 substrates. 
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CHAPTER 7 

 

SUMMARY AND FUTURE PROSPECTIVE 

 

We successfully transferred both monolayer and AB stacked bilayer Epitaxial 

Graphene off (0001) SiC and characterize the materials using Raman methods as well 

as TEM methods conclusively showing number and quality of layers as well as the 

orientation in the case of bilayers. We fabricated devices to measure the field effect 

mobility of monolayers and bilayers. We report mobility gains higher than two times 

before transfer for the case of monolayers. We also report bilayer field effect mobility 

characteristics that are exclusive to bilayers. In the high temperature annealing studies, 

we show the distinct ability of bilayer transferred epitaxial graphene in absorbing 

ambient moisture, opening a potential window for application in humidity sensors.  

Future work should go into investigating the correlation between the quality of starting 

SiC wafer in terms of defects and the end transferred graphene. For the case of 

transferred monolayers, the demonstrated gain in mobility performance is already 

competitive with current large scale synthesis methods. The issue of SiC expensive 

substrate will be alleviated with time as reports from industry leading SiC 

manufacturers [160][161]  are predicting rapid scale up in production and therefore 

lower costs.  

Also, the BTEG is at a stage where more advanced device fabrication can be 

investigated and the determination of the possibility of scaled up AB stacked bilayer 

graphene device fabrication is now possible. The technological areas to pursue for 

BTEG are bolometers and gas sensors. 
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