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ABSTRACT 
 

Nanotechnology is the pinnacle of the scientific effort to breach the dimensional 

limit in matter. Every now and then, this technology offers us a rare glimpse into the true 

potential of a common material. Graphite, a material found in pencils, has been used by 

humans since the 4th millennium BC. When atomic particles in graphite are confined in 

the two-dimensional nanoscale limit, these quasiparticles enter an exclusive domain of 

relativistic electron theory of the Dirac equation. This single atomic sheet of carbon 

atoms that provides the confinement is called graphene. In this thesis, we present 

research efforts to harness the extraordinary attributes of graphene and explore new 

possibilities in the field of nanoelectronics. 

First, the importance of bilayer graphene and its tunable bandgap is discussed. For 

the first time, a rational route to synthesize wafer scale bilayer graphene is investigated 

using a low-pressure chemical vapor deposition (LPCVD) method. Subsequently, the 

existence of tunable bandgap devices are confirmed with cryogenic carrier transport 

measurements from dual-gate bilayer graphene transistors. We further explore the 

feasibility of a bilayer graphene-based, flexible, transparent conductor, and confirm the 

efficiency and the exceptional mechanical robustness of the material. The sheet resistance 

change of the graphene film at 2.14% strain is less than 15%, a 20-fold improvement over 

commercial indium oxide films. 
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Next, we report flexible and transparent all-graphene circuits for binary and 

quaternary digital modulations for the first time. Importantly, the entire modulator 

circuits are fabricated with graphene only, and this monolithic structure allows 

unprecedented mechanical flexibility and near-complete transparency. By exploiting the 

ambipolarity and the nonlinearity in graphene transistors, we achieved quadrature phase 

shift keying (QPSK) using just two graphene transistors, representing a drastic reduction 

in circuit complexity when compared with conventional silicon-based modulators. 

 Lastly, we address the shortcomings of small gain in conventional 

graphene transistors by designing the very first graphene heterostructure bipolar junction 

transistor. The exploitation of graphene's low density of states and tunable Fermi level 

leads to graphene-semiconductor junctions with higher emitter injection efficiency 

compared to that of a conventional Schottky junction. This property is utilized for the 

invention of a graphene-based bipolar junction transistor with high on/off ratio(>105) and 

current gain (>33). 
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 Chapter I 

1 Introduction

1.1 Foreword 

Carbon is one of the most distinctive elements in the periodic table. Carbon bonds 

allow an almost infinite number of carbon derivatives with other elements, forming the 

basis of all known organic materials. Furthermore, carbon atoms can also form very 

stable bonds with themselves. Carbon-carbon single bonds, double bonds, and triple 

bonds allow the formation of 3-D, 2-D, 1-D, and even 0-D structures. The versatility and 

the potential of this element has led to many theoretical and experimental studies on 

carbon-based nanomaterials such as zero-dimensional fullerenes and one-dimensional 

carbon nanotubes. The existence of a two-dimensional carbon nanosystem was not 

considered possible because of its inherent thermodynamic instability; as the lateral size 

of a two-dimensional system grows, the phonon density integrated over the 3D space 

available for thermal vibration diverges rapidly [1, 5]. However, in 2004, when a 

monolayer of graphite was exfoliated from bulk graphite, scientists were able to observe 

a stand-alone two-dimensional carbon nanosystem [1, 6, 7]. This was possible by 

removing the bulk graphite at a sufficiently low temperature such that the thermal 

fluctuations were unable to break the atomic bonds [5]. This single sheet of carbon that 

has been exfoliated from bulk graphite was named "graphene." It is an atomic thick layer 
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of carbon atoms tightly packed into a honeycomb crystal lattice as shown in Figure 1.1. 

The carbon atoms (black dots) are all sp2 hybridized (i.e. one 2s orbital hybridizes with 

2px and 2py orbitals to generate three sp2 orbitals). There is one electron per carbon atom 

left in the 2pz orbital, and the 2pz orbitals form π-bonds with the neighboring 2pz orbitals. 

The two-dimensional graphene formed by these bonds is actually the building block of all 

other carbon-based nanomaterials as shown in Figure 1.2. 

                  

         

Figure 1.2 Graphene is the two dimensional building block for carbon based 
nanomaterials of all other dimensionalities. It can be wrapped up into 0-D fullerenes, 
rolled into 1-D carbon nanotubes or stacked into 3-D graphite. (adopted from [1]) 

Figure 1.1 The graphene crystal lattice.  
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Figure 1.3 A scanning electron microscopy image of mechanically exfoliated graphene 
and graphite. Graphene is shown as the region with the lightest color at the right edge of 
the sample. The rest of the darker colored areas of the sample are either few layer 
graphenes or thicker graphite.  

This two-dimensional allotrope of carbon has emerged as a promising material for 

novel applications in electronics due to its remarkable physical and electronic properties. 

It is the thinnest known material but also the strongest ever measured in terms of 

mechanical stiffness[5]. The charge carriers exhibit extremely high carrier mobility with 

zero effective mass[6]. It can also sustain current density six orders of magnitude higher 

than that of copper and shows record thermal conductivity[5]. These astonishing 

properties can only be understood by studying the unique band structure and morphology 

of graphene, which will be explained in this chapter. 
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1.2 The electronic properties of graphene 

 

 

Figure 1.4 Hexagonal crystal lattice of graphene (left) and its Brillouin zone (right). a1 
and a2 are the lattice unit vectors, and δi, i=1,2,3 are the nearest-neighbor vectors. In its 

corresponding Brillouin zone, the Dirac cones are located at the K and K’ points. 
(adopted from [6]) 

Graphene atoms are arranged in a hexagonal crystal lattice as shown in Figure 1.4 

(left). The structure can be understood as a triangular lattice with a basis of two atoms per 

unit cell (depicted as blue and yellow in Figure 1.4). The interatomic distance of two 

carbon atoms is ~1.42 Ǻ [6].   

The band structure of graphene follows simple nearest neighbor tight binding 

approximation [8]. Since graphene has two atoms per unit cell, the points of particular 

importance are K and K' points at the corners of the graphene Brillouin zone also known 

as the Dirac points (Figure 1.4 right). Near these points, the energy bands derived from 

the tight binding Hamiltonian shows linearly dependence of electron energy to the wave 

vector[9] as shown in the zoom-in of the Figure 1.5. The crystal structure of graphene 

with two sublattices allows quantum mechanical hopping between the sublattices leading 

to the formation of two energy bands[10], and their intersection near the edge of the 
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Brillouine zone results in conical energy dispersions. The bandgap of a graphene is 

exactly zero, with conduction band and valence band meeting at the K and K' points also 

known a Dirac point or a charge neutrality point. 

   

Figure 1.5 The energy dispersions of graphene crystal lattice. The conductance band 
touches the valence band at the K and the K' points (i.e. the Dirac points). (adopted from 
[6]) 

The most interesting aspect of graphene energy spectrum is that its charge carriers 

can be described by a Dirac spectrum for massless fermions[11, 12] rather than the usual 

Schrödinger equation for nonrelativistic particles.[1, 5, 6, 10, 13]. The Dirac spectrum is 

governed by the Dirac equation, which describes relativistic quantum particles with spin 

1/2, such as the electrons. The important feature of the Dirac equation is the existence of 

antiparticles such as positrons[14]. Positrons are antiparticle counterpart of electrons with 

electric charge of +1e, spin of 1/2, and the same mass as the electrons. The fundamental 

property of the Dirac equations is often referred to as the charge-conjugation 

symmetry[14]. This term is used to describe how states at the negative energy (electrons) 

and the positive energy (positrons) are conjugated, being described by different 

components of the same spinor wave function[14].  
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For Dirac particles with a mass m, there is a gap between the minimum electron 

energy, Eo=mc2 and the maximum positron energy -Eo. In this case, the energy is linearly 

dependent on the k wave vector only when the energy value is much larger than Eo. 

However, for massless Dirac fermions, the gap is zero and the energy is linearly 

dependent on k at any energy. The particles in graphene are neither massless nor 

relativistic. However, as explained earlier from the tight binding approximation, the 

quasiparticles in the graphene structure exhibit a linear dispersion relations following the 

equation E=ħkvF, as if they were massless relativistic particles (such as photons) 

governed by the Dirac equation[1, 5, 6, 10, 15]. (Here, the role of the speed of light c is 

replaced by fermi velocity vF≈c/300.) This means that electrons in graphene all move at a 

constant speed (~vF) regardless of their momentum. Because of this linear dispersion, the 

quasiparticles in graphene behave very differently from other semiconductor or metal 

with energy spectrum approximated by parabolic (i.e. free electron like) dispersion 

relations.  

For example, although the bandgap is zero, the gate voltage can still modulate the 

density of states in graphene[15] and switch from low conductivity states near the Dirac 

point to high conductivity states elsewhere. However, because there is no bandgap, there 

is still a finite amount of current even at the low conductivity state near the Dirac point[6, 

15] leading to high switch-off current in graphene based transistors. The minimum 

conductivity is also affected by defect, impurities and the substrate[15, 16]. 

The graphene crystal also shows exceptional electronic quality such that charge 

carriers can travel ballistically over submicron distance [1, 7, 17, 18]. Mobility values 

that are extremely high (~20,000 cm2/Vs) were reported for single-layer graphene in 
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several literatures. [16, 17, 19]. The mobility in these samples is limited by scattering on 

charged impurities [20, 21] or microscopic ripples [22, 23][3,7]. However, both source of 

scattering can be reduced significantly by careful sample preparation and they are not the 

ultimate limiting factors of carrier mobility in graphene structure[17]. It is the intrinsic 

scatterers such as phonons that cannot be removed at room temperature that sets the 

fundamental limit of mobility in graphene [16, 17, 19]. This electron-phonon scattering in 

graphene was found to be a very weak contribution factor to its overall resistivity [24]. 

For example, Chen et. al.[24] have experimentally proven that the electron-acoustic 

phonon scattering contributes very little (~30Ω) to graphene's room temperature 

resistivity. At technologically relevant carrier density of 1×1012 cm-2, they have 

experimentally shown that a mean free path of >2μm and an intrinsic mobility value of 

200,000 cm2/Vs can be reached[24].  

 Graphene's carrier transfer characteristics also stands out as it shows perfect 

ambipolar electric field effect so that its charge carrier can be tuned continuously as 

shown in Figure 1.6 [1]. Its low-energy spectrum is shown as insets in Figure 1.6 

indicating the changes in the position of the Fermi energy EF with respect to the changing 

gate voltage Vg. Positive gate voltage induce electrons while negative voltage induce 

holes. The concentration of electrons and holes can be as high as 1013cm-2 [1]. 
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1.3 Graphene applications in electronics 

During the last century, silicon-based electronics have contributed immensely to 

changing our world. New technologies such as portable handheld devices, biomedical 

apparatus, next-generation displays, and ubiquitous sensor systems were introduced as 

the technology matured. The industry has maintained the pace of silicon technology by 

following Moore's law which states that the number of transistors on a chip will double 

approximately every two years. However as the transistors made of silicon are scaled 

down, the material's limitations are becoming more apparent. International Technology 

Roadmap for Semiconductors (ITRS) now considers graphene to be among the candidate 

materials for post-silicon electronics. In this context, graphene has been proposed as an 

emerging material to replace silicon in high speed electronics. For example, a graphene 

transistor with a cutoff frequency as high as 300 GHz has been demonstrated [25]. This 

Figure 1.6 Ambipolar electric field effect in single-layer graphene. The insets 
show its low-energy spectrum, indicating changes in the position of the Fermi 
energy EF with varying gate voltage Vg. (adapted from [1]) 
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achievement, which exceeds that of silicon transistor, is quite remarkable considering the 

fact that graphene was found only a few years ago. However, in the field of digital 

electronics, there is a general consensus that graphene-based transistors will not be able 

to replace silicon transistors in the near future[5, 26]. There are several reasons for this 

predicament. First, the fabrication of the integrated circuits is highly complicated, and the 

semiconductor fabrication plants are extremely expensive to modify. Second, scaling and 

other design modifications, such as three-dimensional gate structure, have provided the 

needed performance improvements in the past, and there has been little motivation for the 

manufacturers to introduce devices based on any material other than silicon. Third, and 

most importantly, the lack of a bandgap and a complementary structure such as CMOS in 

graphene transistor technology prevents sufficient turning off of the logic circuit, 

resulting in significant leakage current and static power dissipation. On the other hand, 

CMOS logic gates consist of both n- and p-type metal–oxide–semiconductor field-effect 

transistors (MOSFETs) that can switch between the on-state and the off-state. In the 

steady state, certain MOSFETs are always switched off so that no current (except a small 

leakage current) flows through the power source and the ground. The ability of silicon 

MOSFETs to switch off enables extremely low static power dissipation in CMOS logic. 

In a conventional FET, this requires semiconducting channels with a sizeable bandgap of 

at least 0.4eV [26]. It is very challenging to achieve a bandgap this large in graphene 

transistors, and the resulting on/off ratio of a typical graphene transistor is very low 

(~100) [27]. Despite graphene transistors’ low on/off ratio, which limits their usage in the 

digital/logic applications, they are in many ways attractive in the analog/radio frequency 

applications. In analog circuit applications, switching off is not the major limiting 
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factor[26]. In a small-signal amplifier, for example, the transistor is operated in the on-

state  and a small AC signal that needs to be amplified is superimposed onto a DC gate 

source bias. Also, the scaling theory predicts that field-effect transistors with a thin gate 

oxide and a vertically thin gate-controlled region will be robust against short-channel 

effects even when the gate length is very short [26]. The possibility of having channel 

that is just a single atomic layer thick is one of the most attractive features of graphene 

transistors as its extremely thin structure allows shorter scaling of channel length without 

the adverse short-channel effects [26]. In addition, the ambipolar carrier transport 

behavior of graphene transistors can be utilized to simplify circuits[28] that otherwise use 

a complementary structure (e.g. CMOS) having both NFETs and PFETs in a circuit. This 

is possible because ambipolar graphene transistor exhibits both the property of an NFET 

and a PFET depending on its gate bias. Adding to the fact that graphene exhibits a 

naturally high mobility, several pioneering works on graphene analog electronics led to 

the demonstration of graphene-based frequency doublers[29, 30], amplifiers[28, 31, 32], 

mixers[33, 34], and modulators[28, 35, 36]. Graphene analog electronics is an active field 

of research and further development is expected in the future[26]. 

Another area of interest for graphene application is flexible electronics. Although 

graphene is the strongest and the stiffest material yet discovered in terms of tensile 

strength and elastic modulus respectively, it is also extremely flexible [37]. The strength 

and flexibility results from  its covalent sp2 bonds[37]. Because of its mechanical strength 

combined with its unique electrical properties, graphene can be used as both the channel 

and electrode material for flexible electronic devices[38-41]. New applications in the 
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areas of flexible displays[42], wearable electronics[43] and biomedical skin-like 

devices[44, 45] are some examples of how graphene can be utilized.  

                           

Figure 1.7 A graphene based touch screen demonstrated in ref [4]. 

 

 

                

Figure 1.8 Photograph of a 50 μm aperture partially covered by graphene and its bilayer. The 
line scan profile shows the intensity of transmitted white light along the yellow line. The 
inset is the support structure with 20, 30, and 50 μm in diameter with graphene placed over 
them. (adopted from [3]) 
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Graphene also shows interesting optical properties. For example, it can be 

optically visualized, despite being only a single atom thick. As shown in Figure 1.8, 

graphene absorbs significant amount of light per layer (2.3% per layer at wavelength of 

550nm, [3]) but because it is only one atomic layer thick, the transmittance is about 97.7% 

and it is highly transparent. Graphene is not only transparent but also quite conductive 

due to its semi-metallic property. The sheet resistance of a pristine layer is about 2 kΩ  to 

6 kΩ[46] and the value can be as low as 125Ω depending on the chemical doping 

method[4]. The sheet resistance value can lowered even more by either stacking several 

graphene layers[4, 47-49] or fabricating a hybrid nanowire/nanomesh structure[50] with 

graphene. Several research groups have demonstrated graphene layers as transparent 

conductive material that can compete with some of the oxide based transparent 

conductive material (e.g. indium tin oxide or ITO) that dominates the current market. The 

main advantage of graphene based transparent conductor compared to oxide based 

material is its mechanical flexibility. Oxide materials, in general, are very brittle and 

therefore are not suitable for flexible electronics application[51-53]. The usage of 

graphene transparent conductor will opened up some new possibilities and applications 

such as flexible solar cells[54], transparent & flexible displays and electronics[4], 

bendable touch screens[4] and some biomedical applications that requires stretchability 

and transparency[44].  

 

1.4 Graphene synthesis 

Graphene was first introduced by micromechanical exfoliation of graphite[7]. 

This method involves peeling off a piece of graphite by using an adhesive tape. Although 
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this process can be optimized to produce high quality sample up to few hundred 

micrometers in size, it is impractical for large-scale applications. Hence, a large-scale 

synthesis method is in need of development. Several approaches have been explored to 

provide graphene in a more practical manner for industry applications. These methods 

include segregation of carbon containing substrates by heat treatment[55, 56], reduction 

of graphene oxide [38], liquid phase exfoliation[57, 58], longitudinal splitting of carbon 

nanotubes[59], and chemical vapor deposition (CVD)[4, 48, 60, 61]. 

Carbon segregation method was demonstrated using silicon carbide  (SiC)[55] 

after high-temperature annealing as shown in Figure 1.9. High quality graphene layers 

can now be produced on SiC in an argon atmosphere [55]. However, the silicon carbide 

substrate is very expensive and there is a limitation on how much this method can be 

compatible with other substrates such as silicon wafer.  

 

Figure 1.9 Epitaxial graphene grown on SiC wafer. (a) AFM image of graphitized SiC. 
Graphite is continuous over the steps. (b) STM image of one monolayer of epitaxial 
graphene on SiC. (adopted from [55] 

It is also possible to use graphene oxide aqueous suspension to obtain a graphene 

sheet using vacuum filtration method [38]. After filtration, the graphene oxide flakes on 

the filter membrane (Figure 1.10 (a)) is transferred by placing the membrane with the 

film side down onto a substrate and dissolving the membrane with acetone. The reduction 
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of the graphene oxide films is achieved through a combination of hydrazine vapor 

exposure and low-temperature annealing treatment [38]. The microscopic image of 

reduced graphene oxide is shown in Figure 1.10 (b).  

   

Figure 1.10 Thin films of solution-processed graphene oxide. (a) Photographs of 
graphene oxide thin films on filtration membrane. (b) Films showing the different 
densities of the overlapped regions (darker colors) between the graphene sheets. Scale bar 
is 20 μm. (adopted from [38]) 

Another solution based method to obtain a graphene sheet is liquid-phase 

exfoliation[57, 58]. This method consists of chemical wet dispersion of graphite followed 

by ultrasonication in aqueous solvents. Up to 70% single layer graphene sheet can be 

achieved by sonication followed by sedimentation based ultracentrifugation [57]. Figure 

1.11 (b) shows the scanning electron microscopy (SEM) image of the dispersion of 

graphene after ultrasonication. Figure 1.11 (c) is the transmission electron microscopy 

(TEM) images of a folded graphene sheet on a TEM grid. Exfoliation of graphite-

intercalated compounds[62] and expandable graphite[63] is also possible.  
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Figure 1.11 Optical characterization and Electron microscopy of graphite dispersions. (a) 
Dispersions of graphite flakes in N-methylpyrrolidone (NMP), at a range of 
concentrations ranging from 6 μg/ml to 4 μg/ml. (b) SEM image of sediment after 
centrifugation. Scale bar is 25 μm. (c) Bright-field TEM images of a folded graphene 
sheet and multilayer graphene, both deposited from NMP. Scale bar is 500 nm. (d) 
Histogram of the number of flakes as a function of the number of monolayers per sheet. 
(adopted from [57])  

However, all the solution based methods introduced previously suffer from 

defects and interflake junctions, and generally have much lower carrier mobility and 

sheet conductance compared to mechanically exfoliated sample or CVD grown samples 

[52]. The interflake junctions can be observed from Figure 1.10 (b) and Figure 1.11 (b). 

The non-uniformity of graphene flakes for liquid phase exfoliation is also shown as a 

histogram in Figure 1.11 (d).  

One way to make a high quality graphene nanoribbon was demonstrated by using 

carbon nanotubes [59]. Since carbon nanotubes are actually rolled up graphene (i.e. 

graphene in a tube shape), a high quality graphene can be derived from pristine carbon 
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nanotubes. This was possible by longitudinal unzipping  or splitting of the wall of carbon 

nanotubes by means of solution based oxidative process (Figure 1.12 (a), (b))[59]. Unlike 

previously introduced solution based methods, this method yielded high quality 

individual graphene nanoribbons with bandgap suitable for high performance devices[59]. 

These ribbons were particularly noteworthy for their smooth side edge profile which may 

eliminate some of the edge effect that causes adverse effect on graphene nanoribbon 

devices[64]. However, this method is also prone to the difficulties that many researchers 

face with carbon nanotubes: it is difficult to control the location of these nanoribbons for 

scalable electronics[59].   

 

Figure 1.12 Nanoribbon formation and imaging (a) Representation of the gradual 
unzipping of one wall of a carbon nanotube to form a nanoribbon. (b) TEM images 
depicting the transformation of multi-walled carbon nanotubes (left) into oxidized 
nanoribbons (right). The right-hand side of the ribbon is partly folded onto itself. The 
dark structures are part of the carbon imaging grid. (adopted from [59]) 
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One of the most promising and inexpensive way to synthesize reasonably high 

quality graphene is chemical vapor deposition method on transition metals such as Ni[65, 

66] or Cu.[2, 4]. The formation of graphene is the consequence of diffusion and 

segregation of carbon impurities from the bulk to the surface during the annealing and 

cooling stages.  

 

 

Figure 1.13 Various spectroscopic analyses of the large-scale graphene films grown on 
nickel foils by CVD. (a) SEM images of as-grown graphene films on thin (300 nm) 
nickel layers and thick (1 mm) Ni foils (inset). (b) TEM images of graphene films of 
different thicknesses. (c) An optical microscope image of the graphene film transferred to 
a 300 nm thick silicon dioxide layer. The inset AFM image shows typical rippled 
structures. (d) A confocal scanning Raman image corresponding to image in (c). The 
number of layers is differentiated by the color contrast. (adopted from [66]) 
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Nickel has a relatively higher adsorption rate of carbon compared copper and this 

resulted in multilayer graphene film as shown in Figure 1.13. On the other hand, uniform 

single layer graphene was grown on copper foils over large area due to copper's lower 

adsorption rate of carbon. The introduction of copper foil (Figure 1.14) as the graphene 

growth substrate allowed access to high quality material that has a mobility up to 7000 

cm2V-1s-1.[2]. Also graphene area as large as 30 inch in diameter [4] was achieved as 

shown in Figure 1.15. 

                         

 

                 

Figure 1.14 Photos of as-received Cu foil without graphene and Cu foil covered with 
graphene. (adopted from [2]) 

Figure 1.15 A transparent ultralarge-area graphene film transferred on a 35-inch PET 
sheet. (adopted from [4]) 
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This method involves thermal decomposition of hydrocarbons (in a form of 

methane gas) on the surface of transition metal and then carbon was segregated from the 

surface upon cool down. The temperature for thermal decomposition would reach 

1000 °C. After cool down, a polymer such as Poly(methyl methacrylate) (PMMA) or 

Polydimethylsiloxane (PDMS) would be coated on top of the graphene coated copper foil. 

After coating, the other side of copper would be exposed to oxygen plasma to remove the 

backside graphene. The copper underneath would then be etched away in aqueous 

solution such as ferric nitrate or ammonium persulfate that is used as a copper etchant. 

This etching process would typically take 4 to 24 hours depending on the copper 

thickness. After the copper is etched away, the remaining pmma-graphene structure can 

be transferred to an arbitrary substrate. After some drying period, the pmma will be 

removed by acetone to expose the graphene for further process. An illustration of the 

graphene transfer process is shown in Figure 1.16. The capability to transfer high quality 

graphene to an arbitrary substrate is a strong advantages of the CVD based graphene 

synthesis method. Large area graphene in wafer scale can be readily obtained and the size 

is only limited by the synthesis apparatus.  

                      

Figure 1.16 An illustration of graphene transfer process. Graphene on top of the copper 
foil is coated with PMMA and the backside copper is etched using wet etchant. The 
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graphene is transferred to an arbitrary substrate and the top PMMA is removed with 
acetone.  

 

All of the graphene material used in this work was synthesized by CVD method 

using a copper foil (25 μm thick) as the substrate. The details of the CVD process will be 

discussed in the next chapter. A commercial CVD furnace with the capability to flow 

required gases (e.g. methane, hydrogen, and argon) at controlled temperature and vacuum 

level was used in this work (Figure 1.17).  

 

    

Figure 1.17 The CVD furnace model used in this work. The quartz tube inside the 
furnace is 3 inches in diameter. 
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1.5 Verification of graphene layer number 

It is important to verify the number of graphene layer in a sample because graphene 

and graphite (or multilayer graphene) exhibits very different electronic behavior [6]. 

There are several techniques to verify the number of graphene layers. Raman 

spectroscopy and transmission electron microscopy are two well known optical 

characterization methods to confirm the number of graphene layers. It may be more 

difficult to verify the number of layers with atomic force microscopy or optical 

microscopy, mainly due to graphene's extremely thin structure and high transmittance.  

Raman spectroscopy is a spectroscopy method to study the vibrational, rotational 

low frequency mode of a system. It relies on Raman (inelastic) scattering of laser light to 

observe how light interacts with molecular vibrations and phonons. It is important to 

understand the phonon dispersion of graphene to interpret the Raman spectra of graphene. 

Since the unit cell of monolayer graphene contains two carbon atoms, A and B, there are 

six phonon dispersion bands as shown in Figure 1.18. Out of three acoustic (A) and three 

optical (O) phonons, the atomic vibrations are perpendicular to the graphene plane for 

one acoustic branch and one optic phonon branch, corresponding  to the out-of-plane (o) 

phonon modes. For other two acoustic and two optic phonons, the vibrations are in-plane 

(i). The longitudinal (L) or transverse (T) direction is defined according to vibrations 

parallel with or perpendicular to the A–B carbon–carbon directions, respectively. The in-

plane iTO and LO optic modes are degenerate near the zone center (Γ point)  [67, 68].  
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Figure 1.18 Calculated phonon dispersion relation of graphene showing the iLO, iTO, 
oTO, iLA, iTA and oTA phonon branches. (Adapted from [69]) 

                    

   

Figure 1.19 Raman spectra of graphene with different thickness (a) Comparison of 
Raman spectra at 514 nm for bulk graphite and graphene. They are scaled to have similar 
height of the 2D peak at ~2700 cm-1. (b) Evolution of the 2D band at 514 nm with the 
number of layers. (c) The four components of the 2D band in bilayer (two layer) 
graphene at 514 and 633 nm. (adapted from [68]) 

Figure 1.19 (a) is the Raman spectra of graphite and graphene, respectively. The 

two most notable features are the G peak at 1580 cm-1 and 2D (also known as G') peak at 

2700 cm-1. There is also another small peak near 1350cm-1 known as the D peak. (This 

peak is not so apparent in Figure 1.19). The G peak originates from the doubly 
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degenerate (iTO and LO) phonon mode at the Brillouin zone center[67]. On the other 

hand, the 2D  and D peaks are due to second-order processes, involving two iTO phonons 

near the K point for the 2D peak or one iTO phonon and one defect in the case of the D 

peak[67]. Thus higher D peak intensity corresponds to higher level of defects. Note that 

the G peak intensity of graphene and graphite is comparable. [Figure 1.19 (a) is rescaled 

to show similar 2D band intensity.] 

 As the graphene layer become thicker, a significant change of the 2D peak in both 

the shape and the intensity is observed as shown in Figure 1.19 (b). One very important 

observation is that for single layer graphene, 2D peak has a single symmetric peak but for 

double layer graphene, the 2D peak can be fitted with 4 different peaks as shown in 

Figure 1.19 (c). The four components of 2D peak are due to the splitting of electronic 

bands. In bilayer graphene, the interaction of the graphene planes causes the electronic 

band to divide into four bands, with a different splitting for electrons and holes[68]. The 

incident Raman laser light induces electron-hole pairs and the electron-phonon scattering 

occurs. Then the iTO phonons (Figure 1.18) near the K point couples to all four bands 

resulting in phonons with four different momenta. These wave vectors correspond to 

phonons with different frequencies and result in four different peaks in the 2D band 

Raman spectra. Hence, it is possible to distinguish single layer and bilayer graphene from 

Raman spectra by observing the 2D peak shape and intensity. Notably, four components 

in the 2D band peak of bilayer graphene increase the full width at half maximum 

(FWHM) of the 2D band and also the ratio of 2D band to G band is smaller for bilayer 

graphene. It is worth noting that up to three layers of graphene, these methods are reliable 

enough but as the layers get thicker, it is more difficult to distinguish the signals from 

those of a bulk graphite. 

Transmission electron microscopy can also be used to distinguish single layer and 

bilayer graphene. Figure 1.20 is the TEM diffraction pattern of a bilayer graphene layer at 
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normal incidence. Innermost diffraction spot s are from the (100) planes, while second 

innermost ones are from the (110) planes. 

                           
Figure 1.20  Diffraction pattern of a bilayer graphene layer from transmission electron 
microscopy and its Bravais-Miller indices. Six fold symmetry is clearly observable.  

One definitive indication of single layer graphene is that its reciprocal space 

(Figure 1.20) has only the zero-order Laue zone and, therefore, no dimming of the 

diffraction peaks should occur at any angle [70]. In contrast, the diffraction peaks will 

dim for crystal lattices in three dimension. Hence, for bilayer graphene, the peaks would 

be suppressed strongly at some angle. Another indication is the peak intensity ratio of 

(100) plane and (110) plane. From kinematic calculation, it has been derived that the 

intensity ratio of these two planes would be ~1.1 for single layer graphene and ~0.28 for 

bilayer graphene[71]. In other words, for bilayer graphene, the outer (110) plane intensity 

would be stronger than the inner plane (100) intensity while the opposite is true for single 

layer graphene.  

It is also possible to verify the number of layers by using electrical characterization 

methods by applying a perpendicular electric field and observing its carrier transport 

properties. The hamiltonian that describes the electronic properties of bilayer graphene 

near the Fermi level is shown in equation 2.1 [72]. 
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where k is the momentum, vF is the Fermi velocity, h is the Plank constant, and ∆ is 

the onsite energy difference between the two sublattices in the graphene crystal. 

Normally the ∆ is zero and the hamiltonian results in a quadratic dispersion relations with 

zero bandgap. To open up a bandgap in bilayer graphene, the inversion symmetry in the 

graphene plane must be broken by making ∆ a non-zero value. This can be achieved by 

applying a perpendicular electrical field to the bilayer graphene plane[72-75]. Recently, 

this opening of a bandgap was observed experimentally[72, 73]. Figure 1.21(a) shows a 

dual gate graphene FET structure that was used to observe the top gate response curve 

respective to discrete back gate voltages as shown in Figure 1.21 (b). The resistance peak 

in each curve corresponds to the Dirac point (or charge neutrality points) for a given back 

gate voltage Vb. The peak resistance differs at different Dirac points because the field-

induced bandgap differs[72, 73]. Lower peak resistance comes from a smaller bandgap 

and higher peak resistance is from a larger bandgap [73].  
 

 

Figure 1.21 Gate response curve of double gate graphene transistor. (a) Illustration of a 
cross-sectional side view of the gated device. (b) Graphene electrical resistance as a 
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function of top gate voltage Vt at different fixed bottom gate voltages Vb. (adopted from 
[73])  

 

1.6 Motivation and Goals 

Graphene's most unique property is its two-dimensional structure, and the true 

potential of graphene may also lie in this morphology. Although other zero-dimensional 

and one-dimensional carbon nanostructures were studied for a longer period of time, the 

difficulty in controlling the exact position and the concentration of these individual 

nanomaterials was a major obstacle in commercialization for integrated electronics[26]. 

Furthermore, the chirality (directionality of graphitic hexagonal lattice) and the thickness 

of one-dimensional carbon nanotubes were very important as they determined the 

bandgap and the electronic behavior of the individual nanotubes[6]. Controlling these 

parameters of carbon nanotubes in a reliable way is still a challenge even after two 

decades of study since its discovery[26]. On the other hand, graphene's two-dimensional 

property allows the facile integration of bottom-up nanomaterial synthesis with top-down 

lithographic fabrication. After graphene is transferred onto a substrate, a conventional 

semiconductor fabrication process can be used to manufacture various devices. This 

property also allows seamless integration of current state-of-the-art technology with 

graphene. Since graphene can also be transferred to an arbitrary substrate, the possibility 

of utilizing exotic substrates such as plastics opens up doors for novel applications in 

both electronics and photonics. 

The purpose of this work is to understand the fundamental properties of graphene 

to explore new possibilities in the field of nanoelectronics. Therefore, a thorough 
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characterization of the synthesis method, the film quality, the doping method, and the 

device fabrication is an essential component of this work. After understanding these basic 

qualities, the next step is to investigate new types of applications that may have been 

difficult or even impossible with conventional electronic components. Some of these new 

applications we would like to explore in this work are tunable bandgap transistors, 

transparent but flexible conductors, modulator circuits for radio frequency application, 

completely transparent flexible circuits all based on graphene material, and bipolar 

junction transistors based on graphene-silicon heterostructure.  

 

1.7 Thesis Organization 

In chapter 2, a novel CVD synthesis method to produce a sufficiently large area of 

bilayer graphene will be introduced. Until now, most bilayer graphene samples have been 

fabricated using mechanical exfoliation of graphite[27, 72, 73, 76]. These samples have 

limited sizes of μm2 and are certainly not scalable. Bilayer graphene has an electric-field-

induced bandgap up to 250 meV,[27, 72-76], as explained earlier, and this property 

eliminates the need for extreme scaling or costly substrates. Furthermore, exciton binding 

energies in bilayer graphene are also found to be tunable with an electric field.[77]  The 

motivation of chapter 2 is to develop a reliable and rational method to produce a large-

area bilayer graphene to harness the unique ability to control the bandgap.  

  Highly homogenous growth of bilayer graphene will be confirmed 

experimentally by using optical and electrical characterization methods. The optical 

characterization methods introduced in chapter 2 include Raman spectroscopy (both the 

single-shot method and the two-dimensional raster scanning method) and transmission 
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electron microscopy (TEM) diffraction-pattern analysis. Atomic force microscopy (AFM) 

and scanning electron microscopy (SEM) were also used to probe the characteristics of 

the graphene layer. The electrical characterization will include the fabrication of dual-

gate bilayer graphene transistor structure, carrier transport measurement, and yield 

analysis.  

Upon successful demonstration of wafer-scale bilayer graphene synthesis, the 

possibility of using graphene as a transparent conductor is explored in chapter 3. As 

explained earlier, its relatively high electrical conductivity and optical transparency make 

it an excellent candidate for transparent conducting material. Potential applications for 

graphene-based transparent conductors would be touchscreens, liquid crystal displays, 

organic photovoltaic cells, and organic light-emitting diodes. One of the key challenges 

for making graphene transparent conductors is achieving low enough sheet resistance 

with a transmittance value comparable to those of conventional transparent conductive 

materials. The second challenge is achieving uniform sheet resistance across the area. In 

order to satisfy both of these criteria, stacking of single-layer graphene has been the 

method of choice in the recent studies[48, 49, 52]. In chapter 3, a more efficient method 

of achieving uniform, high quality transparent conductors with homogeneous bilayer 

graphene films is introduced. The sheet resistance value is lowered even more by 

introducing a room temperature chemical doping method. The quality of the material is 

fully characterized by measuring the sheet resistance value as a function of the 

transmittance value in comparison with other published works. In the final section of 

chapter 3, a comprehensive comparison with the conventional indium oxide-based 
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transparent conductor, in terms of its mechanical flexibility, reveals the robustness of 

bilayer graphene-based conductors.  

The study on graphene transparent conductors leads to an interesting conclusion: 

graphene material can be used as a low resistance material for interconnects as well as a 

channel material for transistors. This is analogous to silicon as it is also possible to 

modify the property of silicon by introducing chemical dopants, albeit at high 

temperature. Adding to the fact that graphene is highly flexible and that low temperature 

processing is possible after the graphene transfer process, an all-graphene circuit is 

demonstrated in chapter 4. Graphene was used to make the channels, the interconnects, 

the resistors, and the source/drain/gate electrodes of this circuit without using any metal.  

This is the first demonstration of an all-graphene circuit, and due to its monolithic 

structure, the circuit is fully flexible (up to 2.7% strain) and transparent (~95% 

transmittance). This opens up new opportunities in flexible electronics mainly because of 

graphene's unique property as a flexible electronics material. Most materials that are used 

in flexible electronics are either amorphous[78, 79] or organic[80]. It is known that 

mobilities of these materials are quite limited, usually lower than 10 cm2V-1s-1. This 

mobility value is not the limiting factor for low-speed applications such as flexible 

batteries[81, 82] and flexible tactile sensors[44, 45]. However, nearly all flexible 

electronic devices require a data communication module, which requires high frequency 

components and transistors. Without harnessing the communication module inside the 

flexible apparatus, the lack of portability will severely limit the functionality of various 

flexible applications.  
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Graphene, on the other hand, is a material with a mobility value several orders of 

magnitude higher than those of conventional amorphous or organic material[17, 19]. This 

opens up new possibilities in the field of flexible high-speed electronics. Several recent 

works in graphene analog electronics have led to the development of high-speed 

transistors[83, 84] and analog circuits such as frequency doublers[29, 30], mixers[33, 34], 

and modulators[28] signifying the feasibility of graphene analog circuits that are also 

flexible. In the same context, the all-graphene circuits were designed to function as 

modulator circuits to encode digital information to a higher frequency carrier wave. The 

ambipolarity of the graphene transistors was fully exploited to perform quaternary digital 

modulations with just one or two transistors. Furthermore, the whole circuit was 

fabricated with graphene only, making it not only fully flexible but also completely 

transparent with its monolithic structure. This feature is an additional benefit for other 

applications that require transparency, such as touch screens or electronics-embedded 

smart glasses.  

Although graphene is known for its extraordinary characteristics, the lack of an 

energy bandgap and the low on/off ratio is a persistent problem. In addition, the weak 

saturation behavior due to its ambipolar transfer characteristics limits the transistor's 

intrinsic gain and cut-off frequency. In Chapter 5, the first bipolar transistor based on 

graphene/silicon heterojunction will be introduced. The graphene/silicon junction has 

several unique properties, such as bias dependent work function and variable Schottky 

barrier. Exploiting these unusual traits, high on/off ratio and high gain will be 

demonstrated. A comparison with a metal-based surface barrier transistor will also 
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confirm the higher emitter injection efficiency of the graphene/silicon junction compared 

to a normal Schottky junction.      

Conclusions and summary are outlined in Chapter 6.   
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Chapter II 

2 Wafer Scale Homogeneous Bilayer Graphene Films by 

Chemical Vapor Deposition 

 
2.1 Introduction 

The discovery of electric field induced bandgap opening in bilayer graphene 

opens new door for making semiconducting graphene without aggressive size scaling or 

using expensive substrates. However, producing bilayer graphene was previously 

achieved mostly by mechanical exfoliation, and synthesis of wafer scale bilayer graphene 

posted tremendous challenge. In this chapter, we report homogeneous bilayer graphene 

films over at least 2 inch × 2 inch area, synthesized by chemical vapor deposition on 

copper foil and subsequently transferred to arbitrary substrates. The bilayer nature of 

graphene film is verified by Raman spectroscopy, atomic force microscopy (AFM), and 

transmission electron microscopy (TEM). Importantly, spatially resolved Raman 

spectroscopy confirms a bilayer coverage of over 99%. The homogeneity of the film is 

further supported by electrical transport measurements on dual-gate bilayer graphene 

transistors, in which bandgap opening is observed in 98% of the devices. 
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2.2 Synthesis of Bilayer Graphene Films 

2.2.1 Chemical Vapor Deposition Process 

Recent developments in CVD method have allowed successful production of large 

scale single-layer graphene on metal substrate. However, the synthesis of uniform bilayer 

graphene film remains extremely challenging. Here we report the first synthesis of wafer 

scale bilayer graphene film limited only by our synthesis apparatus. Our method is based 

on CVD growth of bilayer graphene on copper surface, and is characterized by the 

depletion of hydrogen, high vacuum, and slower cooling rate compared to previous 

single-layer graphene synthesis.[2, 66, 85]  

First, 25µm thick copper foil (99.8%, Alfa Aesar) was loaded into an inner quartz 

tube inside a 3 inch horizontal tube furnace of a commercial CVD system (First Nano 

EasyTube 3000). The system was purged with argon gas and evacuated to a vacuum of 

0.1 Torr. The sample was then heated to 1000°C in H2 (100 sccm) environment with 

vacuum level of 0.35 Torr. When 1000°C is reached, 70 sccm of CH4 is flowed for 15 

minutes at vacuum level of 0.45 Torr. The sample is then cooled slowly to room 

temperature with a feedback loop to control the cooling rate. The vacuum level is 

maintained at 0.5 Torr with 100 sccm of argon flowing. The time plot of the entire 

growth process is shown in Figure 2.1. 



34 
 

                

Figure 2.1 Temperature vs. time plot of bilayer graphene growth condition.  Pressure 
value is denoted as "P". 

 

2.2.2 Transfer Process 

 

Two different methods were used to transfer bilayer graphene from copper foil to 

SiO2 substrates.  The first method utilize thermal release tape (Nitto Denko) to transfer 

bilayer graphene from the copper foil.1  The tape was attached to the copper surface and 

a force of 6.25 N/cm2 was applied to the copper/bilayer graphene/tape stack for 10 

minutes with EVG EV520IS wafer bonder. The other side of the copper is exposed to O2 

plasma for 30 seconds to remove the graphene on that side. The copper was etched away 

using iron (III) nitrate (Sigma Aldrich) solution (0.05g/ml) for 12 hours. A  4 inch silicon 

wafer with thermally grown SiO2 was precleaned with nP12 nanoPREP using plasma 

power of 500W for 40 seconds to modify the surface energy and produce a hydrophilic 

surface.  The tape and bilayer graphene stack was transferred to the precleaned SiO2 

wafer and a force of 12.5N/cm2 was applied for 10 minutes. The substrate was then 
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heated to 120 °C to eliminate the adhesion strength of the thermal release tape. The tape 

was then peeled off and the adhesive residue was removed with warm acetone.  

Polymethyl methacrylate (PMMA) can also be used instead of thermal release tape 

to transfer bilayer graphene. This method is easier as it does not require a bonding tool 

but the edge part of the graphene is usually rough due to uneven thickness of spin coated 

PMMA at the edge. In this method, one side of the sample is coated with 950PMMA A6 

(Microchem) resist and cured at 180°C for 5 minutes. The other side of the sample is 

exposed to O2 plasma for 30 seconds to remove the graphene on that side. The sample is 

then left in iron (III) nitrate (Sigma Aldrich) solution (0.05g/ml) for at least 12 hours to 

completely dissolve away the copper layer. The sample is transferred on to a silicon 

substrate with thermal oxide. The PMMA coating is removed with acetone and the 

substrate is rinsed several times. 

 

2.3 Optical characterization of bilayer graphene films        

                         

Figure 2.2 Wafer scale homogeneous bilayer graphene film grown by CVD. Photograph 
of a 2 inch by 2 inch bilayer graphene film transferred onto a 4 inch Si substrate with 
280nm thermal oxide.  
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Figure 2.3 Optical microscopy image showing the edge of bilayer graphene film. Scale 
bar is 100 μm.  

                         

Figure 2.2 shows photographic image of a wafer scale (2 inch × 2 inch) bilayer 

graphene film transferred onto a 4 inch silicon wafer with 280 nm thick SiO2. A typical 

optical microscope image (Figure 2.3) of the transferred bilayer graphene film shows 

almost no color variation except for the region where the film is torn and folded (lower 

right of Figure 2.3). To identify the number of layers for our graphene sample, the film 

thickness is first measured using AFM (Figure 2.4). Height profiles across patterned 

graphene edges show that thickness of our graphene samples range from 0.9 nm to 1.3 

nm, suggesting number of graphene layers below 3.  
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Figure 2.4 AFM image of  bilayer graphene transferred onto SiO2/Si. (Inset) Height 
profile obtained by taking cross section along the white line on the image. The heights of 
our bilayer graphene were consistently found to be between 0.89nm and 1.2nm.                                               

 

2.3.1 Raman spectroscopy 

                             

Figure 2.5 Raman spectra taken from CVD grown bilayer graphene (red solid line), 
exfoliated single-layer (green solid line) and bilayer graphene (blue solid line) samples. 
Laser excitation wavelength is 514 nm. 
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We further performed Raman spectroscopy measurements (Renishaw spectrometer 

at 514nm) on ten randomly chosen spots across the film, and compared them with 

reference samples prepared by mechanically exfoliating Kish graphite [67, 76, 86]. The 

red curve in Figure 2.5 represents a typical Raman spectrum from our sample. Two peaks 

are clearly visible between Raman shift of 1250 cm-1 – 2850 cm-1, corresponding to the G 

band (~1595 cm-1) and 2D band (~2691 cm-1), respectively. Importantly, the spectrum 

exhibits several distinctive features. First, 2D band shows higher peak intensity than G 

band with the 2D-to-G intensity ratio I2D/IG ~2.31, suggesting the number of graphene 

layers less than 3.[2, 68, 87] Second, the full width at half maximum (FWHM) of 2D 

band peak is measured to be ~45 cm-1, exceeding the cut-off of ~30 cm-1 for single-layer 

graphene.[67, 86, 88]  

Third, the 2D band peak cannot be fitted with single Lorentzian [Figure 2.6 (a)], but 

fitting from four Lorentzian peaks with a FWHM of 24 cm-1 yields excellent agreement 

[Figure 2.6 (b)]. Raman spectra taken from the other 9 spots show similar features with 

Figure 2.6 The measured 2D Raman band of a bilayer with the FWHM of 45cm-1. (1) 
Single Lorentzian fit (red dash line) of the peak of Figure 2.6a clearly shows deviation 
from the measured 2D band. (b)The peak can be well-fitted with the sum of four single 
Lorentzian (green solid line) of 24cm-1 FWHM. (c), The measured 2D Raman band of 
a trilayer with the FWHM of 62cm-1. 2D peak of trilayer are fitted with six single 
Lorentzian (green solid line) 
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the 2D band FWHM of 43~53 cm-1. These observations are strong reminiscent of 

characteristic bilayer graphene Raman spectrum. In addition, reference Raman spectra 

taken under identical conditions from exfoliated single-layer (green curve) and bilayer 

(blue curve) graphene are also presented in Figure 2.5. Exfoliated single-layer graphene 

shows a 2D band FWHM of 24 cm-1and I2D/IG of 3.79, while exfoliated bilayer graphene 

shows a FWHM of 46 cm-1 and I2D/IG of 2.25. Together, the AFM height measurements, 

the Raman spectra, and the direct comparison with the exfoliated samples clearly support 

the bilayer nature of our CVD synthesized graphene film. We also measured the D band 

to G band intensity ratio, ID/IG, of our bilayer graphene sample to be around 0.11~0.3, 

indicating a relatively low defect density.  

2.3.2 Transmission electron microscopy 

 

 

Figure 2.7 Selected area electron diffraction pattern of bilayer graphene. (a) Normal 
incident diffraction pattern of bilayer graphene sample. The bilayer graphene film was 
transferred onto copper grid with holy carbon supporting film. The diffraction image was 
taken by JEOL 2010F Analytical Electron Microscope with acceleration voltage of 200 
kV. (b) Profile plot of diffraction peak intensities across a line cut indicated by the green 
arrows shown in (a). (c) Diffraction peak intensities as a function of tilt angle for (0-110) 
(in red) and (-1-120) (in blue). 

 TEM selected area electron diffraction pattern was measured to further 

characterize the graphene film [Figure 2.7 (a)]. The six-fold symmetry is clearly visible 

-1-120

-1010

-11000-110

1-210

(a) (b) (c)
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and Bravais-Miller (hkil) indices are used to label the diffraction peaks. Importantly, the 

diffraction intensities of inner peaks from equivalent planes [1100] are always higher 

than outer peaks from [2100]. The intensity ratios of I-1010/I-1-120 and I-1100/I1-210 are close 

to 0.28 [Figure 2.7 (b)], indicating that the film is not a single layer and it retains AB 

stacking structure [70, 71, 89]. We further studied the tilt angle-dependent diffraction 

peak intensity for both inner and outer peaks. As shown in Figure 2.7 (c), both (0-110) 

and (-1-120) peaks show strong intensity modulation with tilt angle, and both peaks can 

be suppressed completely at certain angle. It is known that monolayer graphene has only 

zero order Laue zone and weak intensity modulation is expected at any angle.[70, 89] 

Our TEM results again agree with AFM and Raman measurements for the bilayer nature 

of the graphene film. We also notice additional diffraction spots, which are caused by the 

residues on the film due to insufficient sample cleaning. 

2.3.3 Two dimensional Raman raster scan 

Figure 2.8 Spatially resolved Raman spectroscopy of CVD bilayer graphene. (a) and (b), 
Two-dimensional color mapping of the FWHMs of Raman 2D band and I2D/IG ratios over 
30 μm × 30 μm area, respectively. (c) Raman spectra from the marked spots 
corresponding colored circles showing bilayer and trilayer graphene. 
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To further evaluate the uniformity of CVD grown bilayer graphene film, we 

performed spatially resolved Raman spectroscopy. Here, identifications of the number of 

graphene layers rely on combination of the FWHM of 2D band[2, 67, 68, 88, 90] and 

peak intensity ratio I2D/IG.[2, 60, 68, 87] Figure 2.8 (a) shows a color map of the 2D band 

peak width over 30 µm by 30 µm area, with FWHM values ranging from 42 cm-1 (dark 

color) to 63cm-1 (bright yellow). The data show uniformly distributed red color with only 

a few localized yellow spots. The peak intensity ratios I2D/IG are also mapped in color 

[Figure 2.8 (b)] over the same area, with values ranging from 0.37 (dark color) to 3.77 

(bright yellow). Comparisons between Figure 2.8 (a) and Figure 2.8 (b) reveal that larger 

peak widths are consistent with smaller I2D/IG ratios. Furthermore, Figure 2.8 (c) 

compares the Raman spectra taken from three representative spots indicated using green, 

pink, and blue circles. Raman spectrum taken at green-circled spot has the largest FWHM 

(62.9 cm-1) and smallest I2D/IG (0.37), indicating trilayer graphene [Figure 2.6 (c)]; pink-

circled (blue-circled) spot shows FWHM = 55 cm-1 and I2D/IG = 2.2 (FWHM = 43.8 cm-1 

and I2D/IG = 2.91), indicating bilayer graphene. These results confirm that the CVD 

bilayer graphene film is highly homogeneous, with only very small fraction 

corresponding to possibly 3 layers. 

We then quantified the bilayer graphene coverage by studying the statistics of 2D 

band peak width and I2D/IG ratio. Figure 2.9 (a) illustrates the histogram of the FWHMs 

of 2D band taken from the Raman mapping. The average peak width is determined to be 

51 ± 2 cm-1. Furthermore, cumulative counts plotted in Figure 2.9 (b) indicate that more 

than 99% of the FWHM values are below 60 cm-1 (pink spheres). In addition, the 

histogram of I2D/IG ratios (Figure 2.9 (a), inset) shows an average value of 2.4 ± 0.4, and 
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the corresponding cumulative count plot (Figure 2.9 (b), inset) shows that more than 99% 

of I2D/IG ratios are larger than 1. Using FWHM = 60 cm-1 together with I2D/IG  = 1 as the 

crossover values between bilayer and trilayer graphene, our data give an estimate of at 

least 99% coverage of bilayer graphene with less than 1% of trilayer over the entire area. 

 

2.4 Electrical characterization of bilayer graphene films 

2.4.1 Fabrication 

A direct verification of the bilayer nature of our CVD graphene film comes from 

electrical transport measurements. For this purpose, dual-gate bilayer graphene transistors 

were fabricated with three different dimensions, channel length and channel width of 1 

µm×1µm, 1 µm×2µm, and 2 µm×2µm, respectively. A scanning electron microscope 

(SEM) image and an illustration of the fabricated device are shown in Figure 2.10. All 

devices have a local top gate and a universal silicon bottom gate with Al2O3 (40nm) and 

Figure 2.9 . (a) Histogram of the FWHMs of Raman 2D band corresponding to area 
shown in Figure 2.8 (a).  (Top right Inset)  Histogram of I2D/IG ratios for the same area. 
(b) Cumulative count plot of FWHMs of 2D band. Pink (blue) spheres represent the 
FWHM less (more) than 60 cm-1. (Inset) Cumulative count plot of I2D/IG ratios. Pink 
(blue) spheres indicate the ratio larger (smaller) than 1. (For Raman mapping, λlaser=514 
nm, 500nm step size, 100x objector). 
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SiO2 (310 nm) as the respective gate dielectrics. This dual-gate structure allows 

simultaneous manipulation of bilayer graphene bandgap and the carrier density by 

independently inducing electric fields in both directions.[72, 73] 

                        

Figure 2.10 Electrical transport studies on dual-gate bilayer graphene devices. Scanning 
electron microscopy image (top) and illustration (bottom) of a dual-gate bilayer device. 
The dashed square in the SEM image indicates the 1μm × 1μm bilayer graphene piece 
underneath the top gate. 

2.4.2 Electrical measurement of band gap 

                   

Figure 2.11 Two dimensional color plot of square resistance R□ vs. top gate voltage Vtg 
and back gate voltage Vbg at temperature of 6.5K. 
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Figure 2.11 shows a two dimensional color plot of square resistance R□ vs. both top 

gate voltage (Vtg) and bottom gate voltage (Vbg), obtained from a typical 1×1 µm device 

at 6.5 K. The red and blue colors represent high and low square resistance, respectively. 

The data clearly show that R□ reach peak values along the diagonal (red color region), 

indicating a series of charge neutral points (Dirac points) when the top displacement 

fields cancel out the bottom displacement fields.[72, 73] More importantly, the peak 

square resistance, R□, Dirac, reaches maximum at the upper left and lower right corner of 

the graph, where the average displacement fields from top and bottom gates are largest.  

                     

Figure 2.12 R□ vs. Vtg at different value of fixed Vbg. The series of curves are taken from 
Vbg of -100V to 140V, with 20V increment. 
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Figure 2.13 The charge neutral points indicated as set of (Vtg, Vbg) values at the peak 
square resistance R□,dirac. The red line is the linear fit. The electrical measurements were 
carried out in a closed cycle cryogenic probe station (LakeShore, CRX-4K), using lock-in 
technique at 1kHz with AC excitation voltage of 100µV. 

 

Horizontal section views of the color plot in Figure 2.11 are also shown in Figure 

2.12, with R□ plotted against Vtg at fixed Vbg from -100 to 140 V. Once again, for each R□ 

vs. Vtg curve square resistances exhibit a peak value, and R□, Dirac increases with 

increasing Vbg in both positive and negative direction. The charge neutral points are 

further identified in Figure 2.13 in terms of the (Vtg, Vbg) values at R□, Dirac. Linear relation 

between Vtg and Vbg is observed with a slope of -0.073, which agrees with the expected 

value of –εbgdtg/εtgdbg = -0.067, where ε and d correspond to the dielectric constant and 

thickness of the top gate (Al2O3: dtg = 40nm, εtg=7.5) and bottom gate (SiO2: dbg = 310nm, 

εbg=3.9) oxide.[72, 73] We also notice the deviation from linear relation at high field; the 

origin of which is not understood currently and requires further study. 



46 
 

 

Similar results from three other devices are shown in Figure 2.14, and more than 46 

measured devices show qualitative agreement. These electrical characterizations yield 

direct evidence for the successful synthesis of bilayer graphene. The observation of 

increasing R□, Dirac values at higher fields is an unmistakable sign of bandgap opening in 

bilayer graphene.[72, 73] In comparisons, the peak resistance at the charge neutral point 

should remain roughly constant for single-layer graphene,[72] while R□, Dirac decreases at 

higher field for trilayer graphene.[91] In addition, we also compared the temperature 

dependence of R□, Dirac at Vbg ~ 0V and Vbg ~ -100 V (Figure 2.15).  

 

Figure 2.15 Two dual-gate graphene devices showing temperature dependent resistance 
versus top gate voltage sweep at two different back gate voltages. 

Figure 2.14 Three dual-gate graphene devices showing bilayer transport behavior. 
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Larger variation of R□, Dirac vs. temperature is observed under higher electric field, 

which again agrees with field-induced bandgap opening in bilayer graphene.[72, 73] We 

note that the observed resistance modulation due to electric field and temperature are 

smaller compared to devices made by mechanical exfoliation,[72, 73] which can be 

attributed to the polycrystalline nature of CVD graphene film. We also note that our 

devices show large fluctuations of the offset voltage (from impurity and surface doping), 

with some cases exceeding 140 V for the bottom gate. This could be caused by the ion 

residues from the etching process, and further investigations are needed.  

 

2.4.3 Yield and distribution 

 

 

Figure 2.16 Bilayer statistics from electrical transport measurement on dual-gate 
graphene devices. (a) A color-coded map of 63 devices (7 rows  x 9 columns) fabricated 
across the same graphene film. The red squares indicate bilayer graphene confirmed by 
transport measurement; the yellow squares indicate devices which have fabrication 
defects; the white squares mark the region with no graphene; and the green square 
represents device with trilayer response from the transport measurement. (b) Histogram 
of ∆R□,dirac / R□,dirac,min values in percentage for 46 active devices. ∆R □,dirac corresponds 
to the maximum difference in R□,dirac within Vtg of ±10V and Vbg of ±120V. R□,dirac,min is 
the minimum peak resistance. 
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We also studied the statistics of bilayer graphene occurrence for 63 (7 row x 9 

columns) dual-gate devices fabricated across the same film [Figure 2.16 (a)]. 46 out of 63 

devices show bilayer graphene behaviors, characterized by increasing R□,Dirac at larger 

fields. Of the remaining devices, 2 devices contain no graphene pieces, and 14 devices 

have fabrication defects.34 Interestingly, one device shows trilayer characteristics[91] 

with decreasing R□,Dirac under both more positive and more negative fields (Figure 2.17). 

Hence, 46 out of 47 (98%) working devices show bilayer characteristics. For the bilayer 

graphene devices, we also calculated the maximum percentage changes of peak square 

resistance, ∆R□,Dirac / R□,Dirac,min, in which ∆R□,Dirac denotes the maximum difference in 

R□,Dirac within Vtg of ±10V and Vbg of ±120V, and R□,dirac,min is the minimum peak square 

resistance. The histogram of the percentile changes is shown in Figure 2.16 (b), with an 

average peak resistance change of 38% and maximum value of 77%. In addition, the 

average room temperature carrier mobilities were measured to be ~580 cm2V-1s-1, which 

are the lower-bond values without excluding the device contact resistance. The smaller-

Figure 2.17 (a) A device showing trilayer transport behaviour. The observed peak square 
resistance decreases as increasing field. This is distinctively different from bilayer 
response. (b) Horizontal section views with R□ plotted against V tg at fixed Vbg from -130 
to 130 V with 20V increment. 
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than-expected R□,Dirac modulation is believed to be caused by defects and unintended 

impurity doping[73]. High quality gate dielectrics have been shown to improve the 

bilayer graphene device performance dramatically[27]. The electrical measurement 

results echo the finding from Raman measurements: our CVD grown bilayer graphene 

film is highly homogeneous.  

2.5 Discussion and conclusion 

Lastly, we would like to comment on the key growth parameters for our CVD 

bilayer graphene films. It has been suggested that graphene growth on copper surface is 

self-limited to single layer[2], but both of our Raman and electrical characterizations 

clearly prove otherwise. We systematically varied the key growth conditions, and the 

resulting film quality was evaluated using Raman spectroscopy (Table 2-1).  

Sample 
Number 

Growth 
Pressure 
(Torr) 

Growth 
Temperature 

(°C) 

Growth 
Time 
(min) 

Ar Flow 
rate 

(sccm) 

CH
4
 

Flow 
rate 

(sccm) 

H
2
 Flow 
rate 

(sccm) 

2D Band 
FWHM 
(cm-1) 

I
2D

/I
G
 I

D
/I

G 
 

Cooling 
rate 

(°C/min) 

1 0.5 1000 15 0 70 0 46.6 2.628 0.258 18 

2 0.5 1000 15 0 140 0 47 2.12 0.57 18 

3 Ambient 1000 15 1000 50 0 59.12 1.402 0.36 18 

4 1.5 1000 15 0 40 600 60 0.64 1.11 18 

Table 2-1 Comparison of graphene samples synthesized under different conditions. 

From Table 2-1, increasing CH4 flow rate by 2 times has no noticeable effect on 2D 

band width and I2D/IG values, except for a larger ID/IG ratio corresponding to more 

disorders. However, increasing growth pressure to ambient condition leads to larger 2D 

band width and smaller I2D/IG ratio, indicating the increasing portion of trilayer graphene. 

This result is consistent with recent literature, that higher pressure favors multilayer 
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graphene growth on copper surface.[92] Based on our results, we speculate that the key 

parameter for the bilayer graphene film growth is the slow cooling process (~18°C/min). 

Cooling rate has been found to be the critical factor for forming uniform single or bilayer 

graphene on Nickel [65, 66, 93]. 

Although the mechanism of bilayer graphene growth is an important topic, not 

many studies have been conducted on this area partly because the discovery was so recent. 

A compelling study has been recently reported on the growth of bilayer on copper 

substrate by isotopic labeling of methane precursors [94]. In this study, the isotope 

labeled graphene films were investigated by Raman mapping and ion mass spectrometry. 

The result shows that during the growth at high temperature, the second layer of graphene 

forms beneath the top graphene layer. Additionally, the second layers share the same 

nucleation center and the same edge termination as the first layer. This outcome is highly 

counter-intuitive but it explains important growth mechanism of bilayer graphene on 

copper substrate. This suggest that bilayer growth is promoted by catalytic decomposition 

of methane trapped in a nanoscale chamber between the first layer and the copper 

substrate[94].  

The size of the homogeneous bilayer graphene films is limited only by the synthesis 

apparatus, which can be further scaled up. The integration with existing top-down 

lithography techniques should bring significant advancement for high performance, light-

weight, and transparent graphene electronics and photonics. Furthermore, because the 

CVD grown bilayer graphene film can be transferred to arbitrary substrates, adopting 
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high-k dielectrics for both top and bottom gates should drastically improve the device 

performance.  
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Chapter III 

3 Homogeneous Bilayer Graphene Film based  

Flexible Transparent Conductor
 

3.1 Introduction 

  Single and few-layer graphene have emerged as promising materials for novel 

applications in electronics due to their remarkable optical and electrical properties.[6, 

7, 13, 53, 95]  Their semi-metallic nature with high carrier mobility and low opacity 

also make them ideal candidates as transparent conductors (TC) for photovoltaic 

devices, touch panels, and displays.[3, 13, 48, 51] 

  Indium tin oxide (ITO) is commonly used as a transparent conductor for many 

applications, but ITO suffers from  high cost, material deterioration from ion 

diffusion, and brittleness making it incompatible with flexible substrates.[49, 51] 

Graphene, on the other hand, shows great promise as a transparent conductor due to 

its high chemical resistivity, low manufacturing cost, and atomically thin, flexible 

structure.[1, 6, 49, 51, 53]  

  Several methods have been pursued to synthesize graphene based transparent 

conductor including reduction of graphene oxide[38, 96-99], liquid exfoliation using 

organic solvents[46, 100], and chemical vapor deposition(CVD).[2, 4, 49, 60, 61, 66, 

92, 101, 102] The CVD method in particular, has drawn great attention as this method 

yields high quality graphene film. Homogeneous single layer graphene (SLG) can be 
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synthesized on a transition metal substrates with low carbon solubility (e.g. copper) 

using low pressure CVD (LPCVD).[2, 4] However, the sheet resistance of a pristine 

(undoped) SLG is still too large (2000-6000 Ω)[2, 46, 49] for it to be used as a 

transparent conductor. Hence, several groups have reported the SLG stacking method 

with layer-by-layer doping to achieve lower sheet resistance.[2, 4, 49] The drawback 

with this approach is that it requires a multitude of transfer processes, which increases 

the processing time and cost. Alternatively, multi-layer graphene (MLG) with lower 

sheet resistance can be directly synthesized using LPCVD method on transition 

metals with relatively high carbon solubility (e.g. nickel),[47, 60, 66, 101, 103, 104] 

or on copper substrate using atmospheric pressure CVD (APCVD) method.[92, 105] 

However it suffers from several drawbacks such as poor thickness uniformity[47, 60, 

66, 92, 103-105] compared to LPCVD grown SLG. Fluctuation of graphene thickness 

will cause the sheet resistance and the transmittance to vary among different areas of 

the sample. There was also a report on higher level of defect on APCVD grown MLG 

compared to LPCVD SLG because of particulate deposition resulting from 

atmospheric process condition.[92] Furthermore, the MLG method eliminates the 

possibility of layer-by-layer doping used in a stacked SLG layer, which has been 

proven to lower the total sheet resistance dramatically.[4] 

 

3.2 Preparation of bilayer graphene based transparent conductor 

  To this end, the use of homogeneous bilayer graphene (BLG) films for a 

flexible transparent conductor introduced in this chapter. The BLG films are 

synthesized using LPCVD on a copper substrate.[61] In contrast to CVD grown MLG, 
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the BLG film shows high uniformity and very low defect level.[61] By producing 

uniform, defect free stacks, we demonstrate a BLG based transparent conductor with 

180Ω□ sheet resistance at 83% transmittance. The use of homogeneous BLG films 

drastically reduces the processing cost and time compared to SLG based transparent 

conductors while maintaining high uniformity and quality.  

 

Figure 3.1 Schematic comparison of SLG method and BLG method to synthesize 4 
layers of graphene stack to achieve lower sheet resistance. 

  Figure 3.1 is an illustration showing a stack of four uniform graphene layers 

prepared by two different methods using either SLG or BLG. Each transfer process 

consists of multiple steps that include CVD synthesis, coating of graphene with poly 

methyl methacrylate (PMMA), copper etching, transfer, drying, and removing of the 

polymer layer. In order to form a stack of four graphene layers, four repeated 

transfers are needed when using SLG, while only two transfers are required for BLG. 

It is clear that the BLG method significantly reduces the amount of raw materials and 
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time required by reducing the number of transfer processes by half. 

 

3.3 Comparison of SLG and BLG stacks 

3.3.1 Raman spectroscopy and optical verification 

 

     

Figure 3.2 Raman spectra taken from CVD grown SLG (left) and BLG (right) samples. 
The average values of I2D/IG and fwhm2D from 10 random areas are shown in the plot. 

 

  Raman spectra were taken at 10 random spots on the CVD graphene films to 

verify the number of graphene layers for both SLG and BLG (Figure 3.2). The two 

most important parameters in determining SLG and BLG from the Raman spectra are 

the ratio of 2D band (~2691 cm-1) intensity to G band (~1595 cm-1) intensity (I2D/IG) 

and the full width at half maximum (fwhm2D) value of the 2D band.[67, 68] The mean 

value of the I2D/IG ratio is 2.8 for SLG and 1.6 for BLG, while the mean value of the 

2D band fwhm2D is 27.9 cm-1 for SLG and 41.5 cm-1 for BLG. These Raman spectra 

values are definitive indications of SLG and BLG, respectively.  
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Figure 3.3 Optical comparison of  SLG and BLG graphene stacks on glass substrate for 
1,2,3,4 transfers with (a) and without(b) background color. 

  The differences in the opacity of SLG versus BLG stacks  become more 

obvious as the number of transfers increases [Figure 3.3 (a)]. This is because the 

difference in the number of graphene layers increases from two to four layers as the 

number of transfers increases from two to four. Figure 3.3 (b) shows the direct optical 

comparison of both SLG stacks and BLG stacks without the background color. 

3.3.2 Transmittance measurement 

                             

Figure 3.4 Transmittance curve as a function of wavelength for both SLG and BLG stack 
after 1,2,3,4 transfers respectively. The number near each measurement line indicates the 
number of transfers. 
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  Furthermore, we measured the transmittance (T) of both SLG stacks and BLG 

stacks on glass substrates for comparison (Figure 3.4). It is clear that the 

transmittance of both SLG and BLG stacks drops as the number of transfers increases. 

For quantitative comparison, the transmittance values of SLG 1-, 2-, 3-, and 4-transfer 

stacks at 550nm wavelength[4, 48, 49, 101] are measured to be 96.5%, 94.6%, 91.3%, 

and 89.0%, respectively. The transmittance values of BLG 1-, 2-, 3-, and 4-transfer 

stacks at 550nm wavelength are 94.7%, 89.3%, 86.6%, and 83.0%, respectively. This 

result indicates that as expected, BLG’s opacity is twice the value of SLG. The 

transmittance spectrum decreases as it nears the ultraviolet region due to exciton-

shifted Van Hove singularity in the graphene density of states.[53] It is also 

interesting to note that the downward shift in transmittance near the high energy 

region is more significant as the number of stacked layers increases. This was 

observed in many other works[4, 48, 49, 66] and it may be due to residue trapped 

between layers.  

                            

Figure 3.5 Transmittance value at λ=550nm as a function of graphene layers for SLG 
and BLG stacks and its fits. 
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 Figure 3.5 shows the transmittance values at 550 nm as a function of the total 

graphene layer numbers, and compares them with the theory. Nair et al have shown 

that transmittance of graphene is defined by the fine structure constant α ≈ 0.0073 and 

the transmittance of single graphene layer can be expressed as T ≈ 1 -πα ≈ 

97.7±0.1%.[3] Hence, the transmittance of multiple layers can be expressed as Tn=(1-

πα)n ,where n is the number of layers.[106] The plots confirm that the increases in 

opacity of both BLG stacks and SLG stacks are close to the theoretical value. The 

offset of 1%-2% from the theory can be observed and we believe the deviation is 

likely due to a small amount of polymer residue (e.g. PMMA) that may have been 

trapped between the sandwiched layers.   

 

3.3.3 Sheet resistance measurement  

                           

Figure 3.6 Sheet resistance of both undoped and doped SLG,BLG stacks with different 
number of transfers. 

  We also characterized the sheet resistance (R□) values for both undoped and 

nitric acid doped SLG and BLG stacks using four probe method (Figure 3.6). Each 

data point is taken from 10 different regions  on each sample and standard deviation 

values are expressed with error bars. As the number of transfers increases, the sheet 
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resistance decreases for both doped and undoped samples. The sheet resistance also 

drops roughly by a factor of two after layer-by-layer nitric acid doping.  

                                    

Figure 3.7 Sheet conductance of both undoped and doped SLG,BLG stacks as a function 

of graphene layer number. 

 

  The total resistance of multiple layers of graphene is composed of both in-

plane sheet resistance of individual layers and inter-layer resistance between 

layers.[49] High inter-layer resistance implies resistive interface that will cause most 

of the current to flow only at the top most layer.[49] To investigate the effect of inter-

layer resistance in multi-layer graphene stacks, we plot sheet conductance G□ versus 

the number of graphene layers in Figure 3.7. Linear fits for undoped samples yield 

0.278 mS□/layer for SLG stacks and 0.325 mS□/layer for BLG stacks, which shows a 

17% increase for BLG stacks. Linear fit for doped samples yielded a 0.574 mS□/layer 

for SLG stacks, and 0.649 mS□/layer for BLG stacks which shows a 13% increase for 

BLG stacks. It is interesting to note that sheet conductance per layer for BLG was 

found to be slightly higher than that of SLG. The result is unexpected because SLG 

based conductors have been doped twice as many times compared BLG based 
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conductors. It is known that a randomly stacked graphene structure will have large 

interlayer distances that would strongly reduce the electronic dispersion perpendicular 

to the basal plane compared to a Bernal-like or an ordered stack structure.[107, 108] 

Since a SLG stack consists of only randomly stacked layers while a BLG stack will 

retain its ordered layers between each transferred layer, it is possible that BLG was 

advantageous in maintaining stronger coupling between adjacent layers. In addition, 

the number of interfaces created from the transfer processes is lower for BLG 

compared to that of SLG. For example, a four graphene layer stack consists of three 

transfer interfaces for a SLG stack while only one transfer interface exists in a BLG 

stack. This may have also helped in lowering the total inter-layer resistance.  

3.4 Comparison with other methods 

 

Figure 3.8 (a),(b) Transmittance versus sheet resistance for graphene based transparent 
conductors grouped according to production methods in log scale (a) and only with CVD 
method in linear scale (b). Blue rectangle in (a) represents the range of x,y axis for (b).  

  Recent progress in graphene transparent conductor, in terms of transmittance 

and sheet resistance, is summarized in Figure 3.8 (a) and Figure 3.8 (b). In Figure 3.8 

(a), the reports are categorized according to different production strategies. The 
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quality of transparent conductor is superior as the characteristics line leans toward the 

upper left region of the graph, indicating a higher transmittance with lower sheet 

resistance.[51, 53] In most cases, CVD grown graphene[2, 4, 47, 49, 60, 66, 101-104, 

109] has been proven to be superior compared to liquid based synthesis method such 

as reduction of graphene oxide (RGO)[96-99] and liquid phase exfoliation (LPE)[46, 

100] due to its inherent lack of structural defect.[51, 53] Figure 3.8(b) focuses only on 

CVD methods with nitric acid as the dopant and the sheet resistance is shown with the 

x-axis as the linear increment. Our results using BLG are comparable or better than 

other CVD methods using SLG stacks or MLG. 

 

3.5 Sheet resistance change with strain 

       

 

Figure 3.9 (a) Photographs of graphene film on flexed PET substrate(left) and 
measurement setup of strained substrates (right). (b) Variation in resistance of stacked 
BLG films and indium oxide films on 200μm thick PET substrate as a function of strain 
values. 

 

  One of the most significant advantages of a graphene based transparent 
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conductor is its electromechanical stability and mechanical flexibility.[4, 48, 51, 66, 

98, 102] To test the sheet resistance of BLG stacks under a mechanical deformation, 

we transferred BLG films onto 200μm thick polyethylene terephthalate (PET) flexible 

substrates and patterned them with gold electrodes for four-probe measurement 

[Figure 3.9(a)]. Two samples of both BLG 1-transfer and BLG 4-transfer were tested 

in comparison with a commercial Indium oxide on a PET substrate under bending 

condition. Figure 3.9(b) shows relative change in sheet resistance versus strain due to 

bending. The radius of curvature is converted to the unit of strain from the equation 

ε=d/2r, where ε is surface strain, d is substrate thickness, and r is radius of 

curvature.[110] At 2.14% strain, the sheet resistance of the indium oxide sample 

increased by 321% while the graphene samples only increased by 10 to 15%. The 

indium oxide sample shows a drastic change in sheet resistance due to its brittle 

nature while graphene samples are much more robust against bending.  The inset of 

Figure 3.9(b) shows a more detailed comparison between BLG 1-transfer and BLG 4-

transfer samples. It is interesting to note that BLG 4-transfer samples show slight 

increase in sheet resistance (~10%) at a lower strain than BLG 1-transfer samples. 

This was not reported in any previous literature. The shear stress that acts between the 

stacked layers[111] may have disrupted the interface state between graphene layers, 

and bending the substrate may increase the inter-layer resistance leading to earlier 

increase in the sheet resistance. Detailed understanding will require further study. 
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3.6 Uniformity of BLG stack 

                  

Figure 3.10 Distribution of sheet resistance and its standard deviation values for 
SLG,BLG stacks and a cvd grown multilayer (MLG) sample. 10 measurements were 
taken on different areas of each sample. 

 

Figure 3.11 (a) Temperature vs. time plot of multilayer graphene growth condition.  
Pressure is maintained to atmospheric pressure at all time except the initial purge stage. 
(b) Raman spectroscopy result showing typical multilayer signal. 

 

  Last, we evaluate the uniformity of graphene film stacks by taking ten 

measurement points from different areas of each sample. In Figure 3.10, the sheet 

resistance values of SLG, BLG stacks, and MLG are plotted with standard deviation 
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as the vertical axis. The actual values of sheet resistance are plotted for facile 

observation of the distribution. The MLG sample was grown with the APCVD 

method (See Appendix A for details) on copper substrate. The time plot of the MLG 

growth process is shown in Figure 3.11(a). After the transfer process to silicon 

substrate with thermal oxide, Raman spectroscopy was used to verify the existence of 

multilayer graphene. For this typical raman spectra shown in Figure 3.11(b), I2D/IG 

ratio is 0.78 and the fwhm2D is 63. However for 10 different measurements on random 

areas, the value of I2D/IG varied from 0.51 to 1.11 and fwhm2D varied from 47.78 to 

68.27. This indicate the non-uniformity of MLG. Going back to Figure 3.10, BLG and 

SLG samples show similar distribution of sheet resistance and standard deviation for 

films with the same number of transfers. On the other hand, the MLG sample shows 

high standard deviation indicating a higher level of non-uniformity in sheet resistance 

across the sample area. The result agrees with several publications reporting non-

uniformity in thickness for MLG.[47, 60, 66, 92, 101, 105] We also acknowledge that 

the sheet resistance of MLG has strong correlation with surface roughness[105] and 

there is an effort to produce a smoother (more uniform) multilayer graphene. 

Nonetheless, BLG stacks stand out with both better uniformity than MLG and 

drastically reduced fabrication complexity compared to SLG stacks. It is also 

interesting to note that the standard deviation value becomes lower as the number of 

stacks increases. This may be attributed to the increased number of graphene layers 

that can act as channels to negate certain high resistivity areas (e.g. wrinkles or 

defects) that may reside on one of the layers in the stack.  

  



65 
 

3.7 Discussion and conclusion 

  SLG stacks have been proven to be a high quality transparent conductor in 

many reports.[4, 48, 49] However, most researches overlook the fact that SLG stacks 

require multiple graphene transfers that results in considerable amount of material 

waste due to metal wet etching. Furthermore, transferring a large area of graphene is a 

delicate process that may jeopardize the overall quality of graphene and it is best to 

minimize the number of transfers. Our BLG method can significantly simplify the 

process to save cost, time, and reduce waste. Furthermore, the quality and uniformity 

of BLG stack based transparent conductors have been confirmed to be very high. 

Although our method of nitric acid doping lowered the sheet resistance by a factor of 

two, using different dopants and doping methods can lead to further reduction of sheet 

resistance by a factor of three to five.[49, 106]  Utilization of a graphene hybrid 

structure[50] with BLG can also open up new possibilities for an ultra-low sheet 

resistance transparent conductor.  
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Chapter IV 

4 Flexible and Transparent All-Graphene Circuits  for 

Quaternary Digital Modulations 

 
4.1 Introduction 

Physically compliant electronics with the capability to conform to a non-planar 

surface is a field of rapidly growing interest due to the numerous possibilities it offers. 

Applications ranging from flexible solar cells [54], displays [42], e-papers [112], 

wearable electronics [43], and biomedical skin-like devices [44, 45] open up new 

opportunities in the field of electronics. However, nearly all flexible electronic devices 

require an external power supply and data communication modules, and the lack of 

portability can severely limit the functionality of various applications. To drive the field 

forward, three key challenges need to be addressed: a means to generate or store power 

(e.g., flexible batteries or power generators), a data collecting scheme (e.g., flexible 

sensors), and a system to transmit and receive the collected data (e.g., flexible wireless 

communication scheme). Recent advances in the field have led to notable progress in the 

two areas of flexible power [81, 82] and flexible sensors [44, 45]. However, designing 

and manufacturing a flexible wireless communication system is still a challenge due to 

material constraints. Conventional organic polymers [80], amorphous silicon [78], or 
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oxide-based thin film transistors [113] show only modest performance in this area owing 

to their limited carrier mobilities.  

In this regard, graphene is the ideal material for flexible high speed communication 

systems due to its unique electronic and physical properties, including high carrier 

mobility [16], ambipolarity [1, 6], transparency [3], and mechanical flexibility [37]. From 

its high carrier mobility, a unity gain cut-off frequencies of up to 300 GHz have been 

achieved with graphene transistors fabricated with exfoliated sample and 155 GHz for 

transistor fabricate with CVD graphene (Figure 4.1). [25, 84]. Graphene was also used as 

the channel and the gate material for flexible transistors owing to its mechanical 

flexibility[39, 41].  

                     

Figure 4.1 Graphene transistor made CVD graphene with a cutoff frequency of 155 GHz. 
Inset is an illustration of the graphene transistor structure. (adopted from [84]) 

Several pioneering works on graphene analog electronics led to the demonstration 

of graphene-based frequency doublers (Figure 4.2) [28-30], mixers [33, 34], and 
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modulators [28, 35, 36] on rigid substrates. Graphene mixers (Figure 4.3) were shown to 

effectively suppress odd-order intermodulations by exploiting the symmetric character of 

graphene transistors [33]. A high-performance mixer fabricated by integration of 

graphene transistors and passive components on a single silicon carbide wafer was also 

demonstrated (Figure 4.4) [34]. Several groups demonstrated binary digital modulation 

schemes [binary phase shift keying(BPSK) and binary frequency shift keying(BFSK)] 

with graphene transistors on rigid substrates [28, 35, 36]. The finding of graphene based 

mixers, modulators and high speed transistors all paves the way for an integrated 

graphene based radio frequency (RF) electronics. 

         

Figure 4.2 Graphene frequency multiplier was demonstrated with just one transistor in 
reference [30]. This is possible by superimposing an AC signal to a DC voltage which is 
biased at the charge neutrality point.  (adopted from [30]) 
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Figure 4.3 Spectrum analysis of a graphene transistor based doubler and a mixer from 
reference [33]. (a) Output spectrum with single RF input fRF = 10.5 MHz without LO 
signal. The frequency doubling is observed. The signal power at 2fRF = 21 MHz is about 
10 dB higher than the signal power at fRF = 10.5 MHz without filtering. (b) Output 
spectrum with RF input fRF = 10.5 MHz and LO fLO = 10 MHz at equal power. The 
presence of strong signal power at fRF − fLO = 500 kHz and fRF + fLO = 21.5 MHz 
demonstrates mixing operations. (adopted from [33]) 

 

 

Figure 4.4 Illustration of a graphene mixer circuit integrated with silicon carbide wafer 
and other passive components. (adopted from [34]). The top-gated graphene transistor 
and two inductors are connected to the gate and the drain of the Graphene FET. Three 
metals layers of the graphene IC are represented by M1, M2, and M3. A layer of 120-nm-
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thick SiO2 is used as the isolation spacer to electrically separate the inductors (M3) from 
the underlying interconnects (M1 and M2). 

 

Despite the remarkable progress, all the previous analog circuits have been 

demonstrated on rigid silicon substrates. Also, the usage of graphene was limited to the 

transistor itself and was not extended to the whole circuit. In addition, all the previous 

modulators were demonstrated as binary modulators in which only single bit of data was 

encoded per symbol. To this end, we demonstrate, an all-graphene flexible and 

transparent circuit for quaternary digital modulation that can encode two bits of 

information per symbol in this chapter. The entire circuits are both flexible and 

transparent with every part of the circuit—including the transistor channels, the 

interconnects between transistors, the load resistance, and the source/drain/gate 

electrodes—fabricated with graphene only. The monolithic structure allows 

unprecedented mechanical flexibility and complete transparency to the circuit which is 

not possible with either silicon or metal. This is possible due to graphene's unique 

property of being a zero-bandgap material retaining the property of both metal and 

semiconductor. Importantly, the ambipolarity of graphene transistors drastically reduces 

the circuit complexity when compared with silicon-based modulators. No more than a 

couple of transistors are required for the two quaternary modulation schemes 

demonstrated, whereas a multitude of transistors are required for conventional modulator 

circuits [114, 115].  

4.2 Constellation diagram of different modulation method 
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The basic modulation techniques map the information by varying up to three 

different parameters (amplitude, frequency, and phase) of the carrier wave to represent 

the data. The most fundamental binary digital modulation techniques that correspond to 

each of these three parameters are binary amplitude-shift keying (BASK), binary 

frequency-shift keying (BFSK), and binary phase-shift keying (BPSK). Until now, only 

two of these binary modulation scheme (BPSK, BFSK) were demonstrated[28, 35, 36]. 

By adding the BASK scheme, the three basic binary schemes have been completed. 

Furthermore, by combining two or more binary modulation schemes, it is possible to 

extend this technique into quaternary digital modulation schemes such as 4-ary 

amplitude-shift keying (4-ASK) and quadrature phase-shift keying (QPSK) [116]. 

Specifically, QPSK explores all four quadrants of the constellation, and it is the key 

building unit for highly efficient modulation techniques that are widely used in today’s 

telecommunication standards such as Code division multiple access (CDMA) and Long 

term evolution (LTE). The above-mentioned binary and quaternary digital modulation 

schemes are plotted in a polar constellation with the radial coordinate as the amplitude 

and the angular coordinate as the phase (Figure 4.5). Importantly, all of them can be 

realized by using all-graphene circuits on the flexible and transparent platform.  
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Figure 4.5 A constellation diagram depicting five different digital modulation techniques 
demonstrated in this work. The z-axis, representing the frequency, is included to show the 
frequency modulated signals. 

 

4.3 Device fabrication and transmittance 

            

Figure 4.6 A plot of the transmittance as a function of the wavelength and an illustration 
of the all-graphene transistor structure (inset). 
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Figure 4.6 shows the transmittance value of the graphene circuit on top of a plastic 

substrate (polyethylene naphthalate) as a function of the light wavelength (see Appendix 

B for details of transmittance measurement). Figure 4.6 (inset) shows the structure of the 

device fabricated on a bendable plastic substrate. The top, middle, and bottom graphene 

layers form the top gate layer, the channel/interconnect layer, and the bottom gate layer, 

respectively. Graphene films used in this work are synthesized using chemcal vapor 

deposition (CVD) method on copper foil [41, 61]. After the CVD synthesis, one side of 

the copper sample with graphene was coated with 950PMMA A2 (Microchem) resist and 

cured at 180°C for 1 minutes. The other side of the sample was exposed to O2 plasma for 

30 seconds to remove the graphene on that side. The sample was then left in Ammonium 

persulfate (Sigma Aldrich, 248614-500G) solution (0.025g/ml) for at least 6 hours to 

completely dissolve away the copper layer. Then the graphene was transferred to a 

100um thick polyethylene naphthalate (PEN) substrate. The PMMA coating is removed 

with acetone and the substrate is rinsed with deionised water several times. The graphene 

layer was then patterned with a conventional stepper tool (GCA AS200 AutoStepper) 

using SPR220 3.0 (Microchem) resist. The process temperature was kept under the glass 

transition temperature of the plastic substrate (120°C) at all times. After graphene was 

patterned, 2nm of Al2O3 was deposited as a buffer layer using e-beam evaporation. Then 

65nm of Al2O3 was deposited as the dielectric using atomic layer deposition at 80°C.  

Another graphene layer was transferred on top of the Al2O3 layer to form the channel 

layer and then it was patterned with lithography again. E-beam evaporation and atomic 

layer deposition of Al2O3 with the same thickness as the bottom dielectric was repeated 

on top of the channel layer. Final graphene layer was transferred again on top of the 
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dielectric and patterned with lithography to be used as the top gate. The final device is 

highly transparent as shown in Figure 4.6 (~95% transmittance at 550nm wavelength) 

and fully bendable as shown in Figure 4.7. Although three layers of graphene were 

transferred, the overall transmittance is higher than the expected value of 93% [3]  

because the majority of the area is covered with only one layer of graphene after 

patterning and two layers of Al2O3. Only the channel area which occupies little space 

would have all three graphene layers (the bottom gate, the channel, and the top gate) 

overlapping each other. Under the optical microscope, the graphene devices can be 

identified by the contrast difference among the top gate, channel, and bottom gate region 

of the all-graphene transistor (Figure 4.7 inset).  

                        

Figure 4.7 a photograph of graphene circuit on a transparent and bendable plastic 

substrate, and a microscopic image of an all-graphene transistor (inset). The scale bar is 

10μm. 
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The gate response curve was measured for each all-graphene transistors, and the 

yield was over 98% with 64 out of 65 transistors being fully functional. 

4.4 Modulation mechanism and transistor characteristics 

                       

Figure 4.8 A histogram of the hole mobility extracted from 30 transistors and its 
Gaussian fit (red line). The inset is a plot of the ambipolar current as a function of gate 
voltage for a typical all-graphene transistor. Voltage across the drain and the source is 
10mV. 

                         

Figure 4.9 Conductance as a function of gate voltage (round symbols) and its fittings 
(solid line) for a typical device. The blue and the red solid lines correspond to the fittings 
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for hole and electron mobility respectively. See Appendix C for details on the fitting 
method. 

Figure 4.8 (inset) shows a typical gate response curve from the fabricated all-

graphene transistors. Slight shift in the charge neutrality point is observed due to 

environmental doping. The carrier mobility value can be extracted by fitting the 

experimental value of source-to-drain conductance over varying gate voltages [117]. The 

device presented in Figure 4.8 (inset) has a hole carrier mobility value of 3342±26 

cm2/Vs and electron carrier mobility of 2813±11 cm2/Vs (Figure 4.9). Figure 4.8 is a 

histogram for hole mobility values extracted from 30 different samples. The average hole 

mobility is 1771 cm2/Vs with a standard deviation of 982.6 cm2/Vs. These mobility 

values are several orders of magnitude higher than those of alternative materials such as 

organic polymer [80] and amorphous materials [78] as expected. More importantly, the 

unique ambipolar gate response of graphene transistors allows simple implementation of 

previously mentioned binary modulation schemes as illustrated in Figure 4.10. The 

amplitude, frequency, or phase of the output voltage will be determined by the operating 

gate bias point of the graphene transistor. For example, amplitude modulation (AM) can 

be achieved by utilizing the transconductance change over the gate voltage difference. 

Frequency modulation (FM) is achieved by interchanging the bias point from a region 

dominated by electron (or hole) carriers to the charge neutrality point. Similarly, phase 

modulation (PM) is realized by changing the bias point from an electron (or hole) carrier 

dominated region to the hole (or electron) carrier dominated region.  
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Figure 4.10 Illustrations of amplitude, frequency, and phase modulation of a sinusoidal 
wave achieved by operating a single ambipolar graphene transistor at different gate biases. 

 

4.5 Binary and quaternary modulation with a single transistor 

            

Figure 4.11 A circuit diagram with a false-color image of graphene transistors connected 
in a common-source configuration. The Vdata signal is the digital data that is encoded onto 
the carrier signal Vcarrier. The Vdata signal is a square wave for all three binary digital 
modulation schemes and a four level step-like wave for the quaternary amplitude-shift 
keying modulation scheme. 
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We next demonstrated the three binary modulation schemes by using the all-

graphene circuit. Figure 4.11 shows the circuit diagram overlaid on a false colour image 

of the device. Green, grey, and red are the respective colours for the top, middle, and 

bottom graphene layers. A graphene transistor was used for the modulation and another 

unbiased graphene transistor was used as the load resistor (RL) for output (Vout). The 

middle graphene layer (grey) serves as the transistor channel, the interconnect between 

the transistor, the load resistor, and the source/drain electrodes. To achieve digital 

modulation, the carrier wave (Vcarrier), the data bitstream (Vdata), and the DC gate bias (Vgs) 

are added together and applied to the top gate (green) of the modulating transistor. Both 

Vgs and Vdata determine the operating bias point of the transistor and modulate the carrier 

signal accordingly. The bottom gate (red) delivers additional flexibility to the 

measurement, and it can also be used to adjust the charge neutrality point (VDirac) if there 

is environmental doping. 

 

 

Figure 4.12 (a) Time domain plot of the binary amplitude-shift keying. VDD of 1V was 
the power supply voltage. (b) Time domain plot of the binary frequency-shift keying at 
VDD of 1V. (c) Time domain plot of the binary phase-shift keying at VDD of 1V.  
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Figure 4.12  (a),(b),(c) shows plots of three basic binary modulation schemes 

demonstrated with the all-graphene circuit. For BASK, the sum of Vdata and Vcarrier is 

superimposed on Vgs so that the different transconductances on different bias points will 

allow Vcarrier to change in amplitude at the output . Binary information of 0 and 1 is 

successfully represented by the low and high amplitude of carrier signal, respectively 

[BASK, Figure 4.12 (a)]. Similarly, we control Vgs and Vdata to adjust the bias point for 

both BFSK and BPSK. 0 and 1 are successfully differentiated by the doubling in 

frequencies [BFSK, Figure 4.12 (b)], or by the 180° phase change [BPSK, Figure 4.12 

(c)].  To the best of our knowledge, this is the first demonstration of BASK using 

graphene circuit, while previous works have only shown BPSK and BFSK[28, 35]. By 

adding the BASK scheme, the three basic binary schemes have been completed using 

flexible graphene circuits. We note that the output voltage has a DC component for 0 and 

1 because the transistor is operating at different bias points on the gate response curve. 

The DC component can be filtered out using a high pass filter and it has been removed 

for clarity in this work.  
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Figure 4.13  A time domain plot of the quaternary amplitude-shift keying modulation of 
carrier signal. The inset is an illustration describing the four operating gate bias points 
used in 4-ASK. VDD is 1V.  
 

 Furthermore, by combining BASK and BPSK, a 4-ary amplitude shift keying (4-

ASK) was demonstrated as shown in Figure 4.13. The inset of Figure 4.13 illustrates the 

four bias points used in the 4-ASK scheme that correspond to 00, 01, 10, and 11.  Both 

the phase and the amplitude information are used to distinguish the quaternary signal that 

is encoded in the carrier wave. Output of 00, 01, 10, and 11 are represented by “low 

amplitude, 270° phase”, “high amplitude, 270° phase”, “high amplitude, 90° phase”, and 

“low amplitude, 90° phase” in the carrier wave, respectively. 4-ASK is a quaternary 

digital modulation scheme that uses four points in the constellation diagram (Figure 4.5) 

and doubles the data transfer rate compared to a binary scheme. Importantly, this is the 

first demonstration of quaternary modulation with just one transistor (excluding the 

transistor that is used as a resistor), which is not possible in conventional silicon based 

modulators. 
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4.6 Quadrature phase-shift keying with two graphene transistors 

 

Figure 4.14 A conceptual diagram of a conventional quadrature phase-shift keying 
transmitter structure. NRZ encoder is a non-return-to-zero encoder where 1 is represented 
by a positive voltage state and 0 is represented by a negative voltage state. RC-CR 
network is the resistance-capacitance–capacitance-resistance phase shift network which 
generates two orthogonal wave functions with 90° phase difference. 

 

A more fundamental quaternary modulation scheme is QPSK, which explores all 

four quadrants of the constellation. Figure 4.14 shows a typical QPSK transmitter 

structure used in modern digital communication. A binary data stream is demultiplexed 

into the in-phase component (I) and the quadrature-phase component (Q). I and Q 

components are encoded onto two orthogonal basis functions, such as a sine wave and a 

cosine wave, respectively, before they are summed to generate a QPSK modulated signal.  
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Figure 4.15 , An all-graphene circuit diagram of the quadrature phase-shift keying 
system using two transistors. The actual microscopic image of the all-graphene circuit 
under a blue filter is shown. The transistor dimension is 10μm × 10μm. 

 

Here, we used just two transistors with similar gate response in the all-graphene 

circuit to demonstrate the QPSK modulation (Figure 4.15). Actual microscope images 

under a blue filter is shown in the figure. A sinusoidal wave from the function generator 

was connected to a simple off-chip resistance-capacitance – capacitance-resistance (RC-

CR) phase shift network to generate two orthogonal wave functions with 90° phase 

difference. The sinusoidal input is shifted by +45° in the CR branch and by -45° in the 

RC branch [118]. Then each of these signals is summed internally by the function 

generators with two square waves (Idata and Qdata) and fed to the gates of each transistor 

(A detailed measurement setup is shown in Figure 4.16).   
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Figure 4.16 Detailed measurement setup for quadrature phase shift-keying signal 

generation. A sinusoidal carrier signal is generated from a signal generator and fed to an 

RC-CR phase shift network. The phase of the sinusoidal signal is shifted by +45 and -45 

when it passes through RC and CR structure respectively. The resulting two orthogonal 

functions (sin ωct and cos ωct) with a phase difference of 90° are summed internally in 

two different function generators with its respective digital data signal shown as the 

square wave. The two function generators are phase matched using the trigger function. If 

the charge neutrality point (VDirac) is not centered at zero voltage due to environmental 

doping, the signal can be connected with a bias tee with a DC bias and then fed to the 

gate of each transistor. When the DC bias is approximately equal to VDirac, the phase 

modulation of each transistors will be symmetric. If the Dirac point at 0 voltage, the 

signals can be directly inserted to the gates of each transistors without a bias tee The two 

generated signals which are the final quadrature phase-shift keying signals were added 

internally and measured with an oscilloscope. 
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Figure 4.17 Time domain plots of the input and output signals demonstrating quadrature 

phase-shift keying modulation scheme. VDD of 7V was the power supply voltage. 

 

The outputs (VI and VQ) are then summed to generate the final QPSK modulated 

signals. These signal components are plotted in Figure 4.17. The Icarrier and the Qcarrier are 
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the orthogonal carrier signals. The data bitstream with 00, 01, 10, 11 is represented by the 

in-phase component Idata and the quadrature-phase component Qdata as shown in the plot. 

Modulating Icarrier with Idata results in phase changes in Ichannel and the same applies to 

Qcarrier, Qdata, and Qchannel. Data bit 0 and 1 in Idata corresponds to phase of 180° and 0 ° in 

Ichannel. Similarly, Data bit 0 and 1 of Qdata corresponds to phase of 90° and 270 ° in 

Qchannel. The sum of Ichannel and Qchannel is the final output signal (I+Q) which has distinct 

phase shifts of 225°, 135°, 315°, and 45°, each corresponding to binary data of 00, 01, 10, 

and 11.  

To validate the result, the instantaneous phase information was extracted from the 

final output signal (I+Q) and plotted as demodulated phase (Figure 4.17, bottom panel). 

This mathematical form of demodulation was achieved by extracting the phase 

information from the Hilbert transform of the output signal (I+Q). The plot of the 

demodulated phase indicates a clear distinction of phase shift between different QPSK 

signals. The carrier to noise ratio (C/N) which is the ratio of signal power to the white-

noise power was found to be 21.1 dB from the frequency spectrum using a conventional 

signal analysis program (see Appendix D for details). The corresponding bit error rate 

(BER) assuming additive white Gaussian noise (AWGN) channel is much lower than the 

performance threshold BER of 10-4, above which the radio link is considered to be in 

outage[119]. This confirms the robustness and accuracy of the graphene based QPSK 

modulator. From the output signal ((I+Q) and the input carrier signals, the gain of the 

QPSK modulator is calculated to be around 0.06, one of largest ever measured with 

graphene modulators. The gains of our all-graphene binary and quaternary modulators are 

comparable or larger than all the previous modulator works as shown in Table 4-1 . 
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Although these gain values are less than 1, in a modern transmitter structure, the 

amplification of the signal is primarily accomplished by an audio amplifier or a power 

amplifier, and a gain is not an essential component of the modulator.  

Publication Gain Modulatio

f

 

Comments 

Wang et.al.[29]  0.005 10 kHz Frequency doubling 

Yang et. al. [28] ~0.01 4-10 kHz BPSK, BFSK 

Hsu et. al.[36] 0.005 500 Hz BPSK 

Harada et.al [35] ~0.05 30 kHz BPSK 

Sordan et.al. [120] <0.025 100 Hz Boolean logic 

This work : binary 
modulation 

0.03~0.07. 10 kHz BPSK, BFSK, BASK. The 
first demonstration of BASK. 

This work : quaternary 
modulation 

4ASK : 0.03 

QPSK : 0.06 

10 kHz 4-ASK, QPSK. The first 
demonstration of quaternary 
modulations.  

Table 4-1  Signal gain comparison of past works and this work. 

 

4.7 All-graphene modulator circuits under mechanical strain 

Last, we examine the performance of all-graphene circuit under mechanical strain 

(Figure 4.18). Frequency modulation (i.e., frequency doubling, Figure 4.19) was first 

evaluated at different bending radii. To quantify the comparison, fast Fourier transform 

(FFT) was applied to the doubled output voltage, yielding peaks at ω and 2ω 

corresponding to the original frequency and the doubled frequency (Figure 4.20). The 

ratios of these two peaks, which indicate the spectral purity of the frequency doubling, 
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are plotted as a function of the bending radii in Figure 4.18 (a). Very little change is 

observed under different bending radii, indicating the robustness in circuit performance 

under mechanical strain. In addition, various binary digital modulation schemes are also 

successfully demonstrated at maximum strain level of 2.7% (bending radius of 5.5mm) 

under the test set-up Figure 4.18 (b). The results further confirm the transparent all-

graphene modulators are fully functional under highly strained conditions.  

 

Figure 4.18 Flexible and transparent all-graphene digital modulator circuits under 
mechanical strain. (a) The plot of the signal amplitude ratio of the original and the 
doubled frequency as a function of the curvature radius for a graphene frequency doubler. 
The inset is a photograph of the measurement setup. (b) Time domain plots of binary 
amplitude-shift keying (black), binary phase-shift keying (red), binary frequency-shift 
keying (blue), and quaternary amplitude-shift keying (green) schemes achieved with 
mechanically strained all-graphene circuits at 5.5mm radius of curvature (2.7% strain). 
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Figure 4.19 Oscillscope images of the frequency doubling as a result of gradual gate bias 
shift. As the gate DC bias point shifts from the negative side (hole carrier dominated) to 
the Dirac point, frequency doubling due to ambipolar characteristics of graphene 
transistor can be observed. If the DC bias point is not exactly at the Dirac point, the 
output signal will show asymmetry. 

               

Figure 4.20 Fast Fourier Transform (FFT) of a typical frequency doubled signal. A 
typical Fast Fourier Transform (FFT) of the doubled signal from a mechanically strained 
graphene transistor is shown. The radius of curvature was 5.5mm for this plot. The 
doubled frequency (2ω) term and the original frequency (ω) term has a signal amplitude 
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difference of 20 dBV. The higher order terms also shows significantly weaker signal 
strength compared to the doubled frequency. The higher order terms can be filtered out if 
necessary. 

 

4.8 Discussion and conclusion 

The operating principle and technique of flexible and transparent all-graphene 

modulators described here can be applied to widely used network technologies in today's 

multimedia and communication devices by either introducing pulse shaping with signal 

delays or coupling aforementioned modulation schemes [116]. Several recent works also 

demonstrated voltage gain in graphene transistors showing possibility of graphene based 

amplifiers and RF front-ends in radiofrequency communication system [31, 32, 121]. The 

combination of an efficient modulation method with a reliable RF front-end will be the 

key factor in determining the practicality of mobile and flexible apparatus. In conjunction 

with conventional thin film technology and high resolution lithography, all-graphene 

modulator circuit will play a pivotal role in realizing a high speed, mechanically 

compliant, and transparent electronic system in the near future. 
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Chapter V 

5 Bipolar Junction Transistor Based on Graphene 

Heterostructure 

5.1 Introduction 

The development of graphene-based electronics led to significant progress in 

several fields, particularly in the area of high-frequency transistors[83, 84], analog 

electronics[28, 29, 31-34], and mechanically compliant device technologies[39-41, 122]. 

However, with all its remarkable traits, the absence of an energy gap in graphene inhibits 

any realistic integration of graphene with current platforms of electronic circuits. The 

large leakage current near the charge neutrality point precludes any application of 

graphene transistors in the field of digital electronics. Other solutions of opening up a 

bandgap in graphene by utilizing nanoribbons[59, 64, 123], bilayer graphene[61, 72, 73, 

76], or chemical functionalization[124] either degrades the electronic performance of 

graphene or does not contribute to a large enough bandgap. 

The ambipolarity of graphene is also known to hamper current saturation in the 

transistor output characteristics[26]. The weak current saturation behavior has an adverse 

effect on its intrinsic gain and in order to achieve a noticeable gain in graphene 

amplifiers[26], special structures, such as a complementary structure[31, 35] or an 
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embedded gate structure[32], are required. Even with these unconventional designs, the 

highest low frequency gain achieved was only Av=3.7 (11.4 dB)[31]. 

Hence, this need has stimulated research on graphene transistors with strong on/off 

switching capabilities and high gain. One promising route to achieve this is by forming a 

graphene heterostructure with a second material, either an insulator or a semiconductor. 

Britnell et al.[125] demonstrated a field-effect transistor based on quantum tunnelling 

from a graphene electrode through atomically thin dichalcogenides (such as boron nitride 

or molybdenum disulfide) to another graphene electrode. Figure 5.1 illustrates the band 

structure of the graphene field-effect tunneling transistor and its working mechanism.  

      

Figure 5.1 Graphene field-effect tunneling transistor based on atomically thin 
dichalcogenides between two graphene electrodes. (a) Schematic structure. BN is boron 
nitride and Gr is graphene. (b) The corresponding band structure with no gate voltage 
applied. The cones illustrate graphene’s Dirac-like spectrum and, the boron nitride 
between two graphene electrodes act as the tunnel barrier for electrons. (c) The same 
band structure for a finite gate voltage Vg and zero bias Vb. (d) Both Vg and Vb are finite. 
(adopted from [125]) 
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When a gate voltage Vg is applied between the Si substrate and the bottom 

graphene layer (GrB), the carrier concentrations nB and nT in both the bottom and the top 

electrodes increases because of the weak screening by monolayer graphene[6], as shown 

schematically in Figure 5.1(c). The increase of the Fermi energy EF in the graphene 

layers can lead to a reduction in barrier height for electrons tunneling because the electric 

field penetrating through GrB alters the shape of the barrier[126]. Moreover, the increase 

in the tunneling density of state (DOS) as EF moves away from the charge neutrality 

point[6] leads to an increase in the tunnel current I. The use of graphene in this device 

architecture is critical because this exploits graphene’s low DOS, which for a given 

change in Vg leads to a much greater increase in EF as compared with a conventional 

semiconductor with parabolic dispersion[127, 128]. This difference translates into much 

greater changes of both the barrier height and the tunneling DOS. This work 

demonstrated an on/off ratio of ≈ 50 for a boron nitride device and ≈ 104 for a 

molybdenum disulfide device[125]. 

Yang et al.[129] also demonstrated an on/off ratio as high as 105 with a vertical 

graphene/silicon structure. In this work, instead of controlling the tunnelling probability, 

the height of the Schottky barrier formed between the graphene and the bulk silicon was 

varied by modulating the work function of graphene to adjust the carrier flow. 
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Figure 5.2 Tunable graphene-silicon junction device (a) a schematic diagram of the 
device (b) Schematic band diagrams of graphene-silicon Schottky barrier with the electric 
field effect generated by the gate on the top of graphene. Applying negative voltage on 
the gate induces holes in graphene, increasing its work function and increasing the 
Schottky barrier height. As a result, the reverse current across the Schottky barrier 
decreases. (c) Positive gate voltage decreases the Schottky barrier height and increases 
reversed current. (adopted from [129]) 

 

As shown in Figure 5.2, the gate electrical field will electrostatically modulate the 

graphene’s work function through the top gate dielectric above the graphene, which 

results in a variation on the Schottky barrier height ϕB. Because the injection of the 

majority carriers from graphene to silicon is determined by the Schottky barrier height, 

the top gate then directly controls the magnitude of the current across the source and the 

drain. 

Changing the work function of a material with an electrical field is a unique feature 

of graphene[125, 130-133], and it is usually not observed in any bulk material, whether it 

is a semiconductor or a metal. This is possible because graphene is an atomically thin 

two-dimensional material with low DOS whose carrier concentration can be modulated 

with an electrical field.  Yu et al. [131], demonstrated that by applying scanning Kelvin 

probe microscope techniques to back-gated graphene devices, the work function can be 
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controlled by electrical-field-induced modulation of carrier concentration. The scanning 

Kelvin probe microscopy was used to map the surface potential variation of a sample 

surface. The change of work function is due to the Fermi level shift resulting from the 

electrical field induced carrier doping[129].  

Thus far, all the demonstrated devices[125, 129, 132] utilizing variable work 

function were field-effect transistors (FETs) with electrical fields applied across a 

dielectric layer. However, the variable work function of graphene can also be exploited in 

other types of transistors. 

Looking back on the history of transistors, FETs were not the first to be invented. 

The early transistors were based on the junction characteristics[134], not on the gate-

induced electrical field. In fact, the very first transistor used a metal-semiconductor (gold-

germanium) junction to achieve gain in a transistor. This transistor is called a "point 

contact transistor" (Figure 5.3 (a)). A few years later, the transistor structure was 

improved and was later called a "surface barrier transistor"[135]. 

                  

Figure 5.3 (a) The very first transistor ("point contact transistor") invented by William 
Shockley, John Bardeen, and Walter Brattain in 1947.  (b) The structure of the surface 
barrier transistor (adopted from [135]) 

The name "surface barrier transistor" is derived from the fact that the interfaces of 

the transistor, which perform the functions of emission and collection of the carriers, are 
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located at the surface of the semiconductor crystal[135]. Just like a bipolar transistor, the 

forward current of the surface barrier transistor is made up of both the minority and the 

majority carrier in the semiconductor[135]. For transistor purpose, it is desirable to 

increase the minority carrier current to increase gain. However, it is known that the 

dominant carriers across a typical Schottky junction during the forward bias condition are 

majority carriers. This is because when a Schottky junction is forward biased, the 

potential barrier seen by the majority carrier is very low, and the majority carrier 

injection from the semiconductor to the metal leads to a large forward bias current before 

the recombination and the diffusion (minority carrier injection from the metal side) 

becomes important[136].  This may be the reason the early point contact transistors and 

the surface barrier transistor suffered from low gain (~ 2 to 3 at most [136]). The early 

surface barrier transistor also suffered from high reverse current, low temperature 

tolerance, poor manufacturability, and rapid performance deterioration upon exposure to 

the environment. This is mostly due to the innate instability of metal (e.g. ion migration, 

thermal instability, punch through, low reverse bias tolerance) and the difficulty in 

manufacturing such a thin semiconductor to make a heterostructure[134]. Eventually 

these metal-semiconductors became obsolete as the diffusion-based doping and the 

surface passivation of silicon for encapsulation and insulation became common practices. 

The improvement of diffusion and oxidation technology eventually led to the birth of the 

modern bipolar junction transistors (BJT). The bipolar junction transistor is analogous to 

the surface barrier transistor (SBT) in the way that both utilize the minority carrier flow. 

The difference is that SBT consists of metal-based Schottky junctions while BJT is 

composed of p-n junctions.  



96 
 

 

5.2 Motivation for graphene based bipolar transistor 

It is important to note that the Schottky junction-based SBTs did not become 

obsolete because of their speed or energy efficiency. In fact, a very rapid transient 

response is a distinctive characteristic of a Schottky diode. In pn junction devices the 

excess minority carriers stored in the quasineutral regions of the semiconductor must be 

removed before the device can be switched from the forward bias on state to the reverse 

bias off state[136]. In a Schottky diode, there is very little minority carrier injection and 

storage within the semiconductor because the diffusion component of the current is 

typically negligible. The reverse recovery time of a commercial Schottky diode can be 

only a few nanoseconds. This is the reason Schottky diodes are used in Schottky diode 

clamped BJT to improve BJT turn-off transient response[136]. Furthermore, Schottky 

diodes have lower forward voltage drop compared to p-n diodes, offering higher 

switching speed with better power efficiency[137]. Because of these characteristics, 

Schottky junctions are integral components of many of today's high-frequency, high- 

power devices such as metal semiconductor field-effect transistors (MESFETs) and high 

electron mobility transistors (HEMTs)[137].  

In this work, we will demonstrate the first bipolar transistor based on graphene-

semiconductor heterojunction. We term it a bipolar transistor because both the majority 

carriers and the minority carriers are responsible for the current flow. This is a new type 

of graphene transistor utilizing the mechanism of both the bipolar junction transistor and 

the surface barrier transistor. This is possible because graphene is a zero-bandgap 

semiconductor that has the properties of both metal and semiconductor. The junction 
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formed by graphene and the semiconductor cannot be described by the traditional 

Schottky junction model with an invariant Fermi level of metal. On the contrary, the 

graphene-semiconductor junction is fundamentally different from a traditional Schottky 

junction in two ways: First, the Fermi level of graphene can be shifted by either an 

external electrical field[125, 129, 132] or charge carrier transport[133, 138], and this 

capability subsequently affects the barrier height. Second, when the Fermi level is aligned 

to the Dirac point of a neutral single-layer graphene, the DOS vanishes at this point and 

the DOS is very low in the vicinity[7]. Because of graphene's low DOS, the EF change 

due to given external E-fields is much greater than that of a conventional semiconductor 

with parabolic band structure[125]. This behavior is also quite different from that of 

conventional metal in which charge transport or E-field can barely vary the Fermi level 

because of the high density of states at the Fermi energy in metal.  

Exploiting this characteristic of graphene, it is possible to design bipolar junction 

devices instead of previously demonstrated field-effect devices. Compared to MOSFETs, 

BJTs are known to have higher base leakage current and lower input impedance. 

MOSFETs are also generally less expensive compared to BJTs in terms of their used area 

on a chip. However, BJTs in general have superior frequency response because they are 

not limited by the large input capacitance of FETs [136]. It is possible to fabricate 

extremely fast transistors (e.g. Heterojunction Bipolar Transistors, HBT) utilizing 

heterostructures. Moreover, bipolar junction devices have exponential transfer 

characteristics compared to the quadratic characteristics of FETs. As a result, BJTs 

inherently have higher transconductance (gm) compared to those of FETs with similar 

bias current because the small signal gm of an FET is inversely proportional to gate 
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overdrive (Vgs-Vt) while for a BJT, it is inversely proportional to the thermal voltage (VT). 

Reducing the gate overdrive excessively to increase the gm of a MOSFET will inevitably 

cause the MOSFET to enter subthreshold regime, reducing its performance[137]. 

Moreover, some bipolar devices (e.g. IGBT) can sustain higher voltage and current 

compared to silicon MOSFETs and hence are better for high power applications. 

Although MOSFETs dominate today's electronic industry, bipolar devices are still a vital 

component in many specialized areas of analog and power electronics. In this regard, 

exploring graphene-semiconductor junction-based bipolar devices may offer unique 

opportunities and advantages compared to graphene junction-based FETs. 

 

5.3 Bipolar transistor based on graphene heterostructure 

  

Figure 5.4 Schematic of bipolar transistor made of graphene-silicon heterostructure. 

 Figure 5.4 is a schematic of the bipolar transistor made of graphene-semiconductor 

heterostructure. In this structure, the most conventional semiconductor material that is 

readily available (silicon) was used as the base material between an emitter and a 
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collector, both made of single-layer graphene. A lateral structure was designed instead of 

a vertical structure for several reasons. First of all, this is the first demonstration of a 

graphene-based bipolar transistor, and a high quality single crystalline silicon was 

desirable to exclude any kind of failure mechanism that may come from a low quality 

semiconductor. Graphene itself is also highly inert and it is extremely difficult to 

epitaxially grow high quality material on top of a graphene sheet to form a vertical 

structure. Additionally, having a lateral structure greatly simplified the fabrication 

procedure by reducing the process steps.  

A p-type silicon (10-20 ohm-cm, n ≈ 1015 cm-3) wafer was used for this device. 

After the deposition of 100nm thick Al2O3 using an ALD process, the silicon surface was 

exposed using buffered HF etch. Immediately after etching, a graphene layer was 

transferred. Graphene layers are known to be impermeable to gases[139], and immediate 

transfer of graphene minimized the formation of oxide on silicon. Palladium was chosen 

as the metal because it is known to have low contact resistance with graphene and to have 

a similar work function [130]. After metallization (palladium, 80nm) to form the probe 

pads, photolithography was used to pattern the graphene. The length of the graphene- 

graphene gap is 1.5 μm and the width is 360 μm. Such a high ratio was chosen to 

minimize any effect of series resistance coming from the graphene layer. After patterning, 

another Al2O3 layer (used as a passivation layer, not shown in Figure 5.4) was deposited 

to protect the device from any environmental effect. The final passivation layer serves 

two purposes. It prevents environmental doping of graphene and also acts as an additional 

protection layer against silicon oxidation. After a simple transport measurement, the 
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Dirac point of the transferred graphene was found to be near 0V gate voltage, which 

means there was very little doping from the environment.  

This form of graphene-based transistor offers several unique advantages. First of all, 

the interfaces of the transistor, which perform the function of emission and collection, are 

all located at the surface. With no gate dielectric, this transistor has the potential to 

become the world's thinnest bipolar junction transistor with active region thickness of 

only a few nm. Another advantage is that there are no high temperature diffusion 

processes to form the emitter or collector. Absolutely no furnace process was used to 

form this transistor, and other than the initial oxide formation, every process was done at 

room temperature. This greatly reduces cost and offers new opportunities for electronics 

based on a polymer platform that requires a low temperature process. Furthermore, unlike 

metal, which was used in the surface barrier transistor, graphene is extremely stable and 

tolerant against high temperature. Graphene is known to be stable up to 2800°C in 

vacuum and 750°C in air[140]. This greatly mitigates the disadvantages of metal-based 

Schottky junction devices in high voltage or high power applications where the junction 

may heat up. With graphene, there are no metal ion migrations at high temperature that 

will either short the device or degrade the performance. Moreover, graphene is known to 

be a great diffusion barrier that will prevent any metal ion diffusion[141]. 

 

5.4 Graphene - silicon junction interface 

Before looking into the output characteristics of the graphene heterojunction BJT, it 

is first necessary to investigate its junction properties.  
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Figure 5.5 Current versus bias voltage characteristics of diode formed by graphene on p-
type silicon. The inset figure shows the current on a log scale.   

 

Figure 5.5 displays diode characteristics of graphene-silicon junction in both linear 

and log (inset) scale. From the diode equation, 

   I = Io �exp �qVbias
nkBT

� − 1�.....................................Equation 5.1 

and the forward characteristics at low bias, we can extract a diode ideality factor n 

≈ 1.24. The ideality factor obtained in our diode is better than those reported with 

exfoliated graphene samples on silicon [142, 143]. This confirms the high interfacial 

quality of our graphene-silicon junction.  
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Figure 5.6 Energy band-diagram of graphene on p-type silicon under thermal equilibrium 

 

Figure 5.6 illustrates the energy band diagram for graphene on a p-type silicon 

under thermal equilibrium. Under zero bias condition, the junction is similar to a typical 

Schottky junction. Several experimental results in the past have confirmed the barrier 

height ϕB of graphene on p-type silicon to be around 0.45 eV[129, 142].  

 

 

Figure 5.7 Energy band-diagram of graphene on p-type silicon under reverse and 
forward bias. 

 

Figure 5.7 illustrates the energy band diagram for the forward and the reverse bias 

condition. It is important to note that the barrier height ϕB changes with different bias 

conditions. This is unusual because there is no gate structure in this case. Several 
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experimental results have confirmed this phenomenon in the past. Tongay et al.[138] 

found that the graphene's Fermi level and the work function are subject to variation 

during charge transfer across the graphene-semiconductor interface as measured by in-

situ Raman spectroscopy. Zhong et al.[133] also confirmed that the Fermi level and the 

work function in graphene can be shifted by the charge carrier transport using conductive 

atomic force microscopy. Under the reverse bias condition, this changes little in terms of 

charge transport. Barriers for both holes and electrons are high and neither charge carrier 

can readily pass through the barriers. However, under the forward bias condition, the 

result is dramatically different from that of a traditional Schottky junction. A rise in the 

barrier height from ϕB (Figure 5.6) to ϕBF (Figure 5.7) will increase the barrier height for 

holes from the graphene side to the p-silicon side. However, it also decreases the barrier 

for electrons from the graphene side to the silicon side. These electrons are minority 

carriers for the p-type silicon, which indicates that minority carrier injection is facilitated 

by using graphene instead of metal. This is a very important characteristic of  graphene 

semiconductor junction, which is the fundamental working mechanism of the bipolar 

junction transistor based on graphene heterojunction. The differences between the 

graphene- and the metal-based transistor are explained in the next chapters.  

As for the hole carriers (majority carriers) from silicon to graphene, the potential 

barrier height is similar to that of a metal Schottky junction. However, graphene's low 

DOS for holes due to the bias will hamper the hole transport from the silicon layer to 

graphene and this may also promote the gain characteristics of the BJT. 

 

5.5 Output characteristics 
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         Figure 5.8 Output characteristics of graphene bipolar transistor.  

Figure 5.8 shows the output characteristics of the graphene bipolar transistor. 

Depending on the VCE and the IB bias, on/off ratio exceeding 105 is readily achievable. 

One distinctive feature that is not observed in most standard data is the quasi-saturation 

of IC near the region of lower VCE and higher IB value. Physically, this is caused by 

conductivity modulation in the collector when the injected electron density is higher than 

the collector doping.[137] This leads to high electron concentration at the collector side 

of the base edge leading to a reduced current in quasi-saturation region compared to that 

of normal saturation region. This phenomenon is not new in conventional bipolar 

junction transistors with silicon junctions. Since the graphene near the collector region is 

nearly neutral or slightly p-doped, this quasi-saturation is expected. As VCE increases, the 

neutral base width decreases and this prevents current from saturation[137]. This is 
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known as the Early effect, which was observed in the output characteristics. The Early 

voltage VA extrapolated from the output curve was -22V. 

          

Figure 5.9 The Gummel plot and the current gain β as a function of base-emitter voltage 
VBE. The inset is the current gain β as a function of the collector current.  

Figure 5.9 is a Gummel plot (red and blue lines) with both the collector current IC 

and the base current IB on a logarithmic scale as a function of the forward bias voltage 

VBE applied to the emitter and the base terminal. The current gain β = IC/IB is also shown 

as a function of VBE and as a function of IC (inset). As typically found in most bipolar 

transistors, the current gain is approximately constant (≈33.7 at IC≈100μA) for the 

voltage range where both the base and the collector currents are approximately ideal 

[144]. However, at lower current, the large base current prevents the current gain from 

reaching the maximum value and the gain is typically lower[144].   

 

5.6 Comparison with metal based surface barrier transistor 
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Figure 5.10 Structural comparison between a graphene based bipolar transistor and a 
metal based surface barrier transistor. 

In order to observe the graphene's effect on the barrier, a comparison with its metal 

counterpart is essential. To have a fair comparison, a metal-based surface barrier 

transistor (SBT) was fabricated with exactly the same dimension, contact metal type (Pd), 

and contact metal thickness (80nm). Palladium was chosen as the metal because its 

Schottky barrier height with p-type silicon (~0.4 eV)[145] is known to be similar to that 

of graphene/p-silicon (~0.45 eV)[129, 142]. In addition, as stated earlier, palladium forms 

a low resistance contact with graphene[130]. The metallization method (e-beam 

evaporation) for the metal SBT was exactly the same as the method for the graphene BJT.  
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Figure 5.11 The Gummel plot of graphene bipolar junction transistor (red, blue) and 
metal surface barrier transistor (magenta, black). 

 

         

Figure 5.12 The current gain comparison of graphene bipolar junction transistor (black) 

and metal surface barrier transistor (red) as a function of VBE and IC(inset). 
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The output characteristic of a metal SBT showed a stark contrast to that of a 

graphene BJT. Figure 5.11 is a comparison of the Gummel plot for the metal SBT and the 

graphene BJT. First of all, the magnitude of IB and IC of metal SBT were several orders 

of magnitude higher than those of graphene BJT. This is comprehensible because the 

metal thickness of metal SBT (80nm) is ~80 times thicker than that of graphene (<1nm). 

However, what is more interesting is that the rate of increase for IC,IB and the ratio of IC 

to IB was much smaller for the metal SBT. Figure 5.12 is the current gain β comparison 

of these two types of transistors. The most distinctive characteristic of this plot is the 

opposite trend of the current gain increase for both transistors. For a graphene BJT, the 

current gain β increases with base-emitter voltage VBE and collector current IC just like a 

conventional BJT. However, for a metal SBT, the current gain decreases with increasing 

VBE and IC. In addition, the gain value for metal SBT was significantly lower with a 

maximum value around 3. Just like the first surface barrier transistor, the metal SBT 

suffered from low gain. In order to understand what is causing this, it is necessary to 

investigate the energy band diagram for both of these transistors. 

5.7 Operating Principle 

    

Figure 5.13 The energy band diagram of a graphene BJT on p-type silicon biased in the 
normal operating condition. The junction at the left is the base-emitter junction and the 
junction at the right is the base-collector junction. 
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Figure 5.13 is the energy band diagram of the graphene BJT biased in the normal 

operating condition. Analogous to an n-p-n BJT, minority carriers (electrons) are injected 

from the graphene emitter to the p-silicon base and diffused to the graphene collector. 

The base, being a p-type, does not collect electrons. The hole diffusion component that 

originates from the base acts as the base current. If the ratio of the electron to hole 

diffusion components of the base emitter junction is larger than 1, a current gain IC/IB is 

realized[137].     

 

Figure 5.14 Comparison of the energy band diagram for graphene BJT and metal SBT 
under normal operating bias condition 

Figure 5.14 is an illustration comparing the energy band diagram of the graphene 

BJT and the metal SBT. The main difference is that for a graphene BJT, the Fermi level 

of the graphene is shifted because of its low DOS. This in turn results in different barrier 

heights for both the base-emitter (BE) junction and the base-collector (BC) junction. 

However, for the metal SBT, the Fermi level remains the same because of metal's high 
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DOS near the Fermi energy. In the metal SBT, as higher VBE or VCE is applied to the BE 

junction, the increase in the majority carriers (hole) is much larger than the increase in the 

minority carriers (electrons). This is a typical Schottky junction behavior where the 

majority carrier dominates the current flow across the BE junction. This explains the 

current gain reduction in metal SBT (Figure 5.12) as VBE or IC increases.  

As for the graphene BJT, as VBE is increased across the BE junction, the flow of the 

minority carrier (electrons) from the graphene emitter to the p-silicon base is facilitated 

by the change in the barrier height ϕBF. As higher VBE bias is applied, the barrier lowers 

even more and this increases minority carrier injection. Although the increase in VBE will 

also decrease the barrier for the majority carriers (holes), the low DOS of graphene will 

limit the maximum amount of majority carrier current component. Consequently, as 

higher VBE is applied, the ratio of the minority carrier injection to the majority carrier 

diffusion (i.e. the current gain β) will increase. This explains the current gain increase in 

Figure 5.12 as VBE increases. Regardless of the barrier height at both junctions, the 

ultimate limiting factor for the carrier flow would be the low DOS of graphene. This may 

also be the limiting factor for higher current gain and explains the current gain saturation 

shown in Figure 5.12. In addition, just like most BJTs, as higher IC flows, the current gain 

reaches a saturation point because the injected minority carrier in the base approaches the 

majority carrier density at the base (also known as high-level injection condition), 

effectively decreasing the emitter efficiency[137].  
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5.8 Common-emitter configured amplifier response 

 

Figure 5.15 (a) Common emitter amplifier configuration with a graphene BJT. (b) 
Transient response of the amplifier input and output. The voltage gain is 24.9.  

The graphene BJT was configured as a common-emitter amplifier (Figure 5.15 (a)) 

and the transient response is shown in Figure 5.15 (b). A voltage gain of 24.9 was 

observed with IE of 16μA. This is one of the highest gains achieved with a graphene 

transistor-based amplifier circuit.  The input VAC was 0.28 Vpp and the output Vout was 

6.96 Vpp. Gate bias VBE was 1.5 V and the load resistance value was 10 kΩ. 

 

5.9 Discussion and conclusion 

Decades of research have been conducted to optimize the structure of conventional 

bipolar junction transistors and their variants. The graphene-based bipolar junction 

transistor investigated in this work is unlikely to replace the conventional bipolar 

transistors. However, fully understanding the extraordinary behavior of the graphene-

semiconductor junction will lead to various electron devices with diverse functionalities. 

This work has resulted in building the first graphene-based bipolar junction 

transistor. As stated earlier, this type of transistor exploits a Schottky-like junction but 
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has higher minority carrier injection efficiency analogous to a semiconductor p-n junction 

used in bipolar transistors. Along with graphene BJT's extremely thin active area, a low 

temperature process that eliminates expensive furnace steps, and extremely high 

temperature tolerance, this new type of graphene transistor offers opportunities for novel 

applications in specialized areas such as flexible thin film electronics or high temperature, 

high power electronics. In addition, because it is possible to form this Schottky-like 

junction without using metal, several problems that stem from the use of metal (e.g. metal 

ion migration, thermal instability, punch through, and low reverse bias tolerance) can be 

completely disregarded. It is even possible to completely eliminate the use of metal by 

using a thicker graphene layer that is doped. Moreover, since there is no dielectric layer 

in the graphene BJT, the drawbacks of a dielectric layer (e.g. dielectric breakdown due to 

electrostatic discharge (ESD), higher RC constant due to parasitic capacitance) are also 

mitigated. 

Finally, as explained in the previous section, the work function tunability of 

graphene is a phenomenon that is unique to the graphene semiconductor junction. Many 

new possibilities for novel device structures exist, and these graphene junction-based 

solid-state devices will provide additional functionalities to the field of electron devices.      
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Chapter VI 

6 Summary and Conclusions 

6.1 Summary of completed work 

 The purpose of this study was to understand and exploit the extraordinary 

properties of graphene to develop novel applications in the area of nanoelectronics. A 

comprehensive understanding of its energy band structure, junction characteristics, and 

carrier transport behavior is an essential component of this work. After a thorough 

characterization of the synthesis method, the film quality, and the doping method, several 

novel applications for graphene were investigated. A rational method to grow wafer-scale, 

bilayer graphene film was developed and utilized to produce high quality transparent and 

flexible conductive material. Based on the accumulated knowledge of the synthesis and 

the fabrication methodology, a fully bendable and transparent all-graphene circuit 

capable of encoding quaternary digital information was developed and tested. In the 

previous chapter, the first graphene-based bipolar transistor, developed by utilizing 

graphene's variable work function, was introduced. This device fully exploits the low 

DOS and the Fermi level tunability of graphene, and it opens up new possibilities for 

unconventional applications such as flexible thin film electronics, high temperature 

electronics, and high-speed, high power devices. 

6.1.1 Wafer scale homogeneous bilayer graphene films by chemical vapor 

deposition 
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 Single- and few-layer graphene are promising materials for post-silicon 

electronics because of their potential for integrating bottom-up nanomaterial synthesis 

with top-down lithographic fabrication at wafer scale. However, single-layer graphene is 

intrinsically semimetal; introducing an energy bandgap requires patterning nanometer-

width graphene ribbons or utilizing special substrates. Bilayer graphene, instead, has an 

electric-field-induced bandgap up to 250 meV, thus eliminating the need for extreme 

scaling or costly substrates. A synthesis method to produce a wafer-scale, bilayer 

graphene film was developed to allow scaling of tunable bandgap, bilayer graphene 

transistors. The very high uniformity of bilayer graphene film was confirmed with 

various optical and electrical measurements.  

 

6.1.2 Homogeneous bilayer graphene film based flexible transparent conductor 

Graphene is considered a promising candidate to replace conventional transparent 

conductors because of its low opacity, high carrier mobility and flexible structure. Multi-

layer graphene or stacked single-layer graphenes have been investigated in the past but 

both have their drawbacks. The uniformity of multi-layer graphene is still questionable, 

and single-layer graphene stacks require many transfer processes to achieve sufficiently 

low sheet resistance. In this work, bilayer graphene film grown with low-pressure 

chemical vapor deposition was used as a transparent conductor for the first time. The 

technique was demonstrated to be highly efficient in fabricating a conductive and 

uniform transparent conductor compared to multi-layer or single- layer graphene. Four 

transfers of bilayer graphene yielded a transparent conducting film with a sheet resistance 

of 180 Ω□ at a transmittance of 83%. In addition, bilayer graphene films transferred onto 

plastic substrates showed remarkable robustness against bending, with sheet resistance 
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change less than 15% at 2.14% strain, a 20-fold improvement over commercial indium 

oxide films. 

 

6.1.3 An all-graphene flexible and transparent circuit for quaternary digital 

modulation 

 In modern communication systems, modulation is a key function that embeds the 

baseband signal (information) into a carrier wave so that it can be successfully broadcast 

through a medium such as air or cables. A flexible signal modulation scheme is hence 

essential to a wide range of applications based on flexible electronics. Here, a fully 

bendable all-graphene modulator circuit with the capability to encode a carrier signal 

with quaternary digital information is reported for the first time. By exploiting the 

ambipolarity and the nonlinearity in a graphene transistor, two types of quaternary 

modulation schemes have been demonstrated: 4-ary amplitude-shift keying (4-ASK) and 

quadrature phase-shift keying (QPSK) with just 1 and 2 all-graphene transistors. This 

represents a drastic reduction in circuit complexity when compared with conventional 

modulators based on silicon transistors. In addition, the circuit is not only flexible but 

also highly transparent (~95% transmittance) owing to the all-graphene design with every 

component (channel, interconnects between transistors, load resistor, and 

source/drain/gate electrodes) fabricated from graphene films. The transistors exhibit a 

mean hole mobility value of 1770 cm2/Vs which is several orders of magnitude higher 

than those of conventional flexible electronics materials, such as organic and amorphous 

materials. Taken together, these results represent a significant step toward achieving a 

high-speed communication system that can be monolithically integrated on a flexible and 

transparent platform. 
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6.1.4 Bipolar junction transistor based on graphene heterostructure 

 In this project, the first bipolar junction transistor based on graphene-silicon 

heterostructure was designed and investigated. Single-layer graphene was used to form 

the emitter and the collector, and a p-type silicon was used as the base. This BJT fully 

utilized the Fermi level tunability of graphene to increase minority carrier injection 

efficiency of the base-emitter junction; it was compared with a metal-based transistor to 

verify the result. A higher current gain was observed in the graphene-based BJT and an 

opposite trend in gain increase was observed in the metal transistor. This confirmed the 

unique property of the graphene-semiconductor junction that is distinctively different 

from that of a typical Schottky junction. The graphene-based BJT offers several unique 

advantages, such as an extremely thin active area, low cost, a low temperature fabrication 

process, and high-temperature tolerance. A BJT current gain of 33.7 and a common-

emitter amplifier voltage gain of 24.9 were achieved. Both values are among the highest 

values achieved with graphene-based transistors.   

 

6.2 Future outlook and challenges 

It has been eight years since graphene was discovered by the two Nobel laureates. 

Since the discovery, the research on graphene material has evolved from the exclusive 

field of quantum physicist to the domain of various application engineers from 

interdisciplinary branches of science. In this chapter, I would like to outline the future 

and the challenges of graphene based applications in the field of nanoelectronics.  
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6.2.1 Transparent conductors 

One graphene application that is close to commercialization is graphene based 

transparent, flexible conductors. When compared with conventional oxide based 

inorganic transparent conductors, graphene films have several appealing properties such 

as mechanical robustness, uniformity, and atomically thin structure. Graphene synthesis 

methods based on CVD currently seems to be the best method for this application [41, 

52]. Although a direct graphene growth on an insulating substrate to eliminate the 

transfer process would be ideal, it is still highly challenging to form a continuous, 

defectless graphene on dielectric substrates [146].  

Some future improvement can be sought with a more reliable transfer process  

that minimize any mechanical defects[4] and methods to lower the sheet resistance 

without compromising the transparency by either incorporating metal nanostructures[50] 

or high quality doping[49, 106]. Both academic and industry works already show great 

improvements and we may see commercial products based on graphene conductors in the 

near future. 

 

6.2.2 Analog electronics 

The application of graphene transistors in the analog electronics platform is 

another area with great potential. Graphene is unlikely to replace traditional 

semiconductor materials (e.g. Si, Ge, III-V) completely due to its lack of bandgap and 

poor on/off ratio. However, it could be used to improve upon traditional semiconductor 

based devices, particularly in the field of high-speed electronics and optical modulators 
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[147]. It is relatively simple to incorporate graphene on a traditional semiconductor based 

system due to its uniform 2-dimensional nature and room temperature transfer process 

[147]. Regardless of the simple integration process, graphene analog electronics face a 

number of challenges. Several analog components such as mixers [33, 34], frequency 

multipliers [29, 30], modulators [28, 122] and amplifiers [31, 32] have been already 

demonstrated. However, none of these components was methodically connected to form a 

complete system. This can be challenging and many chip designers may not be motivated 

to utilize a new material unless it is necessary. In most systems that utilize bulk 

semiconductors, graphene is just one choice out of many materials such as III-V 

semiconductors.  

Currently, it is difficult to predict whether the benefit of adding graphene material 

to a traditional platform such as silicon outweighs the additional complexity and the cost. 

Although this is something not clear at the moment, it is highly expected that graphene 

will play a role in high-speed electronics on a non-traditional, flexible platform such as 

plastic, fabric, or rubber. This is simply because there are not many high mobility (>1000 

cm2/Vs) materials out there that is mechanically flexible and robust. The transparency of 

graphene is another advantageous feature that may also be used in "see-through" 

electronics including smart glasses with the capability to display complex information on 

a transparent platform when necessary. 

In general, there are several challenges that graphene researchers have to 

overcome before graphene can be accepted as an established electronic material. The 

main challenge that most graphene researchers face in the application for electronics is its 

poor on/off ratio and weak saturation behavior. It is cautiously predicted that this problem 
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will not be easily resolved without using an additional material to form a heterostructure 

with graphene[26, 125]. The first BJT based on graphene that the author presented is an 

example how graphene can be utilized with the conventional materials to form a suitable 

transistor for application area other than analog electronics. The higher on/off ratio and 

the strong saturation behavior of this hybrid device shows promise in high 

transconductance, high gain electronics in both the digital and the analog domain.  

The next one is the environmental effect, particularly environmental doping. 

Environmental doping will shift the Dirac points subsequently causing so called "process 

variations". It is crucial to control the impurity level during metal etching and subsequent 

process to minimize the shift of Dirac point in order to realize wafer-scale graphene 

electronics.   

Another issue of importance is the parasitic components (e.g. contact resistance, 

series resistance) from the use of graphene material. Although it is presumed graphene 

and metal forms an ohmic contact, some researchers have brought up the issue of contact 

resistance between graphene and metal[148], which can be particularly important in high-

speed RF applications. The control of interface quality between graphene and metal is 

important to reduce any contact asymmetry or parasitic components. The finite sheet 

resistance of graphene is another component that need to be addressed if graphene is to 

be used as an interconnect or a conductive material to replace metal. This is particularly 

related to the previous subject of transparent conductor and there are many on-going 

research efforts to improve the sheet conductivity.  

The final issue that requires attention is the substrate. Due to SiO2 induced 

scattering associated with trap charges and low energy surface phonons, special substrate 
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such as diamond-carbon, boron nitride, or SiC are advantageous for high speed 

electronics[83, 84, 149]. Incorporating these substrates, recent state-of-art graphene 

process has resulted in wafer-scale circuits consisting of graphene transistors with cut-off 

frequencies of 300 GHz[149] without the aid of any special fabrication process. 

Throughout the history of semiconductor industry, the process of introducing a 

new material has never been simple. Even III-V materials, which have been studied for a 

long time, still face many challenges [150]. As interest in graphene material continues to 

expand, the technical issues related to graphene process will also be resolved. When the 

key challenge of graphene-semiconductor integration and processing is addressed, 

graphene material will be a vital part of the on-going electronics evolution.  
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Appendix A

Multilayer graphene (MLG) characterization and growth 
 
  25µm thick copper foil (99.8%, Alfa Aesar) was loaded into an inner 

quartz tube inside a 3 inch horizontal tube furnace of a commercial CVD system (First 

Nano EasyTube 3000). The system was purged with argon gas and evacuated to a 

vacuum of 0.1 Torr. The sample was then heated to 1000°C with argon (1000sccm) and 

hydrogen (50 sccm) flow at atmospheric pressure for annealing. When 1000°C is reached, 

the annealing process is maintained for 30 minute, and then 50 sccm of CH4 is flowed for 

5 minutes at atmospheric pressure. The sample is then cooled to room temperature 

without CH4 gas flow. The hydrogen is cut off but the argon flow is maintained during 

the cooling process. 
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Appendix B 

Transmittance measurement 
 

The transmittance measurement setup consists of a monochromator (Acton 

SP2300 triple grating monochromator/spectrograph, Princeton Instruments) coupled with 

a 250Wtungsten halogen lamp (Hamatsu), a collimator, and a photodetector. An iris was 

used to prevent the photodetector from absorbing the scattered light from the substrate. 

Optical power measurements were carried out using a 1928-C power meter (Newport) 

coupled to a UV enhanced 918UV Si photodetector (Newport). A blank PEN substrate 

was used as a reference for subtraction. 
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Appendix C 

Carrier Mobility Extraction  
  

The contact resistance and the mobility can be extracted by fitting the 

experimental value of resistance across the source and drain of the graphene transistors 

with the following equation[148],  

𝑹𝒕𝒐𝒕𝒂𝒍 =  𝑽𝒅𝒔
𝑰𝒅𝒔

= 𝑹𝒄𝒐𝒏𝒕𝒂𝒄𝒕 + 𝑳

𝒒𝝁𝑾�𝒏𝒐𝟐+(𝑪𝒐𝒙
�𝑽𝒈−𝑽𝑫𝒊𝒓𝒂𝒄�

𝒒 )𝟐
            ...................................Equ. A1           

where the variables are defined as drain/source voltage Vds, drain/source current Ids, 

contact resistance Rcontact, gate capacitance Cox, residual carrier concentration no, the gate 

voltage Vg, the charge neutrality point VDirac, drain/source width W and length L. Device 

in Figure 4.9 indicated a hole mobility of 3342±26 cm2/Vs and electron mobility of 

2813±11 cm2/Vs with residual concentration of no= (2.47±0.01)×1011 cm-2, and Rcontact = 

116.4±0.1 kΩ. For all the cases, the residual concentration matched well with the 

reported values 2×1011 cm-2 .[117] Notably, the high contact resistance is resulted from 

series resistance of long graphene strips which have been used as the interconnects 

between the drain/source electrodes and the contacts. Although the large series resistance 

currently limits the frequency performance of the devices, this problem can be resolved 

by partial doping of graphene interconnects in the future. Several works have shown it is 
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possible to lower the graphene sheet resistance significantly by room temperature 

doping[41, 49].    
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Appendix D 

Extraction of carrier to noise ratio (C/N) 
  

Signal to noise ratio is defined as,  

10 log10
vsignal
2

vNoise
2  [dB] ......................................................................................Equ. A2 

 This figure characterizes the ratio of the fundamental signal to the noise spectrum. 

The noise spectrum includes all non-fundamental spectral components such as spurs and 

the noise floor in the Nyquist frequency range (sampling frequency / 2) without the DC 

component, the fundamental itself and the harmonics. Six harmonics were considered in 

our calculation. Carrier to noise ratio (C/N) [i.e. signal to noise ratio of a modulated 

signal] of 21.1 dB was extracted from the fast Fourier transform plot using a conventional 

program, SBench 6.1 (Spectrum GmbH). The bit error rate (BER) from this C/N value is 

significantly better than the performance threshold of a QPSK system as indicated in the 

reference [119]. 

 

 

 
 
 
 



127 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

BIBLIOGRAPHY 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



128 
 

[1] A. K. Geim, K. S. Novoselov, The rise of graphene. Nat Mater 6, 183-191 (2007). 
 
[2] X. Li et al., Large-Area Synthesis of High-Quality and Uniform Graphene Films 

on Copper Foils. Science 324, 1312-1314 (2009). 
 
[3] R. R. Nair et al., Fine Structure Constant Defines Visual Transparency of 

Graphene. Science 320, 1308 (2008). 
 
[4] S. Bae et al., Roll-to-roll production of 30-inch graphene films for transparent 

electrodes. Nat Nano 5, 574-578 (2010). 
 
[5] A. K. Geim, Graphene: Status and Prospects. Science 324, 1530-1534 (2009). 
 
[6] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, A. K. Geim, The 

electronic properties of graphene. Reviews of Modern Physics 81, 109-162 (2009). 
 
[7] K. S. Novoselov et al., Electric Field Effect in Atomically Thin Carbon Films. 

Science 306, 666-669 (2004). 
 
[8] P. R. Wallace, The Band Theory of Graphite. Physical Review 71, 622-634 (1947). 
 
[9] J. C. Slonczewski, P. R. Weiss, Band Structure of Graphite. Physical Review 109, 

272-279 (1958). 
 
[10] M. I. Katsnelson, Graphene: carbon in two dimensions. Materials Today 10, 20-

27 (2007). 
 
[11] G. W. Semenoff, Condensed-Matter Simulation of a Three-Dimensional Anomaly. 

Physical Review Letters 53, 2449-2452 (1984). 
 
[12] F. D. M. Haldane, Model for a Quantum Hall Effect without Landau Levels: 

Condensed-Matter Realization of the "Parity Anomaly". Physical Review Letters 
61, 2015-2018 (1988). 

 
[13] P. Avouris, Graphene: Electronic and Photonic Properties and Devices. Nano 

Letters 10, 4285-4294 (2010). 
 
[14] P. A. M. Dirac, The Quantum Theory of the Electron. Proceedings of the Royal 

Society of London. Series A, Containing Papers of a Mathematical and Physical 
Character 117, 610-624 (1928). 

 
[15] M. Freitag, Graphene: Nanoelectronics goes flat out. Nat Nano 3, 455-457 (2008). 
 
[16] X. Du, I. Skachko, A. Barker, E. Y. Andrei, Approaching ballistic transport in 

suspended graphene. Nat Nano 3, 491-495 (2008). 
 



129 
 

[17] S. V. Morozov et al., Giant Intrinsic Carrier Mobilities in Graphene and Its 
Bilayer. Physical Review Letters 100, 016602 (2008). 

 
[18] K. S. Novoselov et al., Two-dimensional gas of massless Dirac fermions in 

graphene. Nature 438, 197-200 (2005). 
 
[19] K. I. Bolotin et al., Ultrahigh electron mobility in suspended graphene. Solid State 

Communications 146, 351-355 (2008). 
 
[20] K. Nomura, A. H. MacDonald, Quantum Transport of Massless Dirac Fermions. 

Physical Review Letters 98, 076602 (2007). 
 
[21] E. H. Hwang, S. Das Sarma, Acoustic phonon scattering limited carrier mobility 

in two-dimensional extrinsic graphene. Physical Review B 77, 115449 (2008). 
 
[22] F. Schedin et al., Detection of individual gas molecules adsorbed on graphene. 

Nat Mater 6, 652-655 (2007). 
 
[23] M. I. Katsnelson, A. K. Geim, Electron scattering on microscopic corrugations in 

graphene. Philosophical Transactions of the Royal Society A: Mathematical, 
Physical and Engineering Sciences 366, 195-204 (2008). 

 
[24] J.-H. Chen, C. Jang, S. Xiao, M. Ishigami, M. S. Fuhrer, Intrinsic and extrinsic 

performance limits of graphene devices on SiO2. Nat Nano 3, 206-209 (2008). 
 
[25] L. Liao et al., High-speed graphene transistors with a self-aligned nanowire gate. 

Nature 467, 305-308 (2010). 
 
[26] F. Schwierz, Graphene transistors. Nat Nano 5, 487-496 (2010). 
 
[27] F. Xia, D. B. Farmer, Y.-m. Lin, P. Avouris, Graphene Field-Effect Transistors 

with High On/Off Current Ratio and Large Transport Band Gap at Room 
Temperature. Nano Letters 10, 715-718 (2010). 

 
[28] X. Yang, G. Liu, A. A. Balandin, K. Mohanram, Triple-Mode Single-Transistor 

Graphene Amplifier and Its Applications. ACS Nano 4, 5532-5538 (2010). 
 
[29] Z. Wang et al., A high-performance top-gate graphene field-effect transistor 

based frequency doubler. Applied Physics Letters 96, 173104-173103 (2010). 
 
[30] W. Han, D. Nezich, K. Jing, T. Palacios, Graphene Frequency Multipliers. 

Electron Device Letters, IEEE 30, 547-549 (2009). 
 
[31] E. Guerriero et al., Graphene Audio Voltage Amplifier. Small 8, 357-361 (2012). 
 



130 
 

[32] S.-J. Han et al., High-Frequency Graphene Voltage Amplifier. Nano Letters 11, 
3690-3693 (2011). 

 
[33] W. Han, A. Hsu, J. Wu, K. Jing, T. Palacios, Graphene-Based Ambipolar RF 

Mixers. Electron Device Letters, IEEE 31, 906-908 (2010). 
 
[34] Y.-M. Lin et al., Wafer-Scale Graphene Integrated Circuit. Science 332, 1294-

1297 (2011). 
 
[35] N. Harada, K. Yagi, S. Sato, N. Yokoyama, A polarity-controllable graphene 

inverter. Applied Physics Letters 96, 012102-012103 (2010). 
 
[36] A. Hsu et al., High Frequency Performance of Graphene Transistors Grown by 

Chemical Vapor Deposition for Mixed Signal Applications. Japanese Journal of 
Applied Physics 50, 070114 (2011). 

 
[37] C. Lee, X. Wei, J. W. Kysar, J. Hone, Measurement of the Elastic Properties and 

Intrinsic Strength of Monolayer Graphene. Science 321, 385-388 (2008). 
 
[38] G. Eda, G. Fanchini, M. Chhowalla, Large-area ultrathin films of reduced 

graphene oxide as a transparent and flexible electronic material. Nat Nano 3, 270-
274 (2008). 

 
[39] B. J. Kim et al., High-Performance Flexible Graphene Field Effect Transistors 

with Ion Gel Gate Dielectrics. Nano Letters 10, 3464-3466 (2010). 
 
[40] S.-K. Lee et al., All Graphene-Based Thin Film Transistors on Flexible Plastic 

Substrates. Nano Letters 12, 3472-3476 (2012). 
 
[41] S. Lee, K. Lee, C.-H. Liu, Z. Zhong, Homogeneous bilayer graphene film based 

flexible transparent conductor. Nanoscale 4, 639-644 (2012). 
 
[42] P. Mach, S. J. Rodriguez, R. Nortrup, P. Wiltzius, J. A. Rogers, Monolithically 

integrated, flexible display of polymer-dispersed liquid crystal driven by rubber-
stamped organic thin-film transistors. Applied Physics Letters 78, 3592-3594 
(2001). 

 
[43] M. Catrysse et al., Towards the integration of textile sensors in a wireless 

monitoring suit. Sensors and Actuators A: Physical 114, 302-311 (2004). 
 
[44] D. J. Lipomi et al., Skin-like pressure and strain sensors based on transparent 

elastic films of carbon nanotubes. Nat Nano 6, 788-792 (2011). 
 
[45] D.-H. Kim et al., Epidermal Electronics. Science 333, 838-843 (2011). 
 



131 
 

[46] P. Blake et al., Graphene-Based Liquid Crystal Device. Nano Letters 8, 1704-
1708 (2008). 

 
[47] T. Sun et al., Multilayered graphene used as anode of organic light emitting 

devices.  (Appl. Phys. Lett., 2010), vol. 96, pp. 133301. 
 
[48] X. Li et al., Transfer of Large-Area Graphene Films for High-Performance 

Transparent Conductive Electrodes. Nano Letters 9, 4359-4363 (2009). 
 
[49] A. Kasry, M. A. Kuroda, G. J. Martyna, G. S. Tulevski, A. A. Bol, Chemical 

Doping of Large-Area Stacked Graphene Films for Use as Transparent, 
Conducting Electrodes. ACS Nano 4, 3839-3844 (2010). 

 
[50] Y. Zhu, Z. Sun, Z. Yan, Z. Jin, J. M. Tour, Rational Design of Hybrid Graphene 

Films for High-Performance Transparent Electrodes. ACS Nano, null-null (2011). 
 
[51] J. K. Wassei, R. B. Kaner, Graphene, a promising transparent conductor. 

Materials Today 13, 52-59 (2010). 
 
[52] S. De, J. N. Coleman, Are There Fundamental Limitations on the Sheet 

Resistance and Transmittance of Thin Graphene Films? ACS Nano 4, 2713-2720 
(2010). 

 
[53] F. Bonaccorso, Z. Sun, T. Hasan, A. C. Ferrari, Graphene photonics and 

optoelectronics. Nat Photon 4, 611-622 (2010). 
 
[54] D. J. Lipomi, B. C. K. Tee, M. Vosgueritchian, Z. Bao, Stretchable Organic Solar 

Cells. Advanced Materials 23, 1771-1775 (2011). 
 
[55] C. Berger et al., Ultrathin Epitaxial Graphite:  2D Electron Gas Properties and a 

Route toward Graphene-based Nanoelectronics. The Journal of Physical 
Chemistry B 108, 19912-19916 (2004). 

 
[56] P. W. Sutter, J.-I. Flege, E. A. Sutter, Epitaxial graphene on ruthenium. Nat Mater 

7, 406-411 (2008). 
 
[57] Y. Hernandez et al., High-yield production of graphene by liquid-phase 

exfoliation of graphite. Nat Nano 3, 563-568 (2008). 
 
[58] M. Lotya et al., Liquid Phase Production of Graphene by Exfoliation of Graphite 

in Surfactant/Water Solutions. Journal of the American Chemical Society 131, 
3611-3620 (2009). 

 
[59] D. V. Kosynkin et al., Longitudinal unzipping of carbon nanotubes to form 

graphene nanoribbons. Nature 458, 872-876 (2009). 
 



132 
 

[60] A. Reina et al., Large Area, Few-Layer Graphene Films on Arbitrary Substrates 
by Chemical Vapor Deposition. Nano Letters 9, 30-35 (2008). 

 
[61] S. Lee, K. Lee, Z. Zhong, Wafer Scale Homogeneous Bilayer Graphene Films by 

Chemical Vapor Deposition. Nano Letters, null-null (2010). 
 
[62] C. Vallés et al., Solutions of Negatively Charged Graphene Sheets and Ribbons. 

Journal of the American Chemical Society 130, 15802-15804 (2008). 
 
[63] X. Li et al., Highly conducting graphene sheets and Langmuir-Blodgett films. Nat 

Nano 3, 538-542 (2008). 
 
[64] Z. Chen, Y.-M. Lin, M. J. Rooks, P. Avouris, Graphene nano-ribbon electronics. 

Physica E: Low-dimensional Systems and Nanostructures 40, 228-232 (2007). 
 
[65] A. Reina et al., Growth of large-area single- and Bi-layer graphene by controlled 

carbon precipitation on polycrystalline Ni surfaces. Nano Research 2, 509-516 
(2009). 

 
[66] K. S. Kim et al., Large-scale pattern growth of graphene films for stretchable 

transparent electrodes. Nature 457, 706-710 (2009). 
 
[67] L. M. Malard, M. A. Pimenta, G. Dresselhaus, M. S. Dresselhaus, Raman 

spectroscopy in graphene. Physics Reports 473, 51-87 (2009). 
 
[68] A. C. Ferrari et al., Raman Spectrum of Graphene and Graphene Layers. Physical 

Review Letters 97, 187401 (2006). 
 
[69] M. Lazzeri, C. Attaccalite, L. Wirtz, F. Mauri, Impact of the electron-electron 

correlation on phonon dispersion: Failure of LDA and GGA DFT functionals in 
graphene and graphite. Physical Review B 78, 081406 (2008). 

 
[70] J. C. Meyer et al., The structure of suspended graphene sheets. Nature 446, 60-63 

(2007). 
 
[71] S. Horiuchi et al., Carbon Nanofilm with a New Structure and Property. Jpn. J. 

Appl. Phys. 42, L1073 (2003). 
 
[72] J. B. Oostinga, H. B. Heersche, X. Liu, A. F. Morpurgo, L. M. K. Vandersypen, 

Gate-induced insulating state in bilayer graphene devices. Nat Mater 7, 151-157 
(2008). 

 
[73] Y. Zhang et al., Direct observation of a widely tunable bandgap in bilayer 

graphene. Nature 459, 820-823 (2009). 
 



133 
 

[74] E. V. Castro et al., Biased Bilayer Graphene: Semiconductor with a Gap Tunable 
by the Electric Field Effect. Physical Review Letters 99, 216802 (2007). 

 
[75] E. McCann, Asymmetry gap in the electronic band structure of bilayer graphene. 

Physical Review B 74, 161403 (2006). 
 
[76] K. F. Mak, C. H. Lui, J. Shan, T. F. Heinz, Observation of an Electric-Field-

Induced Band Gap in Bilayer Graphene by Infrared Spectroscopy. Physical 
Review Letters 102, 256405 (2009). 

 
[77] C.-H. Park, S. G. Louie, Tunable Excitons in Biased Bilayer Graphene. Nano 

Letters 10, 426-431 (2010). 
 
[78] L. Han, K. Song, P. Mandlik, S. Wagner, Ultraflexible amorphous silicon 

transistors made with a resilient insulator. Applied Physics Letters 96, 042111 -
042113 (2010). 

 
[79] M. Mativenga, C. Min Hyuk, C. Jae Won, J. Jin, Transparent Flexible Circuits 

Based on Amorphous-Indium-Gallium-Zinc-Oxide Thin-Film Transistors. 
Electron Device Letters, IEEE 32, 170-172 (2011). 

 
[80] U. Zschieschang et al., Flexible Low-Voltage Organic Transistors and Circuits 

Based on a High-Mobility Organic Semiconductor with Good Air Stability. 
Advanced Materials 22, 982-985 (2010). 

 
[81] P. X. Gao, J. Song, J. Liu, Z. L. Wang, Nanowire Piezoelectric Nanogenerators on 

Plastic Substrates as Flexible Power Sources for Nanodevices. Advanced 
Materials 19, 67-72 (2007). 

 
[82] S. Xu et al., Self-powered nanowire devices. Nat Nano 5, 366-373 (2010). 
 
[83] Y.-M. Lin et al., 100-GHz Transistors from Wafer-Scale Epitaxial Graphene. 

Science 327, 662- (2010). 
 
[84] Y. Wu et al., High-frequency, scaled graphene transistors on diamond-like carbon. 

Nature 472, 74-78 (2011). 
 
[85] Y. Lee et al., Wafer-Scale Synthesis and Transfer of Graphene Films. Nano 

Letters 10, 490-493 (2010). 
 
[86] S. p. Berciaud, S. Ryu, L. E. Brus, T. F. Heinz, Probing the Intrinsic Properties of 

Exfoliated Graphene: Raman Spectroscopy of Free-Standing Monolayers. Nano 
Letters 9, 346-352 (2008). 

 



134 
 

[87] A. Gupta, G. Chen, P. Joshi, S. Tadigadapa, Eklund, Raman Scattering from 
High-Frequency Phonons in Supported n-Graphene Layer Films. Nano Letters 6, 
2667-2673 (2006). 

 
[88] D. Graf et al., Spatially Resolved Raman Spectroscopy of Single- and Few-Layer 

Graphene. Nano Letters 7, 238-242 (2007). 
 
[89] J. C. Meyer et al., On the roughness of single- and bi-layer graphene membranes. 

Solid State Communications 143, 101-109 (2007). 
 
[90] Y. Hao et al., Probing Layer Number and Stacking Order of Few-Layer Graphene 

by Raman Spectroscopy. Small 6, 195-200 (2010). 
 
[91] M. F. Craciun et al., Trilayer graphene is a semimetal with a gate-tunable band 

overlap. Nat Nano 4, 383-388 (2009). 
 
[92] S. Bhaviripudi, X. Jia, M. S. Dresselhaus, J. Kong, Role of Kinetic Factors in 

Chemical Vapor Deposition Synthesis of Uniform Large Area Graphene Using 
Copper Catalyst. Nano Letters, null-null (2010). 

 
[93] Q. K. Yu et al., Graphene segregated on Ni surfaces and transferred to insulators. 

Applied Physics Letters 93,  (2008). 
 
[94] Q. Li et al., Growth of Adlayer Graphene on Cu Studied by Carbon Isotope 

Labeling. Nano Letters,  (2013). 
 
[95] Y. Zhang, Y.-W. Tan, H. L. Stormer, P. Kim, Experimental observation of the 

quantum Hall effect and Berry's phase in graphene. Nature 438, 201-204 (2005). 
 
[96] C. Mattevi et al., Evolution of Electrical, Chemical, and Structural Properties of 

Transparent and Conducting Chemically Derived Graphene Thin Films. Advanced 
Functional Materials 19, 2577-2583 (2009). 

 
[97] J. Wu et al., Organic Light-Emitting Diodes on Solution-Processed Graphene 

Transparent Electrodes. ACS Nano 4, 43-48 (2009). 
 
[98] Z. Yin et al., Organic Photovoltaic Devices Using Highly Flexible Reduced 

Graphene Oxide Films as Transparent Electrodes. ACS Nano 4, 5263-5268 (2010). 
 
[99] J. Wu et al., Organic solar cells with solution-processed graphene transparent 

electrodes.  (Appl. Phys. Lett., 2008), vol. 92, pp. 263302. 
 
[100] S. De et al., Flexible, Transparent, Conducting Films of Randomly Stacked 

Graphene from Surfactant-Stabilized, Oxide-Free Graphene Dispersions. Small 6, 
458-464 (2010). 

 



135 
 

[101] W. Cai, Y. Zhu, X. Li, R. D. Piner, R. S. Ruoff, Large area few-layer 
graphene/graphite films as transparent thin conducting electrodes.  (Appl. Phys. 
Lett., 2009), vol. 95, pp. 123115. 

 
[102] L. Gomez De Arco et al., Continuous, Highly Flexible, and Transparent Graphene 

Films by Chemical Vapor Deposition for Organic Photovoltaics. ACS Nano 4, 
2865-2873 (2010). 

 
[103] J. Gunho et al., Large-scale patterned multi-layer graphene films as transparent 

conducting electrodes for GaN light-emitting diodes. Nanotechnology 21, 175201 
(2010). 

 
[104] Y. Wang, X. Chen, Y. Zhong, F. Zhu, K. P. Loh, Large area, continuous, few-

layered graphene as anodes in organic photovoltaic devices.  (Appl. Phys. Lett., 
2009), vol. 95, pp. 063302. 

 
[105] L. Kyeong-Jae, A. P. Chandrakasan, K. Jing, Breakdown Current Density of 

CVD-Grown Multilayer Graphene Interconnects. Electron Device Letters, IEEE 
32, 557-559 (2011). 

 
[106] K. Ki Kang, et al., Enhancing the conductivity of transparent graphene films via 

doping. Nanotechnology 21, 285205 (2010). 
 
[107] S. Latil, L. Henrard, Charge Carriers in Few-Layer Graphene Films. Physical 

Review Letters 97, 036803 (2006). 
 
[108] H. Min, P. Jain, S. Adam, M. D. Stiles, Semiclassical Boltzmann transport theory 

for graphene multilayers. Physical Review B 83, 195117 (2011). 
 
[109] V. P. Verma, S. Das, I. Lahiri, W. Choi, Large-area graphene on polymer film for 

flexible and transparent anode in field emission device.  (Appl. Phys. Lett., 2010), 
vol. 96, pp. 203108. 

 
[110] T. Seiichi, et al., Transparent conductive-polymer strain sensors for touch input 

sheets of flexible displays. Journal of Micromechanics and Microengineering 20, 
075017 (2010). 

 
[111] X. Q. He, et al., Resonance analysis of multi-layered graphene sheets used as 

nanoscale resonators. Nanotechnology 16, 2086 (2005). 
 
[112] J. A. Rogers et al., Paper-like electronic displays: Large-area rubber-stamped 

plastic sheets of electronics and microencapsulated electrophoretic inks. 
Proceedings of the National Academy of Sciences 98, 4835-4840 (2001). 

 



136 
 

[113] M. Mativenga, C. Min Hyuk, K. Dong Han, J. Jin, High-Performance Drain-
Offset a-IGZO Thin-Film Transistors. Electron Device Letters, IEEE 32, 644-646 
(2011). 

 
[114] Z. Wen-Hu, paper presented at the 6th International Conference On ASIC, 2005. 
 
[115] E. Tiiliharju, K. Halonen, paper presented at the Circuits and Systems,IEEE 

International Symposium on, 2002. 
 
[116] S. Haykin, Communication Systems.  (Wiley, Hoboken, ed. 5, 2009). 
 
[117] S. Kim et al., Realization of a high mobility dual-gated graphene field-effect 

transistor with Al2O3 dielectric. Applied Physics Letters 94, 062107 (2009). 
 
[118] A. A. Abidi, Direct-conversion radio transceivers for digital communications. 

Solid-State Circuits, IEEE Journal of 30, 1399-1410 (1995). 
 
[119] T. Noguchi, Y. Daido, J. Nossek, Modulation techniques for microwave digital 

radio. Communications Magazine, IEEE 24, 21-30 (1986). 
 
[120] R. Sordan, F. Traversi, V. Russo, Logic gates with a single graphene transistor. 

Applied Physics Letters 94, 073305-073303 (2009). 
 
[121] S.-L. Li, H. Miyazaki, A. Kumatani, A. Kanda, K. Tsukagoshi, Low Operating 

Bias and Matched Input−Output Characteristics in Graphe ne Logic Inverters. 
Nano Letters 10, 2357-2362 (2010). 

 
[122] S. Lee, K. Lee, C.-H. Liu, G. S. Kulkarni, Z. Zhong, Flexible and transparent all-

graphene circuits for quaternary digital modulations. Nat Commun 3, 1018 (2012). 
 
[123] Y.-W. Son, M. L. Cohen, S. G. Louie, Energy Gaps in Graphene Nanoribbons. 

Physical Review Letters 97, 216803 (2006). 
 
[124] X. Tian, J. Xu, X. Wang, Band Gap Opening of Bilayer Graphene by F4-TCNQ 

Molecular Doping and Externally Applied Electric Field. The Journal of Physical 
Chemistry B 114, 11377-11381 (2010). 

 
[125] L. Britnell et al., Field-Effect Tunneling Transistor Based on Vertical Graphene 

Heterostructures. Science 335, 947-950 (2012). 
 
[126] J. G. Simmons, Electric Tunnel Effect between Dissimilar Electrodes Separated 

by a Thin Insulating Film. Journal of Applied Physics 34, 2581-2590 (1963). 
 
[127] A. Sciambi et al., Vertical field-effect transistor based on wave-function 

extension. Physical Review B 84, 085301 (2011). 
 



137 
 

[128] J. A. Simmons et al., Planar quantum transistor based on 2D--2D tunneling in 
double quantum well heterostructures. Journal of Applied Physics 84, 5626-5634 
(1998). 

 
[129] H. Yang et al., Graphene Barristor, a Triode Device with a Gate-Controlled 

Schottky Barrier. Science 336, 1140-1143 (2012). 
 
[130] F. Xia, V. Perebeinos, Y.-m. Lin, Y. Wu, P. Avouris, The origins and limits of 

metal-graphene junction resistance. Nat Nano 6, 179-184 (2011). 
 
[131] Y.-J. Yu et al., Tuning the Graphene Work Function by Electric Field Effect. 

Nano Letters 9, 3430-3434 (2009). 
 
[132] M. G. Lemaitre et al., Improved Transfer of Graphene for Gated Schottky-

Junction, Vertical, Organic, Field-Effect Transistors. ACS Nano 6, 9095-9102 
(2012). 

 
[133] H. Zhong et al., Self-adaptive electronic contact between graphene and 

semiconductors. Applied Physics Letters 100, 122108-122104 (2012). 
 
[134] J. J. Sparkes, The first decade of transistor development: a personal view. Radio 

and Electronic Engineer 43, 3-9 (1973). 
 
[135] W. E. Bradley, The Surface-Barrier Transistor: Part I-Principles of the Surface-

Barrier Transistor. Proceedings of the IRE 41, 1702-1706 (1953). 
 
[136] R. F. Pierret, Semiconductor device fundamentals : [with computer-based 

exercises and homework problems].  (Addison, Wesley, Longmann, Reading, 
Mass. [u.a.], 2003). 

 
[137] S. M. Sze, Physics of semiconductor devices.  (Wiley, New York, 1981). 
 
[138] S. Tongay et al., Rectification at Graphene-Semiconductor Interfaces: Zero-Gap 

Semiconductor-Based Diodes. Physical Review X 2, 011002 (2012). 
 
[139] J. S. Bunch et al., Impermeable Atomic Membranes from Graphene Sheets. Nano 

Letters 8, 2458-2462 (2008). 
 
[140] J. Campos-Delgado et al., Thermal stability studies of CVD-grown graphene 

nanoribbons: Defect annealing and loop formation. Chemical Physics Letters 469, 
177-182 (2009). 

 
[141] H.-Y. Kim, C. Lee, J. Kim, F. Ren, S. J. Pearton, Graphene as a diffusion barrier 

for Al and Ni/Au contacts on silicon. Journal of Vacuum Science & Technology B: 
Microelectronics and Nanometer Structures 30, 030602-030604 (2012). 

 



138 
 

[142] C.-C. Chen, M. Aykol, C.-C. Chang, A. F. J. Levi, S. B. Cronin, Graphene-Silicon 
Schottky Diodes. Nano Letters 11, 1863-1867 (2011). 

 
[143] X. Li et al., Graphene-On-Silicon Schottky Junction Solar Cells. Advanced 

Materials 22, 2743-2748 (2010). 
 
[144] Y. Taur, T. H. Ning, Fundamentals of modern VLSI devices.  (Cambridge 

University Press, Cambridge, UK; New York, 2009). 
 
[145] M. Nazer,  (2007). Electrical characterization of palladium-silicon Schottky diode 

for use in hydrogen sensing : a thesis, Florida Institute of Technology 
 
[146] A. Ismach et al., Direct Chemical Vapor Deposition of Graphene on Dielectric 

Surfaces. Nano Letters 10, 1542-1548 (2010). 
 
[147] K. Kim, J.-Y. Choi, T. Kim, S.-H. Cho, H.-J. Chung, A role for graphene in 

silicon-based semiconductor devices. Nature 479, 338-344 (2011). 
 
[148] A. Hsu, W. Han, K. Ki Kang, K. Jing, T. Palacios, Impact of Graphene Interface 

Quality on Contact Resistance and RF Device Performance. Electron Device 
Letters, IEEE 32, 1008-1010 (2011). 

 
[149] Y. Wu et al., State-of-the-Art Graphene High-Frequency Electronics. Nano 

Letters 12, 3062-3067 (2012). 
 
[150] J. A. del Alamo, Nanometre-scale electronics with III-V compound 

semiconductors. Nature 479, 317-323 (2011). 
 
 
 


	1 Introduction
	1.1 Foreword
	1.2 The electronic properties of graphene
	1.3 Graphene applications in electronics
	1.4 Graphene synthesis
	1.5 Verification of graphene layer number
	1.6 Motivation and Goals
	1.7 Thesis Organization

	2 Wafer Scale Homogeneous Bilayer Graphene Films by Chemical Vapor Deposition
	2.1 Introduction
	2.2 Synthesis of Bilayer Graphene Films
	2.2.1 Chemical Vapor Deposition Process
	2.2.2 Transfer Process

	2.3 Optical characterization of bilayer graphene films       
	2.3.1 Raman spectroscopy
	2.3.2 Transmission electron microscopy
	Two dimensional Raman raster scan

	2.4 Electrical characterization of bilayer graphene films
	2.4.1 Fabrication
	2.4.2 Electrical measurement of band gap
	2.4.3 Yield and distribution

	2.5 Discussion and conclusion

	3 Homogeneous Bilayer Graphene Film based 
	3.1 Introduction
	3.2 Preparation of bilayer graphene based transparent conductor
	3.3 Comparison of SLG and BLG stacks
	3.3.1 Raman spectroscopy and optical verification
	3.3.2 Transmittance measurement
	3.3.3 Sheet resistance measurement 

	3.4 Comparison with other methods
	3.5 Sheet resistance change with strain
	3.6 Uniformity of BLG stack
	3.7 Discussion and conclusion

	4 Flexible and Transparent All-Graphene Circuits  for Quaternary Digital Modulations
	4.1 Introduction
	4.2 Constellation diagram of different modulation method
	4.3 Device fabrication and transmittance
	4.4 Modulation mechanism and transistor characteristics
	4.5 Binary and quaternary modulation with a single transistor
	4.6 Quadrature phase-shift keying with two graphene transistors
	4.7 All-graphene modulator circuits under mechanical strain
	4.8 Discussion and conclusion

	5 Bipolar Junction Transistor Based on Graphene Heterostructure
	5.1 Introduction
	5.2 Motivation for graphene based bipolar transistor
	5.3 Bipolar transistor based on graphene heterostructure
	5.4 Graphene - silicon junction interface
	5.5 Output characteristics
	5.6 Comparison with metal based surface barrier transistor
	5.7 Operating Principle
	5.8 Common-emitter configured amplifier response
	5.9 Discussion and conclusion

	6 Summary and Conclusions
	6.1 Summary of completed work
	6.1.1 Wafer scale homogeneous bilayer graphene films by chemical vapor deposition
	6.1.2 Homogeneous bilayer graphene film based flexible transparent conductor
	6.1.3 An all-graphene flexible and transparent circuit for quaternary digital modulation
	6.1.4 Bipolar junction transistor based on graphene heterostructure

	6.2 Future outlook and challenges
	6.2.1 Transparent conductors
	6.2.2 Analog electronics



