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Conventional electronic circuits rely on semiconductor heterojunctions for dynamic 

switching, while metal/semiconductor interfaces are reserved for static contacts.  A third 

class of interface which allows for dynamic switching is also possible:  the 

semimetal/semiconductor interface.  The contact barrier at this interface is modulated 

by a gate field which shifts the work function of the semimetal electrode, and thins the 

depletion width in the semiconducting channel.  Graphene and carbon nanotube 

networks exhibit the required semimetallic band structure and low density of electronic 

states needed for transistors operating by this mechanism.  The aim of this thesis is to 

develop field-transparent graphene electrodes for gated Schottky barrier transistors. 

Some contributions to graphene growth methods are also reported: (1) increases 

to the average graphene domain size – from nano to millimeter scale – by adjustment of 

the chemical vapor deposition growth parameters; and (2) the first demonstration of 

site-selective growth of graphene on silicon carbide.  A process for the improved 

transfer of graphene to insulating substrates with the use of protective metal thin-films is 

also presented.   



 

16 

Preliminary device results focus on the two-terminal rectification behavior of 

junctions between graphene and conventional inorganic semiconductors (Si, GaAs, 

GaN, and SiC).  These reveal an unusual voltage-dependence of the Schottky barrier 

height in reverse-bias operation.  A modified diode equation is presented to account for 

the bias-induced Fermi level shifts in the graphene.   

Three-terminal Schottky-junction devices are fabricated, demonstrating gate-field 

control of the reverse-bias current.  The transconductance is attributed primarily to 

modulation of the contact barrier height between the graphene and the inorganic 

semiconductor due to gate-field induced Fermi level shifts in the graphene electrode. 

Vertical, organic, field-effect transistors – analogous to the inorganic, three-

terminal Schottky devices – are fabricated using continuous graphene source 

electrodes.  In subsequent devices, the gate-field permeability of the semimetal source 

electrode is modified by introducing micron-scale pores into the graphene.  The pores 

boost the device performance, which scales with the areal pore density, by taking 

advantage of both barrier height lowering (thermionic emission) and local barrier 

thinning (tunneling).  These devices exhibit high On/Off ratios and record output current 

densities for organic transistors, exceeding 106 and 200mA/cm2, respectively.
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CHAPTER 1 
MOTIVATIONS 

1.1   A New-‘ish’ Wonder Material 

Fullerenes were first discovered in 1985,1 carbon nanotubes in 1991.2  The single-

atomic layer building block of these finite graphitic structures, known as graphene, was 

not isolated until 2004.3  Shortly after its discovery, the scientific press was quick to 

prophesize an end to the reign of Silicon in electronics, prompting speculation about the 

future site of ‘Graphene Valley’.  According to the literature, there is scarcely a field of 

study that might not be revolutionized by graphene:  ultrafast electronics,4,5 

anticorrosion coatings,6 transparent conductors,7,8 solar cells,9,10 desalinization 

membranes,11 sensors,12 flexible displays,13,14 DNA sequencing.15  The fanfare 

surrounding graphene will not surprise those who participated in carbon research at the 

end of the 20st century.  Similarly prophetic declarations were also made a decade 

earlier about carbon nanotubes and C60 films. 

There is no doubt that graphitic carbons possess unique, or at least, rare material 

characteristics.  Collectively, these materials hold nearly every performance record for 

electrical conductivity, mechanical strength, and chemical stability.  Obliging a certain 

level of amnesia among researchers for earlier work done with nanotubes and 

fullerenes, the novelty of graphene over its predecessors is two-fold: (1) a continuous 

planar geometry, and (2) a single, massless, Dirac fermion, energy band structure.  The 

planar structure of graphene makes it more compatible with existing thin-film micro-

fabrication techniques, while the behavior of its carriers makes it a unique material 

system from which to study relativistic quantum particles with bench-top laboratory 

equipment.  Graphene has also motivated the wider search for other two-dimensional 
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materials.  To date, small single-layer flakes of several classes of materials have been 

isolated, including nitrides (hexagonal BN),16 chalcogenides (MoS2, TaS2, TiS2, WS2, 

NbSe2, Bi2Te3),
17–19 and oxides (Bi2Sr2CaCu2Ox, Titania, VO5).

20–22 Unfortunately, all 

unsupported two-dimensional systems are inherently unstable and therefore not 

naturally occurring.  Reliable, large-scale synthesis of 2D materials remains a challenge 

and the critical step towards future applications.   

1.2   Under the (Atomic) Sheets 

In the 1930s, Landau and Peierls presented thermodynamic arguments, disputing 

the existence of 2-D materials.23,24  The arguments state that at any finite temperature, 

divergent thermodynamic fluctuations lead to atomic displacements on the order of the 

interatomic distance, thus preventing 2-D crystal formation.25  In addition, large edge-to-

surface ratios during nucleation are energetically unfavorable and would typically lead to 

a phase transformation towards a more stable allotrope.  These predictions were 

supported by over 70 years of experimental evidence from which free-standing 2-D 

structures were conspicuously absent.   

The revolution came when physicists Andre Geim and Kostya Novoselov at 

Manchester University used the so-called “Scotch tape method” to cleave 2-D graphene 

from 3-D graphite.3,20  They used ordinary tape to peel away thin layers from slabs of 

natural graphite.  Then they exfoliated even thinner flakes by rubbing the tape on the 

surface of an oxidized silicon wafer.  A small fraction of the flakes left on the wafer 

surface turned out to be single layer graphene.  A serendipitous choice of oxide 

thickness allowed the single layers to be found in an optical microscope by a faint 

interference contrast. 
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Although this mechanical exfoliation technique is suitable for one-off physics 

experiments, it is not scalable for industrial applications.  An alternative approach takes 

advantage of an old trick of crystal growth – the concept that 2-D structures can be 

stable if formed as part of a 3-D matrix.  It turns out that by this method graphene can 

be grown on top of catalytic bulk materials with a high degree of crystallinity. 

The quality of the graphene growth is of course dependent on growth conditions 

and the choice of substrate.  Metals seem to be the best catalysts for producing large-

areas of high quality graphene, but research into growth conditions is still in its infancy.  

Regrettably, the conductive nature of metallic substrates obscures the unique electronic 

properties of the graphene.  The key is carefully transferring graphene to the right 

underlying substrate. 

1.3   Flipping the Switch 

Switching electrical currents, on to off, is the basic function of logic and power 

amplification circuitry.  To that end, a revolution in electronics came in 1906 with the 

invention of the thermionic triode.26  For the first time, current flow could be controlled by 

an electric field – a voltage-induced deflection of electrons – rather than a mechanical 

switch.  It took nearly half a century to discover a solid state analog.  Building on new 

insights about the physics of interfaces,27–32 Bardeen, Shockley, and Brattain invented 

the field effect transistor.33–35  Switching was now controlled by the voltage-induced 

modulation of the energy barrier at the junction of two semiconductors.   

Nearly all modern transistors still operate on some variation of the 

semiconductor/semiconductor junction.  Generally, these junctions occur between 

differently doped regions in a single semiconductor crystal.  The current transport 

across these junctions is well understood and can be precisely tuned by adjusting 
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doping level.  Metal/semiconductor junctions play an important role as current rectifiers 

and as contacts to these traditional devices.   

To a first approximation, the work function difference between a metal and a 

semiconductor dictates the transport across their junction, determining whether the 

contact will be Ohmic or have a Schottky barrier to electrical transport.36,37  Unlike 

semiconductor junctions, conventional Schottky barriers are static and cannot be 

modulated.  Metals possess a large density of electronic states (DOS), requiring the 

addition/subtraction of large amounts of charge to induce appreciable shifts in their work 

functions (like the water level in a large lake, much water must be added to change the 

level perceptibly).  This picture changes dramatically for low DOS semimetals like 

carbon nanotubes and graphene for which charge addition/subtraction induces much 

more dramatic work function shifts (for a tall narrow glass, little water is needed to 

change the level appreciably).  Since the work function in these materials can be 

changed in response to gating fields, these low DOS carbon based semimetals, placed 

in contact with a semiconductor, admit a new mechanism for current modulation by the 

gate field control of their trans-junction transport.  That is, by tuning of the Schottky 

barrier height.   

Another, more subtle, mechanism is also at play here.  The semimetal source 

electrode, by virtue of its low DOS, is partly permeable to the gate field.  This allows the 

semiconductor Fermi level to be tuned as well.  A shift in the semiconductor Fermi level 

corresponds to a change in the Schottky barrier width.  As shown in this thesis, the 

inclusion of small pores into the semimetal can enhance the field-permeability of the 

electrode, and thus increases the magnitude of the current across the junction. 
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1.4   Statement of Thesis 

The purpose of this research is to advance our understanding of 

semimetal/semiconductor interfaces and develop gated Schottky-barrier transistors 

using field-permeable graphene electrodes.   Improved graphene growth and transfer 

techniques supporting the fabrication of these devices are also reported.  The principal 

experimental outcomes are as summarized below: 

 Growth of single-layer graphene films on copper via chemical vapor 

deposition with large contiguous domains, exceeding       in area. 

 An improved technique for graphene transfer to insulating substrates using 

protective metal layers. 

 Site-selective growth of few-layer graphene directly on SiC substrates by 

ion-implantation and thermal or pulsed laser annealing. 

 Large-area rectifying contacts between graphene and several 

technologically relevant semiconductors (Si, GaAs, GaN, and SiC). 

 A proof-of-concept gate-modulated Graphene/Si Schottky barrier transistor. 

 Gate-field permeable graphene electrodes for enhanced barrier modulation 

at semimetal/semiconductor interfaces. 

 Graphene-enabled vertical, organic, field-effect transistor with record setting 

current densities for an organic device. 
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CHAPTER 2 
TECHNICAL BACKGROUND 

Publication of graphene related literature has been prolific since the discovery of 

electronically isolated graphene in 2004.  In less than half a dozen years, the field has 

produced hundreds of patents and several thousand publications, generating more than 

50,000 citations per year.38  Here we will give a brief synopsis of only the theoretical and 

experimental results that are most relevant to the Schottky barrier devices described in 

this thesis.  Our review will focus on the elementary electronic properties of graphene 

and established epitaxial growth techniques.  We go on to describe the principles of 

Raman spectroscopy, a widely used technique for characterizing low-dimensional 

graphitic allotropes.  A comparison of the transport processes in organic and inorganic 

semiconductor crystals is provided to elucidate the crucial differences between the 

devices fabricated in Chapters 4 and 5.  Finally, we describe the mechanisms for 

current transport across metal/semiconductor junctions as a starting point for 

understanding our unconventional Schottky devices. 

2.1   Electronic Properties of Graphene 

This section will address the fundamental electronic properties of graphene.  The 

properties most relevant to our devices – the semimetallic band structure and the low 

density of states (DOS) – will be explicitly derived (Sections 2.1.3 and 2.1.4) in order to 

clarify their origin.  This is followed by a brief survey of the intrinsic and extrinsic 

electronic properties of graphene.  We precede this discussion with a brief mention of 

orbital hybridization in carbon (Fig. 2-1).  This process, by which the electron 

distributions spontaneously superpose themselves, is responsible for the spectacular 

variety of carbon allotropes that exist in nature.   
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2.1.1   Carbon Hybridization 

In the ground state, an isolated carbon atom has 6 electrons in the           

configuration.  In the presence of other atoms, it is energetically favorable for the 

second electron in the    state to fill the third    state.  At this point, there are 4 

unpaired electronic states and a superposition of states is possible such that the carbon 

atom can form single-, double-, or triple-bonds.  These various bond conformations 

allow carbon to form lattices of all possible dimensionality (linear chains, planar sheets, 

or diamond bulk).  The state equations for the case of    -hybridized graphene are 

written as follows, 

 |   ⟩  
 

√ 
[|  ⟩  √ |  ⟩ ]  (2-1) 

 |   ⟩  
 

√ 
[|  ⟩  

 

√ 
(√ |  ⟩  |  ⟩ )]  (2-2) 

 |   ⟩  
 

√ 
[ |  ⟩  

 

√ 
( √ |  ⟩  |  ⟩ )]  (2-3) 

representing the three  -bonds evenly spaced in the plane by 120˚; the remaining 

unpaired   -orbital is perpendicular to the sheet, 

 |  ⟩  |   ⟩    (2-4) 

2.1.2   Crystal Structure 

The atoms in graphene are arranged in a planar structure of hexagonal rings with 

an average carbon-carbon bond length of ~1.42 Å.  It is convenient to think of this 

honeycomb-like atomic arrangement as consisting of two interpenetrating hexagonal 

sublattices.  The trigonal planar structure is covalently bonded via three    -hybridized 

 -bonds, while the remaining  -orbital is hybridized to form the conjugated   and  * 

bands.  The resonant covalent double bonds are extremely rigid and lend strength to 

the graphene, while the delocalized  -electrons contribute to its electrical conductivity.   
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The honeycomb lattice of graphene is illustrated in Figure 2-2.  We designate the 

real-space Bravais lattice vectors of the A sublattice (centered at  ), 

    
 

 
(  √ )         

 

 
(   √ )  (2-5) 

and the three nearest neighbor vectors    such that,  

    
 

 
(  √ )         

 

 
(   √ )          (    )  (2-6) 

where   is the carbon-carbon bond length.  We see that the local arrangement of atoms 

surrounding a given site on the A sublattice ( , for example) is the mirror image of that 

for a corresponding site on the B sublattice (  ).  The full honeycomb structure is 

completed only when the sublattices are brought together, creating a unit cell of two 

inequivalent atoms.  The reciprocal-space lattice vectors of both sublattices,  

    
  

  
(  √ )         

  

  
(   √ )  (2-7) 

are indistinguishable in phase space since they are symmetric and differ by only a 

translation.  Sites on the reciprocal lattice represent physically equivalent wavevectors, 

such that waves propagating in the crystal lattice scattered by these wavevectors retain 

their phase (up to a factor   ), according to, 

              (2-8) 

where     is a Dirac delta function whose value is 1 for     and 0 for    .  However, 

the first Brillouin zone (BZ) – an area defined by bisecting the primitive reciprocal-space 

lattice vectors (shaded area in Fig. 2-2B) – consists of inequivalent wavevectors that 

may not be connected by translation symmetry.  It is a subtle point that the shape of the 

BZ has nothing to do with the presence of two sublattices, and is instead the 

consequence of any single hexagonal lattice.  The corners of the first BZ are designated 

by the   and    points,  
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These points have special significance and are referred to as the Dirac points.  As we 

will see, it is at these points in the reciprocal lattice that the  -bands intersect to form 

highly symmetric conical dispersions.  The presence of two inequivalent sublattices (or 

alternatively, two basis atoms) will prove to be the key feature leading to graphene’s 

unique electronic properties.  

2.1.3   Electronic Band Structure  

Graphene is a semimetal with extraordinary electronic properties.  Here we will 

illustrate how an approximate model of the semimetallic band structure can be obtained 

using the tight-binding (TB) formulation.  This derivation illustrates how the unique 

features of the graphene dispersion relation arise as a result of the honeycomb lattice 

consisting of a two atom basis.  The interested reader can find additional details in 

several more complete discussions on the subject.39–42 

The TB approximation treats the crystal as a simple summation of the discrete 

atomic potentials, while contributions to the potential energy term from the other atoms 

in the crystal are treated perturbatively.  In other words, it assumes that electrons in a 

crystal behave much like the bound electrons in an isolated atom, and thus the full 

periodic potential of the lattice can be approximated by the atomic Hamiltonian,        , 

and an additional corrective term,   (   ), which vanishes near the lattice points, 

              (   )  (2-10) 

The electron wavefunctions, which are eigenvalue solutions of the Schrödinger equation 

employing this Hamiltonian, represent atomic orbitals.  The total Hamiltonian for all   

electrons in the lattice is then, 
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   ∑   
 
   (2-11) 

and is treated as a linear combination of atomic orbitals (LCAO).   

The Hamiltonian for an electron  , at position   , is defined, 

     
  

  
  

  ∑  (     )
 
     (2-12) 

where the vector    represents all the sites   in the Bravais lattice,   is the electron 

mass, and   
  is the 2D Laplacian gradient operator.  The additional contributions from 

neighboring atoms to the single atomic potential are accounted for by ∑  (     )
 
   , 

for all sites   , where    .   

A unique consequence of the honeycomb lattice of graphene is that the unit cell 

consists of two atoms which cannot be related to each other via a translation operation.  

As a result the A and B sublattices must be treated independently, and the 

wavefunctions generated as a linear superposition of the eigenfunctions of both, 

   ( )      
( )( )      

( )( ), (2-13) 

where   ( ) are the unit cell wavefunctions in the momentum basis,   
(   )

( ) are the 

wavefunctions associated with 2   -orbitals of each sublattice, and    and    are 

complex functions of the wavevector  .  Adapting the wavefunction solution to the single 

atom case, we can designate trail wavefunctions for both sublattices of the form,  

   
(   )( )  ∑         (   )

  
(       )  (2-14) 

Because the Hamiltonian is invariant with respect to translations of the periodicity of the 

Bravais lattice, these are Bloch functions that obey the following relation,  

   
(   )(   )         

(   )( )  (2-15) 
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Although such translations are symmetric and commute with the Hamiltonian, that is not 

the case for translations that relate one sublattice to the other along the nearest 

neighbor vectors (i.e. [    ]   ).  This is the reason the sublattices must be treated 

independently.   

The electronic band structure of solids is often represented as a plot of the 

available energy states versus the reciprocal space wavevector.  In order to do this we 

will solve the Schrödinger equation, 

    ( )    ( )  ( )  (2-16) 

using the trial wavefunctions described above normalized by the standard condition, 

 ⟨    ( )|    ( )⟩     (2-17) 

We multiply both sides of the Schrödinger equation by the complex conjugate of the trial 

wavefunction and rewrite it in matrix form using Dirac notation, 

 ⟨   | |   ⟩    ⟨   | |   ⟩   (2-18) 

The Hamiltonian matrix is now defined as, 

    (
⟨ ( )| | ( )⟩

 
⟨ ( )| | ( )⟩

 

⟨ ( )| | ( )⟩
 

⟨ ( )| | ( )⟩
 

)  (2-19) 

and because the trial wavefunctions for the A and B sublattices are not orthogonal, we 

define a matrix,   , to account for the finite overlap of wavefunctions centered at the two 

basis atoms in the unit cell,  

    (
⟨ ( )| ( )⟩

 
⟨ ( )| ( )⟩

 

⟨ ( )| ( )⟩
 

⟨ ( )| ( )⟩
 

). (2-20) 

The diagonal elements of the overlap matrix,   
  , are equal to unity since the 

wavefunctions are assumed to be normalized, and though it is often the case that the 
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off-diagonal terms are neglected for simplicity, their contribution is equivalent to that of 

the next-nearest neighbor corrections.  The inclusion of these terms results in a slight 

electron hole asymmetry (i.e. the effective mass of electrons is smaller than that of 

holes in graphene). 

We start by following the general procedure for any quantum mechanical 

eigenvalue problem, that is, by evaluating,  

 (    ) |   ⟩  | ⟩  (2-21) 

Since we know that the eigenfunctions are finite and represent the real wavefunctions 

(i.e.  -orbitals) in the crystal, the condition that must be satisfied for non-zero 

wavefunctions is thus,   

    (       )     (2-22) 

This characteristic equation has two solutions – one for each of the atoms in the unit cell 

– with each solution representing an energy band in  -space. The discrete energy 

levels within the bands result from the linear combination of all   electrons in the lattice.  

The elements of the Hamiltonian matrix can be redefined such that, 

   
  

 ⟨ ( )| | ( )⟩
 

 (         )
 
   (2-23) 

where the   and   indices represent A and B sublattices, and    represents the hopping 

probability between nearest (  ) and next-nearest neighbors (   ).  The tight-binding 

approximation is sufficiently accurate in the low-energy regime that more complex terms 

involving longer range hopping probabilities and higher-order overlaps can be ignored.  

Using this notation, the characteristic equation for the eigenvalue problem becomes, 

    (         )
 

    (2-24) 

We define three physically significant scalars, 
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     ⟨  ( )|  |  (    )⟩         (2-25) 

      ⟨  ( )|  |  (    )⟩          (2-26) 

   ⟨  ( )|  (    )⟩     (2-27) 

where    ,     , and  , represent the    and     hopping amplitudes, and the overlap 

magnitude, respectively.  Values for these terms can be extracted from ab-initio 

numerical calculations or fitting with experimental data (see below).  The elements of 

the hopping and overlap matrices are given by the following expressions: 

   
        ∑     (    )

 
   (2-28) 

   
  

      
  (  
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  (2-29) 

   
  

    
  (  
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  (2-30) 

where                    is the sum of the phase factors, and the diagonal elements 

of    are unity.  Evaluating the characteristic equation, 

    |
  
     (      )  

 

(      )    
     

|     (2-31) 

yields two solutions for the energy dispersion in k-space (representing   and   ), 

    
  
      |  |

   |  |
   

      |  |      |  |
   (2-32) 

expanding to, 

        √   ∑     (    )
 
   (         )∑     (    )

 
 . (2-33) 

Finally, by dotting the wavevector components with the     vectors we arrive at the 

complete expression: 

        √      (    √ )      (    
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)]  (2-34) 

From this result, we can discern several of the important features of graphene.  To help 

visualize the implications of this equation, the full electronic dispersion relation was 

plotted in Figure 2-3A as energy (in units of    ) versus the x and y components of the 

wavevector (plotted using Mathematica 7.0, Student Edition43).   

We notice immediately that valence and conduction bands (or the   and    bands, 

respectively) come together at a single point at each of the   and    symmetry points.  

Since each   -orbital is occupied by one electron of spin   for each atom in the unit cell, 

the energy bands of intrinsic graphene are exactly half-full and the intrinsic Fermi-level 

is defined to be at the intersection of the bands (the Dirac points).  Near these 

intersection points, the energy varies linearly with momentum to form a semimetal for 

which the DOS at the Dirac point is exactly zero (See Figure 2-3B).  This is in contrast 

to conventional 2D metals in which the bands intersect to form a Fermi-surface (defined 

by a line), or a semiconductor in which the Fermi-level lies between two energy bands.   

The results of the tight-binding approximation for graphene have been confirmed 

by a variety of experimental techniques – the most striking coming from angle-resolved 

photoemission spectroscopy (ARPES).  The technique is based on the energy 

conservation between an incident monochromatic photon and the resultant photoexcited 

carrier that is expelled from the lattice.  The electrons are ejected from the valence band 

with a measureable energy and angular momentum, from which the spectral function 

can be determined.  ARPES yields a representation of the DOS and the energy band 

dispersion in reciprocal space (See Figure 2-4).    Fitting to these experimental results 

provides accurate estimates for the    ,     , and overlap function values. 
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If we consider only low energy excitations about the Fermi-level, then we can 

expand the full dispersion around the Dirac points (for    ) arriving at the famous 

relation, 

   (   )       | |   [(
 

 
)
 

]       | |   (2-35) 

where the Fermi velocity is a constant defined by,    
     

  
       

 ⁄ , and roughly 

equal to      th the speed of light.  The second order terms become negligible for small 

values of  , and can be ignored for energies less than      from the Fermi-level.  This 

result is remarkably different from the typical case for 2D metals, in which bands are 

parabolic, 

   ( )  
(  ) 

     (2-36) 

but also, as a result, the Fermi velocity of charge carriers varies substantially as a 

function of energy,    √     
       

Of direct consequence for our devices is the ability to continuously tune the Fermi 

level – or more precisely, the carrier concentration – of graphene via the electric field-

effect.  The semimetallic band structure ensures that there is no break in available 

carrier states and allows for nearly symmetric ambipolar behavior.  Carriers can be 

added or removed, by applying a voltage between graphene and an electrically 

insulated gate electrode (See Figure 2-5).  This is analogous to the charge 

accumulation on a parallel plate capacitor.  The number of carriers induced in the 

graphene sheet as a function of gate voltage can be approximated by, 

           (
    

    
)    (2-37) 



 

32 

where   is the permittivity of free space,    is the dielectric constant,    is the dielectric 

thickness, and   is the charge of an electron.  Since the DOS at the Dirac point is 

exactly zero (see Section 2.1.3), the total free-carrier concentration is equal to the 

number of field-induced charges.  Approximately, 1012 carriers per square centimeter 

can be induced in this way before the low-energy band approximation is no longer valid.   

2.1.4   Density of States 

A direct consequence of the low-energy spectrum of graphene is a density of 

electronic states that is also linear in energy.  At the Dirac points, the DOS actually 

becomes zero and therefore there are no free charge carriers at these points.  The 

resulting low DOS around the intrinsic Fermi energy is of great relevance to our devices.  

Below we will estimate carrier concentrations for intrinsic graphene and derive the 

density of states within the low-energy limit.   

In general, the density of electronic states,  ( ), is defined, 

  ( )  ∑     (    ( ))  (2-38) 

where  (    ( )) is the number of one-electron energy levels found at energy   in 

the nth  band.  For each band, this can be expanded into an integral over the primitive 

unit cell in reciprocal space, 

   ( )  
 

(  ) 
∫   

 

  
∫  (    )     

 

 
  (2-39) 

the dimensionless (  )  term accounting for a one dimensional Fermi-surface.  We can 

then use the low-energy linear dispersion relation to get an integral in terms of energy, 

   ( )  
 

     ∫
 

(    ) 
  (    )   

 

 
 (2-40) 

From here we arrive at the total density of electronic states by multiplying by the 

degeneracy of four, resulting from the two energy bands and spin states, 
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  ( )  
  | |

 (    ) 
  (2-41) 

We notice that for an energy zero, which corresponds to the intrinsic Fermi energy, the 

density of states in also zero.  Furthermore, because the number of states increases 

only linearly, the electronic properties of graphene are characterized by its intrinsically 

low DOS.  This is in contrast to typically two dimensional metals for which the DOS is a 

series of successive step functions.  To illustrate the low DOS in graphene, we can 

compare the maximum carrier concentration of gated graphene (~                  ), 

to the density of carbon atoms in a single sheet (                  ).  This shows 

that only one conduction electron (or hole) exists per roughly one thousand carbon 

atoms. 

It should be noted that the DOS of graphene is more complex when calculated for 

the full energy range of the dispersion relation.45  In this case there are points of 

discontinuity, known as van-Hove singularities, that arise at the   symmetry points.  

This is the result of the local slope of the dispersion being zero at the saddle points 

between the Dirac cones.  At these points, the derivative of the energy (found in the 

denominator of the full DOS expression) becomes zero and leads to an asymptotic 

increase in the density of states.  Similar van-Hove singularities are known to exist in 

carbon nanotubes as a result of quantum confinement in the radial direction. 

2.1.5   Intrinsic Charge Carrier Properties 

Many unusual phenomena, both of the theoretically predicted and totally 

unexpected variety, have already been observed experimentally in graphene.  Many of 

these properties are a direct result of the unique band dispersion that we derived 

previously (Section 2.1.3).  The outcome of the derivation is a dispersion relation of 
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graphene that is a simple linear function of momentum (for energies   | |).  This 

dispersion is analogous to the eigenvalue solution of the relativistic Dirac equation for a 

massless fermion: 46 

   √             
   

            (2-42) 

A minor exception is that the speed of light must be replaced by the Fermi velocity,   , 

which in graphene turns out to be roughly      .  Before we can explore some of the 

more unusual phenomena in graphene, we must first make this analogy to massless 

relativistic particles more explicit. 

You may recall that the linear dispersion is a direct result of the symmetry of the 

hexagonal crystal structure.  The unit cell of graphene consists of two inequivalent 

sublattices   and  , between which quantum-mechanical hopping occurs.  This leads to 

the formation of two energy bands which intersect to form conical dispersions at the  -

points in reciprocal space.47  In typical condensed matter systems, electrons and holes 

are described by two distinct Schrödinger equations; however, in graphene we treat the 

bands as two components of the same Schrödinger equation (one for each sublattice, 

as we saw in the TB approximation).  Alternatively, the bands can be described by a 

single Dirac Hamiltonian matrix.  By making the substitution        into the effective 

Hamiltonian, we can define the local Hamiltonian for the conical dispersion at the K 

point (also referred to as a valley in reciprocal space),  

          ⃗   (2-43) 

where  ⃗ represents the set of Pauli matrices that act to define the contributions from the 

two sublattices: 

       (
  
  

)     (
  
  

)     (
   
  

)  (2-44) 
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Furthermore, we must account for the contribution from both valleys (  and   ).  The full 

basis is thus, 

   (

   

   

    

    

)  (2-45) 

in which, for example,     represents the contribution to the total wavefunction from just 

the K-valley and the A sublattice.  The complete Hamiltonian is then a 4 x 4 block 

matrix, 

   (
   
    

)            ⃗   (2-46) 

where    is the Pauli matrix assigned to the valley (K point) index.  Traditionally, the 

Pauli matrices serve as the index for the electron spin, however, in this case the 

matrices serve to distinguish the two-fold degeneracy for 3 distinct degrees of freedom:  

(1) electron spin, up and down, (2) sublattice index   and  , and (3) valley index,   and 

  .  In following with the quantum number terminology, the Pauli matrices corresponding 

to the sublattice index are often labeled as pseudospin and the valley index is called 

isospin.  

The symmetry of the Pauli matrices has surprising implications for the carrier 

properties of graphene.  This signifies that the particles are interconnected in a manner 

analogous to charge-conjugation symmetry in QED.48  It is useful in this case to picture 

a simplified model based on two sinusoidal bands that are out of phase by a factor of   

(See Figure 2-6).  Typically the electron (hole) states found above (below) the 

intersection point are completely separate, but in graphene the electron states on the 

left (right) share a band with the hole states to the right (left) and vice versa.  This 
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charge conjugation implies that in graphene the wave equations of electrons and holes 

of momentum       and      , respectively, are coupled.23 

The relativistic behavior of particles allows for very peculiar physical phenomena 

to be observed in graphene.  One of the most exotic is Klein tunneling – the perfect 

transmission of relativistic particles through arbitrarily high and wide potential barriers 

via a variation of the process known as quantum tunneling.48,49  In the case of relativistic 

chiral particles, tunneling occurs due to energy matching of the wavefunction of the 

incident hole with that of the conjugate electron at the barrier (Fig. 2-7).  This occurs 

when the projection of the pseudospin along the direction of motion is matched for two 

conjugate particles (electron/hole pair) scattered at a potential barrier in a phenomenon 

termed chirality 50.  The example in Figure 2-7 depicts a hole incident on a potential 

barrier of arbitrary dimension.  The conjugate electron carries the charge across the 

barrier before being converted back to a hole state of equal energy at the other side.  

For electrons (holes), the values for   are defined as negative (positive) to the left (right) 

of where the two bands intersect.  Assuming that the barrier height is larger relative to 

the Fermi energy, |  |    , the transmission probability is approximately, 

   
     

      (   )     
  (2-47) 

where   is the angle of incidence,    is the component of the momentum normal to the 

barrier, and   is the barrier width.  Note that for          , the transmission 

probability is unity!   

This so-called gedanken tunneling may explain another anomalous property of 

graphene – finite minimum conductivity.  Graphene does not exhibit an insulating state 

even at the Dirac point where the semimetallic electronic structure and a vanishing 
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density of states would suggest zero average carrier density.  In fact, at the zero-carrier 

limit the conductivity approaches the universal conductivity quantum,    ⁄ .51  It is well 

established that disorder in 2-D crystals induces local potential barriers which cause the 

formation of isolated ‘puddles’ of electrons and holes (and therefore local p-n 

junctions).52  This is known as Anderson localization and leads to a metal-insulator 

transition at finite temperatures.  Surface measurements with a scanning single-electron 

probe concluded that the local disorder length scale was approximately 30nm.53  The 

instrument was able to resolve randomly distributed regions of positive and negative 

charge.  Chiral tunneling in graphene, however, allows particles trapped in these 

‘puddles’ to tunnel across the potential barriers generating percolating pathways 

through the material – thus suppressing localization.54  This result is worrisome in the 

context of electronic devices which, much like a leaky faucet, must be turned off 

completely to avoid waste.  Ultimately, this characteristic may limit the potential of 

graphene as a candidate material to replace silicon in conventional electronic devices 

and should motivate the need to develop alternative device architectures for graphene-

based circuitry.   

The existence of massless Dirac fermions in graphene can be confirmed 

experimentally by applying a magnetic field and carefully measuring periodic 

fluctuations in observable quantities (i.e. conductance, quantum capacitance, etc.).  For 

example, the value for    can be obtained by the carrier density dependence of the 

cyclotron mass, which is semi-classically defined as follows:  

    
 

  

  ( )

  
|
    

  (2-48) 
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Here  ( ) is the 2D area of the cyclotron orbits in  -space and is defined as    
 .  Using 

the linear dispersion relation          we find, 

    
 

 

 

  
(

  
 

    
 ). (2-49) 

Values for the effective cyclotron mass are obtained from the temperature dependence 

of the Shubnikov-de Haas oscillations (SdHO) in mesoscale conductance 

measurements at various magnetic and gate fields (see Figure 2-8A).  This procedure 

uncovers a square-root dependence of the cyclotron mass with respect to carrier 

density (Fig. 2-8C), which is expected for massless Dirac particles, and for which the 

Fermi velocity    is a fitting parameter,  

    (
 

   
)

 
 
  (2-50) 

Magneto-oscillations can also reveal more subtle behavior of the carriers in 

graphene, such as, arguably the most studied effect in graphene, the fractional quantum 

Hall effect (QHE).55  This phenomenon is observed by measuring the longitudinal 

resistance,    , under magnetic field for varying induced carrier concentrations.  For 

weak magnetic fields (    ), the resulting SdH Oscillations represent broadened 

Landau Levels whose quantization cannot easily be distinguished. However, as the 

magnetic field becomes more intense (B>8T), the Landau Levels become discretized for 

SdH oscillations where the longitudinal resistivity falls to zero.56  Under these conditions, 

the QHE can be observed by plotting the Hall conductivity,    , versus the gate voltage 

or carrier concentration (the latter is shown in Figure 2-9).  Hall conductivity is 

calculated from the measured resistivity, as follows:57 

     
   

(   
     

 )
 (2-51) 
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and is plotted in increments of      .  Single-layer graphene is unique in that it exhibits 

conductivity plateaux at half-integer values (             , etc.) of these quantized 

units, with the first plateaux at       .58  Unconventional QHE behavior is also 

observed in bi-layer graphene which exhibits plateaux at full integer values but no 

plateau at the origin. This effect is well explained for systems consisting of relativistic 

particles for which the Landau quantization resembles the behavior predicted by QED 

theory – further validating the Dirac nature of particles in graphene.59 Therefore, by 

analyzing the QHE of the samples it is possible to unambiguously identify high-quality 

single and bi-layer graphene samples from these measurements.  In addition, this leads 

to the significant result that at zero energy the Landau level is shared equally by 

electrons and holes, providing an interesting system for probing exciton interactions. 

2.1.6   Extrinsic Carrier Properties 

Electrons in graphene are bipolar:  they are at the same time exceedingly sensitive 

to their surroundings, but decidedly chemically inert.  The cause of this behavior is 

orbital hybridization, and the result is a chemically stable material with electronic 

properties that are readily modified.   

In the basal plane of graphene and graphite, carbon atoms are strongly bound to 

their neighbors by the overlapping     orbitals ( -bonds).  These robust bonds are 

stronger than those found in diamond, and chemically inert in most ambients, up to 

several hundred degrees Celsius.60  It turns out however, that isolated sheets are more 

reactive than their supported counterparts in graphite.61  Spontaneous ripples observed 

in suspended graphene 62 indicate regions of local curvature where a reduced activation 

barrier for chemical bonding can be expected.  Despite the enhanced activity of the in-
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plane carbon atoms in graphene, at ambient conditions, chemistry is limited to edge and 

defect sites where broken aromatic chains are naturally susceptible to reactions with the 

environment.63 

In contrast to the bound  -electrons, the charge carriers in graphene are found in 

delocalized  -orbitals oriented perpendicular to the surface.  Thanks to the 2D nature of 

graphene, the surrounding potential landscape is never more than a Debye length away 

so that carriers proximal to an external charge will interact with it.  The low DOS limits 

self-screening effects and implies that the nearby charge of even a single molecule can 

be sensed by observing deviations in the average energy of electrons on the Fermi 

surface.64  This is analogous to a transfer of charge into or out of the graphene sheet, 

raising or lowering the Fermi level, and thus changing the total carrier concentration of 

the graphene.   

Accordingly, the carrier density in graphene can be tailored in a number of 

different ways: atomic or molecular charge transfer doping,65–71 substitutional doping,72–

76 contact to metals,77,78 substrate interactions,79–82 or application of a gate field.3,47,83  It 

should be noted that the carrier mobilities in graphene remain high at device-relevant 

carrier concentrations (              ),84 making it a candidate channel material for 

high-speed transistors.  The room temperature mobility of graphene on SiO2 has been 

shown to exceed             ⁄ ,85 limited primarily by the scattering originating from 

the SiO2 surface.84  By eliminating the influence of this extrinsic scattering, the room 

temperature mobility can reach values                , almost double that of 

semiconducting carbon nanotubes.86  Reducing the temperature to limit acoustic 

phonon scattering, mobilities exceeding              ⁄  for graphene on hexagonal 
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Boron Nitride,87                ⁄  for suspended graphene88, and             ⁄  for 

graphene on HOPG89 have been observed.  These values surpass even those of nearly 

perfect compound semiconductor crystals like InSb,90 and 2-dimensional electron gases 

(2DEGs) found in complex AlGaAs/GaAs heterostructures at milli-Kelvin 

temperatures.91  Indeed, ballistic transport has been observed in graphene devices for 

which the mean-free path is several orders of magnitude longer (     ) than typical 

device dimensions.92  Some relevant experimental results, showcasing an array of 

experimental techniques, are summarized in Figure 2-10. 

To find application as a channel material for transistor devices, it is necessary to 

be able to switch the conductivity of the graphene channel on and off.  A consequence 

of the chiral behavior of its charge carriers is that this cannot be done by electrostatic 

gating alone.  Inducing a band-gap would create insulating states into which the Fermi 

energy could be tuned, thus reducing the conductivity to zero (at zero temperature).  

One method by which a band gap can be generated, termed quantum confinement, 

reduces the graphene sheet to a thin 1-D wire.  This is akin to the quantum mechanical 

particle in a box problem.  The energy levels are quantized in the lateral dimension of 

the wire creating forbidden states near the Dirac point.93,94  Han et al. first demonstrated 

this effect in graphene nanoribbons fabricated by e-beam lithography (Fig. 2-11A).95  

For nanoribbons that are less than 25nm in diameter, an energy gap is formed that is 

proportional to the inverse of the ribbon width,  :96  

      
 

 
. (2-52) 

The situation is complicated by edge effects arising from the abrupt change in bond 

character of atoms near the edges.97  Carefully experimental study of the temperature 
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dependent scaling properties of the gapped nanoribbons suggests that the gap is 

primarily due to defect induced localized states.98–100  True quantum transport 

phenomena, such as Coulomb blockade and Fabry-Perot interference (See Figure 2-

11B),101 are only observed when atomically smooth edges are created by ‘unzipping’ 

carbon nanotubes102–104 or crystallographic tearing.105  

Stacking sheets of graphene to form bi-, tri-, and multi-layers also yields non-trivial 

alterations to the band structure (Fig. 2-12).  Electrons in bilayer graphene (BLG) 

behave like massive fermions while retaining their semimetallic chiral nature.  Trilayer 

graphene exhibits a band overlap.  Five or more layers are generally considered to 

behave like bulk graphite for the following reasons:  (1) The Debye screening length in 

the c-plane direction is    ,106 which is equivalent to two layers.  As such, the middle 

layer is completely screened from the interfaces; (2) For the same reason, five layers 

cannot be gated (even with a top and bottom gate) due to shunting through the bulk; (3) 

The existence of several massive and massless particle species makes it difficult to 

deconvolute the transport behavior; (4) The conduction and valance band overlap 

(>30meV for three layers) leads to metallic conduction.   

Stacking order also plays an important role in the electronic properties of 

multilayer graphene – Bernal, or ABA-stacked, layers behave differently from 

turbostratic or rotationally (random rotations) stacked graphene.  For single layer 

graphene, the local potential landscape is identical for the two atoms in the unit cell.  

This is in contrast to a sheet of hexagonal Boron-Nitride (hBN) where the broken 

sublattice symmetry results in a wide bandgap semiconductor.  Similarly, if graphene is 

placed on top of hBN, the interaction with the local periodic potential of the hBN 
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substrate causes the A and B atoms in the graphene lattice to become inequivalent (a 

second order effect), resulting in a        bandgap.82,107  Stacking can also alter the 

local potential landscape and under the right conditions lead to a symmetry breaking in 

layered graphene.  For instance, if a perpendicular electric field is applied to Bernal-

stacked bilayer graphene the symmetry breaking also induces a small bandgap.  By 

contrast, the in-plane electronic properties of rotationally stacked graphene actually 

resemble those of decoupled single layer graphene sheets in series.108   

2.2   Graphene Growth Techniques 

It is not surprising that the fabrication of a single atomic layer of carbon poses a 

number of significant technical challenges.  However, since the discovery of electrically 

isolated graphene in 2004, graphene has been produced – rather unexpectedly – by a 

variety of methods and under a wide range of conditions.  This section will describe the 

fundamental mechanisms for graphene growth by the most common of these methods:  

catalytic chemical vapor deposition and silicon carbide decomposition.  A brief overview 

of the standard technique for transferring graphene from these growth substrates to 

more technologically relevant, insulating substrates will also be presented.  

2.2.1   Catalytic Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is a process for depositing highly-ordered, solid, 

thin-film materials from gaseous chemical precursors.  Purified precursor materials are 

volatized – typically thermally, but also with the assistance of inductive fields – and 

pumped through a reaction chamber, where they are adsorbed onto the desired 

substrate.  The surface of the substrate often acts as a catalyst to promote the 

decomposition of the precursor species and the formation of a stable solid film.  Unused 

precursor and reaction by-products are swept out of the chamber by the continuous gas 
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flow.  In this manner, uniform films of a wide array of materials can be deposited with a 

great deal of control. 

Before graphene, catalytic CVD was well studied as the predominant growth 

technique for high quality carbon nanotubes.113,114 Samples ranging from isolated 

single-walled nanotubes,115 to arrays,116 and high-density vertically-aligned films117 have 

been grown via this method.  Control of electronic structure,118 growth mode,119 

yield,117,120 and selective growth of single or multi-wall nanotubes119 was achieved by 

varying the substrate, catalyst, and growth conditions. This range of control makes the 

technique ideal for the synthesis of large-area graphene.  In fact, the growth of graphitic 

material through vapor phase deposition is not a new concept.  Evidence for the growth 

of few-layer graphite systems existed as early as 1976 121 and was further explored by 

surface scientists during the following decade.122–125  Small single-layer samples were 

found routinely on single crystals of Pt(111),126,127 Co(0001),128 Ni(111),122 Ru(0001)129, 

and Ir(111)130,131 in ultra-high vacuum (UHV) with various carbon feedstock.   This 

“monolayer graphite” (MG) was studied almost exclusively as an ideal surface for 

calibrating STM probes – a possible rationale for the lack of reference to these early 

studies in the literature. 

Today, growth of monolayer graphene is typically carried out in a horizontal tube 

furnace using methane as the carbon feedstock and hydrogen as a reducing carrier gas 

(Fig. 2-13).  Pressures down to         and temperatures around       are common.  

Here we will discuss the fundamental processes controlling the nucleation and growth of 

these graphene films on polycrystalline metal substrates. 
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The amount of carbon that is supplied to the catalyst surface is limited by the mass 

transport across the fluid flow boundary layer and by the rate of carbon sequestration 

(by graphene growth or diffusion into the bulk).132  The mass flux across the boundary 

layer is given by,  

       (     ), (2-53) 

where    is the gas flux coefficient,    is the gaseous carbon species concentration, 

and    is the surface carbon concentration.  The diffusivity of carbon in the boundary 

layer increases rapidly as the total pressure drops,        , and because the 

boundary layer ( ) thickness changes only slightly, the flux coefficient also increases 

with decreasing pressure,        .  The practical result is two growth regimes, a 

supply-limited growth at ambient-pressure CVD (APCVD) conditions, and a surface 

reaction-limited growth for low-pressure CVD (LPCVD). 

Once the carbon has reached the surface, two growth modes are possible for CVD 

grown graphene: surface catalysis or segregation.  The former involves a metal catalyst 

with a carbon solid-solubility that remains very low (          ) even at elevated 

temperatures.  In this case, the carbon does not diffuse into the bulk and the entire 

reaction takes place at the surface (Fig. 2-14A).  The role of the catalyst substrate in 

this process is three-fold: (1) hydrocarbon decomposition, surface diffusion, and 

catalysis.  The process is strongly self-limiting due to the decrease in catalyst reactivity 

as a function of graphene coverage.  Hydrocarbon adsorption and subsequent 

decomposition is necessarily reduced as the graphene layer prevents further access to 

the catalyst surface.   
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For catalysts with a greater affinity for carbon the situation is different.  Although, 

the same surface reactions are free to take place, at high temperatures it is 

energetically favorable for carbon to diffuse into the bulk of metals like Ni and Co (Fig. 

2-14B).  As a result the total amount of carbon available to the catalytic system is not 

self-limiting.  Upon cooling, the carbon is rejected from the lattice due to the 

temperature dependent solubility, at which point a surface driven catalytic reaction to 

form graphite can take place.  The thickness of the graphite is dependent on the amount 

of carbon that has diffused into the metal and on the details of the cooling cycle.133  If 

the rate of cooling is very high, then the diffusion is quenched and the carbon is frozen 

into the lattice at non-equilibrium concentrations.  On the other hand, if the cooling rate 

is too slow, then carbon atoms diffusing throughout the bulk towards the surface are 

likely to encounter other carbon interstitials to form pairs and eventually cluster.  This is 

especially true at grain boundaries and dislocations where the solubility is higher and 

anomalous diffusion can occur.  If the cooling rate is just right, roughly        , then the 

carbon is expelled quickly to the surface where it has enough thermal energy for bond 

formation.   

The growth kinetics for surface catalysis and segregation involve similar thin-film 

growth processes: adsorption/desorption (adsorbate density), surface and bulk 

diffusion, cluster formation, nucleation, and attachment/detachment (domain growth).134  

Each of these processes is temperature and pressure dependent, and sensitive to the 

relative concentrations of the precursor gases.  For a given temperature and pressure 

the adsorbate concentration will reach an equilibrium value determined by the sticking 

coefficient for precursor molecules and the rate of catalytic cracking (i.e. conversion of, 
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for example, methane into a carbon adatom and four atomic hydrogen).  Locally 

however, thermal fluctuations or defects will result in regions of critical supersaturation 

and lead to the formation of stable graphene nuclei.135,136  As the nuclei grow they 

deplete the carbon concentration in the adjacent regions, thereby reducing the 

probability of further nucleation.  The nuclei continue to grow rapidly until the remaining 

supersaturated carbon species are incorporated into graphene domains and the 

domains coalesce.   

In both the surface and segregation processes, the adsorbed carbon atoms – left 

on the surface after decomposition, or rejected from the bulk during cooling – are free to 

roam the surface, diffusing rapidly at the high growth temperatures.  The carbon atoms 

rapidly form dimers and move on to form metastable rings, chains, or clusters as they 

collect passing carbon adsorbates.  What these larger structures give up in surface 

mobility they make up for with a lower potential barrier for bonding to the edge of 

existing graphene domains.135  This may be explained by the stepwise decoupling of the 

carbon molecules from the metal surface.   As carbon atoms bond together to form pairs 

and then more complex structures, they substitute their bonds to the catalyst with new 

C-C bonds.  This allows the molecules to sit higher above the surface further relaxing 

the bond overlap.  These molecules or clusters are now more likely to bridge the spatial 

and energetic gap and bond to the graphene edge.  However, these catalytic processes 

can run in both directions.  With sufficient thermal energy the metal can catalyze 

methane production by reacting atomic hydrogen with carbon adatoms, metastable 

clusters, and edge sites (preferentially etching metastable defect sites).  This allows for 
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a natural clean-up process to take place, in which the graphene domains are constantly 

being etched away as they grow, eventually resulting in more perfect domains. 

Imperfections in the graphene films are generally found at the intersection of 

domains separated by small-angle tilt boundaries, which are decorated with edge 

defects.137,138  These zero-dimensional edge defects are manifested as single pentagon 

or heptagon structures that stitch together the graphene domains.  Transport across 

these orientationally disordered domain boundaries is limited by the series resistance 

contribution of the domain boundary.139   

An industrially viable catalyst must be cost effective (polycrystalline), 

semiconductor process compatible (common etchant), self-limiting (low carbon solid-

solubility), thermally stable (high carbon surface-diffusivity), and strongly catalytic 

(metallic).  Of the commonly available transition metals, only copper satisfies all of these 

requirements.   

Copper has exceptionally low carbon solubility levels even at elevated 

temperatures (see Figure 2-14C).  This allows copper to be annealed very near its 

melting point – maximizing surface diffusion and catalytic activity – without incorporating 

significant amounts of carbon.  Even inexpensive foils of rolled polycrystalline copper 

are suitable for growth because the graphene sheets can be continuous over terrace 

edges and substrate grain boundaries.  Furthermore, by appropriately tuning the growth 

conditions, it is possible to obtain large single crystals of graphene on copper.140–142  

2.2.2   Silicon Carbide Decomposition 

An alternative method to producing electronically isolated graphene is to grow it 

directly on an insulating substrate.  Ultrathin graphitic film growth on hexagonal SiC 

substrates was first observed in 1975,144  but has more recently been pioneered for 
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electronic applications by the DeHeer group at Georgia Tech.145,146  The technique 

requires annealing pristine SiC wafers to temperatures in excess of       in a UHV 

environment.  During annealing, preferential sublimation of the Si atoms leaves behind 

a carbon rich surface which readily catalyzes into graphite.147  The process leads to the 

“bottom-up” growth of graphene layers that are decoupled from the growth substrate by 

a thin buffer layer.148  This, so called, epitaxial graphene can be patterned and 

electrically contacted directly on the insulating growth substrate. 

A wide range of silicon carbide surfaces are available as growth substrates.  

Several crystalline polymorphs, differentiated by the order and orientation of layer 

stacking (categorized by A, B, and C repeat units), are common for graphene growth:  

hexagonal 4H- (ABCB)146 and 6H- (ABCACB),149 and cubic 3C- (ABC).150  The growth 

properties are strongly dependent on the substrate polytype.  Additionally, SiC has two 

inequivalent polar crystal faces, known as the Si-face (    ) and the C-face (    ̅).  

Graphene growth is strikingly different on these two faces.  For similar growth 

conditions, the former produces few-layer graphene with a single azimuthal orientation 

with respect to the substrate,151 while the latter produces thicker, rotationally disordered 

layers (see Figure 2-15A).152 

Careful preparation of the SiC surface and control of the ambient conditions is 

crucial to the growth of high quality graphene.  Prior to growth, high temperature etching 

of the SiC surface with atomic hydrogen can create clean, smooth, micron scale 

terraces with atomic step edges.153  However, this now pristine surface undergoes 

dramatic surface reconstructions during the subsequent annealing processes.154  The 

typical surface phase progression for the Si-face in UHV is as follows: (a) Si-rich, (     ) 
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phase below     , (b) intermediate, (     ) phase near      , (c) intermediate, 

(√    √ ) phase near      , (d) carbon-rich buffer layer, ( √     √ ) phase above 

     , and (e) graphene epitaxy near      .  The uniformity and grain size of the 

graphene is related to the continuity of the intermediate phases and carbon-rich buffer 

layer.  The exact structure of the buffer layer is the subject of some debate, but is 

generally accepted to consist of a graphene-like array of carbon atoms that are bound 

to the underlying SiC lattice.155  The continuity of the buffer layer is critical to reducing 

the occurrence of deep pits during the subsequent growth phase.156  It may also help to 

decouple the graphite overlayers from the SiC substrate.  Better control of the surface 

morphology during these phase transitions should in principle improve the quality of 

graphene epitaxy. 

Under UHV conditions, the SiC phase transitions occur far from equilibrium (i.e. 

during Si sublimation) and can result in highly non-uniform growth.  The situation is 

improved by supplying a background vapor pressure of Ar157 or silane158 to bring the 

system closer to thermodynamic equilibrium.  This can also be achieved by confinement 

controlled growth, in which the substrate is heated in a sealed graphite crucible with a 

controlled leak.159  As the silicon sublimates, the pressure in these vesicles builds, 

ultimately reaching an equilibrium vapor pressure, thus inhibiting further sublimation.  

Subsequent graphene nucleation is suppressed until much higher temperatures 

(       ) are reached.  The increased reaction temperatures in these equilibrium-

pressure cells enhance surface diffusion and allow for more complete surface 

reconstructions.  The resulting surfaces are free of etch pits and exhibit large (    ) 
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terraces (         ), separated only by short (  ̅  ) edge planes, roughly the height 

of one SiC unit cell.   

Graphene nucleation has been observed to occur preferentially on certain 

crystallographic planes.  The (  ̅  ) planes, characteristic of step edges after H2 

etching, consist primarily of dangling bonds which may reduce the activation energy for 

silicon sublimation.160  Growth along these edges is typically not self-limiting (even for 

the Si-terminated face) and domains are generally small and defective compared with 

the graphene nucleated on (    ) terraces or vicinal planes.161,162  The reduced 

activation energy required for growth at the edges can be used to fabricate self-

assembled graphene nanoribbons along the step edges;163 however, this also results in 

significant thickness variation across the wafer (Fig. 2-15B).  Furthermore, instabilities 

at the (  ̅  )/(    ) plane junction – arising from the competition between capillary 

smoothing and curvature driven edge roughening – can result in finger like growth on 

the (    ) terraces.164  These effects can also be controlled somewhat by the presence 

of an inert atmosphere and Si background vapor pressure.   

Multilayer growth in epitaxial graphene, it turns out, may not be a significant issue 

due to the nature of layer stacking.  In contrast to the AB stacking in HOPG, graphene 

on the carbon terminated face of 4H-SiC grows with a high density of rotational stacking 

faults.  Adjacent carbon sheets that are rotationally stacked become electronically 

decoupled and thus preserve the Dirac-like carrier behavior of a single sheet of 

graphene.108  As a result, nearly perfect linear dispersions, half-integer quantization, 

and ultrahigh mobilities have been observed on SiC grown multi-layer graphene.112,165 
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Top-gated devices made directly from these substrates consistently exhibit the highest 

field effect mobilities (          ) for SiC grown graphene. 

Cost and complexity may ultimately limit epitaxial graphene to a subset of 

electronic applications.  Particularly for high-power, high-temperature electronics for 

which the robust SiC substrate is well suited.166  The growth of SiC – as that of any 

compound semiconductor – remains a challenge due to the increased number of kinetic 

processes that exist in binary crystals.  This is most easily illustrated by the relative 

wafer costs compared to elemental semiconductors (       ).  The additional 

requirements for ultrapure processing conditions (up to UHV) and large thermal budgets 

subsequently required to form graphene may further limit the use of this material to 

applications in harsh environments.   

2.3   Raman Spectroscopy 

2.3.1   Basics of Inelastic Optical Scattering 

Light interactions with matter can provide rapid, quantitative, non-destructive, 

characterization of materials.  Raman spectroscopy is based on inelastic scattering 

arising from electron-phonon interactions.  Incoming electromagnetic waves interact 

with quantized lattice vibrations by polarizing the electron distributions in atomic bonds.  

In other words, the incident light causes the electron cloud to oscillate, which in turn 

causes the atoms to vibrate.  This interaction with the lattice vibrations absorbs or 

augments the energy of the electrons depending on the available vibrational modes and 

quantum selection rules.  When the electrons finally relax and scatter a photon, it will 

have a different energy than the incident photon.  The resulting change in frequency, 

known as the Raman shift, provides characteristic information about the atomic 

constitution, bonding character, and impurity concentration of the material.   
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Figure 2-16 illustrates the Raman scattering mechanism.  Diagrammatically, we 

see that the incident light is absorbed by the molecule or bond, promoting it into a virtual 

excited state.  Statistically, the system will return to the initial state in a radiative process 

known as Rayleigh scattering, however, some probability (     ) exists that it will relax 

to a different state by coupling to an optical phonon.  If the final state has more energy 

than the ground state (phonon is created), the emitted photon is red shifted (Stokes 

shift).  Less likely, is a transition from which the electron cloud gains energy (phonon is 

annihilated) and emits a blue shifted photon (anti-Stokes shift).  Since the probability of 

phonon creation and annihilation is determined by Bose-Einstein statistics, the relative 

intensity of the shifts is proportional to:167 
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where n is the number of phonons with energy,   .  Therefore, barring certain cases 

where quantum selection rules or photoluminescent interference precludes its use, 

Stokes Raman is preferable due to the higher signal intensity.  Finally, if the incident 

excitation energy coincides with an electronic transition, then the process is resonant 

and the intensity is enhanced. 

The electron-phonon interaction is analogous to the classical damped, forced, 

harmonic oscillator, where the damping energy is related to the polarizability, and the 

driving force is equivalent to the oscillating electric field created by the incident light.  

For perturbatively damped systems such as this, the resulting peaks approach 

Lorentzian functions, with line widths that are inversely proportional to the phonon 

lifetime.168  The peak intensity is a complex function of the polarizability, which itself is 

time-dependent and a function of the vibrational mode. 
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Raman spectra are plotted as the intensity of the scattered light versus the Raman 

shift (     ) in inverse wavenumbers (    ).  Lasers are commonly used as excitation 

sources because they are monochromatic and their intensity makes up for low 

scattering probabilities.  Very efficient notch or edge filters are used to block the 

Rayleigh scattered light so that high-gain photodetectors can be used to capture low 

intensity Raman features.  

2.3.2   Spectroscopy of Graphene  

Raman is a low probability process that is best suited to study surfaces like 

graphene.  Surface sensitivity can be tuned somewhat by the choice of incident 

radiation, while quantum selection rules determine the coupling cross-sections for 

interactions between specific incident wavelengths and the vibrational modes of the 

lattice.  Three characteristic Raman peaks are generally used to investigate the 

thickness, crystalline size, defect density, and doping level of graphene: the G-band 

(         ), the D-band (         ), and the 2D-band (         ).   

The graphite mode (G-band) is characteristic of the in-plane     stretching in 

   -carbons.  The associated quantized vibrational modes are the longitudinal optic 

(LO) phonon and the in-plane transverse optic (iTO) phonon.169  The peak positions for 

these two phonon modes are highly sensitive to strain, so although they overlap exactly 

for graphene, they become split for carbon nanotubes and strained graphene.170  The 

G-band position is also highly sensitive to doping (Fermi-level shifts).  This is due to the 

strong electron-phonon coupling that arises from the inability of the electron cloud to 

keep up with the high-frequency in-plane atomic vibrations (non-adiabatic relaxation).171  
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This makes the G-band ideal for probing work function shifts in graphene as a result of 

chemical doping or field-effect modulation. 

The 2D-band (also referred to as the G’-band) is the result of a double resonance 

process by which a phonon scatters the system between two electronic states.167  This 

is in contrast with more common non-resonant (no electronic transitions) and singly 

resonant (one photoexcited electronic transition) processes, and can occur with one or 

two scattering phonons.  In the first case (Fig. 2-17A), an electron is photoexcited into 

the conduction band of the graphene and immediately transitions to another electronic 

conduction state by scattering a phonon,  .  Since the DOS of graphene is continuous, 

there is always an available state above the Fermi level into which the electron can 

transition before relaxing back to the valence band by scattering a photon.  In order to 

conserve momentum (excluding symmetry breaking disorder), a second phonon must 

backscatter the electron into a virtual state with the same wavevector as the initial 

photoexcitation (Fig. 2-17B).  It turns out that the Raman shift for the DR process is 

highly dependent on excitation energy, causing the peak position to increase with 

increasing laser energy.  The DR process provides a powerful method of probing the 

band structure of graphene.172  In this way, the 2D-band can be used to identify the 

number of layers as the electronic structure changes from a single Dirac cone for 

graphene, to several parabolic bands for bilayer and multilayer graphene.173,174  As the 

number of layers increases, the shape of the 2D-band transforms from a single 

Lorentzian to multiple overlapping peaks for multilayer graphene.  The electronic band 

structure is also highly sensitive to changes in layer stacking,175,176 substrate177,178 and 

environmental effects.109 
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The Raman disorder modes (D and D’-bands) are the result of symmetry 

breaking in the two-dimensional graphene lattice.  The sensitivity of phonon modes and 

electronic structure to the local lattice symmetry make Raman spectroscopy attractive 

for probing defect structures in    -carbons.  The requirement for conservation of 

momentum in the electron-phonon scattering process can be mediated by elastic 

scattering with a defect.167  For this reason, the single-phonon D-peak is found at 

roughly half the frequency shift of the two-phonon 2D-peak.   

Both zero and one dimensional defect structures have been extensively studied 

in graphene.  The evolution of the D-peak as a function of     ion bombardment 

reveals that the average distance between point defects can be accurately determined 

from the       ratio.179  In the immediate vicinity of a defect (~1nm), the D-band arises in 

response to structural disorder that destroys the local phonon dispersion, and at longer 

length scales (     ) mixing of Bloch states at the edge of the Brillouin zone causes 

a further enhancement of the D-band.180  Studies of two-dimensional defects in graphite 

have produced similar approximations for crystallite size.181,182  By comparing the 

Raman and X-ray diffraction (XRD) spectra of nanographite samples with different 

domain sizes, it has been determined that the       ratio is inversely proportional to the 

domain size.183  This effect is mirrored in thin graphite and graphene samples and holds 

for domains up to 500nm in diameter, which makes Raman well suited to study the 

growth and nucleation of graphene.184   

2.4   Organic versus Inorganic Transport Phenomena 

2.4.1   Isolated States, Localized Levels, and Continuous Energy Bands 

Electrons in an atom are confined to discrete energy levels determined by the 

rules of quantum mechanics.  As two atoms are brought together, the wavefunctions of 
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the valence electrons become superimposed, forming symmetric (bonding) and 

asymmetric (anti-bonding) energy levels.  Interactions between multiple atoms in a 

molecule cause these levels to split, eventually forming bands with a finite distribution of 

energy levels (equal to the number of electrons in the molecule).  In contrast, the 

continuous energy bands in crystalline semiconductors arise from the interaction of 

valence electrons with the (nearly-infinite) periodic potential of the lattice.  Molecular or 

polymeric crystals provide a hybrid of these models, as periodic intermolecular 

interactions give rise to continuous band-like behavior.  Therefore, the relevant 

electronic transport mechanisms for most semiconductors can be divided into two 

categories: (1) localized hopping-transport, and (2) delocalized band transport.   

The carrier wavefunctions in organics are typically localized on individual small 

molecules or linear segments of a polymer chain.  The intramolecular transport in 

organic molecules can be quite efficient due to the delocalization of conjugated states.  

Conjugated systems exhibit extraordinary conductivity when taken to the quasi-infinite 

limit, like sheets of graphene,185 nanotubes,186 or carbon chains.187  However, most 

molecules are small compared to the probe (device channel) length, and therefore the 

conduction is dominated by a much slower, thermally-assisted, hopping mechanism.  

Phonons provide additional kinetic energy to carriers that are localized by the disorder 

in the organic crystal.  This additional energy allows the carriers to overcome potential 

barriers associated with non-uniform arrangements of molecules (Fig. 2-18A).  For 

systems with strong electron-phonon coupling (i.e. organic semiconductors) the 

temperature dependence of the mobility is given by: 
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where   is an experimental parameter with a typical value between   and  .188  At low 

temperature or high fields, the hopping becomes dominated by tunneling between 

neighboring states, and the mobility found to be: 

          [(
 

  
)√     ⁄ ], (2-56) 

where   is the electric field and    is the permittivity of the semiconductor.  Typically 

room temperature mobilities for organic semiconductors are in the range of      to 

          .189  Semi-periodic orbital overlap between molecules or polymer chains can 

occur if they are arranged with a high degree of crystallinity.  In such cases, band-like 

transport can take place although the mobility is reduced compared to inorganic crystals 

due to the limited bandwidth (i.e. number of energy levels available) for the carriers to 

move through.  These hybrid “bands” are referred to as the highest occupied molecular 

orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO). 

The long-range periodicity of inorganic crystals gives rise to the formation of 

continuous energy bands.190,191  The carrier mobility in conventional semiconductors is a 

function of this band structure and limited by electron-phonon and ionized impurity 

scattering.  Specifically, we can define an effective mass,   , for carriers which 

depends on the curvature of the Fermi surface: 
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Taking into account acoustic and optical phonon scattering, the carrier mobility can then 

be approximated by:192 

     (  )        . (2-58) 
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We observe from this that carriers are highly delocalized – their DeBroglie wavelengths 

ranging from    to        – and limited by intrinsic phonon scattering at elevated 

temperatures (Fig. 2-18B).   This is in stark contrast to the phonon-assisted behavior 

observed in organics, but as we are about to see, another important distinction exists 

between these two classes of semiconductors. 

2.4.2   Carrier concentration 

The conductivity of inorganic semiconductors is in large part determined by the 

equilibrium majority carrier concentration.  On the other hand, this picture does not hold 

for organics which have a very limited number of intrinsic carriers (            ).193  

For the case of inorganic semiconductors, the intrinsic carrier density is a temperature 

dependent function of the bandgap and the density of states: 
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where the thermodynamic function, F(E), is the Fermi-Dirac distribution.  This can be 

evaluated approximately as,  
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], (2-60) 

with the effective density of states given by     (        ⁄ )   .  The Fermi level for 

intrinsic semiconductors is found near the midpoint of the bandgap.  A shift in either 

direction indicates an imbalance of free charge carriers.  This can be accomplished by 

adding a relatively small number of immobile dopant species to donate to or accept 

charge carriers from the bulk semiconductor. 

Both types of semiconductors can be doped to increase the carrier concentration 

and thus increase their conductivities.  To accomplish this, substitutional and interstitial 

atoms of a different valency are implanted into inorganic semiconductors.  Enough 
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energy is present at room temperature to ionize these dopants and add to the free 

carrier concentration.  The situation is more complex for disordered organic systems.  

Organic systems are generally doped by adding small concentrations of donor or 

acceptor molecules, however in addition to inducing carriers, these dopant molecules 

increase the disorder in the system.194  Increasing the spatial and energetic disorder 

eventually counteracts any increase in conductivity expected from doping.195  

Furthermore, due to the low permittivity of organic semiconductors, long-range 

Coulombic interactions between the dopant and the charge carrier are possible.   

2.4.3   Bulk Conduction 

Conductance is defined by the dynamic behavior of charge carriers subject to an 

electric field.  The total current density for a semiconductor is the sum of the field-driven 

and diffusion currents:192 

     (         ). (2-61) 

Here,    (    ⁄ )   is Einstein relationship between mobility and diffusivity.  The total 

carrier concentrations are modified by injection, generation/recombination processes, 

and doping.  This ‘Ohmic’ conduction is valid only when the equilibrium carrier 

concentration is large compared to carrier injection (i.e. inorganic semiconductors).  

Organic semiconductors on the other hand, behave more like insulators in that they 

have very low equilibrium carrier concentrations and a low permittivity.  This results in 

vanishing diffusion currents and space-charge limited currents (SCLC) under high-bias 

conditions.  SCLC occurs when injected carriers are slow to move away from the 

interface and the strong Coulombic repulsion between unipolar carriers repels additional 

charge injection.  The injected current is thus limited by the space-charge build-up, 
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which is strongly dependent on the voltage and channel length, as expressed by the 

Mott-Gurney Law:196 

     
 

 
   

  

  . (2-62) 

This neglects the effect of trap states, which are filled in the low-bias regime and 

subsequently released under higher applied fields.  The situation is complicated further 

by the formation of dipoles at the injection interface.197  Because the SCLC current is 

concentration independent, it is a useful tool for characterizing the mobility of organic 

materials, so long as unipolar injection is guaranteed. 

2.5   Conventional Schottky Barriers 

The interface between a metal and a semiconductor plays a critical role in 

semiconductor device physics.  The charge transport across such an interface is largely 

dictated by the relative level of the metal work function and the semiconductor Fermi 

energy.36,37  The offset of these levels determines the magnitude of the conduction 

barrier at the interface, and whether the passage of carriers across the junction will be 

rectifying (Schottky) or resistive (Ohmic) in nature.   

Anisotropic barriers to electrical conduction were first observed by Braun, in 1874, 

when measuring the current across a fine metal wire in contact with the surface of a 

small lead sulfide crystal.198  Early radio receivers in fact were based on these so-called 

point-contact rectifiers,199 although a clear understanding of the physical phenomenon 

was not established until years later.200  Today rectifying metal-semiconductor contacts 

are commonly used for DC and high-frequency applications, solar cells and 

photodetectors, and as the gate electrode in metal-semiconductor field effect transistors 

(MESFETs) and high electron mobility transistors (HEMTs).   
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2.5.1   Metal-Semiconductor Interfaces at Thermal Equilibrium: Schottky Barrier 
Formation 

An accurate picture of how a barrier is formed when a metal and a semiconductor 

come into contact is necessary to understand the transport across such a junction.  If a 

metal and an n-type semiconductor (see Figure 2-19) are brought into electrical contact, 

electrons will flow from the semiconductor into the metal until thermal equilibrium is 

reached and the chemical potentials of the two sides are balanced (i.e the Fermi-level of 

the semiconductor and the work function of the metal are aligned).  An energy barrier, 

   , now exists at the interface of the two materials.  If the barrier is small (       ), 

then the metal and semiconductor will conduct current with only a small linear contact 

resistance.  For large barriers the conduction behavior is non-linear, accommodating 

large currents in forward bias but only negligible current in reverse bias.   

For the ideal case, the details of the interface can be ignored and the magnitude of 

the barrier is defined as follows: 

       (    )            (2-63) 

          (    )            (2-64) 

where    and   are the semiconductor bandgap and electron affinity, respectively, and 

   is the metal work function.  As the charges move across the junction during 

equilibration, a space charge region is established in the semiconductor resulting in a 

steady-state built-in potential,    , that opposes additional accumulation of charges near 

the interface.  In order for the Fermi-energy of the two materials to remain coincident, 

the semiconductor energy bands must bend (according to the Poisson relation) away 

from their equilibrium flat-band levels by an amount equal to the built-in potential.  For 

an abrupt junction (AJA), this band bending has a characteristic ‘depletion’ width: 
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    √
   (     )

   
 , (2-65) 

where    is the permittivity of free space,   is the applied field,    is the electron charge, 

and    is the carrier density.   

The charge accumulation on the metal surface opposes that in the semiconductor 

depletion width and creates a junction capacitance.  In reverse bias, the barrier to 

conduction causes additional charges to accumulate near the interface.  The junction 

capacitance is therefore a function of the bias voltage and written as, 

   
    

  
 √

     

 (     )
, (2-66) 

where           is the space charge density.  Barrier height and doping 

concentration can be extracted from plots of the junction capacitance as a function of 

bias voltage (               ). 

 2.5.2   Thermionic, Diffusive, and Field - Emission Theory 

Charge transport across an MS junction can occur via three basic processes: (1) 

Thermally-activated emission over the barrier,200 (2) Diffusion of carriers across the 

depletion region,36 or (3) quantum-mechanical tunneling through the barrier.201  All of 

these processes are majority carrier dominated for barriers larger than    .  Thermionic 

emission (TE) takes place when carriers with energy exceeding the conduction band 

energy at the MS interface (               ) travel across the junction.  If we 

ignore recombination and fast decay processes, then the barrier can be approximated 

as an abrupt junction with a constant quasi Fermi-level throughout the depletion region.  

The current density is then obtained by summing the contribution of these energetic 

carriers: 
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      ∫    
  

  
  

 

        
, (2-67) 

where    is the component of the carrier velocity along the bias direction.   And    is the 

electron density for an infinitesimal energy range, given by: 

 
  

  
  ( ) ( ), (2-68) 

for which  ( ) is the density of states, and  ( ) is the Fermi-Dirac distribution function.  

Assuming a non-degenerately doped semiconductor with parabolic energy bands, the 

TE current density from the semiconductor to the metal for a given applied bias is 

defined by: 

             ( 
    

   
)    (

  

   
), (2-69) 

where    (       
   ⁄ ) is the Richardson constant, which accounts for the 

dispersion relation of the semiconductor.202  Since the barrier height is fixed for carriers 

traveling from the metal to the semiconductor, the corresponding current density is, 

              ( 
    

   
). (2-70) 

Finally, by summing these opposing terms we arrive at the total thermionic current 

density, 

      [   (
  

   
)   ]  [       ( 

    

   
)] [   (

  

   
)   ].  (2-71) 

Except for the saturation current,    , which is principally determined by the barrier 

height instead of the band gap, the diode equation is very similar to the transport 

equation for a   -junction.  Most high-mobility semiconductors, such as Si and GaAs, 

are adequately described by this theory.   

So far, we have neglected the diffusion of carriers across the depletion region, 

but for low-mobility or disordered semiconductors, this is the dominant forward bias 
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conduction mechanism.  The current density in the depletion region is dependent on the 

electric field (drift) and the carrier concentration gradient (diffusion), according to the 

following equation: 

    [       
  

  
], (2-72) 

where    is the electron diffusion coefficient and    is the electron mobility, and the 

local electric field is determined by the shape of the depletion region,      ( )   .  

Integrating the current density over the entire depletion region,  

      [ ( )    (
  ( )

   
)]

   

  

, (2-73) 

and assuming that the carrier concentrations at the boundaries remain at equilibrium, 

we arrive at the expression of current density for diffusion theory: 

     [   (
  

   
)   ]              ( 

    

   
) [   (

  

   
)   ]. (2-74) 

The electric field reaches a maximum,     , at the MS interface and is dependent on 

the magnitude of the applied bias.  As a result, this expression is similar to that for TE, 

except that the saturation current density,   , is more strongly influenced by the applied 

bias and less dependent on temperature. 

For a given barrier width, a finite probability also exists that carriers will travel 

through the barrier as a result of quantum-mechanical tunneling.  That probability 

becomes appreciable for narrow depletion widths (i.e. degenerate doping or large bias 

voltages) and low-temperatures.  In general, this field emission (FE) current is 

proportional to the quantum mechanical transmission coefficient multiplied by the initial 

and final state occupancy probabilities.  By integrating over all energy levels up to the 
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barrier height we get the thermionic field emission current (TFE), that is, the total 

tunneling current: 

      
     

   
∫    ( )(    )  

    

  
 . (2-75) 

Full analytical expressions for FE and TFE are complex192 and are omitted here, but we 

can make a few comments regarding their behavior.  Field emission is strongly 

dependent on applied bias and nearly independent of temperature.  This is especially 

true for the case of reverse bias, where large voltages can significantly narrow the 

depletion width and generate very large tunnel currents.  The TFE current includes not 

only the tunneling of carriers at the Fermi level, but also the tunneling of thermally 

excited carriers for which the tunneling barrier (i.e. the depletion width) is narrower.  A 

summary of the expected band bending and idealized current transport mechanisms for 

various bias conditions is pictured in Figure 2-20. 

2.5.3   Deviations from Ideality 

There are several factors that cause device operation to deviate from these 

theoretical models.  We can add a voltage dependent coefficient to the diode equation, 

termed an ideality factor,  , to account for these deviations: 

     [   (
  

    
)   ]. (2-76) 

The value of the   can be determined from the forward bias slope of a     versus   plot.  

The ideality factor varies with bias voltage, so typically a range is given, with unity 

representing an ideal diode.   

Currents across the junction can be affected by several factors including defects in 

the depletion region that lead to carrier recombination, optical/phonon scattering203,204 

and quantum mechanical reflection205.  The existence of surface states in the 
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semiconductor can also play a crucial role in determining the barrier height.  When the 

metal and semiconductor are brought into contact, the two come to thermal equilibrium 

by allowing charges to flow from the metal into the semiconductor.  If however, there are 

enough unoccupied surface states to accommodate these additional charges, then the 

Fermi level of the semiconductor remains largely unchanged.  As a result of this Fermi 

level pinning, covalently bonded semiconductors, which generally exhibit a higher 

density of surface states than ionic semiconductors, more often exhibit barrier heights 

that are independent of the choice of metal.206 

The barrier height can also be dependent on applied bias.  The charge carriers 

near the interface of the semiconductor can induce image charges in the metal of 

opposite polarity.  The Coulomb force between the carrier and its image charge 

contributes to the potential energy of the carrier and corresponds to a shift in the 

effective barrier height.  The barrier becomes rounded, reaching a maximum value near 

the interface, but inside the depletion region.  The change in barrier height is given by: 

    √
  

    
. (2-77) 

The potential energy of the carriers in the semiconductor is dependent on the electric 

field, and therefore the barrier shift is dependent on the applied bias voltage.  

Consequently, the image force lowering (Schottky Effect) is amplified in reverse bias 

and reduced in forward bias (see Figure 2-21). 

2.5.4   Ohmic Contacts 

In order for any semiconductor device to be of use, it must ultimately be coupled to 

a metallic contact so that the current can be transmitted with minimal dissipative 

resistance.  A low contact barrier allows charges in the semiconductor to pass 



 

68 

(relatively) unobstructed into a metal contact.  These so called Ohmic contacts are 

ubiquitous in solid state physics and behave like conducting leads with a characteristic 

“contact” resistance,   , defined by: 

          (
  

  
)
  

. (2-78) 

This expression can be evaluated analytically, and is proportional to, 

       (
   

   
), (2-79)  

for the case of low doping concentrations.  In this regime, the resistance is proportional 

to barrier height alone and the contact is TE limited.  It turns out that this barrier height 

can be substantial and thus highly temperature dependent.  As the doping concentration 

in the semiconductor increases, the contact barrier height decreases and the resistance 

is dictated by tunneling across the interface, 

       (
   

   ⁄ ). (2-80) 

The contact resistance in either case is reduced by minimizing the work function and 

Fermi level offset while maximizing the semiconductor carrier density.  This is 

sometimes difficult to accomplish for wide band gap semiconductors with very deep 

valence bands.  Often, degenerately doped layers or heterojunctions are used to reduce 

the barrier to injection.  Alternatively, rapid thermal annealing (RTA) of the MS interface 

to induce interdiffusion and a metallurgical alloying reaction can result in stable and 

consistent Ohmic contacts on most semiconductors. 
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Figure 2-1.  The hybridization of carbon.  Various configurations of the 2s and 2p 
orbitals form sp1-hybridized linear carbon chains (resonant triple-bonds), sp2-
hybridized planar carbon sheets (conjugated double-bonds), and sp3-
hybridized diamond lattice carbon (strongly covalent single-bonds). 
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Figure 2-2.  A honeycomb lattice of carbon atoms in graphene.  A) The real-space 
Bravais lattice of graphene consisting of two interpenetrating hexagonal 
sublattices (blue and yellow atoms).  The primitive lattice vectors are labeled 
for the yellow sublattice.  The nearest and the next-nearest neighbors of the 

atom labeled     are designated by the blue and yellow dotted circles, 
respectively.  B) The reciprocal-space lattice is rotated by a factor of    ⁄  

relative to the Bravais lattice.  The primitive lattice vectors are labeled and the 

  and    points located at the edges of the first Brillouin zone (shaded 
region).  The unique linear dispersion of graphene is the result of a unit cell 
consisting of two inequivalent points in reciprocal space. 
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Figure 2-3. Tight-binding approximation of the graphene electronic energy band 
diagram. A) The full graphene electronic dispersion relation for the first one 
and a half Brillouin zones (BZ).The calculation includes a wavefunction 
overlap term, and non-zero nearest-neighbor and next-nearest neighbor 
hopping amplitudes.  Several of the high-symmetry points in the BZ are 
labeled for convenience. B) Close-up of the linear dispersion in the low-

energy regime, | |   . The Fermi level for undoped graphene is found at 
these intersections of the conduction and valence band.  C) Plot of the 
constant-energy contours in the conduction band as a function of the 
wavevector components    and   . D) 2D section of the full dispersion along 

the high-symmetry wavevectors (connecting          ), illustrating the 

intersection of the   and    energy bands at the   and    points at the edge 
of the first BZ [Produced with Wolfram Mathematica 7.0, Ref. 43]. 
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Figure 2-4.  Angle-resolved photoemission spectroscopy of the graphene electron 
energy dispersion.  A) A 2D section of the valence band along the high 
symmetry points.  The Fermi level is above the Dirac point because the 
graphene is slightly electron doped.  B-D)  Constant energy contours of the 
first Brillouin zone for energies coincident with the Fermi-level, the Dirac 
points, and 1eV below the Dirac points, respectively. The halos are a result of 
the hexagonal SiC substrate [reproduced with permission from Ref. 44]. 
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Figure 2-5.  The continuously tunable Fermi-level of graphene.  Ambipolar carriers can 
be generated in graphene by applying an electric field from an electrically 
insulating gate electrode.  Electrons (holes) are induced in the graphene by a 
positive (negative) gate voltage, increasing the total number of charge 
carriers and thus reducing the in-plane resistance of the film.  Because the 
bands of semimetallic graphene are joined at the Dirac point, the Fermi-level 
of the graphene can be tuned continuously [Reproduced with permission from 
Ref. 3]. 
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Figure 2-6.  Quantum numbers in graphene - Pseudospin and isospin.  Two additional 
degrees of freedom in graphene result from the degeneracy of the band 
contributions of the two inequivalent sublattices (A and B) and the two conical 
‘valleys’ (  and   ).  Pauli matrices are used to index these contributions to 

the effective Hamiltonian: pseudospin   for the sublattices, and isospin   for 
the valleys.  A simplified interpretation of the bands is used to illustrate the 
conjugation of the electrons and holes belonging to the same energy bands.  
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Figure 2-7.  Klein tunneling in graphene.  An unperturbed graphene sheet (top) is 
subject to a square potential resulting in a p-n-p junction (bottom).  The chiral 
nature of the relativistic massless fermions allows them to tunnel through 
potential barriers of arbitrary height and width.  Upon reaching the potential 
barrier, the incident hole (traveling left to right) conjugates with an electron of 
matching pseudospin and opposite momentum.  The conduction electron 
travels across the barrier and is converted back into a chiral conjugate hole 
resulting in perfect transmission and a net current. 
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Figure 2-8.  Magneto-oscillations in graphene.  Shubnikov de-Haas oscillations in the 
transport properties of graphene have been used to confirm the Dirac-like 
nature of particles in graphene.  (A)  The transverse component of the 
resistance is plotted versus increasing magnetic field, where the period of the 
oscillations is proportional to the cross sectional area of the Fermi surface.  
(B) The change in longitudinal conductance as a function of applied gate 
voltage (T= 20K, 80K, and 140K, for blue, green, and red, respectively).  The 
periodicity is determined by the degeneracy of the Landau levels in graphene 

(      ).  These plots can be used to extract key parameters such as the 
cyclotron mass, (C).  [Reproduced with permission from Ref. 51] 
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Figure 2-9.  Fractional quantum hall effect in graphene.  The Landau quantization of the 
longitudinal resistance (left, green) and transverse conductance (right, red) 
measured at B=14T and 4K for graphene (bilayer graphene in the inset).  The 
plateaus in conductance occur at anomalous half integer for the case of 
graphene.  [Reproduced with permission from Ref. 51] 
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Figure 2-10.  Sensitivity of the low density-of-states of graphene to electronic potentials.  
(A) Raman spectrograph of ionic liquid gated graphene.  The position of the 
G-band is related to the Fermi-level of the graphene and thus is related to 
gate field.  (B)  The transfer curves of a graphene sensor as it is exposed to 
concentrations of NO2.  The device was used to monitor the adsorption of 
various gases down to a single molecule.  (3)  Molecular doping of graphene 
with TFSA ((CF3SO2)2NH) can be observed by monitoring the carrier 
concentrations in a Hall conductivity measurement.  (4) STM images of a 
substitutional nitrogen atom in a graphene lattice p-doped by incorporation of 
N2 in the CVD growth process. [Reproduced with permission from Refs. 
109,64,71,76] 
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Figure 2-11.  Quantum transport phenomena in graphene nanoribbons. (A)  
Lithographically patterned and oxygen etched graphene nanoconstrictions.  
(B) The magnitude of the disorder induced transport gap in the nanoribbons is 
inversely proportional to the width of the ribbon.  (C)  Schematic of the 
distinction between transport gap and a confinement gap in a nanoribbon with 
significant edge disorder.  (D)  A 14nm nanoribbon with pristine 
crystallographic edges produced by ‘unzipping’ a single walled carbon 
nanotube by exposure to an oxygen plasma.  (E)  Coherent interference and 
coulomb blockade phenomena observed in the gated differential conductance 
behavior in the vicinity of the band gap.  The nanoribbon exhibits negligible 
edge disorder.  [Reproduced with permission from Refs. 96,101,105,100] 
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Figure 2-12.  Stacking graphene.  (A) Inducing a bandgap in bi-layer graphene by 
applying a perpendicular electric field (displacement field).  (B) Optical 
absorption spectra for a gated bilayer device with several displacement fields.  
The increase in absorption and shift in energy is very clear for the stronger 
displacement fields, and fits the tight-binding approximation (right panel).  The 
decrease in absorption for energies immediately below the band gap is also 
expected since those states are now forbidden.  (C) Hall resistance for a 
trilayer graphene device confirming the conduction and valence band overlap 
that occurs in samples with three or more layers.  (D)  ARPES measurement 
of the dispersion for 11-layer rotationally stacked epitaxial graphene on C-
face SiC (only the first 3 layers are visible).  The dispersion is a superposition 
of several single layer graphene dispersions as is expected for completely 
decoupled graphene sheets. [Reproduced with permission from Refs. 110–112] 
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Figure 2-13.  Diagram of the kinetic processes during catalytic chemical vapor 
deposition.  The main processes in catalytic CVD growth of graphene are as 
follows: (i) in-flux of the reaction products into the hot zone; (ii) diffusion of 
molecules across the fluid boundary layer; (iii) catalytic cracking of the carbon 
feedstock; (iv) surface diffusion; (v) metastable dimer and chain formation; (vi) 
nucleation of graphene domains; and finally, (vii) domain growth. 
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Figure 2-14.  Growth modes of graphene on metal substrates with various degrees of 
carbon solubility.  (A) Growth on Cu proceeds by surface catalysis and is 
generally self-limiting, while (B) on Ni the growth is dominated by segregation 
of carbon to the surface during cooling, leading to multilayer growth.  Grain 
boundaries and dislocations serve as carbon sinks (especially for Ni) and 
nucleation points.  These disparate growth modes are the result of the five 
order of magnitude difference in the solubility of carbon in Cu versus Ni (C 
and D, respectively). [Reproduced with permission from Ref. 143] 
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Figure 2-15.  Growth modes of graphene on the different faces of SiC.  (A) Thermal 
decomposition on the c-face of 4H-SiC (ABCB stacking) yields multilayer 
graphene with rotational stacking faults that allow the sheets to become 
electronic decoupled from each other.  Fewer layers grow on the Si-face, but 
they are generally AB-stacked and electronically coupled like the sheets in 

HOPG.  (B) Growth proceeds faster on the (  ̅  ) terrace edges, leading to 
non-uniform growth. 
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Figure 2-16.  Diagram of the Raman scattering process.  Incident radiation causes the 
electron cloud to oscillate, thereby promoting the system into a virtual excited 
state.  The system typically relaxes back to the initial state, emitting a photon 
of equal energy, in a process known as Rayleigh scattering.  In rare cases, 
the oscillating electron cloud will lose (gain) energy by coupling to an allowed 
vibrational mode of the system and scatter a red (blue) shifted photon. 
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Figure 2-17.  The double resonance process in graphene.  (A) The defect mediated 
one-phonon, and (B) the momentum conserved two-phonon intravalley DR 
processes.  (C) The dispersive nature of the DR process.  The Raman peak 
associated with this process is dependent on the excitation energy. 
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Figure 2-18.  Transport mechanisms in organic and inorganic semiconductors.  (A) 
Thermally-mediated hopping transport in which carriers are localized by 

disorder and require additional energy from a phonon (labeled “ ”) to move to 
an adjacent site.  (B) Band transport, in which delocalized carriers are free to 
move by diffusion or in response to a field.  Phonons and lattice defects act 
as scattering centers that limit the mobility of the carriers. 
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Figure 2-19.  Schematic of an n-type Schottky barrier at thermal equilibrium. 
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Figure 2-20.  Band bending and current transport for MS junctions to n- and p-type 
semiconductors at various biasing conditions: (A) Thermal equilibrium, (B) 
forward bias, (C) reverse bias, (D) breakdown. 
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Figure 2-21.  Diagram of image-force lowering effect on a biased n-type diode.  The 
carriers in the semiconductor induce charges in the metal that lower the 
Schottky barrier.  The barrier shift is bias-dependent affecting the transport 
across the junction. 
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CHAPTER 3 
GRAPHENE SYNTHESIS AND TRANSFER TECHNIQUES 

3.1   Introduction 

The principal challenge to fabricating the graphene-based Schottky barrier devices 

described in the following Chapters is reliably synthesizing macroscale graphene on 

insulating substrates.  This Chapter will describe two very different approaches to 

producing electronically isolated graphene.  First, we will discuss improved techniques 

for the low-vacuum CVD growth of graphene and subsequent transfer to insulting 

substrates.  This method will be used to fabricate the Schottky barrier devices in 

Chapters 4 and 5.  We also describe a method for the site-selective growth of few-layer 

graphene directly on insulating SiC substrates via ion-implantation and thermal or 

pulsed-laser annealing.   

3.2   Toward Macroscale Domain Growth via Chemical Vapor Deposition 

The study of low-vacuum CVD growth of graphene was initially put forth as part of 

this author’s candidacy proposal defense in 2008, however, research in this area did not 

begin until after the seminal works of Reina et al. (Jing Kong Group, MIT)133 and Li et al. 

(Ruoff group, UT-Austin).207  Improvements to these original techniques have since 
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 Section 3.5:  Drawing Graphene Nanoribbons on SiC by Ion Implantation. Applied Physics Letters 2012, 
100, 073501; Site Selective Graphitization of SiC via Ion Implantation and Pulsed Laser Annealing. 
Applied Physics Letters 2012, 100, 193105. 
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come in rapid succession, often being developed independently by several groups in 

parallel.  The techniques described here were refined over the course of several years 

inspired by and sometimes anticipating the literature.  Despite the pace of improvement, 

the reproducibility required for large scale integration necessitates  further 

improvements to these techniques.  As such, the focus here will be to highlight data that 

contributes to our understanding of fundamental growth mechanisms. 

3.2.1   Low-Vacuum Catalytic Chemical Vapor Deposition 

It may be understood that a continuous two-dimensional crystal should, in theory, 

be able to grow on a smooth metallic surface.  It is much less trivial to assume that this 

growth could occur in the presence of crystal defects, surface roughness, thermal 

fluctuations, and near ambient base pressures.  Still, it proves worthwhile to explore 

such low-vacuum techniques to avoid the cost and complexity of ultra-high vacuum.  

Here, by low-vacuum, we mean operating pressures that can be achieved with a single 

roughing pump and standard O-ring seals.   

The home-built LPCVD system (Fig. 3-1) used in these experiments was designed 

to maximize the range of processing conditions that could be studied.  We will briefly 

describe the primary components of the system, starting from the gas sources. The 

system allows for mixtures of up to five interchangeable inlet gases, and is typically 

stocked with nitrogen, forming gas (   (  )   ), hydrogen, methane, and a mixture 

(     ) of     ⁄  (all supplied by Airgas, >99.99% purity).  The tanks are housed in a 

fume hood (        ) serving as a gas cabinet, and rigged with pneumatic emergency 

shut-off valves.  A first level of particle filters (    , Swagelok, SS-4FWS-05) ensures 

that large particulates do not enter the calibrated flow meters.  High precision 
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rotometers (Matheson Tri-gas, FM-1050 series) control the flow rates of the gases down 

to      standard cubic centimeters per minute (sccm).  A second stage high-purity 

particle filter (   , T.E.M. Filter Company, TEM915) ensures that no contaminants are 

introduced to the chamber during processing.  The      diameter quartz tube (TGP, 

35X38) serves as the growth chamber and is coupled to the gas lines via Viton sealed 

quick-connect couplings (LDS Vacuum, NW40-Q150) and      flanges and fittings 

(A&N, QF-40-XXX).  The clam-shell tube furnace (Lindberg, ) has a     uniform hot 

zone capable of reaching      .  Thermal cycling is controlled by a 16-stage, digital, 

proportional-integral-derivative (PID) feedback temperature controller (Yokogawa, 

UP150-VN).  The outlet has a check valve (Swagelok, SS-CHS4-1/3) rated at          

to prevent a hazardous pressure buildup in the tube.  The tube outlet is coupled to a 

union cross allowing the exhaust to go to the standard roughing pump, an external turbo 

pump for experiments requiring             , or through a double-bubbler (ARS) for 

atmospheric growth.  The roughing pump system is connected via a right-angle poppet 

valve (A&N, LPAV150-CF-) that allows the tube to be held under vacuum for extended 

periods.  Total pressure can be adjusted manually from         to          with a 

bellows valve (Swagelok, SS-4BRW) on the outlet.  The mechanical pump vents directly 

into the laboratory fume hood.  A liquid nitrogen trap (A&N, VSCI-80-QF40) prevents 

pump oil vapors from back flowing into reaction chamber during growth.   A filtered 

purge valve (Swagelok, SS-4P-4) allows the system to be vented manually.  The gas 

lines are all stainless steel       tubing coupled by stainless steel Swagelok      tube 

fittings. 
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The operational procedure for the CVD system is stated here, in brief:  (1) Load 

the samples into the quartz tube and pump the system down to below         ; (2) 

purge all the necessary gas lines for       at         ; (3) slowly ramp (        ) to 

     in a reducing or inert ambient to degas sample and chamber; (4) ramp 

(        ) to      to burn off carbon residue; (5) perform CVD growth (see standard 

procedure below); (6) cool in reducing or inert ambient (        ) until the 

thermocouple reads below     (actual substrate temperature is     ); (7) close 

pump bellows valve and turn off gas flow; (8) vent chamber with the purge valve and 

unload sample; (9) Pump down tube and close pump bellows valve to keeping the tube 

under vacuum until the next use.  The quartz tubes are kept under vacuum to prevent 

oxidation of the sublimated copper in the cold zones. 

Early growth runs were often plagued by micron scale particulates (Fig. 3-2), 

which were identified as SiOx particles by energy dispersive spectrometry (EDS) 

analysis.  Since these are not present on the samples prior to growth, we conclude that 

these particulates must originate from the quartz tube.  A tantalum enclosure has 

subsequently been used to prevent these particles from depositing on the growth 

substrate.  Tantalum was chosen based on the following merits: it has a high melting 

point and good mechanical stability; it is a good oxygen scavenger; it has a low sticking 

coefficient for Cu, and it is inexpensive.  The enclosure also creates a small diffusion-

mediated reaction chamber isolated from the turbulent fluid flow in the tube.  In 2011, Li 

et al.140 found increased grain sizes of single layer graphene on the inside of copper foil 

enclosures formed by rolling and crimping the foil.  Rather than crimp our CMP polished 

copper foil substrates, flat pieces are placed inside covered tantalum boats (R.D. Mathis 
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Company, SB-4/SB-4A) which also improves ease of handling and reproducibility.  The 

boats are wrapped with and placed downstream from folded sheets of fresh tantalum 

foil (    ) that act as disposable oxygen scavengers (see Figure 3-1B and C). 

Although the precise growth conditions used in each experiment vary, all 

standard CVD growths in this thesis – unless otherwise noted – are based on the 

following recipe (beginning from step 5 of the operational procedure described above).  

After a        soak at     , the temperature is ramped slowly to       for        to 

avoid overshoot.  The samples are then annealed for       at       to promote Cu 

grain growth (mean grain sizes exceeded 5mm2 as determined by optical microscopy).  

An initial low-density nucleation and slow growth phase is performed at        for 

       with a mixture of     and    at a total pressure of           and flows of      

and       , respectively.  To guarantee full coverage the temperature was dropped to 

       for        while increasing the total pressure and methane flow to          

and       , respectively.  This increases the nucleation rate between graphene 

domains and allows large single crystals to be stitched together by smaller domains. 

We have used a number of techniques to characterize our graphene sheets.  

Raman spectroscopy is a fast, non-destructive technique that is ideal for distinguishing 

single-layer graphene from multi-layer graphene and graphite,173 and for characterizing 

disorder, stacking symmetry, and doping of the graphitic films.184  Raman spectra were 

acquired with a Horiba Jobin-Yvon LabRAM Aramis system using a       excitation 

laser, 1-ND filter,     (for mapping) and      (for individual spectra) line diffraction 

gratings,      integration times, and    averaging.  Figure 3-12 shows a typical 

spectrum for graphene grown on Cu via our standard recipe (above).  There is no 
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discernible D-peak and the        ⁄ , indicative of single layer graphene.  The 

uniformity of the samples can be determined by acquiring spatial Raman maps of the 

growth substrate.  Every film that we grow is compared to previous growths by acquiring 

a minimum of three Raman maps at separate locations along the foil (typically       

arrays with      spacing in   and  ).  Although our films are highly uniform, 

occasionally we observe local regions of multilayer or disordered growth.   

Electron microscopy is a powerful tool for understanding graphene growth 

kinetics.  Contrast between single layers of graphene and bare Cu can be observed at 

low voltages (     ) and is attributed to secondary electron (SE) attenuation.208  

However, if the Cu sample has had time to develop a native oxide, charge accumulation 

in the oxide during imaging results in a drastically enhanced contrast mechanism.   

Indeed, Jia et al. found that annealing partially grown Cu samples in air is enough to 

make graphene domains visible by both optical and electron microscopy.209   In Figure 

3-3, very large single crystal domains of graphene are shown on lightly oxidized copper.  

The grains shown here were grown in a process developed after our standard growth 

technique, in which the hydrogen partial pressure is increased by an order of magnitude 

while the methane partial pressure remains as low as possible in our system (    

       ).  The domains shown here are approaching the millimeter scale (      ).  

Further dilution and more careful surface preparation should yield even larger single 

crystal domains by limiting the nucleation rate. 

Interestingly, single layers of graphene can also be observed by AFM directly on 

copper using the same annealing technique as described above.  In Figure 3-3 and 3-4, 

the copper protects the underlying surface reconstruction provides a strong contrast 
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with the surround oxide layer.  The terrace dimensions vary greatly depending on the 

Cu crystal orientation and growth conditions, but the AFM line scan reveals that they are 

not atomic steps, but rather tens of nanometers in height (Fig 3-4B).  

Ultimately, these graphene films are used as conductive electrodes, and as such 

electrical characterization of our transferred films is crucial.  We have performed sheet 

resistance measurements for graphene grown by our standard recipe and compared it 

to the baseline growth technique published by Li et al.207  Figure 3-6 compares the 

sheet resistance values for 40 transferred films of graphene grown using Li’s original 

method and our standard recipe.  The films are transferred onto SiO2 wafers using th 

hot clamping method described in section 3.3.1.  A four point Van-der-Pauw electrode 

configuration was evaporated (40nm Au) onto the transferred films.  The decrease in 

sheet resistance can be attributed to the larger single crystal domains expected of our 

standard growth technique.  This reduces the number of grain boundaries in the 

electronic path and thus increases the scattering time and mobility values. 

3.2.2   Chemical Mechanical Polishing 

Remarkably, graphene domains have been shown to grow over step edges and 

micron scale surface features.  Unfortunately, features commensurate with the 

topography of a rough substrate often lead to wrinkling and tearing of the graphene 

sheets during transfer.  Wrinkles are especially harmful for devices that build vertically 

on top of graphene, as these can result in highly conductive shorting pathways.  Surface 

roughness also promotes defects and nucleation by providing localized regions of high 

curvature, and a high density of carbon sinks.  The origin of the roughness for most 

commercially available foils is the rolling process by which they are manufactured.  The 

situation can be improved dramatically by planarizing the surface prior to annealing and 
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graphene growth.  

In an attempt to improve the uniformity and suppress nucleation we investigated 

the chemical mechanical polishing.  Copper foils (         purity, Alfa Aesar) 

          thick were chemically-mechanically polished (CMP) at Sinmat Inc. on a 

Buehler Ecomet 300/Automet 250 bench-top polisher using a Suba-IV pad (Eminess).  

The CMP slurry was prepared with         colloidal silica (       nominal particle 

size) in a              solution, using       benzotriazole as a corrosion inhibitor, and 

       citric acid as a complexing agent.  The acidity of the slurry was adjusted to a 

pH of   using NH4OH.  Polishing was done with a down-pressure of       (        ), 

the platen and head rotating at        and       , respectively, and a slurry flow rate 

of          .  Approximately        of copper were polished away to achieve a 

smooth surface.  Foils were subsequently exposed to a dilute HF (     , DI:HF) 

solution to etch away residual slurry particulates and rinsed in pure DI water.   

The results of the polishing can be seen in the representative AFM images in 

Figure 3-7.  As a result of the CMP polishing, the large features in the Cu foil are 

completely eliminated and the roughness is drastically reduced from an RMS value of 

        to        .  This change can also be seen in larger scale SEM images of the 

foils (Fig. 3-8A), where the rolling grooves are readily apparent prior to polishing.  The 

planarized films are so smooth that they provide very little contrast for SEM imaging 

(Fig. 3-8A, Inset). 

3.3   Rethinking Graphene Transfer 

Transferring graphene from the metallic growth substrates remains a challenge for 

device synthesis.  Most conventional transfer techniques are based on the method first 
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demonstrated by Reina et al.133 By this method, a polymeric support layer, typically 

poly-methyl methacrylate (PMMA) or poly-dimethyl siloxane (PDMS) is spun and cured 

directly onto the metal/graphene substrate.  The metal is then etched away (HNO3 or 

Fe2(NO)3 for Ni and Cu, respectively), leaving the polymer supported graphene floating 

in the etch solution.  The film is retrieved from the solution using the desired substrate.  

The final step is to dissolve away the polymeric support layer leaving behind the 

graphene film on the target substrate. 

Despite the simplicity of this technique, results are difficult to reproduce and yields 

are generally very low.  Complete removal of the polymeric (specifically PMMA) support 

has proved to be nearly impossible without damaging the underlying graphene.  

Furthermore, the process induces defects in the graphene as observed by an increased 

Raman D-peak relative to as-grown graphene (on Cu).  Several modifications have 

been proposed in the literature to improve on this primitive transfer method, but none 

have been successful in fully eliminating the defects induced by the transfer process.210–

216  

Here we report on a transfer process (depicted in Figure 3-9) that increases 

transfer yields, significantly reduces disorder, eliminates of polymeric residues, and 

reduces vertical protrusions that can act as shorting pathways in vertically integrated 

devices.  The process modifications are divided into two parts: (1) Improvements to the 

physical transfer process, and (2) the addition of a protective metal support layer.  

3.3.1   Hot Clamping and Vapor Dissolution 

Poor transfer yields during our early efforts lead us to develop a better technique 

for adhering the graphene/PMMA films to the target substrate.  Our technique is 

modeled after a method used by Wu et al. for transferring large area nanotube films to 
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arbitrary substrates.   

Similar to the existing method, our process begins by spin coating a polymeric 

support layer onto the as-grown graphene/Cu wafer.  The copper foil is mounted onto a 

PDMS/glass substrate and a thick      film of PMMA (MicroChem,     in Anisole) is 

spun-cast at         for       .  The foil is removed from the PDMS/glass substrate 

and cured at      for       to ensure the complete solvent evaporation.  We use a 

perchloric-based, commercial, electronic-grade etchant solution (Transene, APD-100), 

rather than aqueous iron (III) nitrate (                 ) to remove the copper film.  

This eliminates the Fe2O3 particles that were observed in transferred films. 

After etching the copper growth substrate, the graphene/PMMA sandwich is 

adhered, graphene side down, to a p+-Si/200nm SiO2/BCB substrate using a drop of 

electronic grade isopropyl alcohol (IPA) to wet the surface of the wafer.  The BCB is a 

benzocyclobutene derivative that had previously been spun coat onto the SiO2 and 

thermally cross-linked to leave an      thick hydrophobic layer on the dielectric.  This 

layer excludes water adsorption from the ambient, which has been implicated in charge 

trap generation on oxide dielectrics, degrading device performance.217  

The transferred substrates are covered with a thin porous filter membrane 

(Sterlitech) and a block of porous Teflon and a handclamp (         ) is used to 

sandwich the stack between two stainless steel blocks (Fig. 3-10).  The clamped 

samples are then annealed for       at    .  Hot clamping near the glass transition 

temperature causes the PMMA to reflow, slowly relieving some of the stress build-up in 

the film.  The heat and uniform pressure allows the IPA time to dry and improves the 

transfer yields dramatically.   
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After removing the samples from the clamps, the PMMA is slowly dissolved using 

an acetone vapor bath (Fig. 3-10B and C).  The substrates are placed on a water 

cooled condensation stage inside of a sealed vapor pot which is heated to roughly     

(just below the boiling point of acetone).  The vapor bath slowly dissolves the PMMA, 

minimizing the stresses propagated by the swelling of the polymer.  After         , the 

samples are removed and cleaned by successive acetone, chloroform, and IPA baths.  

Finally, before device fabrication begins, samples are baked on a hot plate in the 

glovebox at       for        to dedope (i.e. clean) the graphene film (doping is 

attributed to hydroxyl radicals and H2O).   

3.3.2   Protective Metallic Support Layers 

Transfer of CVD grown graphene from the copper growth substrate was further 

improved by depositing a thin layer ( 100 nm) of Au as a protective layer before 

spinning the PMMA support film ensuring a post-transfer surface that is free of difficult 

to remove polymeric residue.  The thin metallic layer avoids strain induced by the 

swelling of the PMMA film during the more conventional transfer process.  This is 

especially important at domain boundaries where chemical bonding between the 

polymeric chains and the graphene is favorable.63  

Figure 3-11 illustrates the procedure for transferring and patterning graphene 

using an Au thin-film as a protective layer and etch mask.  Gold was thermally 

evaporated at a thickness of        through a rounded rectangular shadow mask onto 

the graphene grown on the polished copper foils, followed by spin coating the PMMA.  

The Au served as an etch mask while the PMMA and excess graphene around the gold 
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mask were dry-etched in an O2-plasma thus defining the edge of the graphene source 

electrode.  An iodide based gold etchant subsequently removed the mask layer. 

Gold strips (          ) were evaporated onto the graphene that grew on the 

polished side of the foil followed by a thick      film of PMMA (MicroChem,     in 

Anisole) spun-cast at        for        and baked at      for     .   The uncoated 

graphene grown on the unpolished backside of the Cu was etched in an O2 plasma and 

the Cu was etched away in a       perchloric solution (Transene, APD-100) bath. The 

resulting PMMA/Au/graphene sandwich was trimmed – leaving some unprotected 

graphene surrounding the Au-protected regions – and rinsed in DI water and IPA.  The 

residue PMMA and excess graphene is removed by an O2-plasma ash for      and the 

gold was etched in an iodide solution (Transene, Au TFA Etchant).   

Figure 3-12 compares the quality of the graphene transferred with and without 

the use of a       , pinhole-free, protective Au layer.  Raman spectroscopy provides a 

comparative measure of graphitic materials, capable of  distinguishing single-layer 

graphene from multi-layer graphene and graphite,173 and characterizing disorder, 

crystalline grain size, stacking symmetry, and doping of the graphene films.177,184,218  

The D to G-band intensity ratios are shown versus the FWHM of the 2D-band overtone 

for     distinct points for the graphene films transferred with and without the use of the 

gold protective layer.  The D-band was below the noise threshold, and the 2D-FWHM 

was substantially reduced in the majority of measured spots for the Au protected films.  

Raman maps of the films were also taken to demonstrate the spatial homogeneity of the 

films.  These maps (Fig. 3-14) are consistent with the random samplings in that the D-

peak is nearly imperceptible for the Au transferred graphene.  Scanning electron (SEM) 
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and atomic force micrographs (AFM) of films transferred by the two methods are shown 

in Figure 3-13.  The films transferred using the gold protective layer are continuous, 

without the polymer residue, micro-tears, and wrinkles characteristic of the standard 

PMMA transfer (see Fig. 3-13). 

3.4   Field Transparent Semimetallic Films: Porous Graphene 

Although limited, graphene exhibits some intrinsic permeability to electric fields 

due to its low density of states.  Simulations by Regan et al. show that for typical gate-

field strengths, single layer graphene only partially screens the gate field.219  The field 

permeability decreases for multi-layers, leaving the field completely screened for four or 

more layers.  The addition of small pores to the graphene allows for a large portion of 

the gate-field to pass through the graphene.  Here we describe a technique to generate 

small holes in planar graphene sheets for use as gate-field permeable electrodes. 

Micron scale holes with a crudely controlled density were produced in graphene by 

varying the thickness of the Au mask layer.  Thin Au layers possess sub-micron 

pinholes, with a through-hole density that depends on the layer thickness.  During the 

dry etch of the PMMA, reactive oxygen radicals penetrate these holes to etch the 

graphene and underlying BCB, leaving behind circular holes in the graphene with an 

average diameter of       .  The diameters of these holes are self-limiting due to the 

increasing diffusion path length for counter propagating oxygen and reaction products in 

the confined space between the Au and the SiO2, as the etched region grows.  The hole 

distributions were measured via SEM prior to incorporating them as electrodes in 

Schottky barrier devices.  Figures 3-15B and C illustrate the process for counting the 

holes from SEM images.  The measured areal hole densities in the graphene used to 
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build the G-VFETs to be discussed in Section 5.3 are        and     with average 

hole diameters of             ,             ,             , respectively. 

Despite the relative simplicity of this technique, reproducible hole densities are 

difficult to achieve, necessitating ex-situ SEM analysis of each sample to confirm the 

exact hole distributions.  Additionally, the eventual agglomeration of holes limits the 

practical hole density to approximately 20%.  This is far from the estimated porosity of 

electrodes made from dilute carbon nanotube networks (~80%).  In order to reach these 

higher densities, we are exploring alternative techniques to reproducibly pattern the 

graphene sheets with ordered hole arrays, including conventional top-down lithography 

techniques and bottom-up nanopatterning techniques.220–223  This will allow us to further 

explore the parameter space of hole size, density, and distribution on the field-porosity 

graphene electrodes. 

3.5   Drawing Graphene on SiC via Ion- Implantation 

Although continuous, large-area graphene with low defect concentrations can be 

grown on various metal substrates using CVD; this technique requires the non-trivial 

transfer of the graphene onto insulating substrates.133,207,224  A promising technique for 

forming large-area graphene directly on insulating substrates is to anneal SiC single 

crystals at high temperatures (        ) in ultra-high vacuum (UHV).157,4  This results in 

Si sublimation, leaving behind a C-rich interface leading to the growth of graphene 

suitable for the fabrication of electronic devices.157,160   

Since graphene is a zero-gap semimetal, transistors that use it as a channel 

material must rely on quantum confinement,96,225 strain,226 or perpendicular electric field 

modulation110 to open a bandgap.   Additional and often complicated processing steps, 
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such as photolithography, e-beam lithography, and dry etching (O2), are needed to 

fabricate these devices.  This exposes the graphene sheets to various polymers and 

harsh chemical/mechanical treatment, thus leading to reduced carrier mobilities and 

unintentional doping of the graphene.  Because of its 2D structure, preservation of the 

surface and interface properties is essential for maximizing device performance.   

Here we report on a novel method for growing graphene with predetermined 

patterns directly on insulating substrates (see Figure 3-16).  We show that ion-

implantation of a SiC substrate prior to annealing reduces the threshold energy needed 

for graphitization.  In this way, a focused ion-beam (FIB) can be used to “draw” desired 

patterns on SiC.  Thermal or pulsed laser annealing are used to selectively graphitize 

the surface only where ions have been implanted.   

3.5.1   Thermal Epitaxial Growth 

High-temperature annealing of SiC substrates (         ), causes Si atoms to 

sublimate.  This leaves behind a C-rich boundary layer which catalyzes the epitaxial 

growth of graphene on the surface (see Section 2.2.2 for an overview).  Camara et al 

demonstrated selective area graphene growth on SiC using an AlN capping layer.  The 

AlN acts as a barrier to Si sublimation, thus inhibiting graphene growth, while exposed 

regions of SiC graphitize normally above   .227,228   

In this section, we describe a method of forming graphene patterns on 4H- and 

6H-SiC by selectively ion-implanting areas where graphene layers are desired and 

thermally annealing the substrates to approximately        below   .  We find that 

unlike the AlN capping method which limits Si sublimation, Au and Si ion-implantation 

into SiC enhances sublimation and lowers the graphitization temperature of SiC from 
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        (  ) down to         (  
   

).  The decrease in    is attributed to: (1) an increase 

in the Si sublimation rate, associated with broken Si-C bonds and crystal damage at the 

SiC surface, and (2) possible surface catalysis induced by Au ions.  Annealing 

implanted SiC to temperatures between   
   

 and    results in localized graphitization 

only in the implanted regions, as illustrated by our SEM, Raman, and Auger electron 

spectroscopy (AES) measurements.  This selective area graphene growth by ion-

implantation provides a lithography-free route for patterning graphene on SiC for device 

applications. 

We used commercially available, semi-insulating, CMP polished (Sinmat, Inc), C-

face 4H- and 6H-SiC wafers.  Multi-ion implantation was performed with a Raith ionLiNE 

lithography tool employing an AuSi liquid metal alloy ion source (LMAIS).  Samples 

were implanted by      and      ions at       with fluences ranging from          to 

                     and          to                     .  The Au and Si ions were 

implanted into           wide nanoribbons as well as             and 

              windows.229  Pristine and implanted SiC samples were annealed 

between      –        in a conventional quartz tube oven with              Torr base 

pressure.  Sample temperature was measured in close proximity (     ) to the SiC 

samples using a C-type thermocouple (Omega Engineering Inc., EXXC-C-24- 100).  

The epitaxially grown graphene layers were characterized using AES at      , SEM, 

and micro-Raman (       , laser excitation).   

In Figure 3-17, we compare the Raman spectra of pristine SiC to the Au and Si 

implanted SiC after annealing to       .  For the unimplanted samples, the Raman 

spectra of the annealed 6H-SiC (dashed lines) were identical to as-received pristine 
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SiC, implying that graphitization did not occur at       .  Further annealing of the 

pristine SiC initiated graphitization and samples became conductive above         .  

We noted that the implanted regions already began graphitizing at   
         , well 

below   .  A comparison between Raman spectra of pristine and implanted SiC 

annealed at         shows striking differences.  Raman spectra of Au (        ) 

implanted 6H-SiC (blue line), Si (        ) implanted 6H-SiC (red line), and 4H-SiC 

samples (not shown) exhibit three prominent peaks (see arrows in Figure 3-17A).  The 

G-peak (    breathing phonon mode) at           and 2D peak (two-phonon double 

resonance mode) at            are consistent with a surface that is graphitic in 

nature.   

The large D peak at            suggests that graphene layers contain disorder 

possibly associated with defects induced at the SiC surface during implantation.  

According to our measurements, the   peak is also present in graphene layers grown 

on pristine SiC (no implantation) after annealing to        , which suggests that 

observed disorder in the implanted regions can be partially attributed to the initial quality 

of the SiC surfaces, surface contamination, and the annealing press.  We note that an 

increase in disorder typically reduces the scattering time and causes an overall 

reduction in the electrical conductivity, thus degrading the device performance.  In the 

presence of a large D peak – comparable in intensity to the G-peak (        ) – other 

disorder modes become activated at           (   peak) and           (    ).  

Since the    peak is in close proximity to the observed   peak, it causes overall 

broadening and increase in    as observed in Figures 3-17A and B.  Considering the 

existence of    and      peaks and large       ratio, we estimate that graphene 
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domain sizes are around          .218  Finally, we note that both       and the  -

peak position depend on the laser excitation energy (Fig. 3-17C).  The relative disorder 

mode scattering cross-section increases with increasing wavelength, and the D-peak 

position exhibits the energy dispersion expected for graphene (          ).   

In order to test the uniformity of the graphene sheets grown on implanted SiC and 

to determine carbon bonding type, AES was performed on pristine and implanted SiC 

annealed at        , shown in Figure 3-18A in blue and red lines, respectively.  Since 

the pristine SiC does not graphitize at        , the AES spectrum shows large Si and C 

peaks originating from the SiC crystal with almost     elemental % ratio.  However, the 

observed Si and surface oxide peaks completely disappear for the annealed and 

implanted samples, suggesting that the graphene growth reaches full coverage on the 

surface consistent with micro-Raman and SEM measurements (Figs. 3-17 and 3-19).  It 

is known that graphene growth on the C-face of SiC is not self-limiting and many weakly 

coupled graphene layers are grown without any stacking order resulting in electronically 

isolated graphene sheets.147  Since AES probes only a few atomic layers at the surface 

(  –   ), the absence of Si and Au peaks in Figure 3-18 implies that graphene layers 

are thicker than the interaction depth, and that Au particles have not formed clusters or 

agglomerated at the surface.   

Figure 3-18B shows a closer look at the C peak of annealed pristine SiC (blue), 

annealed implanted SiC (red), highly oriented pyrolytic graphite (HOPG) (black), and 

CVD graphene (green).  The C peak position is fixed at       , however, since the peak 

shape is sensitive to the bonding character, the first derivative of the C peak measured 

on annealed SiC shows a sharp peak at        (blue dashed square in Fig. 3-18) 
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similar to the other reported carbides; while the sharp peak disappears for HOPG, CVD 

graphene, and graphene grown on implanted regions but instead the carbon peak of 

these materials displays a smooth shoulder at        (black dashed square in Fig. 3-

18).  Similarities between various types of graphene and graphene grown onto 

implanted SiC suggest that the surface is composed of graphene layers (    bonded 

carbon) in agreement with the existence of prominent   and    peaks observed in the 

Raman spectrum (Fig. 3-17).   

SEM images of the edge of the implanted area show the transitions between the 

pristine and selectively graphitized SiC on 4H-SiC and 6H-SiC samples (see Figs. 3-

19A and B).  While the unimplanted regions remain unchanged and preserve their     

Si:C ratio, implanted regions graphitize as expected from Figure 3-17.  Some surface 

roughness and non-uniformity is visible and may be attributed to the sputtering and 

redisposition that occurs during ion-implantation.  A cross-sectional transmission 

electron microscopy (TEM) image (Fig. 3-19D) shows that the underlying 6H-SiC has 

completely recovered the SiC lattice structure via solid phase epitaxial regrowth.   

The SiC surface can be patterned down to nanometer dimensions, limited only by 

the width of the focused ion beam.  Figure 3-20C shows two parallel nanoribbons (dark 

lines) with line-widths on the order of       .  Arbitrary patterns can be drawn rapidly 

by programming the a pattern generator.  We demonstrate this capability by “drawing” 

the graphene lattice structure surrounding the word, graphene, and several patterned 

lines down to       (Fig. 3-20). 

With regards to the physical mechanism for lowering the graphitization 

temperature of SiC, we have performed additional implantation experiments with 
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different implantation doses (fluences).  We find that at       , the graphitization is 

less prominent for dosages smaller than                      for Si, and 

                     for Au.  At these fluences, energetic ion bombardment breaks Si-

C bonds at the surface, enhancing the Si sublimation.  The lower fluences required for 

Au implantation to induce graphitization at         (compared to Si), is due primarily to 

the increased surface damage created by the heavier Au ions.  Preliminary studies 

examining graphitization of Au/SiC thin films, indicate that Au enhances graphitization at 

the interface possibly through the formation of an Au-Si eutectic or a catalytic effect.  

Since graphene layers can also be selectively grown on SiC implanted with non-

catalytic Si ions, these effects alone cannot account for lowering the graphitization 

temperature.  The question of ion activity is addresses in section 3.5.3.   

In conclusion, we have demonstrated that graphene layers can be selectively 

grown on Au and Si implanted SiC at reduced temperatures.  Upon ion-implantation, the 

graphitization temperature of SiC is lowered by at least       , allowing us to grow 

graphene layers selectively in the ion-implanted regions at temperatures below the 

graphitization temperature    of pristine SiC and above the graphitization temperature 

  
   

 of implanted SiC.  Our results suggest that by varying the available parameters 

such as ion species, energy, dose, and sample temperature during implantation, and/or 

starting with better quality SiC, higher quality graphene may be selectively grown by this 

method, possibly at even lower temperatures.  These results offer an avenue for 

selective graphene growth that can be applied to graphene based devices and 

nanoribbon synthesis. 
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3.5.2   Laser Induced Epitaxial Growth 

In this section, we integrate ion-implantation and pulsed laser annealing (PLA) to 

graphitize selective-areas of an SiC substrate.230–232 This approach is capable of 

producing arbitrary patterns of few-layer graphene (FLG) over large areas with 

nanoscale precision, at low processing temperatures, and in a variety of environments 

including air.  Expanding on the thermal annealing experiments discussed in the 

previous section, we show that it is also possible to grow graphene only in the implanted 

areas by PLA with an ArF laser.  The attractiveness of this alternative is that PLA is a 

non-equilibrium, rapid annealing method that maintains the substrate surface near room 

temperature, and can be performed with short processing times in a variety of 

environments including air.  

There have been other promising reports of graphene synthesized on SiC by 

PLA.  For example, Perrone et al233 used a q-switched Nd:YVO4 to anneal the C-face of 

4H-SiC in Ar and reported evidence for graphene formation, and Lee et al234 have 

shown that graphene can be grown on SiC single crystals in vacuum when irradiated 

with     pulses from a KrF excimer laser at a fluence of            . 

To establish the PLA parameters, unimplanted regions of a SiC crystal were 

annealed using a JPSATM IX-260 ArF excimer laser system with      m wavelength, 

      pulse duration, and       repetition rate.  Metal masks were inserted into the 

laser beam and imaged on the sample as               squares.  Eight               

square areas were sequentially annealed with                             pulses, in 

each region, at various fluences ranging from                 per pulse.   
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Figure 3-21 shows Raman, SEM, and AFM analyses for one such window, where 

unimplanted SiC was laser annealed with    pulses at           per pulse.  

Graphitization is found to occur only inside the laser annealed window, as indicated by 

the appearance of the so-called  -,  -, and   -bands in the Raman spectrum (Figure 3-

21B).235  The presence of a large  -band, comparable in intensity to the  -band is 

consistent with previous reports of both thermal and laser annealing of the C-face of 

SiC.230,234  The relative intensity of the  -band with respect to the silicon carbide 

transverse optical phonon overtone (     ( )) at         , and the single-peak 

Lorentzian fit of the   -band (position and FWHM of          and        , 

respectively) indicate the presence of FLG.235   A Raman map of the G-peak (Figure 3-

21D) confirms that the presence of graphitic carbon at the surface is restricted to the 

PLA-exposed area.  The patchy appearance of the Raman map may be due to surface 

melting of the SiC at this high laser fluence.  The SEM and AFM (Figures 3-21C and E, 

respectively) measurements indicate an increase in roughness of the sample 

(                       versus                           ).  

Results of PLA on areas patterned by multi-ion beam lithography (MIBL) are 

illustrated in Figure 3-22.  The MionLiNE was used to pattern a 4H-SiC single crystal by 

implanting        Au ions to a fluence of                     .  The ArF laser was then 

used to anneal the implanted patterns with     pulses of       duration, at a fluence of 

         .   

To demonstrate the patterning capabilities of this technique, an SEM image of 

two nanoscale FLG lines is presented in Figure 3-22A.  We also fabricated graphene 

micro-arrays by maskless ion-implantation that are similar to those patterned with 
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conventional methods by Lu et al.236 to demonstrate graphene plasmonics in the 

terahertz range.  A periodic micro-ribbon array composed of five lines, each     wide 

and      long, separated by     was patterned on the sample (Figure 3-22B).  The 

Raman map of the   -band intensity (Figure 3-22C) of this area shows graphitization 

only where the SiC was implanted. 

3.5.3   Catalytic Effects of Implantation Species 

We also investigated the effect of ion-species on the graphitization process.   In 

order to study the graphitization onset threshold, a 4H-SiC (n-type) single crystal wafer 

was implanted over broad areas using the accelerator facilities at the Australian 

National University.  The implant conditions and retained dopant concentrations as 

measured by ion scattering were 60 keV Au at                  ,        Cu at 

                 , and        Ge at                  .   

Figure 3-23 summarizes the laser fluence thresholds for the onset of 

graphitization (  ) induced by PLA in air for pristine as well as ion-implanted SiC.  The 

implantation of SiC with Si (self-dopant), Ge (isoelectronic), Au (noble/catalytic), and Cu 

(catalytic), provided a comparison for the effect of various types of dopants, and is seen 

to have a significant effect on the threshold-fluence for graphitization,   .  It is clear 

from the data in Figure 3-23 that while graphitization of unimplanted SiC has a 

               (indicated by the shaded region in Fig. 3-23A), the thresholds for ion-

implanted SiC can occur at fluences as low as           (Fig. 3-23B).  No graphitization 

was observed for the implanted/annealed or annealed/unimplanted regions. 

The measurements in Figure 3-23B suggest that the onset of graphitization 

occurs at lower fluences for the implanted catalytic species (Au and Cu) than for 
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isoelectronic and self-dopants like Ge and Si.  It should be noted that at these 

implantation conditions, Au and Cu also induce more lattice damage in SiC.  However, 

crystalline SiC (c-SiC) becomes amorphous at quite low implant fluences ~      

              compared to the doses used in our experiments,237 and our implantation 

conditions were chosen to create comparable amorphous layer thicknesses.  This 

suggests that ion species like Au and Cu – that behave as catalysts for CVD growth of 

graphene – may contribute catalytically to influence   , however a more 

comprehensive study is needed to confirm this. 

There appears to be a number of mechanisms contributing to the onset of SiC 

graphitization. When heated to high temperatures in UHV for long periods Si appears to 

sublimate, leading to graphitization.157  If instead SiC is implanted with Au or Si, the 

graphitization temperature is reduced significantly, the underlying SiC recrystallizes, and 

FLG grows selectively in only the implanted regions.230  PLA experiments done by Lee 

et al. in UHV on unimplanted SiC initiated graphitization at about             (    

pulses from a KrF laser) and the authors argue that as many as     pulses could not 

thermally sublimate enough Si to form even a monolayer of graphene.234  They suggest 

that the laser induces photophysical Si-C bond breaking that allows the Si evaporation 

rate at the surface to exceed equilibrium effusion flux.  Our PLA experiments on SiC 

samples that are “doped” and rendered amorphous in the near-surface by ion 

implantation with a variety of different species, demonstrate the onset of graphitization 

at relatively low fluences, well below the melting threshold for c-SiC.238 

Depending on the fluence, the non-equilibrium PLA process can exclusively heat 

or even melt the near-surface.  The effects associated with the PLA of amorphous SiC 
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(a-SiC) have been investigated by Baeri et al.239 who used time-resolved reflectivity to 

measure the surface melt thresholds of a-SiC formed by ion implantation.  They created 

various-thickness amorphous layers in 6H-SiC single crystals by Ar implantations, and 

annealed the samples with a      , q-switched ruby laser (wavelength =       ) to 

determine the laser fluences at which surface melting occurred.  Our experimental 

conditions differ somewhat, but some of their conclusions and observations can be 

applied to analyze our experiments.  They concluded that the melting point of a-SiC 

(        ) is much lower than that of the crystalline phase (       ), and even lower 

than the temperature at which peritectic decomposition occurs (        ).  As a 

consequence of the differences in the absorption, thermal conductivity, and diffusivity 

between a- and c-SiC, their measurements and calculations conclude that the surface 

melting threshold is strongly dependent on the thickness of amorphous layers, raising 

the possibility that this may explain the trends observed in Figure 3-23.  Extracting 

fundamental parameters from their measurements they are able to deduce that thin 

layers (       ) require high laser fluences             to melt, compared to only 

            for layers thicker than       .  But our amorphous layer thicknesses – 

      (Cu),       (Au), and       (Ge), as measured by ion scattering/channeling – 

are too thin and our measured    onset fluences are too low for melting to be probable.  

This further suggests that doping or catalytic effects may be responsible for the 

observed threshold reduction, and/or that the mechanism does not require surface 

melting. 

We have demonstrated that ion implantation combined with pulsed laser annealing 

offers an approach for rapid synthesis of few-layer graphene, and provides great 
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flexibility for the study of the mechanisms of SiC graphitization.  We observe selective 

graphitization of ion implanted SiC when annealed in air with an ArF pulsed laser at 

onset fluences far below those for unimplanted SiC.  Both the ion induced damage and 

the implanted species are contributing factors.  The laser fluence as well as the number 

of pulses at a given fluence can also be used to control the amount of graphitization.  

Coupled with multi-ion beam lithography these techniques provide a low-temperature 

approach for direct synthesis of graphene nanostructures.  Future studies will 

concentrate on quantifying the mechanisms contributing to graphitization and optimizing 

the experimental conditions for producing graphene devices and structures. 

3.6   Concluding Remarks 

We have described two methods of producing graphene on insulating substrates: 

catalytic CVD and decomposition of ion-implanted SiC.  Our improvements to copper-

based CVD growth methods have led to smoother films with macroscale single-crystal 

graphene domains.  The importance of copper substrate roughness and growth 

parameters (i.e. pressure, temperature, H2/CH4 ratio) on nucleation density was 

illucidated by comparing optical and SEM images of partially grown films consisting of 

isolated graphene domains on oxidized copper.  In addition, we have demonstrated a 

method of transferring graphene with improved yields without inducing damage or 

leaving behind polymeric residue.  The resulting graphene is free of vertical protrusions 

and macroscopic folds and tears which are deleterious to the vertically integrated 

devices in Chapter 5.  Finally, we have demonstrated a facile method of creating 

electric-field permeable graphene sheets.  The porous graphene remains highly 

conductive but is locally permeable to electric fields, a feature that will be called upon in 
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Chapter 5.  Continuous and porous graphene electrodes will be important for the 

Schottky barrier devices that we develop in the next chapters. 

Ancillary to the CVD work described above, we demonstrated the site-selective 

growth of few-layer graphene films directly on insulating SiC substrates using ion-

implantation and laser annealing.  This technique allows complex graphene 

nanostructures to be locally formed at low substrate temperatures without the use of 

lithographic patterning.   

  



 

117 

 

Figure 3-1.  Home-built CVD system.  (A) The complete system is composed of the 
following key components (Inset is a close-up photo the quartz tube): (a) 
Sample loaded into the tantalum boat; (b) oxygen scavenging tantalum foil; 
(c) high-precision flow-meter bank; (d) optional bubblers for ambient pressure 
growth; (e) gas cylinders in a vented fume hood; (f) clam-shell tube furnace; 
(g) sample loading area; (h) roughing pump; (i) vacuum gauge and liquid 
nitrogen trap; (j) temperature control module.  (B) The tantalum enclosure is 

loaded with a        copper foil and (C) wrapped with a fresh tantalum foil 
     .  (D) A piece of tantalum foil is also placed upstream of the sample to 
scavenge any oxygen in the reaction chamber.  The fresh tantalum (top) is 
shiny and malleable compared to the oxidized tantalum (bottom), which 
becomes dark and brittle after repeated growth cycles. 
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Figure 3-2.   Deleterious SiOx particles originating from the quartz-tube furnace.  (A)  
Fully grown graphene on copper can be littered with SiOx particles if it is 
unshielded during the growth process.  The density increases with increased 
cycling of the growth tube.  (B) Large particles sometimes result in 
macroscale restructuring of the copper surface during growth. 
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Figure 3-3.  SEM characterization of macroscale graphene domains in a partially grown 
film on Cu.  Lightly oxidizing the copper substrate enhances the visibility of 
the graphene domains by a charging contrast mechanism. (A)  A large single 

layer graphene domain (        ) and, (B) a mostly single layer domain 

exceeding       .  
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Figure 3-4.  Protected surface reconstruction under graphene films on copper.  (A) SEM 
image of graphene domains on copper.  The ridges are terrace steps on the 
reconstructed copper surface.  Inset: Close-up of the surface steps that are 
preserved underneath the graphene and the disordered copper oxide surface.  
(B) AFM tip-height image showing similar step-edge reconstructions 
underneath the graphene domains.  A line scan perpendicular to the edges 

reveals steps that are roughly       high and            for this sample. 
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Figure 3-5.  AFM characterization of a partially grown graphene film on Cu. The tapping-
mode AFM maps of (A) tip height, (B) amplitude, and (C) phase maps.  The 

methane flow rate was increased to        to ensure a high enough 
nucleation density for AFM imaging.  The arrows indicate bilayer regions 
surrounding the nucleation sites. 
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Figure 3-6.  Histogram of the sheet resistance values for CVD grown films grown under 

different conditions.  The 4-point Van-der-Pauw contact geometry (       
separation) was used to obtain sheet resistance values for samples 
transferred to SiO2 substrates using the hot clamping method described in 
Section 3.3.1.   
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Figure 3-7. Atomic force microscopy characterization of copper foils before and after 
chemical mechanical polishing.  Surface height and tip amplitude profiles for 
as-received (A and C) and CMP polished films (B and D).   
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Figure 3-8.  SEM characterization copper foils before and after chemical mechanical 
polishing.  (A) SE image of the unpolished Cu surface taken at 5KeV, and (B) 
Zoomed in look at the micron-scale grooves that result from the rolling 

process.  Inset: The          SEM image for the polished samples is 
smooth and featureless. 
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Figure 3-9.  Schematic of the improved graphene transfer process.  (a-c) Continuous, 
defect-free graphene films are grown using the process steps described in 
Section 3.2;  (d) Au is evaporated on top of the as-grown graphene; (e) 
PMMA is spun onto the gold layer; (f) Cu is etched away in perchloric acid; (g) 
Films are cleaned in HF, DI water, and IPA.  (h) Graphene/Au/PMMA stack is 

adhered to the dielectric layer on   -Si using isopropyl alcohol; (i) The stack 

is clamped and heated to    ;  (j) PMMA dry-etched away in O2 plasma; (k) 
Au film is wet-etched away leaving behind a residue-free, perforated 

graphene sheet; (l) Films are dedoped by annealing to      in an inert 
atmosphere. 
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Figure 3-10.  Hot clamping and vapor bath technique for increased transfer yields.  (A) 
Schematic of the clamp stack.  (B) Photo (side-view) of the acetone vapor 
bath used to slowly dissolve the PMMA support layer.  (C) Top view photo of 
the water-chilled condensation plate. 
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Figure 3-11.  Facile method for the lithography-free fabricating of porous graphene. The 
steps are as follows: (a) the Au film evaporated onto the as-grown graphene 
on Cu, (b) the PMMA spin coated onto the gold layer, (c) Cu etched away, (d) 
graphene/Au/PMMA stack adhered to SiO2 substrate, (e) PMMA etched away 
in O2 plasma (spots depict pinholes in the Au film), (f) Au film etched away 
leaving behind a residue-free, perforated graphene sheet. 
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Figure 3-12.  Raman characterization of the improved graphene transfer method.  (A) 
Representative Raman spectra of the PMMA and Au/PMMA transferred 
graphene on BCB/SiO2.  Insets are zoomed in on the D-band regions. (B) 
Raman spectral data in the form of a cluster plot of D/G peak ratios versus 
the 2D-band FWHMs for a graphene layer transferred using the Au protected 
process (black squares) and a graphene layer transferred using the 
conventional PMMA process (red triangles). One hundred points were 
recorded on each layer in a square array having a pitch of approximately 50 
μm. A smaller D/G ratio and fwhm are desirable, as seen for the majority of 
points recorded for the Au-transferred layer. 
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Figure 3-13.  Continuity and roughness of graphene transferred using a protective metal 

film: (A, B) SEM (scale bars,    ) and (C, D) AFM images (         ) of 
graphene layers transferred to SiO2 using the Au-protected and the 
conventional PMMA processes. 
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Figure 3-14.  Comparison of the Raman peak intensities for graphene samples 

transferred to SiO2 with and without an Au protective layer. Two           

Raman maps (400 points, laser spot size, excitation) of the (A) D-band 
Intensity and (B) D- to G-band intensity ratio, one for each case. The Au-
protected samples display much improved characteristics versus the 
conventional transfer. 
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Figure 3-15.  Method for obtaining hole statistics for the ransom porous graphene films.  
(A) Histograms of the hole size distribution for the 4 devices tested in Section 
5.3. (B) Characteristic SEM image of a porous graphene film.  (C) Analysis of 
the hole distributions is done using computer software to count the number 
and size of the holes.  The process is iterated over several images to ensure 
an accurate distribution. 
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Figure 3-16.  Site selective graphitization of SiC via ion-implantation and thermal or 
laser annealing.  4H-SiC substrates are (A) implanted with various ions 
species.  The implantation process creates a teardrop amorphous region 
below the surface (layers represent the ABCB stacking of 4H-SiC).  Solid 
phase epitaxial regrowth of the SiC substrate is activated by (B) thermal or 
(C) laser annealing.  The recrystallization of the SiC substrate leads to few 
layer graphene formation on the surface.   
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Figure 3-17.  Raman spectra of Au and Si implanted and annealed SiC.  (A) Raman 

spectra measured on pristine 6H- (blue dashed), Au-implanted 

(                    ) 6H- (blue line), pristine 6H- (red dashed) and Si-

implanted (                    ) 6H-SiC (red line) after annealing to       

at               pressure. (B) Raman spectra of Au-implanted (blue) and Si-
implanted 6H-SiC (red) after subtracting the pristine SiC background. (C) The 

 -peak Raman shift and  - to  -peak ratio measured using lasers at different 
wavelengths. 
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Figure 3-18.  Characterization of ion-implanted SiC, before and after thermal annealing.  

(A) Auger electron spectra taken from    to         on pristine 6H-SiC (blue) 

and Au-implanted 6H-SiC (red) after annealing to      . (B) Detailed Auger 
carbon peaks measured on pristine (blue), Au-implanted (red) 6H-SiC after 

annealing to      , HOPG (black), and CVD graphene on copper foil 
(green).  
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Figure 3-19.  Graphene nanoribbons grown by ion implantation.  SEM images taken on 
(A) Au-implanted 4H-SiC, (B) Si-implanted 6H-SiC, and (C) graphene 
nanoribbon surfaces. (D) Cross-sectional TEM images taken at the Au 
(protective layer)/graphene/6H-SiC. 
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Figure 3-20.  Drawing graphene on SiC via ion implantation.  4H-SiC was patterned with 
an Au ion-beam and thermally annealed to produce few-layer graphene.  
Inset is a map of the Raman G-band in the vicinity of the implanted letter ‘G’.  
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Figure 3-21.  Characterization of a selectively graphitized region of SiC after    ArF 

pulses at        . (A) Schematic of the two-step ion implantation and pulsed 
laser annealing graphitization process.  (B) Raman spectra comparing a 
region of FLG (blue) and unannealed SiC (black). INSET: Zoom plot of   -

band. (C) SEM (scale bar =      ) and (D) Raman  -band map of PLA spot 
indicating graphitization, and (E) AFM (scale bar =     ) of the annealed 
region. 
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Figure 3-22.  Growth of FLG with nanoscale features by Au-ion beam lithography and 

PLA.  (A) SEM of              and               lines. (B) Reproduction 

of a plasmonic terahertz metamaterial consisting of a micro-array of      
wide lines. (C) Raman   -band map of the metamaterial array.  Scale bars 

are             , respectively. 
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Figure 3-23.  Onset of graphitization with increasing laser fluences for various 

implantation species as evidenced by Raman.  Relative  -band intensities 
(after normalization) versus, (A) laser fluences on unimplanted SiC, and (B) 

the graphitization onset fluence at         for various implanted SiC samples.  

(C) The full Raman spectra for each implant condition annealed at        

and    pulses.  The spectra are normalized by the shoulder at          to 
avoid interference with the large convoluting  -band.  INSET: Zoom plot of 
the   -bands. 
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CHAPTER 4 
GRAPHENE/INORGANIC SEMICONDUCTOR INTERFACES 

4.1   Introduction 

Investigation of graphene for use in electronic circuits has largely been limited to 

the semiconducting channel.4,5,240,241  The high room-temperature mobility of graphene 

compared with all existing semiconducting systems is widely cited as the motivation for 

this line of research.  Unfortunately, the semimetallic band structure and charge 

conjugation imply that a traditional p-n-p (n-p-n) junction cannot provide the barrier to 

conduction necessary to turn the device off.  For power or logic circuitry, a band gap 

must be induced in the graphene to allow for devices to be switched off more 

completely.  Unfortunately, this requires the graphene to be modified242–244 or confined 

to quasi one-dimensional wires163,222,245 – necessarily leading to a degradation of the 

mobility, often by several orders of magnitude.  This suggests that graphene may be a 

more natural fit in analog electronics for which high On/Off ratios are not necessary.   

The alternative is to use graphene as a semimetal electrode rather than a 

semiconductor.  Electrodes are generally required to have a high electrical conductivity 

with some combination of mechanically flexibility, chemically inertness, optically 

transparency, and a resistance to diffusion and electromigration.  Graphene is unique in 

that it excels in all of these measures.  No further justification should be necessary to 

nominate graphene as a candidate electrode material, but we will suggest another, 

                                            
 I gratefully acknowledge my collaborators for their many contributions, especially Drs. Sefaatin Tongay, 
and Art Hebard (Section 4.2) and Dr. Andrew Rinzler (Section 4.3). 

 The work presented in this Chapter is based in part on published results.  The published manuscript and 
figures have been modified from their original format: 

 Section 4.2 – 4.3:  Rectification at Graphene-Semiconductor Interfaces: Zero-Gap Semiconductor-Based 
Diodes. Phys. Rev. X  2012, 2, 011002. 
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more subtle, advantage:  the uniquely field-tunable density of states.  As we will show, 

this gives rise to anomalous rectification behavior and a novel operating mechanism for 

three-terminal devices.  

In the following sections, we report on the rectification (diode) effects observed at 

graphene/semiconductor interfaces on a wide variety of conventional semiconductors 

(Si, GaAs, GaN, and SiC).  In addition to current-voltage (   ) measurements, we 

utilize Hall transport, capacitance-voltage (   ), and electric field-modulated Raman 

techniques to measure previously unobserved properties of the 

graphene/semiconductor interface.  Finally, we exploit the unconventional transport 

properties of these rectifiers to fabricate gate modulated Schottky barrier transistors, 

and report on their performance.  

4.2   Schottky Junctions on Technologically Relevant Semiconductors 

Little is known about the interface physics at semimetal/semiconductor junctions. 

Graphene/semiconductor junctions exhibiting rectification and photo-responsive 

behavior have been demonstrated by transferring either CVD-prepared246,247 or 

exfoliated248,249 graphene sheets onto Si substrates.  The resulting diodes show ideality 

factors (a measure of deviation from thermionic emission) varying from approximately 

    (close to the ideal value of unity) to values in the range of approximately      on 

exfoliated graphene, implying that unconventional current-injection processes exist at 

graphene/Si interfaces.  Although these early results are promising, a more general 

study of the interface between graphene and various semiconductors is needed to 

unravel the transport mechanisms across semimetal/semiconductor interfaces. 
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We begin our investigation by transferring CVD-prepared graphene sheets onto a 

variety of technologically important semiconductors: n-type Si, GaAs, GaN, and 4H-SiC 

(Fig. 4-1A and B).  Equilibration of the Fermi level throughout the system gives rise to a 

charge transfer between the graphene and the semiconductor, thereby creating strong 

rectification (called the ‘‘Schottky effect’’) at the interface.  We find that the graphene 

Fermi level (  
 
) is sensitive to the equilibrium charge transfer across the 

graphene/semiconductor interface as measured by in-situ Raman-spectroscopy 

measurements.   

Unlike conventional metal/semiconductor diodes, where the Fermi level (  ) of the 

metal stays constant due to a high density of states at the Fermi surface, small 

variations in charge density can significantly shift the Fermi level in graphene.  These 

variations become especially pronounced at high reverse-bias voltages when the 

induced negative charge in the graphene is sufficient to increase   
 
 and give rise to 

appreciable currents (termed “leakage” currents in traditional devices).  As a result of 

their unusual behavior, these diodes can serve as the basis for a new class of transistor 

devices (Fig. 4-1C).   

4.2.1   Fabricating Graphene Diodes on Si, GaAs, GaN, and SiC 

Our diodes are fabricated by transferring large-scale graphene sheets grown by 

chemical-vapor deposition directly onto the semiconductor under investigation and 

allowing van-der-Waals attraction to pull the graphene into intimate contact with the 

semiconductor.  Large-area single-layer graphene sheets were synthesized on Cu foils 

via a multistep LPCVD process similar to the process described in Chapter 3.  Four 

noteworthy differences in the growth and transfer process should be mentioned: (1) The 
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graphene was grown on thinner unpolished      thick Cu foils (Puratronic,          

Cu), (2) the Cu etching was done in a           solution of Fe(NO3)3 (Alfa Aesar), (3) a 

protective metal layer was not used during transfer, and (4) the graphene was not 

clamped to the substrate stack, but rather it was transferred with a drop of IPA and 

allowed to dry on the surface.  Application of isopropyl alcohol improves the success 

rate of the graphene transfer and does not affect the measurements presented here.  

After growth and transfer, the graphene films were characterized and identified using a 

Horiba-Yvon micro-Raman spectrometer with green (     ), red (     ), and UV 

lasers (     ).  

Commercially available n-type Si and n-type GaAs wafers were doped with P 

(               ) and Si (               ), respectively.  Epilayers of n-type GaN 

and n-type 4H-SiC,   –      thick, were grown on semi-insulating sapphire substrates 

with S ( –           ) and N (               ) dopants.  The doping densities 

(  
    ) of the semiconducting wafers (Table 4-1) were measured at       using a Hall 

bar geometry.  During the sample preparation and before the graphene transfer, the 

wafers were cleaned using standard surface-cleaning techniques.  Thin native oxide 

formation was unavoidable given the time consuming transfer process.  

Ohmic contacts to the semiconductors were formed using conventional Ohmic-

contact recipes.192,250–252  Multilayer Ohmic contacts were thermally grown on the back 

and front side of the semiconductor and were annealed at high temperatures using 

rapid thermal annealing.  After the Ohmic contact formation, a     –        thick SiOx 

window was grown on various semiconductors using a plasma-enhanced chemical-

vapor deposition system, and gold electrodes approximately        thick were 
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thermally evaporated onto the SiOx at              .  A schematic for our graphene-

based diodes is shown in Figure 4-1B.  The back side of the semiconductor substrate is 

covered with an Ohmic contact, and the graphene sheet is transferred onto Cr/Au 

contacts deposited over the SiOx windows.  The graphene-contacting areas were 

squares with sides in the range of     –        .  After depositing the graphene/PMMA 

films, the samples were placed in an acetone-vapor-rich container for periods ranging 

from        to approximately       .  The acetone bath allows slow removal of the 

PMMA films without noticeable deformation of the graphene sheets.   

Before the graphene transfer, there is an open-circuit resistance between the Au 

contacts and the semiconductor.  After the transfer of the PMMA/graphene bilayer, the 

graphene makes simultaneous connection to the Au contacts and the semiconductor, 

as evidenced by the measured rectifying IV characteristics.  Since the diodes made with 

the PMMA/graphene bilayer show essentially the same rectifying characteristics as the 

samples in which the PMMA has been dissolved away, we conclude that the graphene 

is making intimate contact with the semiconductor.   

After the transfer, the graphene and semiconductor adhere to each other in an 

intimate van-der-Waals contact in the middle of the open window, and the Cr/Au contact 

pad provides good electrical contact with the graphene.  Our Ohmic-contact 

arrangements allow current-density versus voltage (   ) and capacitance versus 

voltage (   ) measurements to be taken separately.  The     measurements were 

taken in darkroom conditions using a Keithley 6430 sub femptoamp source-meter, and 

    measurements were taken using an HP 4284A capacitance bridge.  The electric-

field modulated Raman measurements were made on the same configuration, however, 
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the four-terminal transport and Hall measurements were performed with an intervening 

dielectric layer of SiO2 using a physical-property-measurement system (PPMS), at room 

temperature in magnetic fields up to    . 

In Figures 4-2 (A-D), we show typical Raman-spectroscopy data taken on 

graphene sheets grown on Cu foils by CVD deposition before and after transferring onto 

semiconductors.  The presented scans have been reproduced at more than 20 random 

spots and are good representations of the quality of the graphene on the Cu foils before 

transfer and on the semiconductor surface after transfer.  In our graphene/Cu samples, 

we observe           and a negligible   peak amplitude, however, after the graphene 

transfer to the semiconductor substrate, we observe a small disorder mode peak (  ), 

while        remains the same (Fig. 4-2 B).  The increase in    reflects an increase in 

the disorder induced during the transferring of graphene from the Cu growth substrate.  

The Raman spectrum of exfoliated graphene transferred onto Si/SiO2 substrates 

has previously been studied as a function of applied bias.109  It has been found that the 

  and    peaks of graphene are sensitive to the Fermi energy (carrier density) of 

graphene and allow one to estimate the bias-induced changes in   
 
.  Considering the 

typical operating voltages of Schottky junctions, the low carrier density in graphene, and 

the associated bias dependence of   
 
, we have also measured the Raman spectrum of 

graphene transferred onto GaN as a function of applied ‘source-drain’ bias (   ).  Our 

Raman measurements differ from those reported by Das et al.109 in the following three 

ways: (1) We are using CVD-prepared rather than exfoliated graphene; (2) The 

graphene is in direct contact with GaN rather than oxidized Si; (3) This in-situ 

measurement is a function of applied bias voltage in a Schottky diode, rather than gate 
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voltage in a field effect transistor.  In Figure 4-3, we show the evolution of the Raman 

spectrum as a function of applied bias.  While   and    are almost identical with the 

same peak positions at     and    , in reverse bias at     , the   band shifts higher by 

approximately         , and the    band shifts lower by approximately         .  The 

relative shifts in the Raman peaks along with a reduction of the        peak ratio from 

    (at        ) to     (at         ) imply that graphene sheets transferred onto GaN 

become electron doped.  Considering the previous results reported on graphene/SiO2
109 

and doped graphene,71 the shift in    can be estimated to be in the range of 

approximately    –       . 

Hall measurements show that the Hall mobility of the graphene sheets used in 

our diodes is in the range of     –            , and that the sheets are hole doped 

with carrier densities in the range of  –              (Fig. 4-4).  The presence of 

extrinsic residual p-type doping is commonly observed in exfoliated (H2O vapor)3 and 

CVD grown graphene (NO3).
133  In both cases, annealing reduces the concentration of 

dopants and forces   
 
 closer to the neutrality point.  For our CVD-prepared graphene, 

the presence of residual impurity doping can be attributed to a lowering of   
 
  due to 

hole doping of the graphene during the Fe(NO3)3 etching-transfer process. 

Schottky diodes are expected to pass current under forward-bias (when the 

semiconductor is negatively biased), while becoming highly resistive in reverse-bias 

(when the semiconductor is positively biased).  As seen in Figures 4-5 through 4-8, the 

    (part A) and         (part B) graphene/n-type semiconductor junctions are 

capable of display strong rectification.  This rectification is a consequence of Schottky-

barrier formation at the interface when electrons flow from the semiconductor to the 
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graphene as the Fermi energies equilibrate.  In principle, any semiconductor with 

electron affinity (  ) smaller than the work function of the metal    can create 

rectification at a metal/semiconductor (MS) interface with Schottky-barrier height, 

          , (4-1) 

given by the Schottky-Mott model.  Electron transport over the Schottky barrier at the 

M/S interface is well described by thermionic-emission theory with the expression: 

  (   )    ( ) [   (
  

    
)   ], (4-2) 

where  (   ) is the current density across the graphene/semiconductor interface,   is 

the applied voltage,   is the temperature, and   is the ideality factor.192  The prefactor, 

   is the saturation current density and is expressed as  

        [    (
     

   
)], (4-3) 

where    is the Richardson constant.   

4.2.2   Extracting Barrier Heights from Electrical Measurements 

When electronic transport across the barrier is dominated by thermionic emission 

as described by Equation 4-1, semilogarithmic plots of the     curves should display a 

linear region in forward bias.  As seen in part B of Figures 4-5 through 4-8, our 

measurements typically reveal   –   decades of linearity, thus allowing us to extract    

and   for each diode.  The deviations from linearity at higher bias are likely due to 

series-resistance contributions from the respective semiconductors.  The temperature-

dependent data for the graphene/(Si, GaAs, GaN, and SiC) diodes (Figs. 4-9 through 4-

12) shows that, for both bias directions, a larger (smaller) current flows as the 

temperature is increased (decreased), and the probability of conduction electrons 

overcoming the barrier increases (decreases).  In forward bias, the thermionic-emission 
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process manifests itself as a log/linear     dependence and linear    (  ( )   ) versus 

    curves, where   ( )    ( ) .  The SBH is calculated directly from the slope of this 

linear dependence.  By repeating these temperature dependent measurements for the 

four different diodes, we find that the SBH (   
  

) values at the graphene/semiconductor 

interfaces are        ,        ,        , and         for Si, GaAs, SiC, and GaN, 

respectively (Table 4-1).  While the overall reverse-current density increases as   is 

increased, we notice that, at high reverse bias, the magnitude of the breakdown voltage 

   decreases linearly with temperature, implying that    has a positive breakdown 

coefficient and that the junction breakdown mechanism is mainly avalanche 

multiplication.192   

The variation of our ideality values in the range of     –     has no obvious 

correlation to the type of semiconducting substrate.  Ideality values greater than one 

(unity) have been attributed to (1) an image-force-lowering correction to the SBH, (2) a 

bias-dependent SBH, and (3) the existence of additional current processes such as 

thermionic-field emission across the metal/semiconductor interface.253  Here, even 

though   
 
, and hence the SBH of the diode, is bias-dependent, we do not expect a 

significant change in the SBH for forward bias since the applied bias is relatively small. 

However, even if the current across the MS interface is dominated by thermionic 

emission, the image-force lowering alone can result in ideality values much larger than 

unity.253  Therefore, ideality values exceeding unity might be associated with enhanced 

image-force lowering across the graphene/semiconductor interface.   

Schottky-barrier values are well described using either the Bardeen or Schottky 

limits.  In the Bardeen limit, the junction current is mostly governed by interface states 
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which, in accumulating free charge, change the charge distribution at the interface and 

cause    of the semiconductor to be fixed (Fermi-level pinning).  Accordingly, the SBH 

shows weak dependence on the work function of the metals used for contacts, as 

found, for example, in GaAs.192  On the other hand, the wide-band-gap semiconductors 

SiC and GaN are well described by the Schottky-Mott (S-M) limit (Eq. 4-1).  Using the 

extracted values of    , and electron-affinity values     of approximately        ,       

of approximately       ,         of approximately       , and      of approximately 

      ), we calculate    (Table 4-1).  The calculated values of the work function are 

typically higher than the accepted values (approximately       ) of graphene when    is 

at the Dirac point ( -point). The deviation from this ideal graphene work function can be 

attributed to the lowering of    due to hole doping of the graphene during the etching-

transfer process, together with the fact that the graphene is in physical contact with the 

gold electrodes.77   

Although the SBHs on Si, GaAs, and GaN can be roughly explained within the 

S/M model, in reality, GaAs surfaces have a high density of surface states and thus 

exhibit characteristic Fermi-level pinning.  GaAs-based diodes generally have SBHs in 

the range of      –         as observed in our measurements, and proper interpretation 

of the SBH on GaAs/graphene junctions requires the Bardeen model.  After the 

graphene is placed on the semiconductor surface, there is charge separation and 

concomitant formation of induced dipoles at the interface.  According to bond-

polarization theory,254,255 the SBH is determined by charge separation at the boundary 

between the outermost layers of the metal (here, a single-layer carbon sheet) and the 

semiconductor.  Our results are in good agreement with the findings of our earlier work 
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on graphite and many-layer-graphene junctions where the layer in closest proximity to 

the semiconductor surface is a single sheet of carbon atoms.256,248  On the other hand, 

barriers formed on the 4H-SiC substrates give an unphysically low value for    (see 

Table I) and therefore cannot be explained by either model.  The deviation observed on 

graphene/4H-SiC diodes clearly requires consideration of more advanced treatments of 

metal induced gap states or bond polarization.  For example, since the lattice mismatch 

between 4H-SiC and graphene is quite small when compared to the other substrates 

(namely, Si, GaAs, and GaN), the coupling/interaction between the 4H-SiC and 

graphene might be fundamentally different, and, within the bond-polarization model, this 

difference might result in the observed deviation.   

4.3   Deviations from Thermionic-Emission Theory 

Next, we turn our attention to the reverse-bias characteristics.  In conventional 

metal/semiconductor Schottky diodes, the work function of the metal is pinned 

independent of bias voltage due to the high density of states at   , while, in reverse 

(forward) bias, the Fermi energy of the semiconductor shifts down (up), allowing 

observed rectification via an increase (decrease) in the built-in potential (   ).  Unlike 

conventional metals, graphene’s work function (  ) is a function of bias, and, for large 

voltage values, the SBH does not stay constant.  When Schottky diodes are forward 

biased, they permit large currents at bias voltages well below    , and small decreases 

in the Fermi level of graphene cannot be distinguished from voltage drops associated 

with a series resistance.  Said in another way, the deviation from linearity in the 

semilogarithmic plots of Figure 4-5 through 4-8 (part A) for forward bias could be due to 

a combination of a series resistance becoming important at high currents together with 
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a small increase in    and a downward shift in    for the positively charged graphene. 

However, in reverse bias, where the applied voltage can be larger than     ,    starts 

changing dramatically257 and the fixed SBH assumption clearly no longer holds. In 

reverse bias, when the graphene electrodes are negatively charged,    increases and 

   decreases, causing the SBH height to decrease as the reverse bias is increased.  

As observed in the insets of Figure 4-5 through 4-8 (part B), this effect causes the total 

reverse current to increase as the magnitude of the bias is increased, thus preventing 

the Schottky diode from reaching reverse-current saturation. This nonsaturating reverse 

current has not been observed in graphite-based Schottky junctions due to the fixed 

Fermi level of graphite.256 

Capacitance-voltage (   ) measurements made in the reverse-bias mode are 

complementary to     measurements and provide useful information about the 

distribution and density    of ionized donors in the semiconductor and the magnitude of 

the built-in potential    .  For a uniform distribution of ionized donors within the depletion 

width of the semiconductor, the Schottky-Mott relationship between      and the 

reverse-bias voltage    satisfies the linear relationship,  

 
 

  
 

 (      )

       
, (4-4) 

which, as shown in Figure 4-13, is observed to hold for graphene/GaAs and 

graphene/Si junctions.  Linear extrapolation to the intercept with the abscissa gives the 

built-in potential,    , which is related to     via the expression,  

     
   

 
   (

  

  
), (4-5) 

Here,    is the effective density of states in the conduction band,    is the doping level 

of the semiconductor, and the slope of the linear fitting to      versus    gives the 
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doping density of the semiconductor.  We list    
   and    values for the graphene/GaAs 

and graphene/ Si junctions in Table 4-I.  We note from Table 4-1 that the extracted    
   

values on the Si and GaAs junctions are generally higher than the    
  

 values.  The 

discrepancy between the SBHs determined by the two methods can be attributed to: (a) 

the existence of a thin oxide or residue at the graphene/ semiconductor interface and/or 

(b) Schottky-barrier inhomogeneity.  Graphene sheets transferred onto SiO2 are known 

to have charge puddles mostly due to the inhomogeneous doping due to surface charge 

traps in the substrate or from chemicals used during the graphene production or transfer 

process.  Since the SBH is sensitive to the    of graphene, patches with different 

charge densities (doping) are expected to have an impact on the SBH and hence on the 

    characteristics of the graphene diodes.   

An important difference between     and     techniques is that the 

capacitance measurements probe the average junction capacitance at the interface, 

thereby yielding an average value for the SBH, while the     measurements give a 

minimum value for the SBH, since electrons with thermionic-emission probabilities 

exponentially sensitive to barrier heights253 choose low barrier patches (less-p-doped 

graphene patches) over higher patches (more-p-doped graphene patches).  While 

    measurements give reasonable values of the SBH for graphene/GaAs and 

graphene/Si, we have not been able to obtain reliable     measurements for 

graphene deposited on GaN and SiC because of high series resistance in these wide-

bandgap semiconductors.  The linearity of the     measurements shown in Figure 4-

13 is consistent with the Schottky-Mott model and the abrupt-junction approximation, 
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which assumes that the density of ionized donors    is constant throughout the 

depletion width of the semiconductor.   

This good agreement invites a more quantitative analysis of the Fermi energy 

shifts in the graphene that are the source of the nonsaturating reverse-bias currents 

discussed in the previous subsection. We begin by writing the electron-charge density 

per unit area   on the graphene as  

           (      ), (4-6) 

where 

    √
       

 (      )
, (4-7) 

is the Schottky-Mott depletion capacitance,      is the number of electrons per unit 

area, and    is the magnitude of the reverse-bias voltage. Combining these two 

equations gives the following result:  

      √
      (      )

  
, (4-8) 

The above expression provides an estimate of the number of carriers per unit area 

associated with the electric field within the depletion width, but it does not account for 

extrinsic residual doping described by the carrier density    on the graphene before it 

makes contact with the semiconductor.  The processing steps used to transfer the 

CVD-grown graphene from Cu substrates to semiconductor surfaces typically results in 

p-doped material with    of approximately              as inferred from Hall data (Fig. 

4-4) taken at      .  Accordingly, the final carrier density including contributions from 

the as-made graphene and the charge transfers associated with the Schottky barrier 

(    and the applied voltage   ) reads as  
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          , (4-9) 

Using the well-known expression for graphene’s Fermi energy, we can write 

             √ (       ), (4-10) 

which in combination with Eq. (4-5) becomes 

       √ (   (
      (      )

  
)
   

). (4-11) 

To calculate typical shifts in   , we use parameter values                     , 

                ,              ,             cm/s,           , and         for a 

typical semiconductor.  Thus the Fermi energy of the as-made graphene with    of 

about            is calculated from       √    to be          below the charge-

neutrality point, a shift associated with the aforementioned p-doping during processing. 

When the graphene is transferred onto a semiconductor, equilibration of the 

chemical potentials results in a transfer of negative charge to the graphene and an 

increase in    [calculated from Eq. (4-8) for     ] to be in the range of   –        for 

   in the range of          to          .  The application of a typical 10V reverse bias 

voltage (Figs. 4-5 through 4-8) creates significantly larger Fermi-energy shifts, which 

from Eq. (4-8) give    in the range of        to           for the same factor of    

variation in   .  The corresponding shifts from the pristine value of           are in the 

range of    –         and thus bring    closer to the neutrality point.  These numerical 

calculations show that, for our n-doped semiconductors, it is relatively easy to induce 

Fermi-energy shifts on the order of        with the application of a sufficiently high 

reverse-bias voltage.  Since the electron affinity of the semiconductor remains 

unchanged, the Schottky-Mott constraint of Eq. (4-2) enforces the same reduction in 



 

155 

   , thus leading to a greater than 5% reduction in the measured SBHs shown in Table 

4-1.  We note that the induced shift in graphene’s    as determined by the in-situ 

Raman-spectroscopy measurements (Fig. 4-3) is larger (   of approximately 

    –        ) than our theoretical estimation (   of approximately       ). The 

discrepancy between the theoretical estimate of    and the experimental values might 

be attributed to (1) the existence of an interface capacitance induced by dipoles at the 

graphene/semiconductor interface (within bond-polarization theory), causing deviation 

from the ideal Schottky-Mott capacitance relation given by Equation 4-4 and (2) the 

estimate of    using relative peak shifts in the   and    peak positions for graphene 

deposited on Si/SiO2,
109 which might be different than the change in Fermi level for 

graphene transferred onto semiconductors. 

As discussed in the previous sections, since the    of the graphene electrode is 

sensitive to the applied bias across the graphene/semiconductor interface, the SBH at 

the interface becomes bias dependent, especially for large reverse voltages.  However, 

extracting the SBH from     characteristics using Equation 4-1, which involves 

extrapolating current density to zero-bias saturation current (  ), yields the putative zero-

bias barrier height (Table 4-1).   

Finally, we present a simple modification to the Richardson equation (Eq. 4-1), 

considering the shift in    of graphene induced by applied bias.  The modified 

Richardson equation preserves the original functional form of Eq. (4-1) but allows one to 

estimate the SBH at fixed voltages. The voltage-dependent SBH [   ( )] can be written 

as 

     ( )      
       ( )      

     ( ), (4-12) 
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where     
  is the zero-bias SBH and      ( ) is the correction to the SBH at fixed 

voltage V.  The change in the Fermi energy    ( ) is opposite to      ( ), i.e.,  

   ( )        ( ), as seen in Fig. 4-14.  Thus, for reverse bias (the addition of 

electrons to the graphene), we use Equations 4-5 and 4-7, together with the inequality 

       , to calculate, 

    (  )        (  ) 

     [√ (       )  √   ]   
 

 
   

    

  
√    

   
 

 
   √

       (      )

    
, (4-13) 

Adding the reverse and forward current densities, as done in standard treatments of the 

diode equation, yields the total current density across the graphene/semiconductor 

interface,  

  (   )      [    (
     

       ( )

   
)] [   (

  

    
)   ], (4-14) 

Here, we note that the original form of the Richardson equation is preserved, with slight 

modifications to the saturation current term, which is given as 

        [    (
     

       ( )

   
)], (4-15) 

with      ( ) for reverse bias given by Eq. 4-10.  In our conventional     analysis 

using Equation 4-1, the zero-bias saturation current    is extracted by extrapolating the 

current density to the zero-bias limit.  In this limit, the correction to the SBH is expected 

to be zero, since the graphene is not subject to applied bias and hence the Fermi level 

does not shift from the original value.  However, using the extrapolated zero-bias 

saturation-current density, one can extract the SBH, and one can take into account the 
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correction to the SBH at fixed bias (   ) by the additional     ( ) term in Equation 4-

12. 

4.4   Gated Schottky Junctions on Si: Continuous-Graphene Case 

Noting the impact that a shift in barrier height can have on rectification currents, 

we turn our attention to three-terminal, gate-field modulated Schottky barrier transistors.  

These devices make use of an electrically insulated gate electrode to modulate the 

Fermi level of the graphene.  The electric field-effect induced shift of the graphene work 

function results in smooth changes to the barrier height between the graphene and the 

semiconductor (the DOS of graphene is also smooth and continuous).  Under a 

constant source-drain bias (i.e. forward or reverse, preserving conventional diode 

terminology), adjusting the barrier height via a gate potential will result in a change to 

the current flow across the junction. 

In order for sufficient current modulation to occur, the initial barrier height must not 

be too large compared with the graphene Fermi level shift     due to gating.  For this 

reason, we have chosen a lower doping concentration for the Silicon (p-type, Boron, 

          ) used in this experiment.  Figure 4-15 confirms the rectifying behavior of 

the graphene/p-Si junction on which our three-terminal transistors will be based.  As 

expected, when compared to the graphene/n-Si device studied in Section 4.2, the lower 

initial barrier height of these junctions results in higher current densities for a given bias.  

We still observe the onset of the non-saturating reverse-bias current described in the 

previous section.  

The diode device structure can be readily modified to yield a gated, three-terminal 

device.  A scalable top-gate can be fabricated by depositing a dielectric layer and a 
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metal contact directly on top of the graphene/semiconductor contact.  This requires the 

graphene to be free of vertical protrusions to avoid shorting pathways through the thin 

dielectric layer (see Section 3.3).  Care also needs to be taken not to damage the 

single-layer graphene during the deposition of the gate stack.  Atomic layer deposition 

can yield very low-stress, high-k gate dielectrics without damaging the graphene layer, 

although seeding of the oxide layer may be necessary.  Alternatively, one-off research 

devices can quickly be fabricated using an ionic liquid as the gate dielectric (see Fig. 4-

1).258  Here the ions rearrange in response to the applied gate voltage forming a 

capacitive double layer at the graphene-ionic liquid interface.  So long as the gate 

voltage is kept below the redox potential of the electrolyte no chemical reactions take 

place and the double layer behaves like an exceptionally thin high-  dielectric.  The 

ionic liquid is ideal for gating large area graphene with folds, tents, and other conducting 

vertical protrusions (see Section 3.3.2 for methods to eliminate these protrusions).   This 

technique is not well suited for measurements which require transient fields (i.e. transfer 

curves and dynamic switching); however, it provides a facile method of probing the 

switching mechanisms in these Schottky transistors.   

Unlike traditional MOS transistors, the behavior of these Schottky barrier devices 

is inherently anisotropic.  That is, the bias (source-drain) voltage polarity determines the 

mode of operation (the switching mechanism).  The mechanisms for current transport 

across the junction are also different.  In reverse-bias, injection of holes from the 

graphene electrode into the semiconductor occurs primarily via thermionic emission 

over the abrupt-junction barrier, although thermionic field-emission is also possible for 

narrow depletion widths (high-doping densities,      , or large bias voltages,     
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  ).  For any given semiconductor, the barrier height is only a function of the graphene 

work function.  This is in contrast to the forward-bias mode, in which holes diffuse 

across the depletion region (Schottky transport) into the graphene.  The barrier height 

for this case is determined by the flat-band potential of the valence.  This is a function of 

both the work function of the graphene as well as the source-drain bias.  Larger source-

drain bias voltages result in higher current densities and a weaker gate-field modulation 

effect (smaller On/Off ratios).  The two operating modes are schematically represented 

in Figure 4-16. 

In Figure 4-17, we show the output characteristics for a three-terminal device in 

both reverse- (A and B) and forward-bias (C and D) mode.  The gate voltage was 

stepped in      increments from         to      , while carefully monitoring the gate 

leakage at each step to ensure that the ionic liquid had reached equilibrium before 

beginning a bias sweep.  Voltage steps outside of this range were excluded due to the 

electrochemical breakdown that occurs in the ionic liquid above a known threshold 

voltage (     ).   

Two features are immediately obvious when comparing the performance of the 

operational modes: (1) the forward-bias current densities are much higher than those of 

the counterpart mode, and (2) the switching effect (i.e. the On/Off ratio) is more 

prominent in reverse bias.  The first point is not surprising, since the current across a 

forward-bias diode junction is naturally larger than for the reverse-bias case.  Less 

intuitive is the discrepancy in switching performance.  This can be understood by 

looking at how the gate voltage and bias voltage effects combine to determine the 

barrier to hole injection from the semiconductor to the metal.  The gate field applied to 
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the graphene affects the barrier on the semiconductor side indirectly due to the charge 

transfer that takes place at the junction.  Thus, a positive (negative) gate bias increases 

(decreases) the depletion barrier to transport.  The bias voltage imposes an offset 

between the Fermi level of the graphene and the semiconductor, shifting the flat-band 

valence band level closer to the equilibrium level, consequently reducing the barrier for 

all gate voltages.  A large gate field can also cause the depletion width in the 

semiconductor to narrow, increasing the field-emission current across the junction in the 

“off”-state.  This is the reason for the poor switching and high current densities in 

forward operated devices.   

In reverse bias, the graphene Fermi level is directly related to the injection barrier 

height.  The applied bias reduces the equilibrium barrier by lowering the Fermi level of 

the graphene closer to the valence band edge.  At this stage, only a small negative gate 

field is needed to induce enough of a Fermi-level shift to substantially increase the 

probability of thermionic injection.  Conversely, a positive field will shift the Fermi level 

away from the valence band edge, thus turning the device off.  Furthermore, a large 

bias voltage will also narrow the depletion width, leading to a disproportionate increase 

in the on-state current (relative to the slight increase in the off-state current). 

The two mechanisms are illustrated in Figure 4-18.  The modulation of the 

reverse-bias device is a direct result of the shift of the graphene work function with gate 

field.  The device exhibits good switching behavior increasing with applied bias.  As 

expected for the forward-bias case, the current density levels are higher and the On/Off 

ratio decreases with larger bias voltages (the applied bias reduces the depletion 

barrier).  In this mode, the modulation is a secondary effect of the graphene work 
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function shift: charge transfer across the junction causes the valence band energy of the 

semiconductor to shift closer to the equilibrium value, reducing the depletion barrier 

height. 

4.5   Concluding Remarks 

Rectification across semimetal/semiconductor junctions has been studied for 

several common semiconductors.  Current-voltage and capacitance-voltage 

measurements were used to characterize the Schottky barriers formed when graphene 

is placed in intimate contact with Si, GaAs, GaN and SiC.  The good agreement with 

Schottky-Mott physics within the context of bond-polarization theory is somewhat 

surprising given that the Schottky-Mott picture was developed for metal/semiconductor 

interfaces, not for the semimetal/semiconductor junctions discussed here.  We did 

observe a shift of the graphene work function resulting from the charge transfer across 

the interface during Schottky barrier formation.  This shift does not occur at 

metal/semiconductor or graphite/semiconductor interfaces, where    remains fixed 

during Schottky-barrier formation.  Due to a low density of states, the Fermi level is also 

sensitive small changes in charge density induced by the bias potential.  These bias-

induced shifts in the Fermi level result in significant deviations to the rectification 

behavior of the diodes in reverse bias.  We have modified the thermionic-emission 

diode equation allowing us to estimate the change in the barrier height at fixed applied 

bias.  Three-terminal devices were fabricated by exploiting the additional barrier height 

modulation accessible via an applied gate field.  The devices exhibit drastically different 

modes of operation for forward and reverse biasing of the underlying diode. 
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Figure 4-1.  Fabrication and electrical characterization of graphene/inorganic 
semiconductor junctions.  (A) Two-terminal diodes are made by etching 

windows (      ) through the oxide layer (purple) and draping a graphene 
over the source contacts (gold).  (B) The current-voltage characteristics are 
measured applying a bias voltage between the grounded Ohmic back contact 
(brown) and graphene film.  (C)  Three-terminal Schottky barrier transistors 
are gated using an ionic liquid gate. 
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Figure 4-2.  Raman characterization of graphene on technologically relevant 
semiconductors.  Raman spectra of (A) CVD-grown graphene on Cu foils and 
(B) graphene, after transfer onto various semiconductor substrates. Graphene 

sheets show a large        ratio, and after the transfer, the graphene 
becomes slightly disordered. (C) The Raman-spectra   peak. The black curve 
is the measurement on graphene/Cu and the other curves are for the 
graphene/semiconductor combinations as indicated in the legend in (B). (D) 

Same as in (C) for the Raman-spectra    peak. 
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Figure 4-3.  In-situ bias dependent Raman spectra taken on graphene/GaN junctions.  

Plotted as a function of applied bias:     (black line),      (red line), and 

      (blue line).  Blue arrows indicate the direction and magnitude of the 
shift in the   and    peak positions relative to zero bias when the diode is 
reverse biased. 
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Figure 4-4.  Hall-transport of transferred graphene.      vs Magnetic-field ( ) taken at 

     .  Typically, sample mobilities are in the range of      –            

and carrier densities (holes) are in the range of   –              . 
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Figure 4-5.  Graphene/Silicon Schottky diode: Room-temperature transport 

characteristics.  (A) Linear current density-voltage (   ), and (B) log current 

density-voltage (      ). 
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Figure 4-6.  Graphene/GaAs Schottky diode: Room-temperature transport 

characteristics.  (A) Linear current density-voltage (   ), and (B) log current 

density-voltage (      ). 
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Figure 4-7.  Graphene/GaN Schottky diode: Room-temperature transport 

characteristics.  (A) Linear current density-voltage (   ), and (B) log current 

density-voltage (      ). 
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Figure 4-8.  Graphene/GaN Schottky diode: Room-temperature transport 

characteristics.  (A) Linear current density-voltage (   ), and (B) log current 
density-voltage (      ). 
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Figure 4-9.  Temperature-dependent graphene/n-Si diode characteristics.  (A) Plot of 
the temperature dependence of the current (I) versus voltage (V) curves 

measured across a graphene/GaAs junction from       up to       with      
intervals separating each isotherm.  The arrows indicate the direction of 

increasing temperature.  (B) Plot of the temperature dependence of     
curves taken on graphene/n-Si junctions at different temperatures. (C) 

Extracted    values from B are plotted in terms of        
  versus  . 

 



 

171 

 

Figure 4-10.  Temperature-dependent graphene/GaAs diode characteristics.  (A) Plot of 
the temperature dependence of the current (I) versus voltage (V) curves 

measured across a graphene/GaAs junction from       up to       with      
intervals separating each isotherm.  The arrows indicate the direction of 
increasing temperature.  (B) Plot of the temperature dependence of IV curves 

taken on graphene/GaAs junctions at different temperatures. (C) Extracted    

values from B are plotted in terms of        
  versus  . 

  



 

172 

 

Figure 4-11.  Temperature-dependent graphene/GaN diode characteristics.  (A) Plot of 
the temperature dependence of the current (I) versus voltage (V) curves 

measured across a graphene/GaAs junction from       up to       with      
intervals separating each isotherm.  The arrows indicate the direction of 
increasing temperature.  (B) Plot of the temperature dependence of IV curves 

taken on graphene/GaN junctions at different temperatures. (C) Extracted    
values from B are plotted in terms of        

  versus  . 
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Figure 4-12.  Temperature-dependent graphene/SiC diode characteristics.  (A) Plot of 
the temperature dependence of the current (I) versus voltage (V) curves 

measured across a graphene/GaAs junction from       up to       with      
intervals separating each isotherm.  The arrows indicate the direction of 
increasing temperature.  (B) Plot of the temperature dependence of IV curves 

taken on graphene/SiC junctions at different temperatures. (C) Extracted    
values from B are plotted in terms of        

  versus  . 
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Figure 4-13. Capacitance measurements (A) Plots of the inverse-square capacitance 

(    ) versus applied bias ( ) for graphene/n-Si (red squares and the 
markings on the left-hand y axis) and for n-GaAs (green circles and the 

markings on the right-hand y axis) at       and        show a linear 
dependence, implying that the Schottky-Mott model provides a good 

description. The interception on the abscissa gives the built-in potential (   ), 
which can be correlated to the Schottky-barrier height, while the slope of the 

linear fit gives          .  Extracted     and    values are listed in Table 4-
1.  
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Table 4-1.  Extracted SBHs, doping densities, and corresponding graphene-work-
function values on various graphene/ semiconductor junctions. 
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Figure 4-14.  Band diagrams for graphene/inorganic semiconductor Schottky diodes.  
The shift of the Schottky barrier height with applied bias results in 
modifications to the standard thermionic emission current, especially for 
reverse-bias case.  (A) Forward, (B) zero, and (C) reverse bias conditions are 
shown. 
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Figure 4-15.  The diode characteristics for the graphene/p-Si junction used for the three-
terminal Schottky barrier transistor.  The lower initial barrier gives rise to 
higher current densities than the n-type device studied in Section 4.2, as seen 

in the (A)        , and             plots. 
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Figure 4-16.  Band bending schematic for a three-terminal, gate-field modulated 
Schottky barrier transistor.  The transistor has two distinct modes of 
operation: the Forward (B, D, and F) and Reverse-bias (A, C, and E) modes.  
A negative gate-bias turns p-type devices on, while a positive gate bias turns 
them off.  The gate-field modulation of the graphene Fermi-level not only 
affects the barrier height, but also the width of the depletion region.  Note that 
the current in forward-bias mode is dominated by diffusion across the 
depletion region, while in reverse-bias mode the current is primarily 
thermionic over the abrupt-junction barrier. 
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Figure 4-17.  Output characteristics of a three-terminal graphene/p-Si Schottky barrier 
transistor.  The transistor can operate in both the reverse (A and B) or forward 
bias (C and D) mode.  The modulation of the graphene Fermi-level dictates 
the magnitude of current transport across the barrier.  The reverse-bias mode 
has a reasonable On/Off ratio of 100, while the forward-bias mode exhibits 
significant non-saturating current densities in both the on- and off-states. 
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Figure 4-18.  Comparison of the reverse and forward bias modes of Schottky barrier 
transistor operation.  (A) The forward and reverse bias operating modes of 
the graphene/p-Si junction transistor.  (B) A schematic of the two operating 
mechanisms.  The small initial Fermi-level shift in the graphene is due to the 
applied bias (forward or reverse), while the larger omnidirectional shift (red 
zone) is attributed to the gate-field modulation of the Fermi-level. 
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CHAPTER 5 
GRAPHENE/ORGANIC SEMICONDUCTOR INTERFACES 

5.1   Introduction 

In the last chapter, we demonstrated that the Schottky barrier at the 

semimetal/inorganic semiconductor interface exhibits an anomalous non-saturating 

reverse bias current.  We also showed that this current can be modulated by a gate 

field.  Junctions between semimetals and organic semiconductors should display similar 

behavior.  Such control has been demonstrated in carbon nanotube enabled vertical 

field effect transistors (CN-VFET) where modulation of the contact barrier between a 

dilute nanotube source electrode and an organic semiconductor channel layer controls 

the current flow through the organic channel.259–261  In this Chapter, we will use 

graphene as the source electrode for organic diodes and VFETs.  We also study the 

effects of tuning the porosity of the graphene film on device performance.  The 

architecture, moreover, readily lends itself to conversion to a full aperture emission light 

emitting transistor, where the high on-currents at low operating voltages resulted in high 

brightness at low power dissipation.262  

5.2   Graphene Enabled Vertical Field Effect Transistors 

 The increasing availability of high quality graphene133,207,141,127 and the low DOS 

it shares with the nanotubes makes graphene a natural candidate source electrode for 

similar high performance VFETs.  The vertical architecture - consisting of a gate, gate 
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 The work presented in this Chapter is based in part on published results.  The published manuscript and 
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 Improved Transfer of Graphene for Gated Schottky-Junction, Vertical, Organic, Field-Effect Transistors. 
ACS Nano 2012, 6, 9095. 
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dielectric, source electrode, semiconducting channel, and drain electrode in a collinear 

stack (similar to Figure 5-1) -  takes advantage of the very thin control layer occurring at 

the nanotube-organic junction, allowing for short channel lengths and yielding high on-

currents at low source-drain voltage, despite the low mobility of organic semiconductors.  

Vertically stacking the source, channel, and drain layers, makes the transistor channel 

length simply the thickness of the deposited channel layer.  The naturally short channel 

length this creates allows for large on-currents, despite the use of relatively low mobility 

organic channel materials.  For a conventional, lateral channel, TFT to achieve a 

comparable channel length would require (expensive) high resolution patterning, and 

subject the device to short channel effects. The devices discussed here, because they 

rely on a distinct Schottky barrier modulation for their operation, are immune to short 

channel effects. 

The monolithic nature of graphene may provide intrinsic advantages in sheet 

resistance compared to nanotube films,263,264 where impedance at tube-tube junctions 

may ultimately limit device performance. The single atom thickness of graphene in a 

continuous layer also affords the opportunity to disentangle the operational mechanism 

of these gated Schottky junction VFETs.  Barrier height modulation is possible due to 

the low DOS of nanotubes and graphene, but VFETs that use conventional metal 

source electrodes (in which the high DOS effectively precludes barrier height 

modulation) have also been demonstrated.265–268  To function such devices require that 

the metallic source electrode be perforated, thus allowing the gate field direct access to 

the metal-semiconductor interface, where a field induced band bending thins the barrier 

(without barrier height lowering) to allow tunneling currents. Such band bending also 
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contributes to barrier modulation in the CN-VFET, where the dilute nanotube source 

electrode also admits the gate field to the nanotube-organic interface.  The nanotube 

based devices thus operate in a mixed fashion, taking advantage of both modes.  The 

continuous electrode provided by graphene can probe (principally) the effect of the 

barrier height modulation.  Better still, by purposely inducing holes in the continuous 

graphene layer we can probe both modes in a single material system.  Here this is done 

to report the first organic channel graphene enabled VFETs (G-VFETs, Fig. 5-2).  

We fabricate graphene/organic semiconductor junctions and VFETs using the 

transfer techniques described in Section 3.3 and thermally evaporated organic channel 

materials.  Figure 5-2 shows the rectification and transfer characteristics of the organic 

two- and three- terminal devices.  The anomalous non-saturating reverse-bias current is 

observed in these organic devices.  Gate-field control of the reverse-bias current is also 

evident from Fig. 5-2B.  An analytical expression for the diode current is not easily 

obtained for these devices due to the non-linear nature of transport at organic 

interfaces.   

The devices are fabricated using the growth and transfer methods described 

earlier.  In summary, after copper dissolution the Au coated section of the 

graphene/Au/PMMA sandwich was adhered, graphene side down, to a p+-Si/SiO2/BCB 

substrate.  BCB is a benzocyclobutene derivative that had previously been spun coat 

onto the SiO2 and thermally cross-linked to leave an 8 nm thick hydrophobic layer on 

the dielectric.  This excludes water adsorption from the ambient which has been 

implicated in charge trap generation on oxide dielectrics, degrading device 

performance.217  The Au served as an etch mask while the PMMA and excess graphene 
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around the gold mask were dry-etched in an O2-plasma thus defining the edge of the 

graphene source electrode.  An iodide based gold etchant subsequently removed the 

mask layer.  Finally, a gold source contact was evaporated along one edge of the 

graphene layer completing the source electrode.  The measured areal hole densities in 

the graphene used to build the G-VFETs discussed below were 0, 2, 13 and 20% with 

average hole diameters of 2.2 ± 0.6µm, 2.3 ± 0.6µm, 2.5 ± 1.0µm, respectively.   

The organic semiconductor channel layer evaporated onto the graphene was 

dinaphtho-[2,3-b:2′,3′-f]thieno[3,2-b]-thiophene (DNTT).269   The flatness of a single 

layer of graphene should in principle permit even sub-100 nm channel layer thickness 

(with corresponding performance enhancement) without incurring electrical shorts to the 

top drain electrode.  We found however that device yields suffered when the DNTT 

thickness was below 250 nm.  This may be a consequence of the low surface energy of 

graphene and crystallinity of DNTT that results in island growth incorporating pinholes 

and shorting paths to the subsequently deposited Au drain electrode, for thin channel 

layers.  To ensure effectively 100% yields and to permit a direct performance 

comparison against comparable channel thickness Ag- and CN-VFETs, a DNTT 

channel thickness of 500 nm was used.  

G-VFET devices were tested with the graphene source electrode contact held at 

ground potential, while the drain and gate were biased relative to ground.  Figure 5-5 

shows typical output curves for the G-VFETs with graphene source electrode areal hole 

densities of 0, 2, 13 and 20% (Fig. 5-4).  Both the on (VG=-40 V) and off (VG=+40V) 

states are shown.  Thinner and/or higher-k gate dielectrics should allow for low gate 

voltage operation as seen in CN-VFETs that employ them.260,262 The advantage of the 
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short channel length in the vertical architecture is seen in the high on-current densities 

at low drain voltages (|-5| V).  The on-current densities clearly scale with the density of 

holes in the graphene source electrode.  Figure 5-5C plots the on/off current ratio of the 

devices as a function of the on-current density (as the drain voltages are swept from 0 

to -5 V).  The 20% areal hole density electrode yields on/off ratios exceeding 106.  

Attempts to get higher hole densities (>20%) by making the protective Au layer thinner 

resulted in discontinuous graphene sheets.  Ordered hole arrays would avoid this 

problem and provide a path for further device optimization.  A summary of the device 

characteristics versus areal hole density is plotted in Figure 5-5D. 

5.3   Tuning the Field Permeability of the Graphene Electrode 

The current modulation seen to occur with the continuous graphene electrode 

(over three orders of magnitude) provides strong support for the anticipated Schottky 

barrier height modulation (changing principally the thermionic emission).  Extrapolating 

from the Kevin probe measurements of Yu et al.,257 we estimate that our gate sweep 

results in a 0.4-0.5eV shift of the graphene work function and a commensurate 

modulation of the barrier height.  Introducing 20% holes into the graphene source 

electrode yields a further 2-3 decades of transconductance.  The gate field access to 

the graphene-DNTT interface in the vicinity of the holes additionally thins the barrier 

(Fig. 5-3) resulting in the dramatic current enhancement.  Note that barrier height 

modulation also plays a role in the enhanced tunneling currents since (for example) 

within the WKB approximation the tunneling probability is proportional to: 

      [
     

  ⁄

 
], (5.1) 
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where     is the barrier height,   the local electric field and   constant.  Such barrier 

height modulation can thus explain the dramatic performance advantage these low DOS 

metals (graphene, nanotubes) have over the conventional-metal source electrode 

based devices.  As support of this hypothesis, in the next section we present a 

comparison of our field-transparent graphene with other porous electrode materials.   

5.4   Comparisons to Other Porous Electrodes 

5.4.1   Metal versus Semimetal Porous Electrodes 

The high DOS of conventional metal devices should preclude any gate modulation 

of the electrode work function, and limit the switching mechanism to the penetration of 

the gate-field near the pores.  Similar porous metal FETs have been fabricated by the 

Tessler group at IIT,266,270 however several key differences prevent a direct comparison 

with our devices.  Instead, we have fabricated thin-film Silver electrodes with 

comparable hole densities to our graphene devices.   

Silver was chosen for these porous metal VFETs because it is readily evaporated 

and has a work function that is close to that of graphene (        ).  This ensures that 

the initial barrier height is the same for both electrode materials.  VFETs fabricated with 

continuous Ag electrodes show no transconductance, confirming no appreciable work 

function modulation occurs in gated metallic electrodes.  In order to accurately compare 

the switching performance of devices with porous electrodes, we need to ensure that 

the metal and semimetal electrodes have equivalent porosities.  We used porous 

membranes to pattern both the graphene and Ag electrodes with the same pore 

densities (Fig. 5-6).  Graphene was first transferred to BCB/SiO2/p
+-Si substrates using 

the techniques described in Section 3.3.  Then a porous membrane (Sterlitech, 200nm 

pores) was adhered to the graphene film using a drop of IPA and hot clamped for 4 
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hours.  The stack was then exposed to a brief oxygen etch (30 sec, 50 sccm O2, 

10mTorr, 30W RIE, 150W ICP) to etch away the graphene in the pores.  The 

membranes were washed away in successive chloroform baths and rinsed with IPA.  

Finally, the graphene was annealed in an inert atmosphere.  We also used the 

membranes as a transfer template to pattern porous Ag films.  We thermally evaporated 

20nm of Ag onto the membranes and then adhered to the BCB/SiO2/p
+-Si substrates 

using a drop of IPA and hot clamped for 8 hours in a N2 glovebox to minimize the 

tarnishing of the silver.  The membranes were washed away (see above) and the 

samples were immediately loaded into the evaporation chamber.  Ex-situ SEM 

characterization of the Ag and graphene films revealed areal pore densities of ~1.2% 

and highly uniform 200nm pores.  Some residue from the porous membranes remained 

despite repeated solvent cleaning steps. 

VFETs with both Ag and graphene electrodes were then fabricated in parallel 

using the process described in Section 5.2.   The performance of the devices is 

compared in Figure 5-7.  The difference between metal and semimetal porous 

electrodes is manifested in the poor switching characteristics of the Ag-VFETs.  The 

larger current densities can be attributed to the higher conductivity of the 20nm Ag thin 

film (graphene has a higher mobility, but the thicker Ag electrode has a lower 

resistance).  The relatively poor performance of the graphene devices may be the result 

of residual doping from the patterning process.  However unlike for the metal electrode, 

the low DOS of graphene allows the gate-field to modulate the barrier height at the 

junction, resulting in a two order-of-magnitude improvement in the On/Off ratio.  This 
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emphasizes the need for a better understanding of the interplay between conductivity, 

barrier height modulation, and field-permeability. 

5.4.2   Porous Graphene versus Dilute Carbon Nanotubes 

We also compare our graphene-based transistors with state-of-the-art devices 

made with another porous semimetal material: dilute carbon nanotube networks.  

Comparison between the G-VFET and CN-VFET reveals differences that can be 

attributed to the morphological differences between the respective source electrodes. 

Figure 5-8A compares transfer curves for a G-VFET with a 20% areal hole density 

graphene source electrode and a typical CN-VFET fabricated on the same p+-

Si/SiO2/BCB gate electrode/gate dielectric substrates.  The drain voltages are adjusted 

to yield comparable on-currents at a gate voltage of -40 V.  The large hysteresis seen in 

the nanotube based device has been explained by ambipolar charge traps in the BCB 

having a well-defined critical field for charge exchange with the electrode.271  This 

hysteresis can be minimized by restricting the gate voltage range but here it is 

interesting to observe the significantly smaller hysteresis for the graphene source 

electrode over the same large voltage range.  This is likely due to the enhanced field 

concentration around the nanometer width nanotube electrodes versus the half-plane 

like graphene electrode in the vicinity of a hole.  

Output curves for the two devices are plotted in Figure 5-8B for gate voltages of 

±40V and drain voltages out to -10V.  Compared to the nanotube device the graphene 

devices exhibits a drain voltage delay of ~500 mV before current begins to flow. This 

may be due to the work function difference between the graphene (-4.6 eV) and the 

DNTT (-5.4 eV) generating a larger initial barrier than that between the DNTT and the 

nanotubes.  The nitric acid purification of the nanotubes charge transfer dopes them, 
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placing their work function around -4.9 eV, after which a heating step dedopes them to 

an estimated -4.7 to -4.8 eV.  The field concentration around the nanotubes may also 

give them an advantage in terms of this lower turn-on voltage.  As the drain voltage 

continues to grow, the nanotube device off-current begins to suffer as the drain field 

concentration around the nanotubes begins to extract charge despite the off-state (+40 

V) gate voltage.  The planar graphene does not exhibit such degradation in the off-state.  

The graphene electrode also excels in the on-state at high drain voltage.  At VD = -10V 

the CN-VFET on-current density is ~300mA/cm2 compared to an astounding 

~1200mA/cm2 for the graphene device.  We attribute this to the lower impedance of the 

monolithic graphene layer versus that at tube-tube contacts across the nanotube film 

electrode.  Figure 5-8C compares the on/off ratios for the two devices as a function of 

their on-currents (       ) as the drain voltage is swept from 0 to -10 V.  The 

impedance limited on-current and increasing off-current degrades the on/off ratio of the 

nanotubes device while that of the graphene device remains above 106 out to -10 V. 

5.5   Concluding Remarks 

We have studied the transport properties of graphene/organic junctions and 

demonstrated a gate-field modulated organic Schottky barrier transistor.  By tuning the 

porosity of the graphene source electrode we show that the gate-field can be used to 

modulate not only the barrier height, but also the barrier width.  This work also has 

implications for a very recently published inorganic channel graphene source electrode 

FET labeled a “Barristor”.272  While that device used a top gate architecture and the 

semiconductor was crystalline silicon, the principle of operation can be recognized to be 

precisely the same as the continuous graphene bottom gate, organic semiconductor 

devices we discuss here (unlike the case for the relatively low mobility organic 
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semiconductors, the high mobility of the crystalline silicon allows the drain electrode to 

lie in a more remote, arbitrary location relative to the graphene source electrode without 

loss of performance).  Their (and our) Schottky junction devices exhibit a gate 

modulated transconductance in either the forward or reverse bias direction of the 

graphene/semiconductor diode.  In the case of a continuous graphene source electrode, 

which relies principally on barrier height modulation, they show a forward bias on-off 

ratio of 105, which greatly exceeds the performance of transistors that use graphene as 

the channel layer.  However, attaining the low off-state current in the forward direction of 

the diode required an impractically low bias voltage of 0.3 V (the off-state current rising 

much more quickly than the on-state current as the bias voltage increased).  In reverse 

bias operation their on-off current ratio was only a factor of 300, not far from the three 

orders of magnitude current modulation we show for the continuous graphene/organic 

semiconductor in reverse bias operation.  As we further show, however, providing the 

gate field direct access to the graphene/semiconductor interface by incorporating holes 

or edges in the graphene electrode introduces a new tunneling mechanism that boosts 

the on-off ratio by an additional three orders of magnitude to yield an on-off ratio of    .  

By operating our holey graphene/organic channel devices in the reverse bias mode the 

off-state was maintained even to large bias voltages (as expected for a diode operated 

in reverse bias), while the on-state was dramatically boosted by tunneling through the 

thinned Schottky barrier in those regions where the gate field now had direct access to 

the graphene/semiconductor interface.  Similar large improvements should be had by 

configuring graphene/silicon devices to allow gate field access when operated in 

reverse bias.   
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Better controlled patterning techniques to fabricate ordered hole arrays in 

graphene over a wider range of densities and sizes, in conjunction with a thinning of the 

active channel layer thickness should offer a straightforward path to improved device 

performance.  Optimized nanotube devices yield their highest on/off ratios with an areal 

pore density of approximately 75% suggesting significant room for improvement in such 

organic channel graphene devices.  

  



 

192 

 

Figure 5-1.  The G-VFET architecture and drive scheme.  The graphene source 

electrode is transferred directly to a   -Si/       SiO2 wafer onto which the 

       small molecule organic semiconductor (DNTT) layer and Au drain 
contact are thermally evaporated.  The source contact is held at ground and 

the bias voltage (   ) is applied between the source and drain contacts.  The 
Schottky barrier is modulated by a gate field that is applied by the biasing (  ) 
the   -silicon wafer with respect to the grounded source contact. 
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Figure 5-2.  Two- and three-terminal devices with semimetal/organic semiconductor 
junctions.  (A) Rectification in a graphene/DNTT diode.  (B) Transfer curve of 
a gate-field modulated Schottky barrier transistor based on the 
graphene/DNTT diode. 
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Figure 5-3.  Energy level diagram for a GVFET at the graphene-semiconducting 
channel interface for constant drain voltage and three distinct gate voltages.  
The black line depicts the hole injection barrier and depletion layer in the 
semiconductor for a continuous graphene electrode. The red dashed line 
depicts the same features for the case of a graphene electrode perforated 
with holes.  For the continuous graphene case current modulation is due 
principally to barrier height lowering (thermionic emission). For the perforated 
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graphene case the barrier also thins (enhancing tunneling). (a) The largest 
barrier to charge injection results from a positive gate bias which shifts the 
effective work function into the conduction band of the graphene.  (b) The 
initial Schottky barrier and band bending induced by the offset of the 
graphene work function (slightly p-type) with the HOMO level of the organic 
semiconductor.  (c)  Moderately reduced Schottky barrier height resulting from 
the shift in the graphene work function.  Band bending is less pronounced for 
the continuous graphene. (d) At high gate voltage the barrier height is 
significantly reduced and the depletion width thinned for the case of 
perforated graphene. 
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Figure 5-4.  Field permeable graphene electrodes with various pore densities. 50 x 50 
µm SEM images of the transferred graphene films having the indicated hole 
densities (0%, 2%, 15%, and 19.6%, respectively).  

  



 

197 

 

Figure 5-5.  Device performance of field permeable G-VFETs.  (A) G-VFET output 
curves for the off-state (VG =+40V) and the on-state (VG =-40V) for these 
graphene source electrode hole densities.  (B) On/Off current ratio versus on-
state current density up to a drain voltage of -5V for each hole density.  (C) 
On-current densities and On/Off current ratios for drain voltage up to 10 V 
versus source electrode hole density.   
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Figure 5-6.  Fabrication of graphene and Ag electrodes with comparable pore densities.  
A commercially available porous membrane with highly controlled pore 
density is used to pattern the electrodes.  The membrane is used as an etch 
mask for the graphene film (A-C), and as a transfer template for the 
evaporated Ag film (D-E). 
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Figure 5-7.  Comparison of VFETs constructed with porous graphene versus porous Ag 
electrodes.  (A) Transfer and (B) output curves for both VFET architectures.  
The graphene VFET exhibits a much larger transconductance and On/Off 
ratio.  As expected, the current densities are higher for the 20nm thick Ag 

electrode compared to the      graphene film. 
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Figure 5-8.  Comparison of graphene and carbon nanotube enabled VFETs with all 
other device layers the same.  (A) Transfer curves for a CN-VFET and the G-
VFET with a 20% areal hole density electrode.  (B) Output curves for both 

devices in the on (        ) and off (         ) states up to         .  
(C) On/Off ratios versus on-current density for drain voltages to -10V. 
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CHAPTER 6 
CONCLUSIONS AND PROSPECTIVE 

The progression of results described in this thesis can be summarized as follows: 

(1) Techniques were developed to maximize the electrical conductivity and uniformity of 

large-area (      ) graphene sheets and to cleanly transfer those single-layer films to 

insulating or semiconducting substrates without inducing the usual disorder attributed to 

the transfer process; (2) The graphene films were transferred to common inorganic 

semiconducting (Si, GaAs, GaN, SiC) to study the behavior of two terminal 

semimetal/semiconductor junctions (Schottky diodes); (3) Unusual rectification behavior 

was interpreted in the context of graphene’s low density of states and gapless band 

structure yielding a modified analytical expression for the diode current across the 

junction; (4) These semimetal/semiconductor junctions were used as the basis for three-

terminal Schottky barrier transistors, operating by gate-modulation of the barrier height; 

(5) Analogous three-terminal devices were made using Graphene/Organic 

semiconductor junctions; (6) The field-permeability of the semimetal electrode was 

tuned by patterning micron scale holes in the graphene films, thus allowing the gate 

field to not only shift the graphene Fermi-level, but also to narrow the depletion width in 

the semiconductor, thus admitting a second switching mechanism.  The result is an 

unconventional graphene-based transistor with six orders-of-magnitude current 

modulation and potential for extremely large drive currents. 

Since its discovery, the convention has to been to use graphene as a 

semiconductor, ignoring its semimetal character altogether.  Instead of modifying our 

graphene to turn it into a suitable channel material, we have chosen device 

architectures that make use of its extraordinary intrinsic properties.  The rectification 
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effects observed for a wide variety of semiconductors suggest a bright future for 

graphene/semiconductor diodes, particularly in applications requiring mechanical 

stability, optical transparency, resistance to diffusion, robustness at high temperatures, 

and demonstrated capability to embrace multiple functionalities.  Rather than view the 

deviations from ideal Schottky diode rectification as parasitic, we have demonstrated 

that this unusual behavior can be harnessed as the central operating mechanism for a 

new class of gate-modulated Schottky barrier transistors. 
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