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ABSTRACT OF THE THESIS 

 

On Non-Planar Periodic Graphene Structures 

by 

Aryan Navabi-Shirazi 

 

Master of Science in Electrical Engineering 

University of California, Los Angeles, 2014 

Professor Kang L. Wang 

Non-planar periodic graphene structures (NPPGS) were fabricated using standard 

photolithography.  CVD graphene was transferred on prepatterned oxide substrates with square 

and sinusoidal features.  Heat treatment techniques were used to improve adhesion between 

graphene and the substrate which led to the formation of NPPGS.  Transport measurements showed 

an increase in resistivity and a decrease in mean free path which was calculated using the Landauer 

model.  A magnetic field was applied to the NPPGS which, due to the periodic features in the 

graphene film, creates periodic magnetic barriers in graphene.  The sample was rotated with respect 

to the magnetic field perpendicular to the ripples.  An increase in magnetoresisnace was observed 

as the sample was rotated with respect to the sample.  Exact profiles for the effect magnetic field, 

perpendicular to the graphene film, was determined numerically.  Boltzmann transport equation 

can be used to analyze the effect of different profiles for the magnetic barriers.  This can prove the 

observed resonances in transmission through magnetic barriers for Dirac fermions. 
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1. Introduction 

Graphene, a 2D allotrope of carbon, is a single atomic layer of carbon molecules packed in a 

honeycomb lattice.  Another allotrope of carbon is graphite (3D), where stacks of graphene are 

bonded together by Van der Waals forces.  The 1D allotrope, single walled carbon nanotube 

(SWCNT), can be thought of as a cylinder or hallow wire, made by rolling and stitching the ends 

of a graphene sheet.  Multi-walled carbon nanotubes (MWCNTs) made of many concentric 

SWCNTs can also exist.  Carbon can also exist in “0D” form known as fullerenes.  Schematic 

diagram of these carbon allotropes are shown in figure 1.0.1. 

 

Figure 1.1.1. Top: graphene is a 2D material made from a single atomic layer of carbon [1].  Bottom: 

three other allotropes of carbon are (left to right) fullerene, carbon nanotube, and graphite.  Graphene can 

be thought of as the basis of all the bottom allotropes since they can be realized by geometrical alterations 

to graphene. 

For many years, researchers believed graphene is an unstable material and it could not exist.  The 

theory, stated by Landau, Peierls, and Mermin, indicated that thermal fluctuations should lead to 

atomic vibrations in a scale comparable to the interatomic distances [1].  During those years, 
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graphene was only thought of as an academic material.  Theoretical studies were carried out for 

sixty years when initially it was named 2D graphite. [1]  The discovery of graphene in 2004 [2] 

sparked a global investigation into the properties and potential applications of graphene in areas 

such as electronics, mechanics, biology, and medicine.  With its unique electronic properties 

including high electron mobility, unique mechanical properties such as atomically thin thickness, 

it instantly became a candidate as a successor to replace silicon in transistors.  However, the 

absence of a band gap in graphene brings many challenges.  Creating a band gap without causing 

significant damage to the high electron mobility remains the Holy Grail of research in graphene 

electronics.  It is more likely that we will see new types of devices emerging from graphene rather 

than its integration in transistors. 

1.1 Background 

Graphene was first discovered by mechanical exfoliation of highly ordered pyrolytic graphite 

(HOPG) using scotch tape on a 300 nm layer of silicon oxide substrate.  The 300 nm SiO2 layer 

enabled the observation of graphene flakes through subtle optical effect [2].  A key requirement 

for any new technology, material, or application, is scalability.  Graphene produced by means of 

exfoliation of HOPG, no matter how unique in electronic properties, cannot be realized as a 

potential replacement for any material since scaling exfoliated graphene is not feasible.  Therefore 

research carried out on exfoliated graphene with its perfect crystal lattice have been often 

concluded as a study of Dirac fermion transport in 2D materials and not as a practical study for 

future developments.  The concerns over the scalability issue were overcome by researchers who 

achieved chemical vapor deposition (CVD) of monolayer graphene in 2007 [3].  Other scalable 

techniques had already been developed by epitaxial growth in 2004 by Walter de Heer’s group at 
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Georgia Institute of Technology [4].  However, it was not realized at the time that the product of 

the process was single a layer graphene [5].   

Since 2009, there has been an interest in creating and studying the properties of non-planar 

graphene structures and in particular, periodic ones to create sensors or semiconducting graphene 

[6-8].  Reference 6 demonstrates creation of ripples in suspended graphene through special heat 

treatments.  Reference 7 demonstrates using rippled graphene as a strain sensor, and reference 8 

reports the existence of a bandgap of about 0.7 eV.  The authors demonstrate using angle-resolved 

photoemission spectroscopy (ARPES) the existence of a “wide-bandgap” in rippled graphene sheet 

grown epitaxially on SiC.  Details of this growth mechanism are presented in chapter 2.  However, 

no evidence of a transport gap was demonstrated using standard transport measurements.  

Numerous theoretical studies have been carried out on effects of ripples in graphene, periodic and 

non-periodic [9-11].  Many more have studied the application of an in-plane magnetic field on 

these non-planar features [12-22].  In the case of a periodic rippled graphene, this technique results 

in periodic magnetic barrier with the application of a magnetic field, which is one of the main areas 

of focus of this thesis and presented in chapter 3.  Creating steps in graphene has been also used 

by some to create graphene-based optical modulators [23, 24] and hybrid waveguide structures 

[25]. 

1.2 Motivation 

In this work we present the first demonstration of Non-planar Periodic graphene structures 

(NPPGS) with high aspect ratios and periodicities as small as 600 nm on SiO2 substrates using 

CVD graphene grown on copper.  CVD graphene sheets grown on copper foils can be scaled to 

large areas and are very convenient for large scale device fabrication.  As mentioned earlier, 
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epitaxial graphene using SiC wafers is another scalable method for obtaining graphene.  However, 

due to the high cost of SiC wafers, CVD remains the preferred method for obtaining large areas of 

graphene and large number of devices with dimensions larger than those obtained using 

exfoliation, which can be approximately 20 µm at best. 

We used NPPGSs to study electron transport.   Further analysis included the application of a 

magnetic field at various angles with respect to the normal of the graphene sheet, including an in-

plane magnetic field.  This enables the study of electron transport in a magnetic superlattice which 

has thus far been only studied theoretically [12-22].   

We also analyze the potential of creating a radiation source from these undulating graphene 

structures.  It has been shown that free electrons will radiate while travelling through a sinusoidal 

path [26].  We investigate the possibility of achieving cyclotron radiation using graphene on a 

sinusoidal substrate.  The radiation frequency from such devices would depend on the electron 

drift velocity and the periodicity of the undulating substrate to which graphene sheet conforms.  

This may potentially create radiation sources that would emit in the terahertz regime, where there 

is a lack of reliable radiation source [27]. 

1.3 Thesis Outline 

Chapter 2 of this thesis starts with an introduction on graphene electronic properties including band 

structure, electron transport and scattering mechanisms in sections 2.1 and 2.2.  The next section, 

2.3, will discuss transport phenomena in graphene under a magnetic field such as weak localization 

and quantum hall effects.  Section 2.4 includes details on various methods of obtaining graphene. 

Chapter 3, which is the main chapter of the results of this thesis, will present and discuss the 

experimental data obtained from measurements carried out on our graphene devices.  The chapter 
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starts with a summary of research carried out on NPPGSs thus far.  Section 3.2 presents detailed 

fabrication techniques of our graphene devices, NPPGS.  Measurement results are presented, 

analyzed, and discussed in sections 3.3 and 3.4.  Section 3.5 is a short section on determining the 

existence of a transport gap in NPPGS.     

Chapter 4 will present our proposal to create a radiation source through NPPGS, specifically in the 

THz regime.  Section 4.1 will introduce the idea and 4.2 show our recent progress in fabricating 

the proposed device. 

An overall conclusion and future plans are presented in chapter 5. 
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2. Electronic Properties of Graphene 

In this chapter, electronic properties specific to graphene are explained.  The beginning sections 

provide explanation for graphene’s key feature, the Dirac cone.  This feature stems from 

graphene’s band structure and leads to graphene’s semi-metallic property, lack of a bandgap, and 

its linear dispersion relation (section 2.1).  From these properties, electron transport (section 2.2) 

and magnetotransport (section 2.3) are presented and certain phenomena such as weak localization 

and quantum hall effect are explained.  Then, key transport properties of graphene including its 

ambipolar transport, mobility, and scattering mechanisms, as well as its minimum conductivity are 

discussed.  We first show how the ambipolar field effect can be measured.  The field effect setup 

in graphene provides the ability to tune the Fermi energy and carrier concentration.  Key equations 

are presented and the Drude model and Landauer formalism are used to derive parameters such as 

mobility and mean free path.  Scattering effects that limit carrier mobility and some experiments 

that probe these scattering mechanisms are explained.  These scattering mechanisms are key to 

understanding transport in graphene since for different graphene devices under different 

conditions, different scattering mechanisms are dominant which can provide a better 

understanding to transport.  As we will see in this chapter, Fermi energy, carrier concentration, 

and other variables such as temperature can be used to probe the effects of different scattering 

mechanisms in graphene. The last section of this chapter provides various methods of obtaining 

graphene. 

2.1 Band Structure, Pseudospin, and Density of states 

A single layer graphene sheet is made out of carbon atoms arranged in a honeycomb-like lattice 

(figure 2.1.1).  In figure 2.1.1.a, the carbon-carbon lattice constant, indicated with aC, is 

approximately 1.42 Å.  δi, for i = 1, 2, 3, are the vectors connecting one carbon atom to its nearest 
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neighbors.  The basis unit cell of graphene is made of two atoms, indicated with the dotted box 

with sub-lattices A and B.  The entire lattice can be defined with the basis unit cell and 

combinations of the lattice vectors a1 and a2, as derived in [28]: 

    1 2..........3, 3 3, 3 .2 2
C Ca aa a      (2.1) 

 

Figure 2.1.1. a) Schematic of graphene's lattice structure.  Graphene is made of carbon atoms arranged in 

a honeycomb-like lattice.  The unit cell contains 2 carbon atoms, A and B, with unit vectors a1 and a2.  b) 

Graphene's Brillouin zone.  Γ is the center point, b1 and b2 are the unit vectors.  K and K’ are the dirac 

cones.  Figure was drawn using MS Visio. 

Figure 2.1.1.b shows the unit cell of graphene in reciprocal space, the Brillouin zone.  In later parts 

of this section, we will plot the dispersion relationship in graphene, the E-k diagram, over this kx-

ky space.  It will also become clear why K and K’ are points of interest in the Brillouin zone.  These 

points are called the Dirac points.  The reciprocal lattice vectors, shown in figure 2.1.1.b, are then 

given by [28]: 

    1 .......2 21, 3 2 1,... 3 .3 3C C
b ba a

      (2.2) 
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With these vectors, coordinates for the Dirac points can be defined as [28]:  

 .......2 2 2 2..., ' , .3 33 3 3 3C CC C

K Ka aa a
          

   
  (2.3) 

The other four K points at the corners of the Brillouin zone are similar to K and K’.  Each can be 

connected to K or K’ using the reciprocal lattice vectors, hence only two distinct Dirac points exits.  

These points are also referred to as “valleys.”  We now use these vectors and the tight-binding 

approach to define the Hamiltonian for graphene.   

In the tight-binding model, we can use a 2×2 matrix to represent the Hamiltonian.  The diagonal 

elements are the on-site energy values for electrons in A and B, the 2pz orbital energy, which can 

be used as reference energy and thus is taken to be zero for simplicity.  The off-diagonal elements 

account for hopping of electrons between different sub-lattices, i.e. A(B) to B(A) with t as the 

hoping energy of approximate magnitude 2.8 eV [28].  If we take the A sub-lattice as an example, 

we see that there are 3 sub-lattices near A.  The Hamiltonian is then [28]: 

 
*

0 ( )ˆ ( ) ,
( ) 0

tf k
H k

tf k

 
   
 




   (2.4) 

where k


is the wave vector and  

 
3

.

1

( ) jik

j

f k e 



 
 

  (2.5) 

with: 

      1 21, 3 1, 3 3 1,0 ,2 2.......... ..........C C
C

a a a      
  

  (2.6) 
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as the vectors connecting a sub-lattice, shown in figure 2.1.1.a, connecting A to its nearest 

neighbors, i.e. three B sub-lattices.  This gives the energy: 

 ( ) ( ) 3 ( ),E k t f k t f k    
  

  (2.7) 

where  

    3 3( ) 2 cos 3 4 cos cos .2 2y C y C x Cf k k a k a k a    
 


  (2.8) 

On expanding the hamiltonian near the K and K’ points, the Hamiltonian can be re-written as: 

 

*

*

0 ( )3ˆ ( ) ,2 ( ) 0

0 ( )3ˆ ( ) ,2 ( ) 0

x yC
K

x y

x yC
K

x y

q iqa tH q
q iq

q iqa tH q
q iq









  
    

 
    




  (2.9) 

where 
5 6i

e


  .  The 5
6

  phase can be removed using a unitary transformation of the basis 

functions.  Thus the Hamiltonian near the K and K’ points take the form: 

 ,

0ˆ ( ) ,
0

x y

K K
x y

q iq
H q v

q iq

 
   

    (2.10) 

where 

 
3

2
Ca t

v 


  (2.11) 

is the electron Fermi velocity at the Dirac points of approximate value of 8.7×107 cm
s  and Fv

will be used for to refer to this quantity.  Taking the next nearest neighbors in to account will not 
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affect the Hamiltonian near the Dirac points significantly.  The complete dispersion relation will 

become: 

 ( ) 3 ( ) ( ),E k t f k t f k   
  

  (2.12) 

and has been plotted in figure 2.1.2.  Figure 2.1.2.b shows a closer image of one of the K points.  

Due to its resemblance to a cone, the valley in the Dirac point is also referred to as Dirac cones.  

The energy eigenvalues and eigenstates of the Hamiltonian in 2.10 are: 

 
2

. /

2

.....
1

,
2

.....
i

ip r
F

i

e
E v k e

e




 

 
   
 
 

   (2.13) 

 

 

Figure 2.1.2. Graphene's dispersion relation.  a) The E-k relation in graphene can be derived using the 

tight-binding model.  The key features are the Dirac points indicated with the dotted box in (a) and 

magnified in (b).  As can be seen form the figure, graphene has no bandgap at the Dirac point.  Figure was 

drawn using MATLAB. 
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where the ± refer to the conduction and valance bands, respectively, and k  is now taken as the 

momentum from the K and K’ points.  φ is the momentum polar angle defined as 

( , ) (cos ,sin )p p p p
x y

   .  The sign for φ has to be changed to – to describe the eigenstates 

for K’.  Equation 2.10 can also be written in terms of Pauli matrices σx and σy: 

 
,

,
FH v p

H E 


  

 


±σ n
  (2.14) 

where ( cos ,sin )  n±  and the ± signs are for K and K’ points and ,
x y

    
 

σ are the Pauli 

matrices.  From 2.14 and its eigenstates in 2.13, one can express the Hamiltonian as a spin ½ 

system.  The physical meaning, however, is not that of real electron spin but of the wavefunction 

amplitude in A and B sites and therefore it is called pseudospin: “spin up”   represents the state 

where the electron density is located on the A sub-lattice, and “spin down”   represents the state 

in which the electron density is located on B.  In graphene, the electron density is usually shared 

equally between A and B, and the wavefunction is a linear combination of the up and down “spins.”  

The dependence of both momentum and wavefunction on the polar angle φ gives rise to the 

chirality of electrons in graphene.  This can be shown by calculating the expectation value of the 

pseudospin operator ,,e h x y
     

 
 with respect to the eigenstates .  The result is

 cos ,sin, je h    where j is ±1 for K and K’.  This shows the chiral nature of carriers in 

graphene: at the K point the pseudospin in the conduction band, e is parallel to the momentum, 

whereas in the valence band, h  is antiparallel to momentum [28].  The pseudospin abstraction 

gives us the ability to understand an important feature in graphene called Berry’s phase, and that 
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is for traversal of a closed contour in momentum, 2  , the wavefunction undergoes a phase 

change of π.  This consequence is used in later sections of this chapter to explain some phenomena 

specific to graphene.   

The density of states (DOS) in graphene can be calculated using summation over k space [29]: 

 ( ) ( ( )).
k

D E E E k 


  (2.15) 

The summation can be change in to an integral: 

 
2

0

( ) ( ( )),
4

WL
D E d kdk E E k





 


 



  


  (2.16) 

or equivalently 

 
2 2

0

( ) 2 ( ( )),
4 ( )F

WL EdE
D E E E k

v
 





 



  (2.17) 

where the equation for energy in 2.13 was used to justify 

 
2

,
( )F

EdE
kdk

v



  (2.18) 

and W and L specify the graphene dimensions.  Inclusion of electron spin and valley degeneracy, 

K and K’, and the selection rule can be used in 2.17 to derive the equation for DOS in graphene 

per unit area: 

 2

2
( ) .

( )F

E
D E

v



  (2.19) 



13 
 

Note that in graphene the DOS depends linearly on E, unlike bulk semiconductors where the DOS 

depends on E .  Also note that this equation is valid for low values of energy [28]. 

2.2 Electron Transport 

For most of the discussion that follows, low field electron transport is considered in equations, 

measurements, and calculations.  Thus transport will be in the vicinity of the K and K’ points in 

the dispersion relation.  Figure 2.1.2.b shows the E-k relation close to one of the valleys.  In figure 

2.2.1 we have drawn a schematic diagram of the Dirac cone.  This diagram is useful in 

understanding the physics of carriers in graphene.  It is often used in literature and even at times 

abused by superimposing it in real space schematics. 

 

Figure 2.2.1. The Dirac cone.  The dispersion relation for graphene near the Dirac point is redrawn in this 

schematic diagram.  Ef is the Fermi energy.  The conduction band on top is shown in blue and the valance 

band at the bottom with red.  Figure was drawn using MS Visio. 

In the figure above, Ef indicates the Fermi energy.  The vertical axis indicates the energy and the 

x and y axis are the components of the wavenumber k.  The top cone in blue is the conduction 

band, and the bottom cone in red is the valence band.    The Fermi energy determines the energy 
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level of the carriers.  Thus when the Fermi level is at the Dirac point, majority of the carriers are 

in the valence band.  As in semiconductors, for cases when the Fermi level is in the valence band, 

holes are considered as charge carriers, and when the Fermi level is in the conduction band, 

electrons are considered as charge carriers.  Changing the Fermi level can be used to modulate the 

electron and hole concentration in graphene.   

A basic method to obtain crystalline graphene is with the so-called “Scotch tape method” [2].  In 

this method, highly ordered pyrolytic graphite (HOPG) is placed on a Scotch tape.  The Scotch 

tape is then folded and pulled.  This breaks the graphite into thinner pieces.  After repeating this 

process, a portion of the tape covered with layers of graphite can be pressed on a substrate such as 

SiO2.  Single layer graphene (SLG) flakes can then be visually located using an optical microscope 

by choosing the correct oxide thickness.  Usually 90 nm and 290 nm are used as oxide thickness.  

Once graphene is located, it can be connected by steps explained below and illustrated in figure 

2.2.2. 

A thin layer of poly methyl methacrylate (PMMA) is spun on the substrate with the graphene flake, 

(figure 2.2.2.b).  Using e-beam lithography (EBL), parts of PMMA where connections are needed 

are exposed to highly energized electron beams.  The carbon bonds in the PMMA are then 

weakened.  Development of PMMA using diluted methyl isobutyl ketone (MIBK) creates trenches 

(figure 2.2.2.c) where conducting metals can be deposited (figure 2.2.2.d).  Gold and platinum are 

most often used.  However, to improve the adhesion of these metals to graphene, a thin layer about 

10 nm, of chromium or titanium is deposited first.  Unless specified, in our experiments a 10 nm 

of chromium, followed by 100~120 nm of gold are deposited to connect the graphene on our 

substrates.  After deposition of the metals, the remaining unwanted metal can be removed by 

dissolving the PMMA in acetone, a process referred to as lift-off. 
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PMMA

Si

SiO2

(a)
Graphene

(d)(c)

(b)

Cr/Au

 

Figure 2.2.2. Fabrication steps for an exfoliated graphene device.  Graphene is exfoliated onto oxide 

substrates (a).  Poly methyl methacrylate (PMMA) is used to create patterns on the substrate (b-c) and 

then metals can be deposited to create the necessary connections (d).  Figures were drawn using MS 

Visio. 

The metallic contacts made to graphene include a drain and a source plus additional contacts to 

enable four-probe and Hall measurements.  In four-probe measurements, current is passed through 

the device from drain to source while the voltage drop is measured using two additional terminals 

placed within drain and source contacts.  Figure 2.2.3.b shows a scanning electron microscope 

(SEM) image of a graphene device.  Drain and source contacts have been identified with a ‘D’ and 

an ‘S’ in the figure respectively. 

In graphene devices, the substrate underneath the oxide is usually heavily doped and is connected 

to a voltage controller and is used as a back gate.  This enables one to use the graphene-oxide-Si 
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stack as a capacitor and control the electron concentration in graphene.  Modulation of carrier 

concentration will change conductivity through the equation: 

 ,e e h hqn qn      (2.20) 

7

8
9

10

 

Figure 2.2.3.  Ambipolar characteristics of a single layer exfoliated graphene.  a) IDVg curve for an 

exfoliated graphene sample as shown in (b).  The data was obtained using a four-probe measurement 

setup. 

where ne/h are the electron and hole concentrations and µe/h are the electron and hole mobilities.  

Hence the slope of the curve in figure 2.2.3, also called the Dirac curve, provides information on 

the electron and hole mobilities through the equation: 

 ,D

G

IL
qn

W V
     (2.21) 

where L and W are the length and width of the device determined from optical or, more accurately, 

from SEM images.  In Equation 2.21, n is considered to be the dominant charge carrier, e.g. 

electrons.  When a positive voltage is applied to the back gate, electrons accumulate in the 
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graphene sheet, thus n-doping the graphene.  On the other hand, if the voltage is negative, holes 

accumulate.  This ambipolar behavior is the key feature of the Dirac curve and is a standard 

measurement in graphene device from which important transport properties and parameters can be 

derived.  As mentioned before, mobility is one of these parameters and it is derived through 

equation 2.21 and using the equation that relates capacitance, back gate voltage and number of 

electrons: 

 

min

min

( )

( ) ,

g g g

D

D g g g D

qn C V V

IJ W
VE

L
W

I C V V V
L

s

m

= -

= =

= -

  (2.22) 

where Cg is the oxide capacitance and equal to εox/tox and tox is the oxide thickness [29].  Vg is the 

back gate voltage and Vd is the drain voltage applied between the drain and the source.  During the 

carrier type transition, there is a minimum conductivity.  The conductance at this point and the 

voltage at which it occurs, Vgmin in equation 2.22, are of particular interest.  Theoretically, at this 

point n should vanish, however, due to thermally generated carriers and inhomogeneity in the 

electrostatic potential across the surface, the minimum charge density is limited.  Scanning 

tunneling microscope (STM) has been used to study the electronic density at the minimum charge 

density point [30] and it was found that “puddles” of electrons and holes coexist with densities 

ranging from [-1,1] ×1011 cm-2.  For a suspended graphene the electronic density can be reduced 

so that there is only one electron for every micron size device [31].  Theoretically, the minimum 

conductivity, σmin, should occur when the back gate is set to zero Volts.  As can be seen in the data 

presented in figure 2.2.3, this is not the case and in fact, most graphene samples have a positive 

Vgmin.  This is because during the fabrication process and exfoliation or deposition of graphene on 
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the substrate, some contaminates and residue originate on the substrate or remain from the 

polymers used act as acceptors and thus the graphene becomes p-type.  Thus Vgmin is used as an 

offset to the back gate voltage.  This also implies that the value for carrier concentration using the 

first equation in 2.22 is not accurate.  Thus the equation for mobility derived by the Drude model 

will not give the correct value for mobility at low carrier concentration.   

The number of carriers can be related to the Fermi energy using the Fermi Dirac distribution.  We 

have already demonstrated that the DOS in graphene is given by equation 2.19.  We can use this 

equation in the calculation of charge carriers: 

 
0

0

( ) ( ) ( )(1 ( ))n p dED E f E dED E f E




       (2.23) 

Using equation 2.19 and, as shown in [29], equation 2.23 can be simplified to: 

 
2

2
( ) .

( )
f

f
f

E
n p sign E

v
 


  (2.24) 

Equation 2.24 is valid for low temperatures and low fields.  Using the relations in equation 2.22, 

equation 2.24 can be used to solve for the Fermi energy simply by knowing the oxide thickness 

and the amount of voltage applied to the back gate [29].   

Although mobility can be a useful parameter to quantify graphene, a better parameter that gives a 

more meaningful physical picture of electron transport is the mean free path.  We shall use the 

Landauer model to derive the equation for this parameter.  First we have to introduce two more 

parameters as explained in reference 31 which are number of modes, M, and transmission function, 

T.   



19 
 

The number of modes is defines as number of electron channels connecting drain and source and 

is given by: 

 
2

( ) .
f

f

W E
M E

v



  (2.25) 

The transmission function is 1 in the ballistic limit and in the diffusive limit is given by: 

 
( )

( ) ,
( )

f

f

E
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E L







  (2.26) 

where λ is the mean free path and depends on the Fermi energy [29].  Putting 2.19, 2.25, and 2.26 

in the Landauer formalism: 

 1 2

2
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q
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    (2.27) 

and using appropriate approximations, one obtains: 

 

2
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  (2.28) 

where eff  is the effective mean free path and equal to: 

 
1 1 1

.
( )eff FE L 

    (2.29) 

The mean free path, the average length along which an electron travels before it scatters, is one of 

the characteristic lengths that can be used to explain and understand various phenomena in electron 

transport.  Other characteristic lengths will be defined in later sections of this chapter.  
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In this part of this section, we will go through different scattering mechanisms that limit the mean 

free path and hence the carrier mobility.  As mentioned earlier, due to fabrication procedures, 

impurities can be introduced into the graphene sheet above or below, between graphene and the 

oxide surface.  Graphene itself can have defects.  It can also interact with the substrate through 

phonon coupling.  These perturbations can introduce spatial inhomogeneity in carrier density and 

act as scattering sources.  The first effect is dominant at low Fermi energies and low carrier 

concentrations and affects the minimum conductivity.  The second effect is dominant at higher 

energy levels, away from the Dirac point and higher carrier concentrations.  In scattering 

mechanisms discussed below, we consider the diffusive regime.  In this regime, the mean free path 

λ is much smaller than the device length L, and carriers undergo elastic and inelastic collisions.  

Boltzmann transport equation (BTE) is used to describe the semi-classical transport in the diffusive 

regime [31].  In low temperatures conductivity can be expressed in terms of the total relaxation 

time τ: 

 
2

.f
sc

e v n






  (2.30) 

The relaxation time depends on the type of scattering mechanisms, three of which are most 

important and described here: electron-phonon scattering, Columbic scattering by charged 

impurities, also known as long range scattering, scattering from defects and adsorbates, also 

known as short range scattering.   

Phonon Scattering 

Longitudinal acoustic (LA) phonons are the most dominant scattering mechanism intrinsic to 

graphene.  Other phonon branches have lower electron-phonon cross-sections.  Scattering of 
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electrons by LA phonons can be thought of as a quasi-elastic process since the phonon energy p  

is much smaller than the Fermi energy, Ef.  To determine the effect of this scattering mechanism, 

two transport regimes differentiated by a characteristic temperature called the Bloch-Gruneissen 

temperature TBG defined as [31]: 

 2 ,B BG F phk T k v   (2.31) 

where kB is the Boltzmann constant and vph is the sound velocity and kf is the Fermi wavevector 

defined as : 

 .fk n   (2.32) 

If T>TBG, the Bose-Einstein distribution function for phonons is  

 ( ) .B

ph

k T
N 





  (2.33) 

In this case the scattering rate has linear dependence on T hence the resistivity ρ is proportional to 

T.  However, at T≪TBG one obtains for very low temperatures ρ ~ T 4[32].  Figure below shows 

experimental data of this temperature dependence [33]. 
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Figure 2.2.4.  Experimental data of temperature dependence of the change in resistance due to LA 

phonons.  The data shows a transition between T below and above TBG [33]. 

This phonon mechanism intrinsic to graphene is not the dominant source of phonon scattering in 

practical and realistic scenarios where graphene is placed on substrates such as SiO2.  When 

graphene is placed on top of SiO2, polar optical (PO) phonons on the surface interact with 

conduction band electrons in graphene.  In terms of scattering rates, PO phonons from the oxide 

substrate have the highest rate among all other scattering mechanisms.  This has led to an area of 

research on creating suspended graphene films, and an ever more growing field of heterojunction 

graphene-based devices, where graphene is placed on substrates that lead to lower PO phonons 

scattering rates [34]. 

Long range scattering  

Long range scattering mechanisms are mostly due to Coulombic interactions between electrons 

and charged impurities lying close to the graphene surface.  These charged impurities cause long-

ranged variations in the electrostatic potential.  With ni being the charged impurity concentration, 

it was predicted that the conductivity should depend on 
i

n

n
 [35], as shown in equation 2.30.  It 
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can be shown from equation 2.30 that at high carrier concentrations (n≫ni) the conductivity due 

to long range scatterers is given by [35]: 

 
2

,i
i

Ce n

h n
    (2.34) 

where C is dimensionless parameter which is related to the scattering strength.  The value of C can 

be calculated using the random phase approximation (RPA) and considering the dielectric 

screening for SiO2, C is predicted to be approximately 20 [31].   

Experiments were carried out that showed how the mobility and Vgmin change as the impurity 

concentration ni is increased [36].  In the experiment, a graphene device similar to that of figure 

2.2.3 was cooled to very low temperatures and ultra-high vacuum levels.  Water vapor was 

introduced into the system and the impurity concentration was estimated by the rate and was 

related to the duration of sample exposure to water.  Figure 2.2.5 shows the results of this 

experiment.  As more impurities were introduced to the system, the conductivity became more 

linearly dependent on carrier concentration, indicating the linear dependence in equation 2.34. 
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Figure 2.2.5. Experiment from [36] shows how conductivity changes as impurities are added to the 

system.  The slope becomes more linear, indicating the linear dependence of conductivity at high impurity 

concentrations. 

Short-range Scattering 

Finally, short-range scattering is due to defects and vacancies.  They can be modeled as a circular 

potential well of radius R and give rise to conductivity which is roughly linear in n: 

  
2 22

ln( ) ,sr
d

q n
nR

h n
 


   (2.35) 

where nd is the defect concentration.  The dependence was studied by graphene bombarded with 

He and Ne ions in high vacuum [37].   

As mentioned before, the electronic properties above are key in understanding transport in 

graphene.  The next section will cover magnetotransport in graphene: electron transport under a 

magnetic field. 
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2.3 Magnetotransport 

In section 3.3, we demonstrate transport measurements in non-planar periodic graphene structures, 

or NPPGS, carried out under a magnetic field.  This is a non-trivial case in magnetotransport since 

there will be a non-uniform magnetic field in the graphene sheet.  In the trivial case, a flat graphene 

under a magnetic field, interesting transport phenomena can be observed such as weak localization 

at low magnetic fields, and quantum hall effect at high magnetic fields.  The background on 

magnetotransport presented in this section will be helpful in analyzing and understanding the 

measurements and discussion in section 3.3.  We first focus on the phenomenon that is of more 

importance in this thesis, i.e. weak localization.  Weak localization in graphene is a quantum 

mechanical effect that occurs at low temperatures due to the wave nature of the electrons.  

Application of a small magnetic field can be used to derive important parameters called coherence 

time τϕ and coherence length lϕ which are related through the Fermi velocity: 

 ,fl v    (2.36) 

which are respectively the time and length during which an electron’s phase remains constant.  We 

then focus on the quantum hall effect (QHE) in graphene.  Although QHE is an important effect 

especially in 2D electron systems, here the emphasis is on weak localization in graphene since it 

is of more importance in the work carried out in chapter 3.  

Weak Localization 

In conventional 2D electron systems, electrons can scatter off impurities and change their 

trajectory.  Quantum mechanically, this manifests in a number of different ways due electron’s 

wave nature.  In particular it can go around the scattering site.  Assume an electron, as in the one 

in figure 2.3.1 is travelling from left to right in the forward (F) direction.  The electron will scatter 
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with the impurity indicated as a solid black circle.  At low temperatures, due to the wave nature of 

the electron, different trajectories with some amplitude are possible.  The electron can go around 

the scattering site in a counter clockwise direction indicated with the dotted blue line, or it can go 

around the site in a clockwise direction, indicated with the solid red line.  This property is referred 

to as time reversal symmetry: for an electron traveling along a path, there is a corresponding 

trajectory that is symmetric with respect to time, meaning if time was “reversed,” the two paths 

will look similar and symmetric. 

e- F

B
 

Figure 2.3.1. The figure shows an electron path as it scatters with an impurity (black solid circle).  The 

dotted blue line shows a counter clockwise electron trajectory and the solid red line shows a clockwise 

trajectory.  The two paths can occur and are equally probable and will interfere constructively or 

destructively depending on the applied magnetic field or presence of magnetic impurities.  Figure was 

drawn using MS Visio. 

Once a closed path trajectory is complete the two wavefunctions interfere constructively since they 

have accumulated the same amount of phase.  This enhances backscattering and is called weak 

localization.  If a magnetic field is applied, an additional phase due to the Aharonov-Bohm effect 

is accumulated.  Thus the two paths no longer interfere constructively and we say time reversal 

symmetry is broken.  This effect can be observed as a decrease in resistivity and is called weak 

localization (WL). 
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In graphene, however, due to Berry’s phase, explained in section 2.1, as the electron travels a 

closed loop it accumulates a phase of π.  Thus, in the absence of a magnetic field, the two paths 

interfere destructively, hence limiting backscattering.  With the application of a magnetic field 

with a component perpendicular to the graphene film, the electrons accumulate an extra phase and 

leads to an enhancement in backscattering and an increase in resistance can be observed, which is 

called weak anti-localization (WAL) [38].  Quantum interference measurements on graphene, 

however, showed no WAL but a strongly suppressed WL.  This has been attributed to suppression 

of interference within one Dirac valley due to defects in graphene [31].  Figure 2.3.2 shows an 

example of data obtained from a device shown in the top right inset of the figure.  The device is 

shaped in what’s called a Hall bar structure since it is a standard geometry that is used to measure 

the Hall voltage. 

In figure 2.3.2, forward scattering is enhanced as explained and resistance decreases.  The inset on 

the top right corner of the figure shows the device of channel length L = 20 µm.  The inset on the 

top left corner shows the resistance in the low magnetic field regime.  The change in resistance, or 

conductivity, can be estimated using the Hikami-Larkin-Nagaoka (HLN) theory [39], where we 

shall use the conductivity given by: 

 
1

,
L

R W
    (2.37) 

where L = 20 µm and W = 15 µm for the device in figure 2.3.2.   
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Figure 2.3.2. A decrease in resistance with an applied magnetic field showing weak localization in 

disordered graphene.  With the suppression of weak localization, resistance is reduced due to the absence 

of time reversal symmetry when a perpendicular magnetic field is applied.  In graphene, such as in the 

case of our device shown in the top right inset, when a magnetic field is applied, forward scattering is 

enhanced because the electrons of figure 2.3.1 no longer interfere destructively.  The top left inset shows 

details of Rxx at low magnetic fields.  Measurements were carried out at 1.9 K. 

According to the HLN theory, the change in resistivity for graphene is: 
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  (2.38) 

Where    1 1
2ln zF z z     and ψ is the digamma function.  ρ in the equation is the resistivity 

at zero magnetic field and 1 4
B

eDB     where D is the diffusion coefficient.  The three times 
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denoted as τφ, τi, and τ* are the times that will be treated as fitting parameters and they, respectively, 

correspond to phase coherence, intervalley scattering, and intravalley scattering time.  Equation, 

2.38, can be used to estimate the scattering lengths corresponding to these times through the 

diffusion coefficient.  Figure 2.3.3 shows the resistivity for small magnetic fields for a device.  The 

blue solid line is the actual measured change in resistivity and the black dashed line is Δρ as 

calculated by equation 2.38.  By fitting the three time scales for fitting the curve, a value of 186 

nm was obtained for lϕ, the phase coherence length, 117 nm for the intervalley scattering and 3 nm 

for intravalley scattering.   

 

Figure 2.3.3. The HLN theory can be used to estimate the coherence length in graphene.  The solid blue 

line in the figure is the actual data we measured and the dashed black line is the change in resistivity as 

calculated by equation 2.38.  A value of 186 nm was used for lϕ. 
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The fitted data deviates from the estimation by equation 2.38.  The HLN theory applies to small 

magnetic fields.  A condition that is sometimes used [40] is that the HLN theory applies as long as 

B B  where Bϕ is the dephasing magnetic field and equal to: 

 
 2

.
4

B
ql







  (2.39) 

Having covered weak localization which occurs in low magnetic fields, we now describe the QHE 

which occurs in higher magnetic fields. 

Quantum Hall Effect 

The eigenvalue problem in equation 2.14 can be solved in the presence of a magnetic field [31]: 

 2 .....sgn ..( ) 2 , 0, 1, 2,...N fE N q v N N      (2.40) 

In equation 2.40, each EN is an energy level from the Dirac point called a Landau level (LL).  In 

semiconductors, the gap between each LL is constant and equal to the cyclotron frequency

C

q B

m
   times the normalized Plank’s constant .  In graphene, as can be seen from equation 

2.40, the gaps among the LLs are not equal.  It should be noted that for graphene, due to pseudospin 

and valley degeneracies, each LL is 4-fold degenerate.  In other words, LLs have larger degeneracy 

since a 2D DOS has collapsed into a 1D DOS. 

The LLs represent themselves as oscillations in ρxx as the magnetic field is swept from 0 T to fields 

as high as 10 T.  With the application of a magnetic field the electrons in the middle of the 2D 

systems experience cyclotron motion.  The density of state and the energy level versus position is 

shown in figure 2.3.4.  Only electrons along the edge can carry current without scattering, unless 
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electrons on one edge can scatter to the other edge.  In each LL, there are no states available in the 

middle.  Thus electrons on either edge are separated.  ρxx will vanish since scattering is suppressed.  

As the magnetic field is increased, the gap among the energy levels changes and the position of 

the Fermi level shifts with respect to the energy levels.  This creates the oscillations mentioned 

earlier and they are referred to as Shubnikov-de Haas (SdH) oscillations.  Figure 2.3.5 shows the 

oscillations for a conventional 2D system. 

 

Figure 2.3.4. Under a magnetic field, the energy levels of a 2D system split.  a) The density of states for 

each energy level for a conventional 2D system.  Figure (b) shows the Fermi level positioned in the 

middle of two energy levels.  In (a), there are no states available in the middle of the channel.  Figure was 

drawn using MS Visio. 

At each LL, ρxy also changes and reaches a constant value.  The conductance corresponding to 

these “plateaus” are integer multiples of the quanta of conductance:
2q

h .  This information can 

be used to determine the degeneracies of the electron state.  Here we shall not go through the 

details of very high magnetic fields, and we shall just point out that due to Zeeman splitting, the 

spin degeneracy is lifted which changes the sequence of the LLs. 
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Figure 2.3.5. In a conventional 2D system, ρxy oscillates as the magnetic field is increased.  These 

oscillations are called SdH oscillations.  ρxy reaches a constant value in each LL, creating "plateaus."  The 

ρxy values of these plateaus can be used to determine the number of channels that are carrying the current 

[31]. 

Another way to probe the LLs, specifically in graphene, is to apply a constant magnetic field while 

sweeping the back gate voltage, Vbg.  Under these conditions, the energy versus position diagram 

will be like that of figure 2.3.4.b, with the exception of the energy level spacing which are not 

equal in graphene according to equation 2.40.  As Vbg changes, the Fermi level also shifts.  Figure 

2.3.6 shows the LLs in graphene. 

The σxx LLs are half-integer multiples of the quantum of conductance.  This is an indication of the 

valley degeneracy.  The graphene device in our example of figure 2.3.2 does not show the SdH 

oscillation.  This can be due to the low mobility of the CVD graphene.  The dependence on carrier 

mobility comes from the fact that during the cyclotron motion, the electron has to complete one 

cycle before scattering.  In other words, the mean free path has to be larger than the length of a 

cyclotron motion.  Thus large mobility is required to see the LLs in moderate magnetic fields.  

CVD graphene has much smaller mobility than exfoliated graphene such as the one used in figure 

2.3.6.  In the next section, methods used to obtain graphene are covered and compared. 
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Figure 2.3.6. The figure shows LLs of single layer graphene and graphene bilayer in the inset.  The half 

integer for each level indicates the valley degeneracy [31]. 

2.4 CVD and Exfoliated Graphene 

In section 2.2, we mentioned how exfoliated graphene (ExG) is obtained.  Despite its advantages 

of being single crystalline and free of defects, it is not a practical method of obtaining graphene 

for large scale fabrication.  It is useful however for electron transport studies and to observe 

phenomena unique to 2D systems and graphene.  In this short section we mention and explain the 

two most common methods of obtaining large scale graphene for electronic applications.  These 

are: CVD graphene (CVDG) and epitaxial graphene (EpiG).  All experiments in chapter 3 are 

performed on CVDG; therefore we shall first cover this type of graphene.  We shall show in chapter 

3 how NPPGS can be fabricated using CVDG.  We shall also show how other research groups 

have achieved fabricating similar structures with EpiG [8].  This calls for a brief introduction on 

EpiG which will be covered later in this section.  Finally we shall mention other methods that can 

be used to obtain graphene but are not so practical for electronic applications yet due to very low 

carrier mobility.   
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CVDG 

Transition metals can be used as a catalyst to grow graphene.  The first experiment was achieved 

on nickel films [41] and mobilities of 3,700 cm2/V.sec were observed.  Copper films are used more 

often since they are able to provide cleaner graphene films [42].  In this process, copper foils as 

thin as 25 µm are heated at temperatures of approximately 1000 °C.  During the ramping of the 

temperature, a constant flow of argon gas is maintained.  Once both temperature and pressure are 

stabilized, hydrogen and methane are introduced into the system.  After approximately 30 minutes, 

a single layer graphene film is grown on the surface.  The temperature is then cooled down to room 

temperature.  There are numerous parameters that affect the quality and number of layers grown 

in the process: growth temperature, flow rate of all the gases involved in the process, growth 

duration, and cooling rate [42].  Figure 2.4.1 shows an SEM image of monolayer graphene grown 

on nickel. 

 

Figure 2.4.1. SEM image of graphene grown on nickel [41].  The inset shows the graphene in a larger 

field of view where wrinkles transferred to the graphene layer during growth are observable. 
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During the growth, several nucleation centers, called islands, are formed on the metal surface.  As 

the islands grow, each maintains its own crystallographic orientation which is not necessarily the 

same with the neighboring ones.  The final product is a polycrystalline monolayer graphene.  Under 

the best growth conditions, the crystal domain can be as large as 100 µm2 [43].  Among the 

domains are grain boundaries that lead to an extra scattering mechanism.  This is one reason why 

CVDG does not have mobilities as high as ExG.  Defects, poor electrical contact, and surface 

roughness are also reasons for low electron mobility [42].  Figure below shows data from a CVDG 

device of dimensions L = 54 µm and W = 4 µm. 

 

Figure 2.4.2. Dirac curve of a CVDG measured using the setup explained in the earlier parts of this 

chapter. 

Using the calculations explained in section 2.2, the sample showed electron mobilities of roughly 

1000 cm2/V.sec and hole mobility of 1400 cm2/V.sec.  Typical values of mobility in CVDG are 

approximately 4000 cm2/V.sec.   
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CVDG can be grown in large scales and can be transferred onto 200 mm wafers of SiO2.  The 

process of transferring the CVDG from the copper foil onto SiO2 and other dielectrics involves the 

removal of the foil using solvent copper etchant.  However the graphene film may not hold in one 

piece and it may not be quite visible due to its transparency with the naked eye.  A thin film of 

PMMA is spun on the Cu/graphene stack to hold the graphene together while the copper foil is 

being etched.  Once the copper foil is etched, a substrate can be used to transfer the film to a DI 

water container to rinse the PMMA/graphene film.  After several minutes, the film stack can be 

taken out using the target substrate.  Details of device fabrication are given in section 2 of chapter 

3.  This transfer process is the main disadvantage of obtaining graphene through CVD.  The large 

amount of energy needed for the growth process is also another disadvantage.  The next step in 

CVD growth of graphene is to grow a monolayer at room temperature.   

Epitaxial Graphene 

Graphene can be grown epitaxially through the graphitization of SiC by Si sublimation during high 

temperature vacuum annealing.  Monolayer graphene was grown by this method in 2009 [4].  

Growth temperatures are as high as 1800 °C.  At this temperature, Si atoms desorb from the surface 

as shown with the arrows in figure 2.4.2.a, leaving the carbon atoms which rearrange to form 

graphene sheets.  Thus, a key growth parameter that defines the graphene quality is the surface 

crystal orientation and terminating atom such as Si-terminated (0001) versus carbon-terminated 

(000 1 ).  Most of the films grown on SiC is multilayered and creates steps in graphene with 

different number of layers.  Mobilities obtained via EpiG are similar to CVDG [44] and they have 

been used to fabricate graphene-based transistors [45, 46]. 
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Figure 2.4.3. a) Crystal structure of (0001) SiC [4].  The top side ends with Si atoms which once 

desorbed, will leave a carbon layer that rearranges to a graphene sheet.  In the case of a C-terminated face 

(bottom) a bilayer forms from the two remaining layers of carbon.  b) The first layer, referred to as a 

buffer layer, is highly doped.  Layers above the buffer layer are less doped since the charge density decay 

length is approximately one graphene layer. 

Chemical Exfoliation 

Other methods of obtaining graphene include chemical exfoliation through solution processing.  

This can be done in two ways.  First, graphite can be oxidized into graphite oxide, where oxygen 

atoms bond covalently to the carbon atoms.  This polar structure is decomposed into graphene 

oxide films when sonicated in an aqueous solution.  Oxygen is then removed through reduction.  

This last step will leave defects in graphene and limit the mobility and thus conductivity [47].  The 

second method is to exfoliate graphene by non-covalent bonding [48].  Graphite flakes can be 

thinned by introducing intercalants, such as sulphuric acid and nitric acid, followed by heating.  

The layers can be further reduced to mono layers with another intercalation process with larger 

molecules.  This can produce graphene with better quality compared to the graphite oxide method, 

but both are still worse when compared to CVDG and EpiG. 



38 
 

3. Non-Planar Periodic Graphene Structures (NPPGS) 

Graphene has been always referred to as a 2D material.  The majority of the research done in this 

field has been focused on graphene devices with flat features.  Very rarely have research groups 

studied graphene as a 3D material.  There has been some focus on ripples intrinsic to graphene 

[21, 49] and more recently, research groups have been trying to induce ripples into graphene [6, 

7].  It is preferred to develop a method in which a graphene with customized non-planar features 

can be obtained.  We shall refer to these structures as non-planar graphene structures (NPGS).  It 

would be even more interesting to develop non-planar graphene structures of small and periodic 

features.  We have called these structures non-planar periodic graphene structures, or NPPGS.   

In this chapter, we shall present the methods used to fabricate NPPGS and demonstrate some 

experiments performed on Hall bar structures made from the NPPGSs.  Background information 

from chapter 2 will be used to analyze and discuss the data obtained from electron and magneto-

transport.  In an introductory section to this chapter, we shall first review some of the methods 

already used to fabricate these structures along with their applications. 

3.1 Review of Existing NPPGS 

Graphene is known to have intrinsic ripples [49].  These ripples are random and are Gaussian-like.  

These ripples, or wrinkles, lead to strain which create modulations in the electrostatic potential in 

graphene [49], affect charge-carrier scattering, can also affect weak localization [50] and induce 

effective magnetic fields called gauge fields [51].  Non-planar features such as steps also appear 

in graphene grown on SiC [45, 46, 52].  Periodically rippled graphene has also been grown on 

ruthenium but have very small aspect ratios [53]. 
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Perhaps the first NPPGS obtained under controlled conditions was some texturing of suspended 

graphene in 2009 [6].  The texturing was done by heating suspended graphene sheets to 

temperatures of up to 700 K and then cooling them back to room temperature.  With a customized 

SEM, the formation of the ripples in the suspended graphene was observed in-situ and is shown in 

figure 3.1.1. 

 

Figure 3.1.1. Images obtained by an SEM in ref [6] shows graphene ripples formed by annealing a 

suspended graphene sheet.  From left to right: graphene is heated from room temperature in a modified 

SEM to temperatures of around 600 to 700 K, and then cooled back to room temperature.  Images are 

taken as ripples are formed. 

The out of plane displacement of these ripples can be described by a sinusoidal function [6]: 

  2sin ,yA     (2.41) 

where A is the amplitude and λ is the wavelength.  Typical values of A and λ for 50 different 

membranes ranged from 0.7 to 30 nm, and 370 nm to 5 µm, respectively.  As shown in figure 

3.1.2, some membranes had ripples which were perpendicular to edges of the trench, although 

oblique ripples were occasionally observed as well.  It was shown that for most membranes, 

longitudinal tensile strain leads to the formation of the ripples, and in some cases, the applied stress 

due to in-plane shear was the dominant force.  Although the authors have related the feature 
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dimensions A and λ to the maximum annealing temperature, the formation of ripples with specific 

dimensions seem random and total control over these parameter has not been achieved.  The aspect 

ratios of the membranes using this method are also small and the periodicity changes not only from 

sample to sample, but also within a membrane.  Also, connecting the membrane with metallic 

contacts will prevent ripple formation since the contacts will acts as anchors. 

 

Figure 3.1.2. AFM data obtained in ref [6] shows cases where ripples were formed at an oblique angle 

with respect to the trench edges (a).  (b) and (c) show examples of cases where ripples were formed 

perpendicular.  AFM heigh profile show the aspect ratio and uniformity of the ripples [6]. 

 

Figure 3.1.3. Data from ref [7] showing graphene placed on pre-strained PDMS and then released.  

Graphene buckled and formed periodic ripples.  (a) and (b) show AFM image and height profile for 10% 

strained applied to the PDMS before transferring graphene.  (c) and (d) show results for a strain of 20% 

and 30% respectively with their height profiles in (d) and (e). 
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A higher aspect ratio rippled graphene with better control and an overall more uniform periodicity 

was achieved in 2010 [7].  Graphene ribbons were placed on prestrained polydimethylsiloxane 

(PDMS).  When the PDMS film was released, the graphene film buckled into ripples of amplitude 

80 nm and periodicity of 340 nm.  Figure 3.1.3 shows the atomic force microscope (AFM) image 

and the height profile of these graphene ripples.  A 20% prestrained PDMS resulted in a uniform 

rippled graphene ribbon.  The authors demonstrated the first application of such structures by 

applying strain to the PDMS/graphene film.  They showed linear change in resistance with respect 

to the strain applied to the films.  This method can be used as a strain sensor in applications where 

strain needs to be measured. 

Recently, periodic graphene structures have been grown on SiC substrate using epitaxial growth 

by creating patterns in the SiC substrate before the growth process [8].  It has been shown by the 

same group that graphene can also be grown on (1 1 0n) face of SiC.  AFM images of the structure 

are shown in figure 3.1.4.  The step height is 18 nm, and the periodicity is about 400 nm. 

 

Figure 3.1.4. AFM profile of the graphene grown on SiC taken from ref [8].  (a) shows the crystal 

orientation and (b) shows a 3D AFM image show in a periodicity of 400 nm and a not-to-scale height of 

18 nm. 
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The advantage of epitaxially grown graphene on SiC is that it can control the crystal orientation of 

graphene.  The authors claim that the graphene lying between the flat graphene and the one on the 

(1 1 0n) facet is semiconducting.  Since the graphene confined in this narrow width area, called the 

transition region, is zigzag oriented it shows semiconducting behavior.  This was confirmed 

through ARPES and the results are shown in figure 3.1.5.  The ARPES signal from the graphene 

on the facet was obtained by rotating the sample.  As the sample was rotated, only the flat section 

of the graphene on the (0001) face and the graphene on the facet showed a stable Dirac point in 

the ARPES measurement.  In the transition region, graphene’s band structure switches from 

discrete Dirac cones on the flat regions to a continuous distribution of broad diffuse cones.  The 

authors explain this by claiming the presence of a bandgap of 0.7 eV.   

(a)

(b) (c) (d) (e)

 

Figure 3.1.5. ARPES results from rippled graphene on SiC taken from ref [8].  (a) shows observation of 

Dirac points on the stable (0001) and (110n) faces.  The transition region shows a smearing of the Dirac 

cone which the authors relate to existance of a bandgap.  The E-k diagrams from ARPES are presented in 

(b)-(e). 
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The authors believe the reason behind this large bandgap is the pinning of the wavefunction in the 

transition area.  Thus there is actually a graphene nanoribbon in this area, and the width was found 

to be 1.4 nm.  Experimental results also shows that a 1.4 nm graphene nanoribbon will also have 

a bandgap of approximately 0.7 eV [54].  Although a bandgap was shown to exist through ARPES, 

a transport gap was not demonstrated.  However, the result shows NPPGS can be fabricated with 

predetermined feature dimensions, albeit with smaller aspect ratios.  In what follows, we show 

high aspect ratio NPPGS of predetermined dimensions can be fabricated using CVD graphene. 

3.2 NPPGS Fabrication 

In this section we will show how we have managed to fabricate NPPGS using prepatterned 

substrates and CVDG.  Two types of NPPGS were fabricated: one with periodicities of 

micronscale, ~6 µm, and one with nanoscale periodicities as low as 600 nm.  We have also 

developed a new method of transferring graphene onto arbitrary substrates which we shall describe 

after explaining the more common and often used method of “wet transfer.”  For reason that shall 

become clear in this section, we have named our method the “dry transfer” method.  Hence the 

order of this section will be as follow: wet transfer method, dry transfer method, and 

photolithography of CVDG. 
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Figure 3.2.1. Steps of transferring graphene from copper foil onto a dielectric substrate (SiO2).  The 

sample is placed in copper etchant (a), after 10-15 minutes the copper is etched as indicated with the 

white box in (b).  The remaining copper in the perimeter will also be etched eventually.  A substrate is 

used to fish the PMMA/graphene out (c), and then rinsed in DI water (d). 

Wet Transfer Method 

Figure 3.2.1 shows the sequence of transferring graphene grown on copper foil onto a dielectric 

substrate, in this case, SiO2.  The figure does not show the initial step where a thin layer of PMMA 

is spun on the copper/graphene film.  Graphene is grown on both sides of the copper foil during 

the growth process.  The Cu/graphene/PMMA stack is then placed in a container with copper 

etchant with the side covered with PMMA facing up as shown in figure 3.2.1.a and the film will 

float on the surface.  The copper foil is etched after 10 to 15 minutes (figure 3.2.1.b).  When the 

copper is etched, the graphene on the bottom face will fall into the copper etchant.  At times the 

bottom graphene layer sticks to the PMMA/graphene film.  This happened mostly for films with 

bumps and curves, which can be avoided with short O2 plasma etch of the non-coated side.  This 

step is not required, if the copper foil is flat.  An SiO2 substrate is used to transfer the 

PMMA/graphene film into a container with deionized (DI) water for rinsing as shown in figures 

3.2.1c-d.  After 5-10 minutes, the film is transferred into another container with DI water for further 
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rinsing.  The process can be repeated twice more, and a target substrate is used to fish the film onto 

the substrate as shown in figure 3.2.1.d.  The substrate and the films are then left to dry in ambient 

conditions.  The substrate used in the description above can be arbitrarily patterned.   

Silicon substrates were used for our first set of substrates.  Dry etching was used to create etched 

trenched with widths of 3 µm using photoresist (PR) as an etch mask which was previously 

patterned with a photolithography mask aligner. Figure 3.2.1.a shows the result of the etched Si 

and the 100 nm step.  The etched Si substrate was oxidized to form step-like SiO2/Si structures.  

Figure 3.2.2.b shows the periodic substrate, and the inset shows a close up SEM image of the step 

with a scale bar that is 200 nm. 

 

Figure 3.2.2. Cross section SEM images of the patterned Si substrate.  (a) SEM image of the etched Si 

with a 100 nm step.  (b) The etched Si was oxidized to form a 90 nm thermal oxide.  The scale in the inset 

is 200 nm. 

This substrate can then be used as the target substrate for the wet transfer method.  Figure 3.2.3.a 

shows an example of PMMA/graphene transferred on the patterned substrate with gold pads and 

contacts.   
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Figure 3.2.3. a) PMMA/graphene film on the substrate.  The trenches are of different colors compared to 

the rest of the substrate.  This shows the film is suspended in the trench area.  b) After heating the sample 

for 2 hours at 180 °C, the film conforms to the sample.  Both scale bars are 100 µm. 

In figure 3.2.3.a the trenches are of different color than the rest of the sample.  This indicates that 

the PMMA/graphene is suspended in the trench area.  After heating the sample for 2 hours at 180 

°C, the suspended film conforms to the sample.  Figure 3.2.3.b shows the difference after heating 

the sample and the change of color in the trench area was used as an indicator of graphene 

conforming to the substrate. 
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Figure 3.2.4. Results of wet transfer of CVD graphene.  a-b) Optical images of micronscale NPPGS.  

Detailed features are visible in SEM images (c-d).  The box in c is shown in d.  e) Graphene covers the 

100 nm high step.  f-g) Graphene can be placed on top of the gold contact without tearing. 

Acetone was used to remove the PMMA.  Optical and SEM images of the graphene without the 

PMMA are shown in Figure 3.2.4.  Figure 3.2.4a-b show optical images of micronscale NPPGS 

from two different devices.  Parts of the graphene in Figure 3.2.4 are missing and have been 
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damaged but not significantly; the extent of the damage is visible in greater detail in SEM images 

in Figures 3.2.4.c-d.  Figure 3.2.4.e shows how graphene covers the steps and conforms to the 

substrate.  Figures 3.2.4.f-g show how the graphene-contact connection is formed.  Usually a 

Cr/Au stack is used on top of graphene to form contacts.  In this case we did not see any 

disadvantages in having graphene on top of the gold contact.  In section 3.3 we shall analyze the 

transport properties of these micronscale NPPGSs with different number of steps.  Next, we will 

describe our new method of dry transfer method and explain its advantages. 

Dry Transfer Method 

In wet transfer method we used water as a medium to transfer the PMMA/graphene stack onto the 

target substrate.  This introduces water molecules and other possible contaminates between 

graphene and the substrate.  These contaminates act as impurities and can absorb electrons which 

will p-dope the graphene as mentioned in section 2.1.  The effect can be observed when we probe 

the device to obtain the Dirac curve.  Figure 3.2.5 shows an example of such device.  The device 

is heavily p-doped such that even with high back gate voltages the minimum conductivity cannot 

be observed.  This limits the amount information one can obtain from a graphene device since the 

position of the Fermi energy is unknown.  This issue can be solved by placing a top gate on 

graphene.  However, the top gate will lower graphene’s carrier mobility and it will also add further 

fabrication steps. 
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Figure 3.2.5. Back gate modulation of current in wet transferred graphene.  In the wet transfer process, 

due to the presence of water in the transfer process, water molecules and contamination is introduced and 

can be positioned between the graphene and the substrate.  This leads to p-doping of the graphene film 

since the impurities act as acceptors. 

A solution that we have developed is to transfer graphene onto the substrate in a water-free 

environment.  The steps are drawn in Figure 3.2.6. 

 

Figure 3.2.6. The dry transfer process.  a) PMMA/graphene stack is transferred onto a substrate.  b) A 

layer of PVA is used to coat the PMMA/graphene stack.  c) Graphene can be now peeled from the 
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substrate and (d) transferred on to an arbitrary substrate.  e) The PVA can be removed with hot water, and 

after heating the PMMA/graphene film, where the film conforms to the substrate, (f) the PMMA can be 

removed using acetone or forming gas. 

The process starts after Figure 3.2.1.d and leaving the PMMA/graphene stack to dry.  The 

schematic of the chip is shown in figure 3.2.6.a, where the substrate is not the target or patterned 

substrate and only used as a medium before transferring the film on to the dielectric target 

substrate.  Poly vinyl alcohol (PVA) is spin coated on the PMMA/graphene film (figure 3.2.6.b).  

The adhesion between PMMA and PVA is stronger than that between graphene and SiO2.  Thus 

this allows us to peel the polymer/graphene film (figure 3.2.6.c) and transfer it in a dry 

environment, hence the name dry transfer method, onto our patterned substrate (figure 3.2.6.d).  

During the transfer process, the chip is heated below 150 °C.  This improves the uniformity of the 

polymer/graphene stack and will vaporize any water molecules on the target substrate.  It should 

be noted that the heating step to improve the graphene adhesion to SiO2 should be avoided; 

otherwise the graphene film will not separate from the substrate.  DI water at 80 °C can be used to 

remove the PVA without any damage done to PMMA/graphene (Figure 3.2.6.e).  After this step, 

the PMMA/graphene film can be heated in order to make the graphene film conform to the 

substrate and use acetone to remove the PMMA (figure 3.2.6.f). 

As we saw in figure 3.2.4, using acetone can damage the graphene film.  During the heating process 

where the graphene film conforms to the substrate, the PMMA film hardens since 180 °C is above 

the glass temperature, Tg, of the PMMA [55].  When acetone is used, the PMMA does not dissolve 

but rather breaks as the acetone creates cracks in the PMMA.  As pieces of PMMA leave from the 

film, they may take pieces of graphene with them.  We observed that this effect occurred more 

often on the ripple features of the substrate.  In order to solve this issue, we used forming gas at 
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high temperatures to remove the PMMA without using acetone [55].  The result, shown in Figure 

3.2.7.a, is a cleaner graphene sheet with much less damage.  The absence of any cracks shows that 

the cracks in figure 3.2.4 form during the PMMA removal process and not from strain when the 

graphene conforms to the substrate.  Figure 3.2.7.b shows another image of the step formed in the 

graphene film indicated with a white arrow. 

 

Figure 3.2.7. Cleaning graphene using forming gas.  When forming gas is used instead of acetone to 

remove the PMMA film, no cracks are formed in the graphene film (a).  (b) Shows the step feature in 

graphene indicated with a white arrow. 

Photolithography of CVDG 

Finally we will briefly mention how patterning a device from CVDG is different from that with 

exfoliated (ExG).  As mentioned earlier, with ExG, PMMA can be spun directly on graphene for 

electron beam lithography (EBL).  In the case of photolithography, the PR can damage the 

graphene if in direct contact with the graphene film.  Thus a thin layer of Al, roughly 3 nm, is 

deposited on graphene first which acts as a protection layer.  During development of the exposed 

photoresist (PR), the chip is kept in the developer for an extra 30 seconds to remove the protecting 



52 
 

Al layer.  Figure 3.2.8 shows the steps for patterning and connecting CVDG.  The process has been 

developed to avoid transferring graphene on already deposited contacts. 

 

Figure 3.2.8. Fabrication steps for CVD graphene.  a) CVD graphene is deposited on oxide.  b) A thin 

layer of Al2O3 is deposited to protect the graphene from PR.  c) PR is deposited and (d) patterned into a 

Hall bar.  e) The exposed Al2O3 is removed with developer and the PR pattern is used as an etch mask to 

pattern the graphene using O2 plasma etching.  g-f) Another layer of Al2O3 and PR is deposited to define 

the contact pattern (h).  The final device is fabricated after deposition of metal and removing the extra PR 

using acetone. 
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3.3 Electron Transport in NPPGS 

In this section we analyze electron transport in the micro scale NPPGS.  Specifically we extract 

the mean free path using the Landauer model and measurement techniques explained in section 

2.2.  Devices such as the ones in figure 3.2.4 with different number of steps are used.  The number 

of steps ranged from 2 to 80 steps.  The height of the steps is 100 nm, and the periodicity is 6 µm.  

The measurements are carried out in room temperature, therefore the 0 T approximations 

considered in equation 2.27 were not used and the integration was calculated numerically after 

replacing the equation for M: 
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where T is defined as equation 2.26.  The Fermi-Dirac distribution at finite temperature is also 

used.  The results are shown in figure 3.3.1 below.  At first glance, one can realize there is a 

decrease in the mean free path with an increase in the number of steps.   

 

Figure 3.3.1. Mean free path versus number of steps calculated using the Landauer model.  On average 

there is a drop in the mean free path with increasing number of steps in graphene.  For less than 10 steps, 

the data points show the spread in the mean free path value. 
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Figure 3.3.2 shows resistivity as a function of the number of steps, where we can see a trend closer 

to a linear one.  However, it is not exactly clear whether for our samples the main cause for the 

change in resistance comes from the steps or the cracks formed in the graphene.   

In reference 54 the authors analyzed the effects of a step in graphene’s resistance using the tight-

binding model.  They found a linear increase in resistance with step height.  The conclusion was 

that strain is introduced at the step corners.  The model was modified to account for a SiC substrate 

and compared to experimental data.  Figure 3.3.3 shows the theoretical data match the 

experimental one.  For an SiC substrate the difference comes from electrostatic coupling of the 

substrate with graphene [56]. 

 

Figure 3.3.2. Resistivity as a function of number of steps in graphene.  An increase in the number steps 

results in an increase in NPPGS resistivity. 
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Figure 3.3.3. Data from reference 54 shows experimental data matching the theoretical one for SiC.  The 

dotted line does not account for an SiC substrate but it does show an increase in resistance with step 

height. 

3.4 Magnetotransport in NPPGS 

Next we will analyze magnetotransport in our NPPGS.  The motivation behind studying 

magnetotransport comes from the creation of a magnetic superlattice with the application of a 

magnetic field.  When an in-plane magnetic field is applied to a film with a profile like that of 

figure 3.4.1.a, the flat areas of the film will not be affected by the magnetic field since only the 

perpendicular component of the magnetic field affects the film.  In figure 3.4.1, the SEM images 

of our nanoscale NPPGS substrate are shown without the graphene film.  Figure 3.4.1.d shows a 

close up image of the height profile. 

Also, with a magnetic field perpendicular to the device, there will be a non-uniform magnetic field 

across the graphene film since the steps will experience a different magnetic field due to the angle 

they make with flat surfaces of the device.  In order to create a magnetic super lattice, the substrate 

period should be small and in the order of the mean free path if possible.  In our devices, shown in 

figure 3.4.2, our minimum feature sizes are 300 nm by using a stepper, thus the substrate period is 

600 nm.  In these devices, no minimum conductivity was observed.  Fabrication of graphene steps 
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on these small scale steps are the same as that of the micro scale NPPGS and can be done using 

wet or dry transfer methods. 

 

Figure 3.4.1. Cross section SEM images of the patterned substrate.  a-b) Periodic structure of an SiO2 

substrate covered with Al2O3 and Cr/Au.  (c) and (d) show closer images of the step profile. 
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Figure 3.4.2. Nanoscale NPPGS devices with L = 20 µm.  a) optical image of the NPPGS device.  b-d) 

SEM images of the NPPGS showing graphene conforming to the substrate without any damage. 

For our measurements, we used two NPPGS with similar periodicities of 900 nm, in addition to a 

flat sample as a control.  The devices were loaded in to a Physical Property Measurement System 

(PPMS) and cooled down to 1.9 K.  The samples were placed on holders that enabled us to rotate 

the sample in the PPMS.  The PPMS has a magnetic coil which provides perpendicular magnetic 

fields of up to 9 T in both up and down directions.  A current was passed through drain and source 

indicated in figure 3.4.2 as D and S, respectively.  Rxx and Rxy were measured from contacts A, B, 

and C using lock-in amplifiers.   

In what follows, we will show rippled graphene films behave differently under a magnetic field, 

when compared with flat graphene.  This shows that periodic magnetic barriers in graphene can 

indeed be realized.  We first present the data obtained from the control (flat) graphene device.  

Figure 3.4.3 shows channel resistance Rxx as the magnetic field is swept from -9 T to 9 T for 

various angles, where the angle is defined as the angle between the magnetic field and the normal 
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to the NPPGS as shown in the inset of the figure.  The change in resistance is due to suppression 

of weak localization as explained in section 2.3.  As expected, the effective magnetic field which 

the graphene film experiences, decreases as the tilt angle becomes closer to 90 degrees, i.e. or a 

given magnetic field, e.g. at 9T, the amount of which the resistance changes decreases.  The curves 

corresponding to 86 and 94 degree tilt angles overlap each other because they are symmetric with 

respect to the graphene plane. 

 

Figure 3.4.3. Changes in Rxx for the flat graphene film as the magnetic field is swept from -9 to 9 T, and 

the tilt angle is varried. 

For a flat graphene one should look only at the z-component.  If we correct for the magnetic field 

by multiplying the magnetic field B by cos(θtilt), figure 3.4.4 is obtained.  The result is not 

surprising.  The curves overlap each other for all values of B, and for a measurement set, where 

the magnetic field was swept to 9 T at a tilt angle of 60 degrees, the effective magnetic field is 4.5 

T, which is equivalent to the perpendicular case (zero title angle) case at a field of 9 T.  Although 

the PPMS indicated the tilt angle with a knob, Rxy was used to determine the tilt angle more 

accurately.  This can be done since Rxy, regardless of the topographical features in graphene, does 
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not vary with angle and only depends on the z-component of the magnetic field (figure 3.4.5).  

With this method, very shallow angles close to 90 degrees can be determined accurately.  For 

example, the actual angle for θtilt = 90 was determined by matching the slope of the Rxy curve of 

this data set to that of Rxy for other tilt angles and an angle of 90.1 degrees was determined. 

 

Figure 3.4.4. Resistance versus the perpendicular component of the magnetic field.  When we only 

consider the z-component of the magnetic field in figure 3.4.3, we obtain the figure shown above.  The 

curves overlap each other for all values of B. 

 

Figure 3.4.5. Rxy can be used to determine the tilt angles quite accurately, specifically for very shallow 

angles. 
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Figure 3.4.6 shows a close up of figure 3.4.4 in the low magnetic field regime.  At such fields, the 

curves also overlap.  The drop in the Drude conductivity for the in-plane magnetic field case comes 

from non-uniformity of the film intrinsic to flat graphene which in the order of few nanometers 

[21].  We shall come back to this effect later when we analyze the data for NPPGS. 

 

Figure 3.4.6. Changes in the Drude resistivity of flat graphene in low magnetic fields.  The in-plane case 

shows different behavious when compared to other tilt angles.  For all other titl angles, the resistivity does 

not change significantly with tilt angle. 

Same measurements were done on two NPGSs samples of similar periodicities, 900 nm.  Figure 

3.4.7 shows Rxx for sample A.  Only the perpendicular component of the magnetic field has been 

considered and used as the x axis.  For high magnetic fields the Rxx value for different tilt angles 

does not match as it did for the flat sample.  This indicates that there exists an extra component for 

the magnetic field. 
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Figure 3.4.7. Rxx data of NPPGS sample A for four different angles show a mismatch of Rxx at high 

magnetic fields. 

To demonstrate this and to determine the exact profile of the magnetic field, we use the function 

below to model the height profile of our NPPGS: 
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  (2.43) 

where hs is the step height, xs is the horizontal position of the step, ds is the step width, and heq is 

the separation of the graphene from the substrate which can be set to zero since it only acts as 

offset or it can be set to a more realistic value of 0.4 nm.  Equation 2.43 applies to only one step 

and it can be cascaded with another error function of similar type with the necessary adjustments 

for offset, rotation, and position to obtain figure 3.4.8 shown below.  In equation 2.43, we used the 

values of 32 nm, 150 nm, 5 nm, and 0.4 for hs, xs, ds, and heq, respectively. 
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Figure 3.4.8. Equation 2.43 was used to model the height profile of one period for the nanoscale NPPGS.  

The inset shows the SEM image of one period of the substrate. 

We can now use this function to determine the slope which and the graphene film makes with the 

horizon at each point, and hence determine the actual profile of the magnetic field in the NPPGS.  

One can show Binp (in-plane magnetic field) and Bper (perpendicular magnetic field) are related to 

B through the relation: 

 

Figure 3.4.9. The illustration shows the important angles that are used to determine the magnetic field 

profile in NPPGS. 
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where the angles and vectors are defined in figure 3.4.9.  If the magnetic field is 9 T and is normal 

to the chip, the magnetic field profile along the graphene film will be as shown in figure 3.4.10.a.  

However, if the tilt angle is 30 degrees, the magnetic field profile will be like that in figure 3.4.10.b. 

 

Figure 3.4.10. Profile of the magnetic field across one period in an NPPGS of period 600 nm when the 

magnetic field is 9 T and the tilt angle is (a) 0 degrees and (b) 30 degrees. 
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Figure 3.4.11 shows Rxx for another NPPGS of period 900 nm, sample B.  It is clear, as in sample 

A, that the non-planar features of the graphene film affect Rxx as the magnetic field is swept:  for 

a large magnetic field, e.g. 5 T, the resistance changes as the tilt angle is changed. 

 

Figure 3.4.11. Rxx of NPPGS sample B with periodicity of 900 nm.  The difference in Rxx for a given 

magnetic field is an indication of the non-planar features in the NPPGS.  For every tilt angle, the profile 

of the magnetic field is different which can be shown using equations 2.44. 

Previous work on studying the effect of in-plane magnetic fields on graphene shows, for small 

magnetic fields, the Drude conductivity drops and has 2
||B dependence [21].  The source of this 

drop in conductivity was due to an extra scattering mechanism from the in-plane magnetic field 

that affects transport in random Gaussian ripples intrinsic to graphene.  The authors determined 

the scattering matrix by assuming a random height profile approximation and used BTE to 

determine the change in conductivity.  In our experiments, we noticed a drop in resistivity, opposite 

to the finding of reference 12.  However, the height profile is symmetric and entirely different in 

our NPPGS.  Next we will present the affect the in-plane magnetic field had on resistance in our 

samples. 
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Figure 3.4.12. Details of changes in resistance at small magnetic fields.  For a given magnetic field, the 

resistance drops with increasing the tilt angle. 

Figure 3.4.12 shows the changes in resistance for small magnetic fields.  We took a fixed value of 

magnetic field, 0.02 T, and extracted the change in Rxx values from the curves as the sample 

rotated, and plot them with respect to their corresponding angles.  The result is shown in figure 

3.4.13.   
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Figure 3.4.13. Change in resistance due to changing magnetic field.  As the sample is rotated, the change 

in resistance is calculated for a given magnetic field.  The trend in the resistance change is oscillatory and 

there are angles at which the resistance remains the same. 
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For the case of 0 degrees where the magnetic field is perpendicular to the sample, ΔR is 0 Ω since 

it was taken as reference.  The resistance drops by figure shows the trend in the magnetoresistance.  

As the sample is rotated the resistance drops at 0.02 T with respect to the in-plane magnetic field 

originating from the ripples.  We shall refer to this additional field as Bripple.   

In figure 3.4.14.a, we plotted the change in resistance for the two extreme angles of 0 and 89 

degrees tilt.  Figure 3.4.14.b shows the magnetic field profile of the graphene sheet in one ripple 

period of 600 nm when the magnetic field is 25 mT.  Because of the rippled graphene, the 

magnetic field across one period is not uniform and the features have been expanded in the inset.  

To create the same effective magnetic field across the flat regions of rippled graphene tilted at 89 

degrees, a total magnetic field of 1.25 T has to be applied (figure 3.4.14.c).  This effective 

magnetic field is what we shall refer to “background” field on the flat regions.  Due to the 

presence of the steps, using the geometric transformations derived earlier, we can calculate the 

magnetic profiles across these steps.  The title of each magnetic field profile plot first indicates 

the height of each peak in the magnetic field, followed by the value of the magnitude of the 

“background” field.  The corresponding resistances with b and c have been indicated with 

labeled black circles.   

Three more magnetic field profiles, d, e, and f, are also marked and plotted in the figure.  The 

“background” magnetic field and the magnetic field on the steps increase, which for case f are 

157 mT and 8 T in magnitude.  Despite the presence of the two 8 T magnetic barriers in case f, 

the resistance is similar to the case where the magnetic barriers are absent or more accurately, 

minute in magnitude.  This phenomena is similar to a resonance in electron transport since it 

appears the resistance is independent of the 8 T magnetic barriers.  Higher mobility CVD 
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graphene could be used to further investigate this phenomena.  A mean free path comparable to 

that of the substrate periodicity will show more interesting response to a periodic magnetic field. 
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Figure 3.4.14. In (a) and (b) the title angles are 15 and 45 degrees, respectively.  The resistance drops by 

approximately 700 Ω.  For (c) and (d), with tile angles of 20 and 60 degrees, the resistance remains the 

same. 
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3.5 Transport gap 

As mentioned earlier, in reference 8 the existence of a bandgap as large as 0.7 eV in periodic 

graphene sheets on SiC was shown by ARPES.  However, no mention of a transport gap was made.  

We probed our NPPGSs with a periodicity of 1 µm for a transport gap by measuring the current 

for various back gate voltages.  Figure 3.5.1 shows an optical image of this device. 

 

Figure 3.5.1. Optical image of an NPPGS with periodicity of 1 µm.  The dark spot on the channel is an 

island oh residue created during the fabrication process that resulted in a noisy signal during the 

measurements. 

The circled dark spot on the channel is an island of residues created during the fabrication process 

that resulted in a noisy signal during the measurements.  Since the graphene was transferred using 

the wet transfer method, a Dirac curve was not obtained in the back gate voltage sweep.  Hence a 

top gate was deposited on the channel.  Figure 3.5.2 shows the Dirac curve for various 

temperatures.  Below Vbg of 10 V, the device showed an extra dip in conductance.  This can be due 

to a non-uniform electrostatic potential across the graphene sheet thus forming two Dirac points.  

The second Dirac point could be due to the residue spot.  This can be justified with the fact that 

the signal on the second dip from the second Dirac curve is unstable and it vanishes almost entirely 

at room temperature.  As the temperature goes down, the electrons become more sensitive to 
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change in the Fermi energy which is caused by the residue.  Further study need to be done both on 

narrower graphene sheets and on single crystalline exfoliated NPPGs. 

 

Figure 3.5.2. Back gate modulation of conductance of CVD graphene.  The data from the NPPGS shows 

the absence of a transport gap across a periodically ripled graphene sheet. 
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4. Potential Applications of NPPGS 

We saw in chapter 3 how NPPGSs can be used as strain sensors [7].  Another application of non-

planar graphene structure is in optoelectronics [23-25] such as an optical modulator.  In this 

chapter, we introduce a new potential application for graphene where it is used as a radiation 

source. 

4.1 Cyclotron Radiation Source 

The lack of reliable sources in the terahertz (THz) range in the past century has led to a surge of 

activities in solid-state devices.  Gunn oscillators, Schottky diodes, and transistors suffer from a 

significant power roll off at high frequencies.  Figure 4.1.1 shows the drop in power with increasing 

operating frequency, f .   

 

Figure 4.1.1. Survey of THz source performance showing the persisting limitations in the THz 

gap,(courtesy of Dr. J. Hesler, Virginia Diode Inc., Charlottesville, VA).  The figure shows the persisting 

limitations in the THz gap.  The power efficiencies for the existing sources (not shown in the figure) are 

also very low.  To date, quantum cascade lasers are the sources used in the THz range.  However, their 

operating temperature is limited to below 200 K for continuous waves [57].  Our proposed solution will 
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fill this THz gap as the radiation power is independent of frequency and does not suffer from degradation.  

The solid black box represents the range of power and frequency at which current QCLs operate. 

This shows that there is a gap in efficient emission sources between 300 GHz and 10 THz.  On 

one hand, solid-state electronic devices lack power efficiency due to transit time effects; on the 

other, from the optical side where radiation uses the principle of band-to-band transitions.  To date, 

Quantum cascade (QC) lasers are becoming practical THz sources; however, the operating 

temperature of QC lasers is limited to 200K [57] and thus cooling is needed.  The black box in 

figure 4.1.1 shows the range of power and frequencies at which current QCLs are able to operate.  

With tremendous potential applications, the search for a THz emitter operational at room 

temperature has become an important quest.   

Recently, it has been shown by Fedorchenko et. al. that electrons travelling through periodically 

shaped semiconductors radiate through a process highly analogous to cyclotron radiation [58].  In 

cyclotron radiation, electrons experience acceleration in a periodic magnetic field.  This 

acceleration causes electrons to radiate through cyclotron radiation, where the radiation frequency 

is proportional to the periodicity of the oscillating acceleration.  Figure 4.1.2 shows schematic 

diagram of the device in reference 56.  According to the Larmor equation, radiation power is 

proportional to the fourth power of the electron drift velocity [58]: 
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where A is the amplitude of the periodic structure with a period Lw, νd is the electron drift velocity, 

and c is the speed of light.  Thus, materials with higher electron velocities are capable of generating 
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higher radiation power.  The electron velocity in the x-direction (transverse to the ripples), 

averaged over one period, is [58]: 
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where k is related to Lw through
 

.  The radiation frequency can then be derived as

.  In order for electrons to undergo continuous acceleration, the graphene sheet should 

be shaped into a sinusoidal or similar structure.  This simplifies the equation for radiation 

frequency into: 
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where C is a constant approximately equal to 0.64.  High carrier velocities enable radiation in a 

wider frequency spectrum without the need to face nanometer-scale fabrication challenges. 

 

Figure 4.1.2. A periodically rippled SiGe sheet has been fabricated using lattice mismatch between two 

layers of SiGe and etching the supporting substrate [58].  The authors propose the structure can be used as 

a radiation source as electrons drift through the rippled sheet since they experience harmonic oscillations 
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and much like a dipole they emit radiation through the process of cyclotron radiation.  Since radiation 

power is proportional to ν4 a material with a high electron velocity is favorable [58]. 

Graphene has a high electron velocity compared to silicon and most other semiconductors.  

Table 4.1.1 shows a comparison of electron velocities in graphene and other semiconductors.  It is 

clear that graphene is a good candidate and use to fabricate this device structure. 

Table 4.1.1. Carrier velocities for graphene and semiconducting materials at room temperature [59, 60]. 

	 Graphene	 InN	 AlN	 GaN InP GaAs GaP Si SiGe InAs	 AlAs	 GaSb Ge
Velocity		
[107	cm/s]	

3.5	 4.0	 2.0	 2.5	 2.8	 2.0	 1.1	 1.0 1.0	 8.0	 2.0	 0.8	 1.0

 

The radiation process depends on the electron trajectory.  In terms of the radiation frequency, the 

key parameter is the angle at which the electron trajectory makes with the sinusoidal substrate; if 

an electron travels perpendicular to the ripples, it will radiate at a frequency of, say f1, but if the 

trajectory makes an angle of θ with the ripples, it will radiate at f1.cosθ.  Hence the frequency 

spectrum can be obtained by determining a histogram of the trajectory angle or 1tan y

x

k
k

 , where 

x is the transport direction and perpendicular to the ripples (figure 4.1.3.a).   
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Figure 4.1.3.  a) The radiation frequency at which an electron will radiate at depends on the angle its 

trajectory makes with an in-plane axis perpendicular to the ripples, marked with kx in the figure.  b) The 

solid gray circle is the Fermi circle under equilibrium.  The dotted circle is the quasi-Fermi circle under 

an electric field.  The radiation power will depend on the number of electrons with momentums indicated 

in the hashed crescent. 

In figure 4.1.3.b, the solid gray circle shows the Fermi circle under equilibrium.  For adequate 

radiation power, a large field has to be applied.  This increases the kx component and the number 

of electrons in the dark hashed area in figure 4.1.3.b.  Monte Carlo simulation can be done to 

determine the concentration of electrons with such momentum and thus determine a power 

spectrum.  However, this would require a knowledge of the emission rate which has to be added 

to the simulation: at what rate would an electron undergoing cyclotron motion which radiates.  

Further research on this topic is required. 

Figure 4.1.4 shows the results of calculations, demonstrating how finer ripple periodicities enable 

radiation at higher frequencies in both graphene and silicon.  However, it shows that THz radiation 

can be achieved in graphene undulators without requiring sub–100 nm fabrication technologies, 

so that fabrication can be performed more straightforwardly.  For example, a radiation source at 1 

THz would require features of approximately 30 nm (half of ripple periodicity) if silicon and other 
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semiconductors were to be used.  The same can be achieved using graphene but with features of 

around 200 nm.  This can be done using equipment such as stepper as was explained in chapter 3. 

 

Figure 4.1.3. Radiation frequency is inversely proportional to ripple periodicity in silicon and graphene 

undulators.  Because the carrier drift velocity is more than 3 times higher in graphene than silicon, the 

radiation frequency for a given period in graphene is also more than 3 times higher than that in silicon.  

Thus graphene covers a wider frequency spectrum without the need for high resolution fabrication 

methods, as indicated in the highlighted region.  Also, the power output at a given frequency is 150 times 

larger than silicon for a graphene-based device.  The inset shows a schematic diagram of a ripple period 

in the material. 

4.2 Device Fabrication 

In order to create sinusoidal graphene sheets in graphene, we used fabrication methods to create 

sinusoidal substrate and make the graphene conform to the patterned substrate through the heat 

treatment method explained in chapter 3.  In chapter 3 we showed how to create steps in the 

substrate by etching trenches in silicon and then oxidizing it.  This created steps of 32 nm over a 
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20 nm distance.  Photoresist was used as an etch mask.  For reasons that will become clear soon, 

we chose a deposited oxide to be the etch mask to create a sinusoidal substrate. Figure 4.2.1 shows 

the initial step of etching the substrate through an oxide mask.  A PR mask was use to first etch 

the oxide mask itself where a few nanometers of the Si substrate was also etched.   

 

Figure 4.2.1. The first step of patterning sinusoidal graphene sheets was to etch Si through an oxide 

mask.  a) A PR layer was deposited on the oxide mask and developed.  b) The oxide mask and a few 

nanometers of the bulk silicon were also etched.  c) Finally the PR mask was removed.  d) SEM image of 

the cross section of step (c) showing the over etched silicon, the oxide mask, and layer of chromium and 

gold deposited on the features. 

KOH was then used to selectively etch silicon in the (100) direction.  Since the etch rate is much 

lower in the (111) direction, the KOH wet etching will create triangular features in silicon and the 

oxide mask was utilized in this step to create angular trenches in areas unmasked by the oxide 

layer (figure 4.2.2.a).  Figure 4.3.2.b shows the substrate after a 300 nm thick oxide mask was 

grown.  The dotted circle indicates the top edge where an extra feature can prevent or affect 
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graphene from conforming to the substrate.  Also the sidewalls of the trenches meet at a very steep 

angle than can prevent graphene conforming to the oxide substrate. 

 

Figure 4.2.2. KOH etching of the exposed etched silicon.  a) Triangular features can be created in silicon 

through wet KOH etching.  b) A 300 nm thermal oxide was grown on the etched silicon after removing 

the oxide mask.  The dotted circle shows a nonuniformity top of the step which can prevent graphene 

conforming to the substrate. 

In figure 4.2.2 we can see the bulk silicon has smoother features especially at the bottom of the 

trenches.  Therefore, the thermal oxide was removed with buffered oxide etcher (BOE) and a 

second thermal oxide was grown shown in figure 4.2.3.  The SEM image shows a pattern 

resembling a sinusoidal wave more closely.  The height of the pattern is 208 nm with periodicity 

of 600 nm.  For a sinusoidal pattern, the ratio of the periodicity to the amplitude should be 2
2



or simply π.  Therefore the substrate shown in figure 4.2.3 meets this requirement.  However, after 

a wet transfer the PMMA/graphene film did not conform.   
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Figure 4.2.3. The oxide on the substrate in figure 4.3.2.b was removed and a second oxide layer was 

grown reslting in a substrate with feature resmbling a sinusoidal pattern. 

Shorter etch times were tested and a sinusoidal pattern with a height of 167 nm was obtained.  

Figure 4.2.4 shows the fabrication steps and the final patterned substrate.  Figure 4.2.4.e shows an 

oxide substrate with no angular feature. 

 

Figure 4.2.4. Steps for creating a sinusoidal substrate with a height of 167 nm.  Scale bars in all SEM 

images are 300 nm.  a) Oxide mask was patterned by selectively etching the oxide mask.  b) KOH wet 

etching was used to etch triangular features in silicon.  c) 300 nm thick thermal oxide was grown and then 

(d) removed.  e) A second oxide was grown which had sinusoidal features.  The bright layer on top is a 

gold layer deposited by sputtering for better SEM images. 
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Next, a graphene film was transferred.  Figure 4.2.5 shows SEM images of the graphene on features 

of figure 4.2.4.e.  The PMMA was removed using forming gas.  Figure 4.2.5.b shows parts of the 

graphene film that have not conformed to the substrate.  It also shows tearing in the graphene film.  

A closer look at the graphene sheet shows that parts of the graphene film have conformed to the 

substrate while other parts are suspended (bright and dark parts in figure 4.2.5c-d, respectively).  

Following reference 7, where sinusoidal graphene sheets with aspect ratio of 1:4.25 were 

fabricated, the next step would be to test substrates with a height of ~140 nm.  This can be done 

by using shorter etch times and is part of our future plans. 

 

Figure 4.2.5. SEM images of torn and suspended graphene on ripples.  a) Graphene was transferred on to 

the substrate in figure 4.2.4.e.  Scale bar is 2 µm.   Parts of the graphene were torn (b) while other parts 

conformed or were suspended (c-d). 

Graphene was also transferred on the substrate in figure 4.2.4.c.  Figure 4.2.6 shows the result after 

removing the PMMA.  The SEM images show a graphene film that is suspended for most parts.  

This can be used to create a periodically doped graphene film since the graphene is periodically 
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separated from the substrate.  We have also fabricated another form of substrate shown in figure 

4.2.7.  The substrate shows curved ripples separated by flat areas.  This can also be used to create 

periodically doped graphene since the oxide layer is periodic, but it can also help graphene to 

conform much easier to the substrate. 

 

Figure 4.2.6. SEM images of the graphene on substrate of figure 4.2.4.c.  a) Low magnifications clearly 

shows the suspended regions.  Scale bar is 10 µm.  By analyzing closer images in (b-d), one can see the 

bright spots in (s) are tears in the graphene film, while all other parts are suspended.   
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Figure 4.2.7. a) Different patterns can be fabricated by using thinner first oxide layers.  b) The substrate 

is flat between the curved parts which can help graphene to conform to the substrate.  It also enables 

periodic doping of the graphene film since the oxide thickness.   
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5. Conclusion 

Periodic magnetic barriers in graphene have only been studied theoretically and we have presented 

the first experimental data.  In our periodic magnetic barriers, certain configurations of the barriers 

seem to be transparent to electrons in graphene.  We determined that there is no transport gap in 

periodically rippled CVD graphene sheets.  The same process has to be done on single crystalline 

exfoliated graphene.   The ripples reduced mean free path and increased resistance in our 

micronscale NPPGS.  This can be mainly due to formation of tears and crack in our early devices.  

Further analysis can be done once we obtain uniform sinusoidal graphene sheets.  Radiation 

emission, especially in the THz regime, is yet to be demonstrated and we plan to use Fourier 

transform interferometer spectroscopy (FTIR) to detect radiation from our sinusoidal NPPGSs.  In 

addition, we plan to analyze the photocurrent induced by a laser beam from these structures under 

different polarizations.  Dependence on polarization is plausible since the ripples periodicity is 

similar to that of visible light.  With our dry transfer method, we can also create large suspended 

graphene films which can be used to create sensors for different applications such as pressure 

gauges.  Transfer of graphene on arbitrary substrates makes it possible to study gauge fields in 

graphene which was not introduced here.  In summary, there seems to be potential applications, 

both in studying transport and practical devices, for NPPGS.  NPPGSs are opening a new era in 

graphene electronics.  This area enables analysis of physics in 2D electronic systems, but it can 

also enable potential applications 
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