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Abstract

Modified graphene and low dimensional carbon nano-electronic devices have the potential to
supersede current technologies in many respects although manufacturing and understanding
these materials poses a significant challenge which requires an incremental approach. Doping
of graphene, a prerequisite for modifying the electronic properties, is still poorly understood.
Band-modulation is therefore difficult to control. Resonant tunneling induced through the
incorporation of impurity clusters has not yet been addressed. On the other hand electron-
spin correlations in modified graphenes have hardly been studied. In this work we address
these issues through a tandem approach of theoretical and experimental studies. This work
begins with an ab-initio study of the electronic properties of bilayer graphene and the mod-
ifications induced through the substitutional incorporation of isolated nitrogen impurities.
Nitrogen modification results in a change from a zero-gap semiconductor to a metal as a
result of nitrogen incorporation while charge density calculations show the localization of
charge in the vicinity of the impurity. This work on isolated impurities was then extended

to impurity clusters.

The quantum transport properties of impurity clusters distributed within a high bandgap
material were then studied. Different geometrical configurations of the impurity clusters were
studied to tune quantum interference to control the carrier lifetime. The effects of randomly
distributed clusters were also studied to interpret the effects of disorder. These studies pro-
vide insight into the transport properties of naturally grown quantum dot systems such as
reduced graphene oxide which consists of low defect density graphene nano-islands randomly
distributed in oxygen and free radical functionalized graphene which was studied experimen-
tally. Resistance was recorded as a function of temperature for graphene oxide and reduced
graphene oxide two terminal devices. Evidence of mesoscopic resistance fluctuations, charge
carrier activation and enhanced elastic scattering was found while the magnetic properties of

reduced graphene oxide showed a phase transition from ferromagnetism at low temperatures
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to diamagnetism at higher temperatures.

Finally, the Kondo effect was demonstrated in reduced graphene oxide through trans-
port and magnetoresistance measurements which were interpreted within the Fermi liquid
description of the Kondo effect. These effects were explained through the microstructure
of reduced graphene oxide and illustrate the significance of spin in reduced graphene oxide.
These studies will inform the design of functionalized graphene spin-polarized devices and

spin valves.
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CHAPTER 1

Introduction

The promise of innovative quantum nano-electronic devices heralding progress beyond the
silicon era has spurned the study of low-dimensional carbon nano-materials which in many
respects have the capacity for unsurpassable device performance. One of the primary focus
areas is the development of ever faster-switching, lower power consumption and smaller
devices such as field effect transistors. Of increasing importance are new forms of sensors
for medical, environmental and bolometric applications. In parallel, quantum transport
devices are actively being pursued. Quantum phenomena, widely accessible with the advent

of nanotechnology, afford innovative device applications.

Naturally grown crystals, their growth reliant upon thermal energy and their structure
exposed to external influences, as a rule occur as bulk materials. 2D crystals were thought
to be too unstable to exist as free standing materials on the basis of thermal fluctuations [1].
With the advent of carbon nanotechnology, 1D and 2D materials can be synthesized and their
unique properties studied [2] within a new paradigm in which fundamental physics is con-
current with new device applications. Amid extensive theoretical studies of new phenomena,
hitherto inaccessible experimental studies of the fundamental behavior of low-dimensional
materials are ongoing. With the relentless advance of nano-scale technologies, ever greater
control and freedom to manipulate nano-materials is gained with a view to exploiting their
fundamental properties. Regarding electronic transport properties, mesoscopic and quantum

phenomena are widely accessible through nano-scale devices.

Graphene has shown promise for unrivalled electrical properties in many respects [2].

Graphene has generated widespread theoretical studies initially motivated by the “relativis-
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tic” nature of charge carriers, described as massless Dirac Fermions [3, 2], bringing quantum
electrodynamics to the forefront of condensed matter physics. Experimental discoveries
drive theoretical studies while ongoing theoretical studies motivate experimental investiga-
tions. Graphene has opened the door for research into truly 2D materials but still dominates
the field. Experimental condensed matter physics, until the advent of graphene, was reliant
upon high quality synthesis methods which are often time-consuming, highly technical and
costly. With the relatively simple isolation by mechanical exfoliation, researchers have gained

widespread access to a new material without the need for complicated synthesis techniques.

The physics of graphene is of significant interest. Symmetries in real space are conserved
in transformations to momentum space. The graphene lattice can be viewed as the super-
position of two equivalent sub-lattices. This is reflected in the valley degeneracy within the
hexagonal Brillouin zone. The majority of the early studies in graphene focused on the linear
dispersion around the Dirac points. This description is valid in the very low energy region
surrounding the K points, close to the Fermi energy (Er). The linear dispersion of graphene
is often illustrated using a tight-binding model. Ab—1initio calculations of the band structure
also show a linear dispersion in the vicinity of the K and K’ points, informing the choice of
hopping parameters for tight-binding calculations. In turn, subject to algebraic manipula-
tion and first-order approximations, the final form of the Hamiltonian yields insight to the
physics of graphene. The physical significance of the linear dispersion is illustrated in the

anomalous quantum Hall effect in monolayer and bilayer graphene.

The band structure of graphene is of significant interest and has been widely studied
[4, 5, 6]. The general approach begins with the definition of a basis with two atoms in a
rhombohedral unit cell. With a tight-binding Hamiltonian, nearest neighbour coupling is
assumed. The wavefunction is described as a superposition of Bloch states. The graphene
lattice is therefore effectively separated into two sub-lattices, A and B. The effective Hamil-

tonian is studied near the K points. The tight binding Bloch functions are defined by

N

O, (k1) = N71/2) e Bmig (v — Ry ,) (1.1)

i=1

where N is the number of unit cells in the lattice, ¢,, represents the atomic wavefunction,
(m =0,1,...,n), k represents the wavevector and R represents the atomic position. The

electronic wavefunction can then be defined as
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U,(k,r) = cjm®@m(k, ) (1.2)

m=1
where ¢;,,, are expansion coefficients. The eigenenergies are defined by

(W5 H | Wy)

Ey(k) = (W]0;)

(1.3)

Solving for the eigenenergies of Eq. 1.3 proceeds by reformulating the problem by minimiz-
ing the expansion coefficients ¢, ,, and finally solving an equation of the form det(H;—E;S) =

0. The transfer integral matrix H; and overlap matrix S are given by

Hy = (| H |Br) S = (B, |B1r) . (1.4)

Truncating the plane waves to contributions from the same unit cell, the transfer integral

matrix elements can be written as

N
Hian = N~ Z ¢a(r —Ra)| H|pa(r — Ray))

which can be considered as the summation over all unit cells of

€aa = (Pa(r — Ra;)| H |(¢ar — Ray)) -

For intrinsic graphene, €44 = egg = 0.

Considering the off-diagonal elements, coupling between nearest neighbours must be ac-
counted for through the introduction of the vector d; where the index [ runs over the nearest

neighbour vectors. The off diagonal elements can then be written as

N

3
Hiap 2 NN (galr — Ray)| H|op(r — Rai — )

i=1 =1

The transfer matrix can then be described as
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o €0 tfo(k)
Ht,AB—<t0f*(k) . ) (1.5)

where t is the transfer integral to = (pa(r — Ra;)| H |¢ps(r — Ra; — ;) and the function

f (k) defines the plane waves connecting a C' atom to its nearest neighbours.

The region of interest is close to Er where the 7 and 7* bands touch so f(k) may be
approximated in the region of the K (K’) points. A first order Taylor series expansion yields
f(k) = ky —ik,. This effectively yields a Dirac-like Hamiltonian in the vicinity of the K
(K") points,

0 k. — ik
H, = h v 1 =h -k 1.6
L= E (k ik, 0 ) vra (16)

where vp = 3at/2h and o is a 2D Pauli matrix. Close to the K and K’ points the full
band structure can be expanded and along with the approximation |q| < |K|, we find a

linear dispersion relation,
q
E+(q) = xvrla] + Olz7] - (1.7)

The dispersion relation, to first order is independent of mass. Many of the unusual
properties of graphene stem from this dispersion relation which is illustrated in Figure 1.1

while in Figure 1.2 the Landau levels are represented on the Dirac cone.

The description of charge carriers as relativistic Weyl fermions stems from analysis of
graphene within the tight-binding formalism [7]. Neglecting second nearest neighbour cou-
pling, and taking the Fourier transform of the electronic operators and expanding around
the K and K’ points, it can be shown that close to the K point the wavefunction satisfies

the Dirac equation

—vpo - Vip(r) = EY(r) (1.8)

where vy is the Fermi velocity (around 10° m.s~! in graphene), o represents Pauli matrices
which in this case do not act on spin but the sub-lattice degree of freedom (the so-called
“pseudo-spin” of quasi-particles in graphene). It is in fact a consequence of the of the

construction of the unit cell with two atoms together with the symmetry of the graphene
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lattice which is the combination of two sub-lattices. It is on the indices of these sub-lattices
that the Pauli matrices act. Considering momentum around the K point, the wavefunction

in in k space is given by the two-component spinor

1 ¢~/
vix(k) = 73\ Leiths (1.9)

where 0 = arctan (k,/k,). It is evident from (1.9) that the wavefunction undergoes a
change of sign if the phase 0y changes by 27. The Hamiltonian in (1.8) has two eigenvalues
as o-p 1Y) = £pl) where p is the momentum operator. Therefore, in an energy eigenstate,
the pseudospin o is either parallel or anti-parallel to the charge carrier momentum. This is
the origin of the chirality of quantum states close to the Dirac points. The density of states
(DOS) of pristine graphene is zero at Er while two symmetric van Hove singularities are
found at positive and negative energies [2]. In the vicinity of Er the density of states is

linearly proportional to the energy.

Although the propagation of charge carriers is not relativistic in the sense that the Fermi
velocity is only a small fraction that of light, charge carriers (treated as quasi-particles)
are most effectively described within the Dirac regime. With coherent transport over large
distances, quantum effects are expected to play a prominent role in electronic transport in
graphene. With its properties closely related to its high symmetry, many-body interactions
are also expected to be prominent in graphene generating a new avenue for research of quan-
tum many-body and quasi-particle interactions. Ultra-high frequency analogue transistors

have already been developed and will likely supersede current GaAs devices [8].

Shubnikov de Haas oscillations were demonstrated in graphene immediately after its iso-
lation sparking great interest [3]. At high fields, the quantum Hall effect was demonstrated
[9, 10]. However, in graphene the quantum Hall effect was found to occur at fractional,
instead of integer values for conductivity. This is related to the two sub-lattices which
define graphene layers as well as the description of charge carriers as massless relativis-
tic fermions. The two sub-lattices in conjunction with the Dirac framework results in two
pseudo-spins which are not related to the intrinsic spin of charge carriers [11, 9]. The en-
ergy levels of massless relativistic fermions within a quantized magnetic field are given by
En = 2ehc?B(N +1/2+1/2) where ¢, is the velocity of charge carriers (predicted to be 10°

1

m.s~ " in graphene) [9]. The lowest Landau level is therefore found when N = 0 for fermions
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Figure 1.1: a) A 3D tight-binding band structure plot of graphene. b) The band structure
in the region of the K points. Image from [15].

Figure 1.2: a) Landau levels represented on the Dirac cone of graphene under an external

field. b) Schematic density of states under an applied field. Image from [16].
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N (eV)

Figure 1.3: a) The band structure of graphene determined through angle-resolved photo-
emission spectroscopy. b) Constant energy map of at the binding energy of

the Dirac point, illustration the Brillouin zone of graphene. Image from [28].

described with a minus sign. The first plateau in o,, therefore occurs at a half integer value

and the subsequent quantized Hall plateaus are all offset by a fractional amount.

This serves as an illustration of the unusual features and rich physics associated with
low-dimensional materials, graphene in particular. An additional unusual discovery was the
quantum Hall effect at room temperature [12]. This was attributed to large cyclotron gaps,
a consequence of the Dirac-like nature of charge carriers in graphene. The cyclotron gaps
are much greater than the thermal energy, even at room temperature although the effect was
only observed at high fields. Additional studies confirmed the presence of massless Dirac
quasi-particles [13, 14]. Furthermore, it was found that only a 2D spatially quantized band
was populated at high gate voltages [3]. This intrinsic property of graphene is manifest in
a number of phenomena, for example the observation of the quantum Hall effect at room
temperature and the relative insensitivity of carrier mobility to temperature. Graphene can

therefore also tolerate high current densities.

High quality graphene exhibits ambipolar transport. As the gate voltage is swept from
positive to negative, the resistance varies symmetrically about the charge neutrality point
[6, 5] changing smoothly from electron to hole transport. This reflects the symmetry of
the dispersion relation about the K points, as shown in Fig.1.1 from [15] (Landau levels
on the Dirac cone are illustrated in Fig. 1.2 from [16]). In addition as charge carriers
behave as massless fermions in graphene there is symmetry between electron conduction

and hole conduction [17]. This is not the case in other materials as the effective mass of
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electrons and holes is different and therefore each satisfies a different Schrodinger equation
[17]. This ambipolar effect is relatively insensitive to temperature. In conventional 2D
electron gasses, populating the conduction band drastically reduces carrier mobility. In
graphene however high mobilities are maintained even at room temperature as it is a zero
bandgap semiconductor (sometimes referred to as a zero-overlap semi-metal) and charge
carriers exhibit ballistic transport over sub-micron distances. Therefore impurity scattering

presents a severe limitation to mobility in graphene systems.

Additionally, being a single atomic layer thick, interactions between graphene and under-
lying substrates are significant offering additional scope for tuning the electronic properties.
On the other hand, phonon interactions from the substrate can influence charge carriers
in graphene with the result that the mobility falls short of its potential [18]. Suspended
graphene, however, is free from these limitations. High mobilities, up to 200 000 cm?/(V.s),
have been recorded in suspended graphene [18]. This will have significant implications to-
wards the development of high-speed transistors. However, this was a demonstration on an
ideal sample and the major challenge remains in the fabrication of large-scale low-disorder
graphene. In contrast, other materials such as GaAs hybrids have exhibited even higher
mobility and are more amenable to large-scale production although the mobility decreases

dramatically with temperature.

The nature of carrier propagation in graphene has led to widespread theoretical studies
of Klein tunnelling. A manifestation of the Klein paradox has been illustrated in monolayer
graphene, using a transfer matrix method, where the transmission coefficient was found to be
unity, independent of the barrier height and width provided the wavefunction (wavevector)
is normally incident upon the barrier [19]. The generally accepted resolution of the Klein
paradox is that the electron barrier is an attractive potential for positrons. The virtually
perfect transmission is attributed to resonance between the electronic and positronic wave-
functions [20]. Bilayer graphene in contrast has a parabolic dispersion relation about the K
and K’ points which is mass dependent. The transmission coefficient is sensitive to the well

width which determines the energetic position and number of resonant states.

Conventional field effect transistors rely on a bandgap. As such, mono-layer graphene is
limited due to its lack of an intrinsic band-gap. Graphene nano-ribbons display a bandgap
however at present they are difficult to manufacture and manipulate. Alternatively, a
bandgap can be generated in bilayer graphene and could provide a route to the fabrica-

tion of field effect transistors [4]. Control over the bandgap through an external field has
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a)

T

Figure 1.4: a) 3D plot of the tight-binding band structure of bilayer graphene in the AB

configuration. b) Band structure with misaligned layers. Image from [26].

been demonstrated and it has been suggested that bilayer graphene is the only known ma-
terial with a controllable energy gap [21, 22]. Additionally, the electronic properties of
bilayer graphene are of significant interest. Furthermore, it has been suggested that bilayer
graphene is less sensitive to external influences, making it more robust and therefore suitable
for nano-electronic applications [23].

Insights into the physics of bilayer graphene can also be gained through analysis within a
tight-binding framework following a similar treatment to monolayer graphene. The transfer
integral matrix is constructed in a similar manner to the case for monolayer graphene with
four atoms in the unit cell. It is assumed that there is some inter-layer coupling although the
hopping term is weak in comparison to the intra-layer hopping terms. The inter-layer cou-
pling is strongest between atoms directly above each other [24]. There is also an intra-layer
hopping term between between atoms which are not directly above each other in addition
to the inter-layer term. The Hamiltonian is therefore expressed as a 4 x 4 matrix and the
corresponding spinor contains four elements instead of two [24] as is the case for monolayer
graphene. This matrix can then be reduced to a 2 x 2 matrix. The Hamiltonian is again
studied in the region of the K points. Hopping between the two furthest atoms in the unit

cell is neglected. More details are given in Chapter 2 of this work.

Bilayer graphene also exhibits a form of the quantum Hall effect although it is not the
same as the anomalous integer quantum Hall effect of monolayer graphene. In conventional
2D semiconductors, the Hall conductivity displays a distinct plateau where the carrier con-
centration is zero. This is not the case in monolayer graphene as discussed above. However
in bilayer graphene, not only is the conventional plateau at zero absent but the difference in

conductance between the first hole and electron plateaus is twice as large as the difference in
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Figure 1.5: a) Band structure of bilayer graphene determined through angle-resolved
photo-emission spectroscopy. b) Band structure close to the K point. c)
Comparison of the band structure for monolayer and bilayer graphene close
to the K point. Image from [26].
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conductance between subsequent Hall plateaus [4]. This is related to the double degeneracy
of the lowest Landau level. Through a tight-binding treatment, this can be related to the
bandstructure of bilayer graphene in the vicinity of the K points.

A generalized Hamiltonian can be developed which can treat both single and multilayer
graphene. Contours in momentum space are then related to phase shifts in charge carrier
wavefunctions (Berry’s phase). This Berry’s phase is related to the eigenstates of Landau
level functions [4] and as the Berry’s phase is 27 the lowest Landau level has two eigenstates.
With the additional spin and valley degeneracies, the lowest Landau level is eight-fold degen-
erate while subsequent Landau levels are four-fold degenerate. This could result in strongly
correlated quantum Hall states based on the electron-electron interaction [25]. Another
interesting observation which remains unexplained is that the longitudinal conductivity is
non-zero even at low temperatures and high magnetic fields, showing no gap in the Landau

spectrum.

The bandgap in bilayer graphene was investigated experimentally on the basis of theoret-
ical studies which indicated that a bandgap may form in the absence of perfect symmetry
between the two layers as shown in Figure 1.4 [25, 26]. Bilayer graphene on SiC was studied.
The interactions of the bilayer and the substrate are crucial in bandgap formation as charge
depletion in the substrate (and charge accumulation in the bottom graphene layer) induces
asymmetry between the graphene bilayers. The band-structure was probed through angle re-
solved photo-emission spectroscopy (ARPES) and shows good agreement with tight-binding
and ab — initio calculations of the band structure (see Fig. 1.5.). Constant energy maps
also showed high symmetry points as expected. In this study, the carrier density was varied
through potassium doping and switching applications were suggested subject to the control
of the relative potentials of the graphene layers. In a subsequent study, Dirac fermions were
also found in graphite using ARPES along with quasi-particles with a parabolic dispersion
relation [27]. A further study confirmed the linear dispersion in the region of the Dirac points
in mono-layer graphene [28]. Quasi-particle interactions were investigated as the cause of
small anomalies in the ARPES measurements. Electron-plasmon interactions were found to
be significant while electron-phonon and unusual electron-plasmon and electron hole decay

processes were also discussed [28].

The unusual carrier scattering in graphene is of significant interest. The impetus of
many of the initial graphene studies was the physical phenomena surrounding the dispersion

relation (such as the quantum Hall effect) however more general studies have now been
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performed. Inextricably bound to such studies is the problem of understanding the nature
of disorder in graphene systems. In this regard, graphene is an ideal test-bed due to its
sensitivity to structural as well as topological disorder. From the perspective of electronic
transport, disorder is often synonymous with weak localization however magneto-resistance
studies in graphene have indicated an unexpected suppression of weak localization [29].
It was pointed out that the behaviour of the magneto-resistance of graphene is significantly
different to that of metals in that most graphene devices showed no magneto-resistance while
conventional metals would show prominent magneto-resistance under the same conditions.
In addition, it was demonstrated that the magneto-resistance of monolayer graphene is very
different to that of graphite [29]. However universal conductance fluctuations (UCF) were

widely observed at high carrier concentrations.

The suppression of weak localization was attributed to topographical distortions of the
graphene lattice which induce a local (random) gauge field that breaks time reversal symme-
try, effectively preventing weak localization [29]. UCE’s on the other hand were unaffected
as the gauge field is randomly distributed. This study motivated additional studies of carrier
scattering in graphene. The scaling of resistivity with temperature provides some informa-
tion about the nature of carrier scattering and has thus been the focus of a number of studies
in graphene [30, 31, 32, 33, 34, 35, 36, 37, 38]. There is another factor which contributes to
the suppression of weak localization in graphene when considering long-range disorder. For
example, scattering from charge puddles, widely studied in graphene, is such a form of long
range order. The chirality of charge carriers, a consequence of employing the Dirac Hamil-
tonian, prevents direct backscattering [38]. This suppression of backscattering has even led

to the experimental observation of weak anti-localization [35].

Based on the band structure of graphene, a recent study supported by experimental
evidence has suggested that the “valley” quantum state can be read based on measuring
mesoscopic conductance fluctuations (MCF’s) [35]. This is a dramatic illustration of the
symbiosis between the calculated band structure and mesoscopic conductance fluctuations
and could even have applications in quantum information technology. Elastic scattering, both
inter-valley and intra-valley, is expected to add a quantum contribution to the resistivity [5].
Changes in the carrier density influence the elastic scattering such that it can be tuned
through the application of a gate voltage. In turn, changes in the elastic scattering can
suppress MCF’s.

The low density of states surrounding Er suggests that little electron screening occurs in

12



CHAPTER 1: INTRODUCTION

graphene close to the charge neutrality point. Charged impurities therefore also act as long-
range electron scatterers [38] . Doping is a prerequisite for tuning the electronic properties
for practical implementation. The high mobility of doped graphene has stimulated studies
into new high-mobility FET’s. However, the nature of scattering in these systems remains
unresolved [38]. Moreover, in the regime of nano-electronics, a thorough understanding of
the principle scattering mechanisms is more important than in conventional electronics. In
addition, the specific details of scattering will influence the performance of unconventional

spin valves and spin polarized devices [39].

Studies have demonstrated that pristine graphene is a marginal Fermi liquid as the imag-
inary part of the self energy as a function of energy is linear [5]. In graphene, the DOS at Er
is zero so there is little electron screening of conduction states close to Er. However the ratio
of the Coulomb energy to the kinetic energy is independent of the carrier density, a feature
which is uncommon in Fermi liquids [40]. Close to the charge neutrality point, the prevalence
of long range interactions results in a renormalization of the the quasi-particle characteris-
tics which is different to the Fermi liquid behavior for non-zero chemical potential where
the finite DOS allows conventional screening. Slight deviations from the conventional Fermi
liquid quasi-particle excitations have also been reported experimentally [28]. The decay of
a photo-hole through excitation of an electron from below Er showed that the expected
quadratic energy dependence was modified, likely as a result of the linear dispersion close to
Er [28]. Doped graphene, on the other hand is a Fermi liquid as the imaginary part of the
self energy (as a function of energy) depends on the product of the energy squared and the
logarithm of the energy [41]. In practice, due to unintentional surface-induced doping and

impurities it is likely that all graphene devices will be Fermi liquids.

Doping of graphene has been widely studied to tune the electronic properties [42, 43].
While the opening of a bandgap in graphene has been studied extensively additional band
modulation is required to realize graphene based electronics including metallic forms of
graphene. In addition, band modulation may likely pave the way for quantum transport
devices. With the persistence of coherent quantum effects to high temperatures, graphene
could play a role in developing superlattice structures for high frequency applications. Ni-
trogen doping in particular is of interest as it can form a number of different structures when
incorporated into graphene. Nitrogen can form pyridinic or nitrilic bonds with carbon which
result in vacancies and p-type doping [42, 44, 45]. Nitrogen can be stably substitutionally
incorporated in graphene and bilayer graphene [46]. Substitutional N doping induces n-type

13



CHAPTER 1: INTRODUCTION

conductivity and preserves the hexagonal graphene lattice so the mobility of charge carri-
ers remains high [43]. Angle resolved photo-emission spectroscopy has shown that indeed
substitutional N doped graphene is metallic while a band gap opens up due to the loss of

intrinsic symmetry [43].

The electronic transport properties of N doped graphene were studied by Wei et al.
[47]. Transport measurements showed n-type doping while the mobility of N doped devices
was 1.5 to 3 times less than the mobility of pure graphene samples. N has thus far been
incorporated in graphene grown through chemical vapour deposition (CVD) however CVD
graphene is highly disordered, limiting the mobility. Practical realization of high mobility
N doped graphene is therefore subject to reductions in the disorder of CVD graphene or N
incorporation in pristine graphene, such as mechanically exfoliated graphene, through new
synthesis techniques. Nitrogen doping has also been widely studied in carbon nano-tubes
where p-type or n-type conductivity has been observed depending on the N complexes which

are incorporated during synthesis [47].

The combination of doping as well as controlling the number of layers has recently drawn
attention due to the tunable nature of the bandgap in bilayer graphene and the modifications
to the electronic properties which can be induced through N incorporation. In Chapter 2 of
this work we have therefore studied the electronic properties of substitutional N incorporated
bilayer graphene with electronic device applications in mind. While the band structure of
pristine bilayer graphene shows a 7 and 7* band which meet at Er at the K point, the
band structure of N incorporated graphene is metallic with a gap at the K point. We
have studied N incorporated bilayer graphene in both the AA and AB configurations. In
contrast to pristine bilayer graphene which is sensitive to the orientation of the graphene
layers, we find that there is little difference between the band structure of N incorporated
bilayer graphene in the AA and AB configurations. Nitrogen localizes charge in the vicinity
of the impurity, not only within the basal graphene plane but also perpendicular to the
graphene layers. We find that there is little inter-layer coupling even if the nitrogen atoms
are arranged one above the other. Nitrogen incorporation changes the nature of carrier

scattering although the structure of the graphene lattice is virtually unchanged.

Nitrogen is one of the principle dopants employed in the modification of the electronic
properties of carbon materials and nano-materials [48]. The performance of amorphous
carbon films can be enhanced through N incorporation. While N incorporation increases the

conductivity overall the non-linear increase of conductivity with N% and eventual saturation
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(the conductivity may decrease after attaining a maximum) indicates that N incorporation
is unlike conventional doping. Nitrogen can be substitutionally incorporated in both the sp?
and sp® phases of carbon. In addition N complexes can be formed during synthesis which
are incorporated into the material. This affords great flexibility in modifying the electronic
properties but also complicates the problem of understanding N doping in carbon. One of
the outcomes of the present study is a basic understanding of some of the features which are
induced in graphitic clusters which are prevalent in amorphous carbon films as a result of N
incorporation. Understanding the incorporation of NV impurities in bilayer graphene serves as
a precursor for future studies in consideration of the transport properties of N incorporated
amorphous carbon films. This study will aid in understanding the fundamentals of the

electronic properties of carbon modified through single N impurities as well as clusters.

Nitrogen doping has been widely studied towards modifying the electronic properties of
nano-crystalline diamond films [49]. Here too N doping enhances the electrical conductivity
however there is a non-linear increase in conductivity with the atomic incorporation of N
[50]. Strangely, N doping can induce p-type or n-type conductivity [49]. It seems that the
influence of N incorporation is strongest within the grain boundaries however a satisfactory
explanation for these features has proven elusive. Nitrogen doping is know to modify disorder
within the grain boundaries in addition to substitutional incorporation and the incorporation

of N complexes [51].

As an extension to single impurities, the electronic properties of impurity clusters in
graphene are also of significant interest [52]. The electronic properties of boron impurity
clusters on graphene layers and nano-ribbons were studied [52] where wiring of the system
would be provided by chains of boron impurities. In this study it was argued that while
impurities tend to diffuse in graphene, clusters would not diffuse as easily, an issue already
faced in MOSFET devices. In addition the rearrangement of carbon atoms at the edge of
a vacancy in graphene has been imaged in real time (Figure 1.6 from [53]). Resonant tun-
nelling features in current-voltage measurements have been predicted in graphene systems
where the impurity arrangement was controlled [54]. Nitrogen doping is also known to pro-
mote sp®> — C' clusters in amorphous carbon and nano-crystalline diamond films effectively
creating graphitic regions within predominantly sp® — C regions. Quantum transport prop-
erties through related graphene quantum dots has recently been studied. Beyond interesting
quantum phenomena, applications in quantum information technology have driven these

studies.
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Figure 1.6: 3D image of the atomic structure of graphene with a vacancy. Image from
[53]. In this study the rearrangement of carbon atoms at the edge of the va-
cancy was imaged in real time with an atomic resolution transmission electron

microscope.

In the study by Hewageegana and Apalkov, electronic transport through circular graphene
quantum dots within some high potential matrix was investigated [55]. In this study the
Dirac Hamiltonian was applied to electrons in the graphene quantum dots and coupling
through the continuum states was assumed while direct inter-dot coupling was neglected
as the energy levels of the graphene quantum dots are degenerate with the leads. The
confinement of states based on peaks in the scattering cross section as a result of the lead-
dot coupling (in contrast to the confinement in conventional quantum dots) and the electron
escape rate were discussed. The relationship between the energy of quasi-localized states and
the ratio between the quantum-dot separation and the radius of the quantum dot was briefly
discussed. In particular, resonances were described as eigenfunctions with the real part of the
complex eigenvalue associated with the resonant energy while the inverse of the imaginary
part is related to the lifetime of the decaying quasi-localized state [55]. This approach,
although unconventional, is related to previous studies of quantum dot systems where the
Dirac Hamiltonian has not been applied. However a realistic quantum-dot interface was
lacking in this study. It was assumed that the quantum dot interface with the high potential
matrix was perfectly sharp (i.e. the potential is described by a Heaviside function). In real

systems, the potential will vary over the interface due to the band mismatch and lattice
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