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1.1 INTRODUCTION

For many years graphene was deemed an “academic” material where its perfect
honeycomb monolayer structure of carbon atoms was treated solely as a theoreti-
cal model for describing the properties of various carbon-based materials such as
graphite, fullerenes, and carbon nanotubes. Older theoretical predictions [1,2,3],
studying pristine two-dimensional (2D) crystals, presumed graphene would be
unstable in reality due to thermal fluctuations that prevent long-range crystalline
order at finite temperatures. This presumption was strongly supported by various
experimental investigations with thin films in which the samples became unstable
as their thickness was reduced. Now, early in the twenty-first century, graphene has
emerged as a real sample [4,5]. The initial works by Geim and Novoselov showed
the isolation of astonishingly thin carbon films and eventually monolayer graphene
by simply using scotch tape. Since its discovery, the variety of physical phenomena
explored using graphene has expanded at a remarkably fast pace inspiring a wide vari-
ety of novel technological applications. Spurred on by potential future applications
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2 Graphene: Synthesis and Applications

like single-electron transistors [6], flexible displays [7,8]. and solar cells [9], a lot
of research effort is being devoted to understanding the main physical properties of
graphene. For this reason, the following subsections of this review aim to introduce
the reader to the basic features of graphene, in particular, its unique electronic struc-
ture and related electrical transport properties. Later, the state of the art regarding
other important physical aspects of graphene beyond its electrical properties is also
reviewed including its mechanical, magnetic, and thermal properties.

1.2 BASIC ELECTRONIC PROPERTIES OF
GRAPHENE-BASED STRUCTURES

Graphene is defined as a single layer of carbon atoms arranged in a hexagonal lattice,
as illustrated in Figure 1.1a. Its atomic structure can also be used as a basic building
block to construct other carbon-based materials: (1) it can be folded into fullerenes,
(2) rolled up into nanotubes, or (3) stacked into graphite. The primitive cell of gra-
phene is composed of two non-equivalent atoms, A and B, and these two sublattices
are translated from each other by a carbon—carbon distance a,_, = 1.44 A.

A single carbon atom has four valence electrons with a ground-state electronic
shell configuration of [He] 2s? 2p?. In the case of graphene, the carbon—carbon chem-
ical bonds are due to hybridized orbitals generated by the superposition of 2s with
2p, and 2p, orbitals. The planar orbitals form the energetically stable and localized
o-bonds with the three nearest-neighbor carbon atoms in the honeycomb lattice, and
they are responsible for most of the binding energy and for the elastic properties of
the graphene sheet. The remaining free 2p, orbitals present T symmetry orienta-
tion and the overlap of these orbital states between neighboring atoms plays a major
role in the electronic properties of graphene. For this reason, a good approxima-
tion for describing the electronic structure of graphene is to adopt an orthogonal
nearest-neighbor tight-binding approximation assuming that its electronic states can
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FIGURE 1.1 (See color insert.) (a) Honeycomb lattice of graphene. The shadowed area
delineates the unit cell of graphene with its two nonequivalent atoms labeled by A and B.
(b) Band energy dispersion obtained via tight binding approximation. The inset highlights the
conical-shape dispersion around the charge neutrality point. (c) First Brillouin zone.
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be simply represented by a linear combination of 2p, orbitals. Solving the Schrodinger
equation, which reduces into a matrix secular expression, one can obtain the energy
dispersion relation of 7 (bonding) and ©* (antibonding) bands [10,11,12].
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where k, and k, are the components of the k vector that are folded onto the first hex-
agonal Brillouin zone (shown in Figure 1.1c) and ¥ = 2.75 €V is the hopping energy.
The electronic structure of graphene can also be represented by closed-form expres-
sions obtained analytically for the single-electron propagators written on a real-space
basis [13]. In Figure 1.1b, one can see the band structure of graphene obtained from
such a simple tight-binding model, which yields symmetric conduction and valence
bands with respect to the Fermi energy (also called the charge neutrality point or
Dirac point) set at 0 eV. Graphene valence and conduction bands are degenerate at
6 points located on the corners of the Brillouin zone, also called K and K’ valleys.
The hexagonal region (Brillouin zone) has a side length of 47/3a and delineates the
Fermi surface of the graphene as shown in Figure 1.1c. Since the Fermi surface of
graphene is compacted to a zero dimension zone composed of a finite set of 6 points
on its Brillouin zone, graphene is usually termed a semimetal material with no over-
lap or zero-gap semiconductor. It is easy to see that the electronic properties of gra-
phene are invariant by interchanging the K and K’ states, which means that the two
valleys are related by time-reversal symmetry. Fascinating physical phenomena can
be unveiled while attempting to break this effective time-reversal symmetry.

The low-energy dispersion near the valleys exhibits a circular conical shape, as
displayed in the inset of Figure 1.1b, unlike the quadratic energy—momentum relation
obeyed by electrons at the band edges in conventional semiconductors. Comparing
this linear energy relation of graphene with the dispersion of massless relativistic
particles obtained from the Dirac equation, one can see that graphene charge car-
riers can behave as Dirac fermions with an effective Fermi velocity that is around
300 times smaller than the speed of light [5]. This makes graphene a reliable sys-
tem to study quantum electrodynamic phenomena, an area of investigation previ-
ously limited to particle physics and cosmology investigations. In this sense, several
research groups have already addressed a variety of unusual phenomena that are
revealed by graphene materials, which are characteristic of Dirac relativistic par-
ticles, for instance, the absence of localization effects even when disorder elements
can take place [14,15], robust metallic conductivity even in the limit of nominally
zero carrier concentration, and the half-integer quantum Hall effect.

Additional band features can be learned from the energy spectrum of graphene
when the adopted model goes beyond the simple orthogonal tight-binding approach
or Dirac formalism. More robust techniques, such as ab initio methods, predict that
antibonding bands are located at a higher energy with respect to the bonding states
if the overlapping integral matrix is nonorthogonal [16]. Sophisticated implementa-
tions for single-m band tight binding schemes considering up to the third-nearest
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neighbor interactions and overlap elements can result in an accurate description of
the electronic properties in relation to first principle calculations [17].

The amazing electronic properties of graphene have greatly motivated the sci-
entific community to pursue a better understanding of their main physical features
with the bonus of converting them into real technological applications. However, the
absence of an energy band gap greatly restricts its use on digital devices. Thus,
alternative strategies capable of inducing a band gap in graphene are being sought.
Several strategies have already been successfully adopted to modify the electronic
structure of graphene and include chemical doping, interaction with substrates, and
the application of mechanical forces or external electric/magnetic fields. Stacked
graphene layers in the form of bilayers or graphite structures [18,19,20] also offer a
promising route for band gap manipulation. Advanced lithographic techniques [21]
employed to tailor wide graphene samples into nanoscale structures have shown that
lateral confinement of charge carriers can work as an efficient energy gap—tuning
parameter. Such narrow graphene structures are known as graphene nanoribbons
(GNR) and it has been demonstrated that their energy gap scales inversely with the
width. The following section is dedicated to a review of the main physical properties
of such confined graphene systems.

1.2.1 GRAPHENE NANORIBBONS

Besides the idealizations of graphenelike 2D membranes, atomistic models of thin
graphene strips were also addressed primarily to investigate the nature of edge
dislocations and the appearance of defective dangling bonds in carbon networks
[22]. Such narrow graphene strips, known as graphene nanoribbons, were also not
expected to exist in nature. The discovery that graphene materials can be fabricated
in the free state and combined with modern lithography techniques has confirmed
that confined graphene structures are experimentally feasible. Currently, the synthe-
sis of graphene nanoribbon samples has advanced considerably beyond that possible
with conventional lithographic methods. For instance, “ribbons” with widths smaller
than 10 nm have been synthesized via crystallographic etching [23,24], sonochemi-
cal techniques [25], and even through the unzipping of carbon nanotubes [26-28].
An original fabrication process for graphene nanoribbons with atomic-scale preci-
sion has recently been realized through the controlled assembly of molecular precur-
sors consisting of polycyclic aromatic hydrocarbon compounds [29].

The physical properties of graphene nanoribbons are highly dependent on their
width and the topology of the edge structures. There are two canonical types of
graphene edges, referred to as armchair (AGNR) and zigzag (ZGNR) ribbons, and
examples of their atomic structure can be seen in Figure 1.2. The atoms located on
the edges are highlighted in green and W denotes the width of the ribbon. The width
of an armchair ribbon can be defined in terms of the number of dimer lines: W, =
(N, — Da/2 for armchair ribbons and W, = (N, — 1) y3a/2 for zigzag ribbons; N, and
N, are their respective number of carbon chains.

The electronic structure of graphene nanoribbons can be represented in a simple
manner following a single-w band tight binding description or Dirac approach where
“particle-in-a-box” boundary conditions are applied to the ribbon’s terminations. In
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FIGURE 1.2 (See color insert.) Atomic structure of an (a) armchair- and a (b) zigzag- edge
graphene nanoribbon. Green color atoms delineate the respective edge-shape and W denotes
the width of the ribbon.

this case, the wave vector components lying in the width direction will be quan-
tized, whereas those parallel to the axial direction remain continuous for infinite
systems. In other words, limiting the width of a bulk graphene sheet means “slicing”
the energy band structure of Figure 1.1b in well-defined directions; their projec-
tions can be seen on the Fermi surface as presented on the top panels of Figure 1.3.
The quantization lines correspond to the allowed k states for three distinct gra-
phene nanoribbons—AGNR(8), AGNR(9), and ZGNR(8)—placed over graphene’s
Brillouin zone. Whenever one of these states crosses one of the graphene’s valleys,
valence and conduction bands touch each other at the Fermi level and the ribbon
exhibits metallic behavior, otherwise it is semiconducting [30].
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FIGURE 1.3  (See color insert.) (Top panels) Zone-folding diagram for three different gra-
phene nanoribbons: left, AGNR(8); middle, AGNR(9); and right, ZGNR(8). The parallel
lines in the Brillouin zone represent the allowed quantized states of the ribbon projected in
momentum space. Their respective energy band structures and density of states curves are
displayed on the lower panels. (Adapted from N. Nemec, Quantum transport in carbon-based
nanostructures. Dr. rer. nat. (equiv. PhD) thesis, University of Regensburg, September 2007.)
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Their respective energy dispersion relation and density of states curves calcu-
lated via nearest-neighbor tight-binding approximation are also shown in the lower
panels. According to this simple description, one can predict that zigzag ribbons of
any width show a singular edge state that decays exponentially into the center of the
ribbon. Such edge states are twofold degenerate at the Fermi energy and reveal a
nondispersive feature that lasts about 1/3 of the total size of the graphene Brillouin
zone. As a consequence, the density of states of zigzag ribbons is characterized by
a pronounced peak located at the charge neutrality point. Although there are still
controversies concerning the associated energy eigenvalue of the edge state, the
detection of such a peak has been accomplished through scanning tunneling micros-
copy measurements performed near zigzag edge sections of graphite [31]. In stark
contrast, no such localized state appears in nanoribbons having an armchair edge
configuration. Moreover, this simple model shows that armchair ribbons can change
their electronic character depending on their width. An armchair nanoribbon can
behave as a metal when the number of atoms along its width is equal to 3j + 2, where
Jj is an integer. This class of armchair ribbons exhibits semiconducting behavior
when more sophisticated electronic structure models are applied or the edge atoms
are parameterized to include the effects of hydrogen passivation. The remaining
armchair ribbons in the 3j and 3j + 1 categories are all semiconductors independent
of the adopted model [22].

The challenge of inducing a band gap in graphene seems to be solved by cutting
it into ribbons. On the other hand, the edges bring additional problems. Graphene
nanoribbons indeed possess a band gap, but their edges have inherent edge disorder
[32]. It turns out that their electronic properties are strongly reliant on the topologi-
cal details of the atoms located on their extremities. Roughness, or even chemical
groups bound to the edges, can also affect the electronic features of the ribbons. In
this sense, studies focusing on disorder effects in graphene structures are of extreme
relevance for envisioning the main mechanisms behind their electronic response.

1.3 EDGE DISORDER IN GRAPHENE STRUCTURES

The dominant scattering processes and resulting transport features of graphene are
very dependent on the range of the disorder potential and the robustness or destruc-
tion of the underlying sublattice symmetries. A variety of physical behaviors can
be unveiled when short-range interactions take place in graphene since all possi-
bilities of intravalley and intervalley scattering events between K and K’ points are
allowed. Short-range potentials formed, for instance, by atomically sharp defects
such as vacancies [33,34]; Anderson disorder or edge deformations induce chirality
breaking, leading to strong backscattering events and localization effects. In particu-
lar, graphene nanoribbons are naturally subjected to edge disorder due to the high
reactivity of edges that can be subjected to chemical passivation, roughness, and
structural reconstruction [35]. In addition, confinement effects are expected to maxi-
mize the sensitivity of the structures regarding the presence of disorder. Joule heating
techniques capable of vaporizing carbon atoms from the edges has been carefully
employed to pattern the morphology of nanoribbon extremities. The successful stabi-
lization of sharp edge reconstructions mostly formed with either zigzag or armchair
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configurations has been observed [36]. Nonetheless, improving the quality of the
edge-shapes in practice remains a difficult task. A multitude of different edge topolo-
gies have been characterized and so researchers must cope with a vast physical sce-
nario involving prominent localization effects induced by edge disorder [25,37,38].
Depending on the edge shape of the graphene structure, different band gaps for
similarly sized systems can be generated since its electronic structure is greatly
influenced by disorder. Transport measurements realized in etched graphene sam-
ples have demonstrated that sharp resonances can appear inside the transport gap,
providing evidence that the atomic details of tailored graphene systems play an
important role in their conducting properties [39]. Atomistic models for edge dis-
order are often used to investigate the impact of topological edge roughness on the
conducting properties of the ribbons. The boundaries are initially assumed to be
perfect. Subsequently, the erosion of the edges can be simulated by randomly setting
the hopping elements of neighboring atoms to zero or setting their onsite energies
to very high values. The calculations indicate that even when very weak edge dis-
order effects are simulated, a prominent modification in the conductance profile of
the nanoribbons is obtained [40,41]. In Figure 1.4, the impact on the conductance
of a zigzag-edge ribbon considering different complexities for the edge disorder is
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FIGURE 1.4 (Left panels) Conductance as a function of energy obtained from a disor-
dered ZGNR(16) with length L = 500 nm and imposing a probability of 7.5% for removing
carbon atoms from the edges. (Right panels) Schematic pictures representing the different
types of defects: (D1) is an example of the Klein defect and (D2) and (D3) correspond to the
defects where one and two hexagons, respectively, are missing. (Adapted from A. Cresti and
S. Roche. 2009. Edge-disorder-dependent transport length scales in graphene nanoribbons:
From Klein defects to the superlattice limit. Physical Review B 79: 233404-1-4.)
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shown [35]. The D1 defect is known as the Klein defect and is composed of a zig-
zag edge with a single carbon bound on the edges [42,43]. The D2 and D3 imper-
fections consist of withdrawing one or two consecutive hexagons from the edges.
The atoms were randomly removed with an equal probability of 7.5% and length of
the scattering region is L = 500 nm. The conductance around the charge neutrality
point is highly suppressed especially in the presence of Klein and D2 defects. A few
resonance peaks survive within the energy range where one conductive channel was
active regardless of whether the defects were absent or not. A robust conducting pro-
file is observed when D3 defects exist, suggesting that the system can evolve from a
quasiballistic to a localized regime depending on the details of the defects and as the
length of the scattering region increases.

Similar studies performed in disordered armchair ribbons have shown that these
later structures are relatively more sensitive to edge disorder in comparison to zig-
zag configurations. In other words, disordered armchair structures have a greater
propensity to manifest localization effects. It was demonstrated that only 10% of
edge defects are enough to wash out the electronic transmission in a wide range
of energies of metallic armchair structures [44]. Specifically, for the case of semi-
conducting armchair ribbons, it has been shown that edge disorder is capable of
transforming their electronic character into Anderson insulators as long as their
width is kept relatively wide in order to minimize the impact of disordered edges.
Insulating character is also achieved in ribbons with lengths large enough to avoid
the direct tunneling of electrons along the channels [45,46].

The impact of the edges on the electronic structure of nanoribbons can be con-
trolled by chemical passivation [47] where different species could, in principle, react
with the carbon atoms situated on the extremities rather than the commonly used
hydrogen saturation. In reality, not only the edges of the ribbons can be thought of as
the most energetic location for dopants. The specific topology of nanoribbon edges
enters as an additional control parameter for the segregation of impurities across
their width and their distribution can be tuned by gate potentials [48]. Such studies
involving doping processes in graphene nanoribbons open a wide field of applica-
tions in the industry of chemical and biosensor devices.

In addition to such amazing electronic properties, graphene structures are also
exceptional materials for transferring heat [49,50]. The investigation involving heat
conductivity can favor the elaboration of effective heat-dissipating devices in order
to cool down electronic components. In addition, the variety of phenomena explored
using graphene increased after its confirmation as the strongest and lightest material
ever to be measured. The next sections are devoted to discussing the main achieve-
ments in the field of heat conductivity, thermal vibrations, and mechanical properties
in graphene structures.

1.4 VIBRATIONAL PROPERTIES AND THERMAL PROPERTIES

At room temperature (RT), the thermal conductivity () of single-layer graphene is
mostly due to acoustic phonons [51]. The high value of « is attributed to the absence
of crystal defects, and suppression of Umklapp processes as the number of layers is
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reduced [52], that is, long mean-free paths of phonons. Such high values suggest that
graphene can play a key role in future nanoelectronic devices [53].

The phonon branches of graphene can be grouped as in-plane (LA, TA, LO, and
TO) and out-of-plane (flexural) modes (ZA and ZO). The acoustic flexural mode
(ZA) in two-dimensional crystals has a quadratic dispersion in the vicinity of the
I"point of the Brillouin zone, and exhibits a singularity in the density of states at
zero energy. At finite temperatures, thermal fluctuations are expected to give rise to
atomic displacements as large as the interatomic distance; therefore low-dimensional
crystals should be unstable [1,2]. However, macroscopic samples of graphene are
shown to be stable and preserve their crystal quality, which is believed to be due to
the existence of microscopic crumpling in the third dimension [54].

The ballistic thermal conductivity of graphene is isotropic [51]. In the temperature
range below 20 K, the ZA mode is detrimental to conduction. Above 20 K, the LA
and TA modes also contribute, however the ZA mode dominates the thermal conduc-
tion. The exact solution of the phonon Boltzmann equation shows that the ZA mode
is the dominant heat carrier at higher temperatures as well [55]. It is also shown that
anharmonic scattering is significantly restricted for the flexural modes due to selec-
tion rules, and this behavior is robust to inclusion of ripples and isotopic impurities.
There is a variety of values reported for K of single-layer suspended graphene at
room temperature ranging from 600 to 5000 Wm~'K-! [49,56,57]. The disagreement
needs to be clarified.

On the other hand, when graphene lies on a supporting substrate, phonons leak
across the interface and the flexural modes are scattered strongly. Nonetheless, K
of graphene on SiO, substrate has been measured as 600 Wm~'K-! at RT, consid-
erably higher than that of copper [50,58]. The reduction of K due to a supporting
substrate also points to the interplay between the phonon scattering mechanisms
and the number of graphene layers. Measurements on few-layer graphene, with
the number of layers ranging between 2 and 10, shows the dimensional crossover
from two dimensions to bulklike behavior, and the crossover is assigned to the
intralayer coupling of low-energy phonons and enhanced Umklapp scatterings
[52]. As a result, ¥ drops from 2800 to 1300 Wm~'K-! when the number of layers
is increased from 2 to 4. In most device applications, graphene will be encased
within dielectric materials, which will alter the thermal properties significantly.
Measurements on single-layer graphene encased within SiO, show that the ther-
mal conductivity is suppressed down to 160 Wm~'K~!, and for few-layer graphene
it increases with the number of layers approaching the limit of in-plane k for bulk
graphite [59].

Similar to the electronic states in GNRs, only standing wave solutions are allowed
perpendicular to the ribbon axis [60]. Therefore the wave vector is discrete in this
direction, g, , = nTt/W, where W is the ribbon width, and n =0, ..., N — 1. The pho-
non branches of GNRs can be interpreted to consist of six fundamental modes that
correspond to the modes of graphene, and their 6(V — 1) overtones [61], except for
the fact that there exist 4 acoustic modes in quasi-one-dimensional crystals. In the
ballistic regime, the thermal conductance of pristine GNRs is predicted to display
a power law T at low temperatures, ranging from 1 to 1.5, from narrow to wide
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ribbons [51,62]. Since one has edges, it is unavoidable to have some irregularities in
the edge shape and width of the GNRs. The effect of disorder in the edge shape of
GNRs increases with decreasing ribbon width and suppresses thermal conductivity
strongly for GNRs having widths of 20 nm and below [63,64]. The thermal conduc-
tivity of GNRs with sub-20-nm widths was measured as ~1000 Wm~'K-! in agree-
ment with theoretical calculations [65,66].

1.5 MECHANICAL PROPERTIES OF GRAPHENE

Graphene received the title of “strongest material ever” after the confirmation of
its sustaining breaking strengths of 42 N/m with an intrinsic mechanical strain
of ~ 25% and Young’s modulus of Y ~ 1.0 TPa [67]. Its mechanical thickness
can also be controlled as demonstrated through mechanical stress measurements
performed on graphene sheets subjected to deformations induced by depositing
different insulating capping layers [68]. The experimental findings regarding the
main mechanical features of graphene have been confirmed by several theoretical
works using different techniques. Among them, ab initio [69], tight binding [70],
molecular dynamics simulations [71,72], and semiempirical models [73,74] have
successfully estimated the Young’s modulus and other intrinsic mechanical quanti-
ties of graphene.

The outstanding mechanical properties of graphene have also attracted interest
from electronic applications due to the potential use that these light, stiff, and flex-
ible materials can offer for designing building-block components in nanoelectro-
mechanical systems (NEMS). In particular, the fabrication of low-cost NEMS
devices requires a complete correspondence between mechanical and electrical
responses of the conductive channel. In this sense, the operation mechanism of an
efficient NEMS based on graphene relies strictly on the feasibility of performing
band gap engineering with the aid of external mechanical forces. Detailed analysis
of the physical properties of uniaxially strained “graphene-bulk” has been widely
studied by Raman spectroscopy [68,75,76] and suggests that manipulation of the
band gap is possible. Nevertheless, most of these experiments were conducted on
samples placed on top of flexible substrates, which can gradually stretch or bend the
sheets. The pure electromechanical response of suspended 2D graphene is still under
debate. According to several theoretical works, the electronic structure of suspended
graphene is extremely resistant against mechanical forces, being able to support
reversible elastic deformations above 20% [69,70].

Band gap engineering of strained graphene materials is possible when tailored
structures, such as nanoribbons, are mechanically perturbed. It has already been
shown that the transport and electronic features of graphene nanoribbons can be
efficiently tuned as a function of strain [77-81]. These studies highlight important
aspects of the synthesis of graphene-based molecular electromechanical devices
[82]. The conductance of uniaxially stretched graphene nanoribbons is shown to be
strongly dependent on their edge shape, as can be seen in Figure 1.5. Ribbons with
armchair edge symmetry can undergo a metal-semiconductor transition as mechani-
cal strain increases, whereas zigzag ribbons exhibit a more robust transport behavior
against stretching. Very small strain values are sufficient to open an energy gap in
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FIGURE 1.5 (See color insert.) Contour plots of conductance as a function of Fermi energy
and mechanical strain for (top panel) an AGNR(11) and (lower panel) a ZGNR(10). (Adapted
from M. Poetschke, C.G. Rocha, L.E.F. Foa Torres, S. Roche, and G. Cuniberti. Modeling
graphene-based nanoelectromechanical devices. Physical Review B 81 (2010): 193404-1-4.)

AGNRs, confirming that their electronic character is sensitive to mechanical stress.
In this sense, armchair edge ribbons are more suitable for engineering electrome-
chanical devices in comparison to zigzag geometries.

1.6 GRAPHENE’S TRANSPORT PROPERTIES
UNDER EXTERNAL FIELDS

The successful realization of graphene-based nanodevices depends mostly on pat-
terning effective circuit architectures in which their electronic properties can be
modified in a predetermined and reversible way. In fact, interesting quantum phe-
nomena can be observed when the physical properties of low-dimensional systems
are tuned by external fields such as electric or magnetic fields and gate voltages
under dc conditions. Studies considering external fields in the stationary regime
have been widely investigated both theoretically and experimentally. For instance,
a graphene sheet experiencing the presence of a modulated electrical potential sus-
tains strong modifications in its low-energy properties. The robust degeneracy at
the Dirac point is split and the isotropic conelike structure of the energy relation
is now composed of two distinct valley structures with highly anisotropic disper-
sions [83]. Theoretical investigations of graphene ribbons working as a transmis-
sion channel under transversal electric fields have demonstrated that the number of
transmission modes can be controlled with the aid of an external voltage [84—86].
More importantly, the conductance of the system varies sharply by integer multi-
ples of the quantum conductance with respect to the strength of the electric field.
Additional transport features can be visualized when a rotating gate plate acts on the
graphene ribbons. The transmission is shown to be dependent on the gate orienta-
tion and on the width of the ribbons [87]. External electric fields can also be used
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to effectively tune important physical quantities of graphene such as work function
[88] and electron—phonon coupling [89]. An efficient alignment tool was idealized
by the application of external electric fields where the graphene membranes can be,
in principle, oriented in particular directions in space via electric polarization effects
[90]. Moreover, the electronic properties of graphene were finely tuned through the
adsorption of molecules with strong electric dipole moments, capable of inducing a
local electric field on the structures. Band gap engineering in graphene hosts was
theoretically addressed by considering that the intensity of the external electric field
can be controlled by means of the density of ad molecules [91]. An even wider set
of electronic responses can be obtained from graphene nanostructures when a com-
bination of both electric and magnetic fields is applied. Energy-gap modulation can
be achieved in graphene nanoribbon channels exposed to fields oriented in a type
of Hall configuration [92] as shown in Figure 1.6. The lowest and highest energy
states of an initially semiconducting AGNR are shown to collapse at the Dirac point
at a critical electric field, guiding the system toward a semimetallic arrangement.
The competition between localization and delocalization effects generated by the
respective magnetic and electric fields gives rise to a rich set of electronic responses
that can certainly be implemented into promising electronic devices. Essentially,
the fields induce a broad set of refinements in graphene’s energy spectrum such as
k < —k symmetry breaking, drastic modification of low-energy dispersions, sub-
band spacings, and edge states [93,94]. Furthermore, at a critical electric and mag-
netic field ratio, it has demonstrated that the Landau spectrum contracts, viz. the
Landau energy level spacing, gradually decreases [95]. At the same time, electric

®/Py = 9/1000
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FIGURE 1.6 (See color insert.) Local density of states contour plot for a 24-AGNR as a
function of the electric field intensity for a fixed magnetic flux of ¢/¢, = 9/1000. Black cor-
responds to null density of states while the highest LDOS value is highlighted by red color.
(Adapted from C. Ritter, S.S. Makler, and A. Latgé. Energy-gap modulations of graphene
nanoribbons under external fields: A theoretical study. Physical Review B 77: 195443-1-5.;
Physical Review B 82 (2008): 089903-1-2. With permission.)
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excitations are found to disturb the magnetic susceptibility and the characteristic
Haas-van Alphen oscillations observed in the magnetization curves calculated for
graphene systems under magnetic fields [96]. Such anomalous phenomena are con-
cluded to be associated with the relativistic flavor of the low-energy charge carriers
in graphene.

Another possibility to control the electronic transmission of carbon-based nano-
materials is through the use of time-dependent excitations [97]. Recent studies
targeting the use of ac fields in graphene materials [98—100] shed light on this grow-
ing research area, often overshadowed by studies considering external fields in the
stationary regime. Under ac signals, several theoretical works have highlighted gra-
phene’s potential as a spectrometer device operating even at high-frequency noise.
In particular, for the case in which a homogeneous ac gate can act on graphene chan-
nels, it has been shown that it is possible to achieve full control of the conductance
patterns which, remarkably, resemble Fabry-Pérot interference patterns of light-wave
cavities [98,101]. The results presented in Figure 1.7, obtained for an AGNR resona-
tor, suggest several possibilities to tune the conductance profiles ranging from the
standard dc regime (panel [a]), to suppression (panel [b]), phase change (panel [c])
of the oscillations, and robust behaviors (panel [d]) interpreted as a wagon-wheel
effect held in the quantum domain. There is also an increasing interest in graphene’s
photovoltaic Hall effect since it was confirmed that photo-induced dc currents can

eVbias (Y)

FIGURE 1.7 (See color insert.) Fabry-Pérot conductance interference patterns for an
AGNR as a function of bias and gate voltages calculated for different driving frequencies
and amplitudes associated with a time-dependent gate potential that follows a harmonic time
dependency. White and dark blue colors correspond to maximum and minimum conductance
values, respectively. (Adapted from C.G. Rocha, L.E.F. Foa Torres, and G. Cuniberti. Ac
transport in graphene-based Fabry-Pérot devices. Physical Review B 81 (2010): 115435-1-8.)
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be induced under intense light [102]. Such investigations underscore the potential for
synthesizing organic solar cells based on graphene.

1.7 MAGNETIC PROPERTIES OF GRAPHENE

As discussed in Section 1.2.1, zigzag graphene nanoribbons have so-called edge
states. According to numerous theoretical studies based on density functional the-
ory or on the mean-field Hubbard model, it is believed that the associated peak in
the density of states at the Fermi energy (E,) gives rise to a magnetic instability,
where the edge states become spin-polarized [22,103,104]. In the magnetic ground
state, a band gap at E is opened, and the atoms are ferromagnetically ordered along
one edge, and antiferromagnetically ordered between opposite edges. This antifer-
romagnetic ground state is consistent with the Lieb theorem for a biparticle lattice
within a Hubbard model description [105]. The phenomenon of edge magnetism is
not restricted to ideal ZGNRs but is believed to occur in any graphene system that
has zigzag edge segments.

One of the first suggestions to use the magnetic edges for spintronics applica-
tions came from Son et al. [106]. They showed that the application of a transverse
electric field causes the antiferromagnetic ZGNRs to become half-metallic. Without
an electric field, the system is in the antiferromagnetic ground state with a band gap
at E,. The external electric field shifts the electronic states so that the band gap of
one spin component is increased while the band gap of the other spin component is
closed, such that the system becomes a metal with spin-polarized electrons, i.e., a
spin valve. In essence, the effect of the transverse electric field is to break the sym-
metry between the left and the right edge. This symmetry breaking can be achieved
without an electric field in different ways, for example, by saturating the left and the
right edge of the ZGNR with different functional groups [107,108] or by edge selec-
tive defects [109,110]. Other graphene-based spin-valve devices were theoretically
proposed using gate-driven spin currents originating from graphene arrays doped
with magnetic impurities [111,112]. An additional line of potential application tar-
gets using the phenomenon of edge magnetism in order to build a magnetoresistor
[113,114]. But up to now, there is little experimental evidence for graphene edge mag-
netism [115,116]. Magnetic edges have never been observed in local probe micros-
copy; only an indirect observation has been reported recently [117].

The inability to observe magnetic edge states is supported by recent theoretical
works that show that the ideal zigzag edge morphology is not very likely to exist.
In fact, other nonmagnetic edge morphologies are thermodynamically much more
favorable [118—120]. Furthermore, it was shown that even in perfect ZGNRs, the
antiferromagnetic ground state is stable only at very low temperatures [120]. So cur-
rently, there is some evidence accumulating that the phenomenon of edge magnetism
is not applicable at room temperature.

A different type of intrinsic magnetism can be induced by certain types of point
defects in bulk graphene. Point defects are, for example, lattice vacancies (miss-
ing carbon atoms) [121] and chemisorbed atoms [104,122]. Similar to edges, a point
defect interrupts the ideal sp? lattice structure and induces electronic states that can
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be magnetic. Room temperature ferromagnetism was observed in proton-irradiated
highly oriented pyrolytic graphite [123]. This observation was theoretically explained
to come from magnetic point defects that are created by proton radiation [124].

Furthermore, magnetic properties can be induced by foreign magnetic atoms that
are either adsorbed to graphene (adatoms) or replace carbon atoms in the honeycomb
lattice (substitutional dopants) [124].

1.8 SYNTHESIS OF GRAPHENE

As discussed previously, the potential for graphene in materials and devices is mas-
sive. There are great expectations that this material will provide numerous socioeco-
nomic benefits. However, it is important to be aware that many of the claims being
made have been made for other well-known carbon nanostructures, namely, carbon
nanotubes and fullerenes. Much of the promise for these nanostructures has yet to
emerge in real applications. One of the biggest bottlenecks is what on the surface
seems a simple technical issue—their synthesis and formation into atomically pre-
cise structures with high degrees of reproducibility. This is particularly important for
molecular electronics applications. This same difficulty also applies to graphene, and
hence one of the most important areas, if not the most important area to address is its
synthesis and manipulation. The required knowledge and understanding to provide
atomically precise fabrication of this material, in a reproducible manner, that is com-
patible with current semiconductor technology is still lacking. Nonetheless, great
strides have been made in synthesizing graphene and this is discussed in greater
detail in Chapter 2. Here we simply mention the techniques used to synthesize and
functionalize graphene.

By far the most common route to synthesize graphene is chemical vapor deposi-
tion (CVD). There are many CVD variations. Thermal CVD is commonly applied
to graphene formation over transition metals, including copper [126—129], nickel
[130-136], iridium [137-139], and ruthenium [140-144].

Thermal CVD techniques can also be used for graphene synthesis over dielec-
trics, namely, sapphire [145] and various other oxides [146,147]. Free-standing carbon
nanosheets and planar graphite films with a few graphene layers have been success-
fully synthesized by plasma enhanced CVD (PECVD) [130,148,149].

A widely used technique to synthesize graphene is the thermal decomposition
of hexagonal 0.-SiC (6H-SiC and 4H-SiC). It has the advantage that it is very clean
because the epitaxially matching support crystal provides the carbon itself and no
metal is involved. The technique dates back to the early 1960s when Badami found
graphite on SiC by x-ray scattering after heating SiC to 2150°C in an ultrahigh vac-
uum (UHV) [150]. The parallel publication of the electrical response of graphene in
2004 by Novoselov et al. and Berger et al. (who used graphene grown from SiC) pro-
vided a new impetus to optimize the growth conditions of graphene on SiC [4,151].

An easy production and low-cost technique is the exfoliation of graphite. The
more common exfoliation routes include mechanical exfoliation [4], ultrasound
treatment in solution [152], and intercalation steps [153].
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There is also an interest in producing functionalized graphene as this can open a
band gap. Hydrogenation of graphene is one route. The hydrogenation changes the
sp? structure of graphene to sp® hybridization. Graphene can be synthesized using
a stream of hydrogen atoms [154], reactive ball milling between anthracite coal
and cyclohexane [155], exchanging the fluorine in fluorinated graphite by hydrogen
[156] or by dissolved metal reduction in liquid ammonia [157]. Fluorinated graphene
(FG) is another proven functionalization route. There are different methods to pro-
duce FG, namely the extraction of single layers of FG from commercially available
fluorinated graphite [5], the exposure of graphene to fluorine gas at ~500°C [158], plac-
ing graphene in a fluorine-based plasma [159], or exposure to xenon difluoride [160].

1.9 GRAPHENE AND SOME OF ITS APPLICATIONS

In this review, we surveyed a vast literature about graphene’s unique physical proper-
ties and the main experimental techniques used to synthesize them. The multitude
of topics addressed in this review attests to the prominent potential that this material
has to transform the actual nanotechnology landscape with promising applications
[161]. The interest in graphene has mobilized both academic and industry realms
making it an ideal candidate for the design of modern nanoscale transistors, chemi-
cal and biosensors, flexible and organic light-emitting diodes (OLEDs) displays,
solar and fuel cells, and other innovations. The restricted graphene mass-production
and limited reproducibility in device performances are still important matters that
researchers should consider in order to push graphene-based technology into a com-
mercial status. However, the fast development of graphene research leaves no doubt
that this material will revolutionize several markets such as electronics, medicine,
and energy storing in the near future.

Medicine studies can also benefit from graphene’s amazing properties. In particu-
lar, graphene possesses great sensorial response to external analytes, enabling the
design of nanosensors to diagnose diseases [162]. Accurate biosensors can be created
from DNA-functionalized graphene samples, which are capable of detecting exter-
nal DNA genes associated with diseases [163]. Graphene can also have a huge impact
in environmental monitoring applications bolstered by the design of graphene-based
nanoscale gas sensors [164—-166].

Another attractive innovation based on graphene materials reaches the electronics
scope where researchers have been able to develop bendable transparent and con-
ductive membranes composed of graphene for engineering flexible-panel displays
[167]. Recent studies have revealed that graphene-based OLEDs can even top the
performance of indium tin oxide (ITO) compounds, commonly used in transparent
conductive electrodes [129]. Graphene is also considered to be the basis of future
computing chips after the successful realization of high-speed graphene-based tran-
sistors operating at outstanding cutoff frequencies of 700-1400 GHz [168].

All these important innovations, which were generated after the first isolation
of graphene layers, indicate that the use of these materials is not limited to pro-
viding simply a theoretical model that can describe the physical properties of sev-
eral organic nanostructures. Graphene is occupying a centerpiece position in many
scientific advances that can change our way of making and using technology. As
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mentioned by A.K. Geim, we are witnessing a scientific excitement similar to the one
experienced around 100 years ago with the discovery of polymers that recently sup-
plied our lives with plastics. We expect that the innovations resulting from graphene
will prove even more exciting.
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