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Introduction

Jamie H. Warner

The Nobel prize for physics in 2010 was awarded to Sir Professor Andrei Geim
and Sir Professor Kostya Novoselov, from the Manchester University, for their
‘ground-breaking experiments regarding the two-dimensional material gra-
phene’. Reading these words carefully, there is no mention of ‘discovery” and
this is a debatable topic, and a similar discussion clouds the discovery of carbon
nanotubes and its relation to the landmark paper of Sumio Iijima that stimulated
the field of nanotubes (lijima, 1991). In contrast, the Nobel prize in chemistry
(1996) was awarded to Robert F. Curl Jr, Sir Harold W. Kroto, and Richard E.
Smalley for ‘their discovery of fullerenes’, leaving no ambiguity.

Whilst it was pointed out by Professor Walt de Heer from the Georgia Tech
University that numerous factual errors were made by the Nobel Committee in
their scientific background document on the Nobel prize for graphene, there is
no doubt that the papers in 2004 and 2005 by Novoselov et al. were instru-
mental in igniting the field of graphene (Novoselov et al., 2004, 2005). The
Manchester group is seen as developing the ‘scotch-tape’ mechanical exfoli-
ation technique for graphene production that was simple, effect, cheap, and
therefore could be taken up rapidly by research groups all across the world. It is
this simplicity that helped the graphene research develop at a remarkable pace
and generate momentum. Although this technique had been applied for
cleaving graphite for scanning tunnelling microscopy studies, there was no
further development in demonstrating how it could be used to discover the
superb electronic properties of graphene.

The pioneering work of Professor de Heer should be recognised, as his
group developed synthetic graphene from silicon carbide precursors and
undertook electronic measurements of monolayer graphene independently of
the Manchester group (Berger et al., 2004). He was already aware of the
wonders that graphene could offer before the 2004 report of Novoselov et al.
(2004). His group published a report showing 2D electron gas properties in
ultrathin epitaxial graphite films and opened a route towards scalable graphene-
based nanoelectronics (Berger et al., 2004). In 2005, Professor Philip Kim’s
group from the Colombia University reported the observation of the quantum
Hall effect and Berry’s phase in graphene and extended this further with many
important contributions to discovering the amazing electronic properties of

Graphene. http://dx.doi.org/10.1016/B978-0-12-394593-8.00001-1
Copyright © 2013 Elsevier Inc. All rights reserved. 1



@ Graphene

graphene (Zhang et al., 2005). Their method for obtaining graphene was similar
to that reported in Novoselov’s 2004 report as is cited as such. Professor
Rodney Ruoff, from the University of Texas at Austin, has also been instru-
mental in advancing the chemical vapour deposition growth of graphene using
metal catalysts that is critical to graphene having a commercial impact. There
have been numerous other leaders in the field of graphene research and far too
many to mention without offending someone by unintentionally leaving them
out. Instead, we celebrate all contributions to graphene research that has led to
so much high impact science and helped forge/reinvigorate/establish many
careers for both the young and experienced.

The boom in graphene was helped by many people who were already studying
carbon nanotubes and fullerenes, simply translating their activities into this new
area. The apparatus for characterising graphene is often similar to those used for
nanotubes, such as transmission electron microscopy (TEM), scanning electron
microscopy (SEM), electronic device fabrication, diffraction and Raman spec-
troscopy. This also bodes well for rapid advances in understanding the properties
of new 2D crystals that may exhibit new behaviour absent in graphene.

Graphene is the building block for understanding the structure of fullerenes,
nanotubes and graphite, and given the simplicity of its isolation, it is surprising
it was studied last. Many people who do not work on graphene question its
hype, which is fair considering the hype that surrounded the discovery of
fullerenes (1985) and nanotubes (1991) and the lack of real world imple-
mentation and life-changing technology that has resulted. Perhaps the biggest
difference between fullerenes and nanotubes with graphene is the
manufacturing aspect. It is challenging to produce vast quantities of fullerenes
that are pure, apart from Cgg and C7¢. Some of the most interesting and useful
properties of fullerenes come by adding dopants or molecular functional
groups, but this makes their separation using high-performance liquid chro-
matography time consuming and thus the end product expensive. Carbon
nanotubes are facing criticism as being asbestos-like when inhaled. More work
is needed to be sure of this as residual metal catalysts that are known to be toxic
are often retained in the material. Carbon nanotubes also suffer from the
problem of mixed chiralities that lead to both semiconducting and metallic
electronic transport behaviour. This has limited their application in electronics,
despite demonstrating their outstanding properties at the single-device level.
Carbon nanotubes will continue to be intensively studied as they encompass the
ideology of a 1D nanowire at its best. Graphene, on the other hand, looks to be
solving these manufacturing challenges with SiC and chemical vapour depo-
sitions proving fruitful for electronic-grade graphene, whilst chemical exfoli-
ation is excellent for solution-based processing for spray-casting and polymer
blending. In order for graphene to be useful in applications, there will be
a strong need to interface it with other materials, in particular semiconductor
nanomaterials. The pathway for cheap, high-quality graphene suited for
a variety of applications is achievable. Perhaps, it is this reason that graphene
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leaped ahead of carbon nanotubes in being awarded a Nobel prize, since carbon
nanotubes also display amazing electronic and mechanical properties that
captured the imagination and interest of the world for more than 10 years.

1.1. ABOUT THE BOOK

This book is aimed at undergraduate students towards the end of the degrees
and PhD students starting out, plus anyone new entering into the field of gra-
phene. The objective of the book is to provide the necessary basic information
about graphene in a broad variety of topics. Each chapter is designed to be
relatively self-contained, and as a consequence, there may be some occasions
of slight repetition. The field has grown extensively over the past 9 years, and it
is not possible to cover every published piece of work, and therefore, we have
restricted discussions to the key findings in the field. The book starts with
a description of the atomic structure of graphene, as this essentially dictates the
properties of graphene. Monolayer, bilayer, trilayer and few-layer graphene are
all discussed and how they stack in both AB Bernal stacking as well as
Rhombohedral stacking. The relationship of graphene to nanotubes is explored,
namely rolling up graphene to form a cylinder. Once an understanding of the
atomic structure is obtained, we move towards describing graphene’s proper-
ties: electrical, chemical, spin, mechanical and thermal. It is these amazing
properties that have generated the exuberant fascination in graphene.

Any experimental researcher will need to know how to obtain graphene, and
for theoretical scientists, it is important to have a real-world understanding of
how graphene can be made, what can be expected in terms of material structure
and what the limiting factors are for each approach. We have included Chapter
4 as summarising methods for getting graphene in your hands. It covers the
Manchester ‘Scotch-tape’ mechanical exfoliation, solution-phase chemical
exfoliation, bottom-up chemical methods using molecular precursors, chem-
ical-vapour deposition and silicon carbide. A section on how to transfer gra-
phene to arbitrary substrates is included as this is an essential part of getting
graphene where you want it, which is often on an insulating substrate or
partially suspended like a drum-skin.

Too often, when reviewing papers for journals, poor characterisation has
limited the chance of the work being accepted for publication. Effective
characterisation is the key for proving you have what you claim, and then being
able to draw the right conclusions about from the results. We encourage the use
of multiple techniques, with each one providing a piece of the jigsaw that you
can fit together for a solid and robust conclusion. We could not cover all
characterisation techniques, and recommend further reading on angular-
resolved photoemission spectroscopy and X-ray photoemission spectroscopy
for graphene characterisation, which are not covered in this book.

The final chapter presents an overview of seven key application areas that
graphene has shown promise in: electronic devices, spintronics, transparent
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conducting electrodes (TCE), Nano-Electro-Mechanical Systems (NEMS),
free-standing membranes, energy and super-strong composites. Whilst it was
the outstanding properties of graphene in electronic devices that received the
most attention, this area is seen as one of the most challenging in terms of
developing a commercial product that will replace silicon electronics due to the
absence of an appreciable band-gap. It seems that the niche area of high-
frequency electronics may be more suitable for graphene than logic-based
transistors. Graphene TCEs have already been used to make touch-screens and
outperform Indium Tin Oxide (ITO) on flexible substrates in terms of dura-
bility. The major limiting factor here is that the sheet resistance of graphene is
still too high. Further advancements in materials design through substitutional
doping, intercalation and multilayering will solve this problem in the near
future.

We hope this book serves well to get you started and leads to more activity
in graphene research. Time will tell whether graphene can live up to its
promise, but right now, graphene research is at its pinnacle, and it is never too
late to join in the fun.
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The Atomic Structure of
Graphene and Its Few-layer
Counterparts

Franziska Schiffel
University of Oxford, Oxford, UK

2.1. GRAPHENE

In order to understand the atomic structure of graphene, it is helpful to first gain
an understanding of the peculiarities of elemental carbon as well as its three-
dimensional (3D) allotropes. The general interest in carbon arises from the
variety of structural forms in which this element is available. This variety
results from a special electron configuration of carbon that provides the ability
to form different types of valence bonds to various elements, including other
carbon atoms, through atomic orbital hybridisation. Carbon has the atomic
number 6 and therefore, electrons occupy the 1s, 2s%, 2ps and 2p3', atomic
orbitals as illustrated in Fig. 2.1a (ground state). It is a tetravalent element, i.e.
only the four exterior electrons participate in the formation of covalent
chemical bonds.

When forming bonds with other atoms, carbon promotes one of the 2s
electrons into the empty 2p, orbital, resulting in the formation of hybrid
orbitals. In diamond the 2s-energy level hybridises with the three 2p levels to
form four energetically equivalent sp’-orbitals that are occupied with one
electron each (Fig. 2.1b). The four sp’-orbitals are oriented with largest
possible distance from each other; they therefore point towards the corners of
an imaginary tetrahedron. The sp’-orbitals of one carbon atom overlap with
the sp”-orbitals of other carbon atoms, forming the 3D diamond structure. The
high hardness of diamond results from the strong binding energy of the C—C
bonds.

In graphite only two of the three 2p-orbitals partake in the hybridisation,
forming three spz-orbita]s (Fig. 2.1c). The spz-orbitals are oriented perpen-
dicular to the remaining 2p-orbital, therefore lying symmetrically in the X-Y
plane at 120° angles. Thus, sp>-carbon atoms form covalent in-plane bonds

Graphene. http://dx.doi.org/10.1016/BY978-0-12-394593-8.00002-3
Copyright © 2013 Elsevier Inc. All rights reserved. 5
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FIGURE 2.1 Atomic orbital diagram of a carbon atom. The four electrons in the doubly
occupied spherical 2s orbital and the half occupied dumbbell-shaped 2p-orbitals participate
in the chemical bonding of carbon. (a) Ground state, (b) sp™-hybridised as in diamond and
(c) sp>-hybridised as in graphite and graphene.

affecting the planar hexagonal “honeycomb” structure of graphite. While the
in-plane o-bonds within the graphene layers (615 kJ/mol) are even stronger
than the C—C bonds in sp’-hybridised diamond (345 kJ/mol), the interplane
m-bonds, formed by the remaining 2p-orbitals, have a significantly lower
binding energy, leading to an easy shearing of graphite along the layer plane.
A single layer of graphite (the so-called graphene layer) has a lattice constant
a = V3ay where ag=1.42 A is the nearest neighbour interatomic distance
(Haering, 1958). The interplane distance between two adjacent graphene layers
in AB stacked graphite is 3.35 A (Haering, 1958).

The term ‘graphene’ is often incorrectly used for ultrathin graphite layers.
Strictly it only refers to a quasi-two-dimensional isolated monolayer of carbon
atoms that are arranged in a hexagonal lattice (Novoselov et al., 2005a). As will
be discussed in detail in chapter 3, the electronic properties of graphene depend
strongly on the number of graphene layers (Geim and Novoselov, 2007). Only
single-layer graphene (SLG) and bilayer graphene (BLG) are zero-gap semi-
conductors with only a single type of electrons and holes, respectively. In the
case of the so-called few-layer graphene (FLG, 3 to <10 layers), the conduction
and valence bands start to overlap, and several charge carriers appear (cf.
Section 3.1) (Morozov et al., 2005; Partoens and Peeters, 2006). Thicker gra-
phene structures are considered as thin films of graphite.

The hexagonal lattice of graphene is shown in Fig. 2.2a with an armchair
and a zigzag edge highlighted in grey. The unit cell of graphene is a rhombus
(grey) with a basis of two nonequivalent carbon atoms (A and B). The black and
white circles represent sites of the corresponding A and B triangular sublattices.
In cartesian coordinates the real space basis vectors of the unit cell @y and @; are

written as
a = (‘/372/2> and a, = (g“/j) @.1)



