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Abstract

The 2010 Nobel Prize in physics was awarded to Professors Andre Geim and Konstantin

Novoselov for their ground-breaking experiments on graphene, a single atomic layer of carbon,
and more generally, for their pioneering work in uncovering a new class of materials, namely
two-dimensional atomic crystals. This paper gives an accessible account and review of the
story of graphene; from its first description in the literature, to the realization and confirmation
of its remarkable properties, through to its impressive potential for broad-reaching
applications. The story of graphene is written within the context of the enormous impact that

Geim and Novoselovs’ work has had on this field of research, and recounts their personal
pathways of discovery, which ultimately led to their award of the 2010 Nobel Prize.

(Some figures may appear in colour only in the online journal)

1. Introduction

In October 2004, Science magazine published a paper entitled
‘Electric field effect in atomically thin carbon films’ by
Novoselov et al [1], which contained optical and atomic
force microscopy observations of a few-layer and single-
layer, one atom-layer-thick, two-dimensional carbon material,
called graphene. Also reported in this paper were transport
measurements of few-layer graphene, which were soon
followed by the publication of transport results on graphene
itself [2,3]. Only six years after the publication of their first
paper on this topic, Andre Geim and Konstantin Novoselov,
were jointly awarded the Nobel prize in physics, ‘for ...
producing, isolating, identifying and characterizing graphene’
and for their ‘ground-breaking experiments’ on this material
system [4]. What Geim and Novoselov had succeeded to do
was to demonstrate a very simple method of extracting and
identifying large, high-quality samples of few- and single-
layer graphene from bulk graphite, and to then show how these
samples could be used to make devices, thus demonstrating
their unique transport properties.

0022-3727/11/473001+12$33.00

The remarkable speed at which the Nobel prize was
awarded to Geim and Novoselov gives us some indication
of the high-level of scientific impact of their work. The
rapid increase in graphene research, which has occurred since
the publication of their 2004 paper, has been remarked upon
in many reviews on the subject (see for example [5-8]).
Novoselov, Geim et al’s 2004 paper has provided enormous
stimulus for the field of graphene research, and has thus
far been cited a total of 5,073 times according to the Web
of Knowledge database (accessed 29 August 2011). The
impressive impact of their 2004 paper can be clearly evidenced
by comparing the number of citations of this paper with the
total number of papers published on graphene (figure 1). The
‘graphene explosion’, which is apparent from figure 1, is very
strongly related, in both trend and amount of citations, to this
pivotal and key contribution, and can be specifically attributed
to (i) the simple low-tech method that the Manchester group
used to isolate and identify graphene, which could then be
easily adopted by other researchers, (ii) their decision not
to patent graphene, which opened up this field of research,
and (iii) to their demonstration of the intrinsic high-quality

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The development of the field of graphene research as
indicated by the total number of papers published as a function of
year. A comparison with the number of citations of Novoselov et
al’s 2004 paper very clearly demonstrates the enormous impact of
this work, and its overall influence on the trend in graphene
research. (Web of Knowledge data accessed on 29 August 2011).

and impressive transport properties of graphene and few-
layer graphene, making these systems particularly amenable
to broad-reaching applications.

In this review, the story of graphene is recounted—from
the first evidence of this system, high-lighting the theoretical
prediction of its properties, through to Geim and Novoselovs’
pivotal Nobel prize-winning research. An overview of
graphene’s unique properties is given, together with a window
toits future possible applications. In doing so, the very exciting
tale of graphene’s meteoric rise is told, justifying its place as
the brightest star in condensed matter physics.

2. Humble beginnings, yet remarkable predictions

Graphene, a single atomic layer of sp>-hybridized carbon
arranged in a honeycomb structure, is the two-dimensional
allotrope of carbon, which forms the basic building block
of buckyballs (quasi-zero-dimensional), carbon nanotubes
(quasi-one-dimensional) and graphite (three-dimensional)
(figure 2). Long before graphene was experimentally
identified, its structure was used in theoretical models as a
means of approximating the electronic properties of graphite.
The earliest theoretical reference of this system is Wallace’s
paper in 1947, which demonstrates the use of a nearest-
neighbour, tight-binding model to determine an analytical
expression for the electronic band structure pertaining to the
pi-bonds of a monolayer of graphite [10].!

Itis worth a moment to appreciate the electronic properties
of graphene as derived from Wallace’s analytical expression.
The real-space honeycomb structure gives rise to the same
symmetry in reciprocal space, and the two-atom basis per unit
cell (i.e. two sublattices) (figure 3(a)) leads to two inequivalent

U It was not until 1994 that the term ‘graphene’ was coined by Boehm
etal [11].

points in the two-dimensional Brillouin zone (K and K’)
(figure 3(b)). Graphene is a zero-overlap semi-metal—also
referred to as a zero-gap semi-conductor; the valence and the
conduction pi-bands touch at the Fermi level at the K and
K’ points and demonstrate a linear energy dispersion close to
the Fermi energy (within ~1eV) as indicated by the conical
band structure in figure 3(b). The significance of the linear
dispersion was later made apparent by Semenoff [12] (see
also, DiVincenzo and Mele [13]) who showed that close to
the Fermi energy, the electronic properties of graphene could
be described by a (2+1)-dimensional Dirac equation, and that
the fundamental charge-carrier particles in this system were
massless Dirac-Fermions. In this sense, K and K’ are often
referred to as ‘Dirac points’. Semenoff’s contribution was an
enormous breakthrough in the understanding and explanation
of graphene’s exotic properties. In analogy with quantum
electrodynamics (QED), this further led to the prediction
of exotic, pseudo-relativistic phenomena, such as, Klein
tunnelling [14] (i.e. the transmission of the graphene’s charge-
carrier particles through high and wide potential barriers),
quasi-particle pseudospin (a property used to differentiate
between the two graphene sublattices), and chirality [15],
which interconnects, by inversion symmetry, the sublattice k
electron and -k hole states (see also figure 4 and [16]).

In his 1984 paper, Semenoff remarks that ‘..there may
be various types of intercalated or exfoliated graphite where
the interplanar coupling is negligible. Furthermore, it may be
possible to fabricate a graphite monolayer where the effects
which we describe would be observable’ [12]. There were in
fact several attempts to isolate graphene. The first attempts
were based on chemical processes that can be traced back to
Brodie in 1859 [18]. Brodie used oxidizing agents, such as
potassium chlorate and nitric acid to create graphite oxide
from graphite. Graphite oxide is hydrophillic breaking up
into single-layer flakes when placed in water. It was later
determined that further chemical reduction of these flakes
could then lead to graphene.

The first mention of the possibility of graphite monolayers
was by Ruess and Vogt [19] who proposed a method of
achieving this through the thermal decomposition of graphite
oxide. This was then followed by Boehm et al [22,23]
who used chemical reduction of anhydrous graphite oxide
(C30,(0OH),) in a dilute alkali suspension. In forming graphite
oxide, the amount of carbon, and the carbon layers, are
preserved [20, 21], and this is also the case during the process
of chemical reduction. Ruess and Vogt published the first
transmission electron microscopy (TEM) images of few-layer
graphene, which was later followed by Boehm et al’s TEM
investigation and attempt to determine the thickness of various
samples using contrast comparison [5,22,23]—though it is
now accepted not to be possible to distinguish the number
of layers of few-layer graphene using TEM contrast analysis
alone [24]. A later analysis of the electron diffraction spots
of graphene obtained through the chemical treatment of a
graphite oxide colloidal suspension [25] was able to determine
the existence of a monolayer sample [26].

Samples that were obtained using the chemical route that
had started with graphite oxide, showed folding, and later
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Figure 2. Planar (two-dimensional) graphene is the basic building block of other forms of carbon; quasi-zero-dimensional buckyballs (left),
quasi-one-dimensional nanotubes (centre) and three-dimensional graphite (right). Reprinted by permission from Macmillan Publishers Ltd:

Nature Materials [9], copyright 2007.
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Figure 3. (a) The honeycomb lattice structure of graphene showing the two-atom basis. (b) The band structure of bulk graphene showing
the sigma- (red) and pi- (blue) bands, where zero energy refers to the Fermi energy. States below the Fermi energy are filled, whereas those
that are above it are empty. The valence and the conduction pi-bands are shown in the expanded section to touch at the Fermi energy and to
have a linear dispersion about this point. The Brillouin zone of graphene is represented in the insert. Reprinted with permission from [17]

Copyright 2007, American Institute of Physics.

detailed analysis of this technique demonstrated that carboxy
groups remained at the layer edges with hydroxy groups bound
to the carbon atoms in the layers [5]. Consequently, as a result
of the impurity and structural defects, the samples obtained
from the chemical processing of graphite oxide are referred to
as ‘chemically modified graphene’ [27, 28], which is consid-
ered to be structurally and chemically distinct from graphene.

Chemically modified graphene exhibits a reduced electronic
conductivity due to its extensive defects, even when compared
with graphite [27,29]. Other chemical methods to exfoliate
graphite monolayers, for example, using intercalation of highly
oriented pyrolytic graphite (HOPG), also resulted in folding as
demonstrated by Shioyama [30] and then Kaner’s group [31],
with the production of monolayer carbon nanoscrolls.
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Figure 4. (b) A graphene charge-carrier particle approaches a
potential barrier. (a) Shows the corresponding electronic structure,
where green denotes negative pseudospin (—o) and red denotes
positive pseudospin (o) states arising from graphene’s two
sublattices. Electron and hole states are interconnected via the
pseudospin, such that k (-k) electron states that have o (—o)
pseudospin are coupled to -k (k) hole states. The coupling via the
pseudospin facilitates the transmission of the charge carriers through
the potential barrier as illustrated in (b). Figures (a) and (b)
reprinted by permission from Macmillan Publishers Ltd: Nature
physics [16], copyright 2006.

Graphene formation through thermal decomposition of
SiC was first demonstrated and characterized by Van Bommel
et al [32]. This method was later developed and further
interpreted by Forbeaux et al [33], and then employed by
de Heer’s group [34] who were interested in developing
epitaxially grown, graphene- and few-layer graphene-based
electronic devices [35]. Graphene had also been demonstrated
to grow epitaxially onto various metal substrates using
electron and Argon-ion bombardment [36], and then by
chemical vapour deposition through exposing metal surfaces
to hydrocarbon gas at high temperatures [37—40]. It was also
suggested that epitaxially grown graphene could be folded
to achieve various nanogeometry designs using an atomic
force microscope (AFM) or a scanning tunnelling microscope
(STM) tip in a way, which was similar to folding origami
[41]. Such systems were thought to have useful applications
[41]. Nanographenes were also grown by heat-treatment of
nanodiamond precursors onto HOPG substrates [42].

Prior to the 2004 paper by Novoselov and Geim et al , there
had also been other reports on the preparation of thin-samples
of graphite using mechanical methods, beginning with Roscoe
and Thomas [43] who prepared optical microscopy samples
of natural graphite using adhesive tape. Subsequent attempts
to produce thin graphite samples by mechanical methods had
focussed on using these specimens in transport studies, as
it was much easier to contact the larger exfoliated samples
than the chemically produced systems. For example, Seibert
et al [44] used adhesive tape exfoliation of HOPG to obtain
samples with thicknesses of ~350 A. This was followed by

later research by Ohashi ef al [45], and then Lu er al [46,47]
who used the ‘drawing’ method of rubbing graphite islands
patterned from HOPG directly onto other material surfaces, as
well as AFM tip manipulation to transfer thin graphite flakes
onto other substrates, which achieved thicknesses of about
100 nm. Ebbesen’s group [48,49] also prepared thin graphite
microdiscs of between 60 and 100 layer thicknesses.

Gan et al [50] used mechanical cleavage of HOPG
and then STM tip manipulation demonstrating thicknesses
down to two graphite layers. Kim’s group was already very
active at this time, later publishing work, which revealed
their own micromechanical cleavage technique of producing
thin graphite samples (obtaining thicknesses between 10 and
100nm) [51], and later performing transport measurements
[52]. McEuen’s group had also started to fabricate thin
graphite films as quasi-two-dimensional graphite quantum
dots between a few nm to 100 nm thick, upon which they
also performed transport measurements [53]. The stage
was therefore set for what would be Geim and Novoselovs’
pivotal contribution of a simple method to identify and
isolate graphene, leading to sufficient quality and quantity
of the material to enable ground-breaking experimental
measurements.

3. Andre Geim and Konstantin Novoselovs’ Nobel
Prize winning research

Andre Geim is no stranger to exploring new research
directions, having changed his research field several times
during his career. It was perhaps during his postdoc at
Nottingham University in the early 1990s while he was
researching ultrathin metal films grown by molecular beam
epitaxy (MBE) onto GaAlAs, when Geim started to think about
two pivotal concepts; (1) how could one obtain ultrathin and
structurally stable, two-dimensional metallic monocrystals,
and (2) could these systems be used to produce a two-
dimensional metallic transistor? Geim had been impressed
by the remarkable advances in the 1990s in carbon nanotube
research, and namely in the demonstration of carbon nanotube
transistors and transport properties [54-56]. ‘Would it be
possible to do the same thing for an unrolled carbon nanotube?
How can I do something similar, but something different?’, he
wondered. It was the synthesis of these ideas that led Geim
to consider thin-film graphite as one possible candidate for
realizing two-dimensional, carbon-based transistors.

Geim’s interest in the possibility of two-dimensional
carbon-based electronics was further driven by a review paper
by Dresselhaus and Dresselhaus [57] which indicated a large
deficit in understanding of the properties of ultrathin, graphite
films. At that time, two decades after the publication of the
Dresselhaus and Dresselhaus paper, it was still apparent that
a robust technique for producing high-quality, free-standing,
thin-film graphite specimens had not yet been achieved. It
was also thought to be impossible to obtain large enough
samples of thin-film graphite at the very high temperatures
required to grow carbon (~2000 K)—for example, graphene
was calculated to be thermodynamically unstable for sizes
<24000 atoms (or <20nm) [58]. Above this size, and
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Figure 5. (left) an optical image of few-layer graphene with a thickness of approximately 3 nm on a SiO,/Si substrate. (right) an AFM
image of single- and multi-layer graphene on a SiO,/Si substrate. Figure from [1]. Reprinted with permission from AAAS.

graphene will scroll, or form islands, thus taking the form
of a three-dimensional object [48,59]. To highlight the
difficulties in the synthesis of graphene, the largest graphene
macromolecule that had been produced at that time was only
222 carbon atoms in size, or 37 benzene-rings [60].

Geim had become Professor in 2001 at The University
of Manchester. Having just started his appointment, he was
‘looking for something new, which would still be possible’
using his current lab facilities. ‘Friday night experiments’,
which were devised at Nijmegen and later continued at
Manchester after Geim established his microfabrication
facility through EPSRC and university funding, were to
encapsulate the idea of research play. Research play was, and
still is, Geim’s trademark approach, which has led to notable
contributions such as the levitating frog [61], winning Geim
the Ig Nobel prize in 2000 (shared with Professor Sir Michael
Berry), and gecko-tape [62]. Graphene, according to Geim,
began as another ‘Friday night experiment’, which was to
merge at a later stage into the PhD project of his student Da
Jiang in 2002. The initial idea that Geim had was to ‘polish’
a 2.5 cm diameter sample of high-density pyrolytic graphite
(HDPG) down to a few hundred nanometres in thickness using
his newly purchased polishing machine. Although polishing
HDPG did not achieve this aim (only 5-10 pm thick samples
were made), what did emerge was an alternative and very
simple method of using adhesive tape to exfoliate thin-layers
of graphite material from the bulk specimen. The suggestion to
use this method has been attributed to Geim’s senior postdoc,
Oleg Shklyarevskii, who also proposed using HOPG instead
of HDPG due of its superior cleavage properties.

By holding the adhesive tape up to the light, the residue
was seen to be very thin flakes of graphite, some so thin that
they were transparent. Geim recalls the shock of this finding
within the context of his experience with MBE and the known
difficulties in growing monolayer samples [63], namely, that
a surprisingly simple method could be easily used to achieve
what had been perceived to be impossible using conventional
growth techniques, that is, a one-atom-thick sample of
graphene. Graphene, it seemed, could only be obtained from
the three-dimensional state—by being grown epitaxially, and
then later being removed from the substrate, by chemically
separating the graphite layers (chemical exfoliation), or by this
very simple method of ‘sticky-tape’ exfoliation under ambient
conditions. By placing the exfoliated graphite onto a suitable

substrate, such as SiO,/Si, the graphene became visible
through a change in optical contrast relative to the substrate,
which was then confirmed by AFM studies (figures 5(a)
and (b)). After several months of perfecting the exfoliation
technique, the Manchester group had been able to demonstrate
the production of high-quality, micrometre-sized, few-layer
graphene and graphene samples [1], which later approached
almost 1 mm in size. Such samples were of sufficient quality
and large enough to be used in ground-breaking transport
measurements.

The ‘sticky-tape’ exfoliation of graphite and the
production of few-layer and single-layer graphene samples
were the start of a series of experiments that led to the
Nobel prize-winning research. Konstantin Novoselov, who
had been Geim’s PhD student at Nijmegen in the Netherlands,
had followed Geim to the University of Manchester and was
instrumental in the making of the first few-layer graphene
devices. These devices were first made on glass slides and
then onto oxidized silicon wafers. Requiring enormous skill
to work on such a small scale, Noveselov hand-made the first
devices by placing silver contacts onto the 50 x 100 pum? few-
layer graphene sample using a toothpick. In August 2003,
the group had produced the first working few-layer graphene
devices, which demonstrated metallic transistor properties,
with the resistance changing as much as 3% as a function of
the gate voltage V, (figure 6). Although this was a modest
on-off response, it did, however, demonstrate the potential of
these systems, particularly as these first devices were not made
under ideal, nor high-tech conditions.

The next step was to go from the rudimentary sample
to using sophisticated fabrication techniques (i.e. lithography,
etc) to produce high-quality, single and few-layer graphene
devices (see also [1]). The 2D transport characteristics of
the few-layer graphene were confirmed through studies of
the Shubnikov—de Haas oscillations (SdHOs), which were
found to depend upon only the perpendicular component
of the applied magnetic field [1]. The SdHO frequencies
were also seen to be proportional to V; (figure 7(a)), which
implied that the Fermi energies were linearly proportional
to the concentration of charge carriers (electrons or holes).
Linear conductivity characteristics as a function of 'V, were also
measured on few-layer graphene (figure 7(b)). An ambipolar
field effect, reminiscent of semi-conductor systems, was also
reported. By changing the gate voltage via an external electric
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Figure 6. (a) An optical image of a few-layer graphene device made by Konstantin Novoselov () Extract from Konstantin Novoselov’s lab
book. Reprinted with permission from Geim [64].
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Figure 7. (a) SAHO frequencies Br(T') as a function of the gate voltage V, for a few-layer graphene device. Solid and open symbols
correspond to systems with band overlaps of 6 meV and 20 meV, respectively. (b) Linear conductivity o as a function of V, for a few-layer
graphene device measured at 70 K. (¢) Corresponding Hall coefficient Ry as a function of V,, demonstrating the ambipolar field effect of the
few-layer graphene device. The change in sign of Ry from positive to negative as a function of V, represents a change in charge-carrier types
from holes (positive Ry) to electrons (negative Ry). The positive value of V,, which corresponds to the minimum conductivity and change
in sign of Ry, was found to be due to impurity doping effects. Figures (a), (b) and (c) from [1]. Reprinted with permission from AAAS.



J. Phys. D: Appl. Phys. 44 (2011) 473001

Topical Review

3 1/R, (TkQ™)
: 10
\-. ‘u
\
2 \'w. ."‘
-~ i / 10K
ﬁ “x_ I,-"I Vg (V)
= \ / | |
" T >
\ / -50 50
\
\ /
Ay
D T T T T
100 -50 0O 50 100 =10
(a) VaV) (b)

Figure 8. (a) Conductivity o as a function of the gate voltage V, for

graphene measured at 10 K. The sample has been carefully annealed to

remove impurities, hence the minimum conductivity occurs at V, = 0. (b) Corresponding Hall coefficient measurements. Figures (a) and
(b) reprinted by permission from Macmillan Publishers Ltd: Nature [3], copyright 2005.

field, the properties of the few-layer graphene system could be
changed from a metal that has hole or electron charge carriers
at high concentrations, through a mixed state containing
both electrons and holes, that has a minimum conductivity
(figures 7(b) and (c)) [1]. The carefully made, few-layer
graphene devices demonstrated an improved on-off resistance
ratio of up to 30% at room temperature compared with the
systems, which were originally prepared [1]. These systems
exhibited astonishing electronic quality, with mobilities up
to 15000cm?> Vs~ and charge-carrier concentrations of
n ~ 5 x 102 ecm™2 [1]—the result being ballistic transport
(conductivity without scattering) on a submicrometre scale
under ambient conditions!?

4. Lifting the Veil on graphene

Subsequent work on graphene continued to reveal its
remarkable properties. In 2005, the Manchester group
published conductivity results for graphene as a function of the
gate voltage V, showing the linear conductivity relationship
and minimum conductivity [2]. This was then followed
by more detailed transport results, which showed not only
the conductivity (figure 8(a)) but also the change in sign
of the Hall coefficient as a function of V, (figure 8(b)) [3].
Similar to the few-layer graphene system, the conductivity
of graphene was found to be directly proportional to Vi,
and therefore also to the number of charge carriers, with
charge densities of 7.2 x 10'°cm? V~! being measured [2].
The minimum conductivity was found to be approximately
(4€?)/h in the limit of no charge carriers’, which is the
case at V, = 0, and corresponds to the Fermi level at the

2 Some details in this section were sourced from [64].

3 The minimum conductivity was later shown to be a function of the amount
of impurities in graphene [66]. Theory predicts that the minimum conductivity
should be (4¢?)/(mh) in the limit of vanishing disorder [67], although
experiments have shown that this value can only be achieved for graphene
of certain sizes and shapes [68,69]. For a long time, this discrepancy was
known as ‘the case of the missing 7’.

Dirac point [3]. Analysis of the Hall coefficient Ry as a
function of V, revealed ambipolar properties that were in
keeping with the previously reported properties of few-layer
graphene. Ballistic transport at submicrometre scales under
ambient conditions was also achieved, with mobilities up to
15000 cm? V="' s~! in the temperature range 10-100 K. Both
the minimum conductivity and the mobility were found to be
independent of the temperature for measurements between 10
and 100K [3].

The Manchester group confirmed that the electron
transport of graphene could be related to the relativistic
properties of massless charge-carrier particles, also referred to
as Dirac—Fermions [3]. Further characterization of graphene
involved the study of SdHOs, which, unlike few-layer
graphene, showed the same type of behaviour for both electrons
and holes [3]. By studying the SAHO amplitude as a function of
temperature, it was determined that the charge carriers have a
finite cyclotron mass m., which varies as the square root of the
charge-carrier concentration, despite having a zero rest mass as
indicated by the linear, low-energy dispersion. Further studies
involving the SAHO frequency revealed that graphene’s charge
carriers travel at an effective speed of light corresponding to
cx ~ 10°ms™!, where m. = E /cx* [3].

Atlow temperatures, the Hall conductivity o, in graphene
has an anomalous effect, namely the half-integer quantum Hall
effect (QHE), which is seen to be direct evidence of QED-like
behaviour in this system. A quantized Landau level at zero
energy is utilized by both electron and holes, which means
that for Dirac-Fermions this level has half the degeneracy of
the other levels, hence, this can be related to the two-fold
degeneracy of the pseudospin. The anomalous half-integer
property therefore results from the halved degeneracy of the
zero-energy Landau level (figure 9). These observations were
also independently made and documented at the same time in
the work of Kim’s group (see also [52]).4

4 In2007 Novoselov et al also reported measurements of the QHE in graphene
at room temperature [65].
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Figure 9. Hall conductivity o, and corresponding longitudinal
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n measured at B = 14T and T = 4 K. The anomalous half-integer
property of the quantum Hall effect (QHE) is explained by the
halved degeneracy of the zero-energy Landau level. The insert
shows the Hall conductivity for bilayer graphene, which, in
comparison, exhibits an integer QHE. Reprinted by permission from
Macmillan Publishers Ltd: Nature [3], copyright 2005.

5. Recent developments and future directions

As these early papers demonstrate, graphene has remarkable
properties, resulting from its unique Dirac-like, electronic
spectrum and excellent material quality. Graphene’s charge-
carrier mobilities have been measured more recently to be more
than 40000 cm? V~! s~! on a Si0,/Si substrate [70, 71] and up
to 150000 cm? V~! s~! on a substrate, containing boron nitride
between the graphene and SiO, [71]. Chen et al showed
that the mobility of graphene could be limited by impurity
scattering due to the substrate, and that its intrinsic (phonon-
limited mobility) would be greater than 200000 cm? V! s~!in
suspended graphene (i.e. graphene with no substrate support)
at 300 K [70]°. This was later measured and verified by Bolotin
et al showing graphene’s intrinsic mobility to be more than 100
times that of silicon [72].

Graphene has a current density, which is a measure of
the density of flow of charged carrier particles, that is a
million times that of copper [74], and boasts a micrometre-
range mean-free path, which is the longest measured for any
material [72]. Graphene’s impressive electronic properties
can be explained by its remarkable relativistic characteristics,
namely, its massless Dirac-like charge carriers, which are
able to penetrate high and wide potential barriers [75,76]
and exhibit Klein tunnelling [14] (see also section 2 and
figure 4). The high charge-carrier mobilities in graphene
are not affected by the large carrier concentrations that are
induced by an applied gate voltage, nor are they affected by
chemical doping [77]. A band-gap can also be induced by

5 It is currently understood that charge-carrier mobilities in suspended
graphene are primarily limited by out of plane vibrations, known as flexural
phonons [73].

confinement effects in making nanoscale graphene, through
substrate interactions [78] or by molecule adsorption [79].
All of these properties make graphene an excellent material
for future electronic applications, having perhaps the highest
potential for realizing ballistic devices at room temperature [9].

Graphene has a very high optical transmission with only
2.3% absorption of white light [80]. Optical properties,
such as the optical transmission [81] (figure 10) and infrared
reflectivity [82] can be tuned as a function of the applied
voltage. Hence, graphene also lends itself nicely to photonic
applications, such as liquid crystal displays [81] and touch-
screens [83], which have recently become a possibility with the
advent of CVD-grown graphene sheets that are approaching
a metre in size [84-86]. Graphene’s optical properties have
also found application as transparent, conductive electrodes,
with application in liquid crystals [87] and solar cell systems
[88,89]. Graphene has also been used in light emitting
diodes [90] and can now be transferred and placed onto TEM
supports (figure 11(a)) to enable the visualization of atoms,
molecules [91] and biological materials [92] (figure 11(b)).
For a detailed review of graphene’s optical properties and
potential applications, see Bonaccorso et al [93].

Continuing work on graphene has also revealed its
impressive structural properties, namely, that it is the strongest
material ever measured (~42Nm~!) [94], it is also the
stiffest known material (Young’s modulus ~1.0TPa) [94]
and is structurally stable, perhaps even down to a single
benzene ring [9] therefore opening the door to the design of
future, ultra-small devices by top-down, lithography patterned
approaches. On the nanoscale, graphene is a semi-conductor,
and when made into nanometre-width ribbons demonstrates a
tunable band-gap, which varies inversely as a function of the
ribbon-width [95-97]. The band-gap properties of graphene
nanoribbons are being exploited in the fabrication of nano-
sized field effect transistors [98]. Single electron transistors
[99, 100] have also been demonstrated.

Speeds of between 100 and 300 GHz have been measured
for graphene-based field effect transistors operating at room
temperature under ambient conditions [101, 102]. This has
been followed by a recent report of the first room temperature,
fully integrated graphene circuit [103]. Investigations into
magnetic device applications of graphene are also underway,
with the demonstration of graphene spin-valves [104, 105],
flash memory [106] and current-induced magnetism in
graphene, which may have application in spintronics [107].
Top-down fabrication processes often result in structural
disorder, which can radically alter the properties of these
systems, with edge-quality in nanoscale graphene being seen
as a limiting factor in the development of devices [108, 109].
Bottom-up synthesis methods such as templated epitaxial
growth [110] or chemical synthesis [111] may therefore
provide future solutions to producing structurally pristine,
nanoscale graphene.

Despite being one atom thick, graphene has been
demonstrated to be enormously flexible. Graphene can be
stretched elastically on a silicone substrate up to 6% [90, 112],
with a failure strain of up to 12%. When graphene is transferred
to a pre-strained silicone substrate it can be stretched even
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Figure 10. (a) A 50 um aperture partially covered with graphene and bilayer graphene showing the intensity of the transmitted light. (b)
The transmitted light through a graphene liquid crystal device as a function of the applied voltage V across the cell. Figures (a) from [80].
Reprinted with permission from AAAS. Figure (b) reprinted (adapted) with permission from [81]. Copyright (2008) American Chemical

Society.

Figure 11. (a) A bright-field TEM image of suspended graphene on a metal scaffold. (b) A TEM image of graphene with tobacco mosaic
virus visualized on top. Figure (a) is reprinted by permission from Macmillan Publishers Ltd: Nature [24], copyright 2007. Figure () is
reprinted with permission from [92]. Copyright 2010, American Institute of Physics.

further, up to 25%. The measured resistance in graphene was
found to remain stable up to 11% stretching, with an order
of magnitude change at approximately 25% stretching [112].
Many of graphene’s properties arising from its band structure,
namely its electronic and optical properties remain stable under
stretched conditions, therefore lending graphene to application
in the new field of ‘flexible’ electronics [86, 112—114].

As well as its structural and electronic properties,
graphene’s thermal properties have also been measured
recently and are equally impressive. Graphene has been
reported to have a record thermal conductivity, which is
higher than diamond at ~5300 Wm~! K~!, thus it has the
potential to be used as a thermal control material in electronic
devices [115]. Graphene’s chemical properties have also been
exploited, with one of graphene’s first applications being as a
gas sensor [77, 116]. New spin-off materials have been made
using graphene’s chemistry, namely hydrogenated graphene,
or graphane [117] and also more recently flurographene

(graphene + fluorine) [118], the two-dimensional version
of Teflon, with both materials demonstrating insulating
properties. Graphene can not only be grown on a variety
of substrates, it can also be transferred to any type of
substrate [119, 120], therefore opening up further possibilities
of realizing new graphene-based effects.

Despite the substantial progress in the development of
graphene-based transistors and other devices there are still
many challenges that need to be overcome before practical
implementations or commercial products can be made [108].
The rapid progress demonstrated thus far remains remarkable,
and given the intensity of research, the realization of future
graphene-based products, such as ‘graphenium chips’, may
not be too far away.

As Geim remarked at the end of his Nobel lecture,
‘Graphene is like the ‘Philosopher’s stone’ ... ‘Whenever you
‘touch any phenomena’ with graphene, then there is always
something new and something unique. It is really a very rich
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system, which we have not experienced before’ [64]. The
world now eagerly awaits the future prospects and creations
that lie ahead on the graphene horizon.
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