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Preface

Graphene burst onto the world science scene as the new miracle material
in 2004. It caught the imagination of the general public as well as materials
scientists. Who would have thought 50 years ago that it would possible to
image a single layer of atoms?

The excitement of the discovery was reminiscent of the discovery of
high-temperature superconductors in 1986, with hundreds of scientists
trying to push the superconducting onset temperature 7, up to room
temperature. Alex Miiller and Georg Bednorz took the record for the
fastest Nobel Prize when they were awarded the Nobel Prize for Physics
the following year (1987). Unfortunately, 7. never got to room temperature
(at least so far), although high-T, superconductors are in service in many
practical applications.

The Nobel Prize for graphene to Andrei Geim and Kostya Novoselov
was not so immediate,but at 6 years after their discovery it was still unusually
rapid. As is usually the case, other groups were working at the same time
to achieve the same goal. Here the goal was separating from a graphite
crystal just a single plane, the now familiar hexagonal pattern of a single
layer of carbon atoms. One of the promising ideas considered at Columbia
University by Philip Kim’s group was using an Atomic Force Microscopy
(AFM) instrument tip made of graphite and pressing it against a substrate
in the hope that some trace of graphite might be a single graphitic plane.

Finally, the method successfully used by Geim and Novoselov to separate
graphene layers was hardly at the cutting edge of technology, in fact just
the opposite — a piece of sticky tape took with it layers of graphene when
it was pulled off a piece of graphite. Some of the carbon layers were one
atom thick (monolayers), others bilayers or multilayers. In fact, it turns out
that we have all made graphene monolayers just by writing on paper with
a graphite pencil — but we didn’t know it! The problem is not so much
forming graphene sheets but identifying their existence.

Was it good luck that the silicon substrate that was used for depositing
graphene was covered with 300nm oxide layer? It became clear later that
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this was the best substrate which, under an optical microscope, yielded very
strong contrast owing to favourable interference of light reflected from the
bottom and top interfaces of the silicon oxide layer. Geim and Novoselov
and their team were able in this way to identify the number of layers of
graphene on a silicon substrate.

But why was this discovery worthy of the Nobel Prize? Most importantly,
Geim and Novoselov with contributions from others went on to perform
many experiments that demonstrated what an amazingly novel material
graphene is. It was these ‘groundbreaking experiments’ revealing the
behaviour of electrons in a two-dimensional (2D) material that had not
been observed previously that amply justified the Nobel Prize. In addition,
the large variety of possibilities for applications of graphene owing to its
great strength as well as its unusual electronic properties over a wide range
of temperatures mean that graphene is or will be incorporated in many
devices for use in our everyday life.

Regarding graphene, the theorists were far ahead of experiments. The
now-famous paper of the Canadian physicist Philip Wallace in 1947
calculated the electronic band structure of electrons in a 2D graphene layer
(i.e. the energy of the different available states of the electrons in the layer).
This calculation is much easier for the 2D graphene sheet than for 3D
graphite. Wallace showed that the band structure of graphene is quite
different from that in ordinary metals or semiconductors. Graphene could
be called a metal with zero density of states at Fermi level or, equally well,
it could be called a semiconductor with a zero band gap.

This band structure of graphene means that its properties can be
dramatically altered and controlled by doping that can be provided either
through a field effect transistor (FET) device or by chemical or electrochemical
approaches. Thus, the graphene layer can be used for various applications in
electronics.

We should mention that other novel forms of carbon closely related to
graphene have been discovered, in fact before graphene. A structural
modification leads to a change in the electronic properties of the material.
This is why each member of the ‘graphene family’ has its own character and
a different perspective for industrial application. The important modified
structures based on graphene are fullerenes (miniature carbon ‘soccer balls’
formed by changing specific hexagons to pentagons), nanohorns of conical
shapes, nanowalls grown perpendicular to the substrate, and nanofoam with
the topology extended to 3D space.

Carbon nanotubes deserve special attention: if a sheet of graphene is
rolled up with the carbon atoms on opposite edges matched up, a carbon
nanotube is formed. These hollow carbon tubes can be single-wall with
diameters down to less than one nanometre, or could consist of multiple
shells (multiwall carbon nanotubes). Carbon nanotubes, like graphene, have
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arange of very attractive properties, such as, for example, strength, flexibility,
and electrical and thermal conduction, that are finding applications in
nanoscale electronics and composite materials. In this respect, carbon
nanotubes represent the most serious competitor to graphene.

In this book, the articles take an in-depth look at the key aspects of
graphene, both a single layer of graphene (monolayer) as well as bilayers
and few-layer graphene. We start with chapters that introduce the most
developed methods of preparation of graphene in Part I. The methods
discussed are epitaxial growth of graphene through thermal decomposition
of a SiC crystal, chemical vapour deposition growth of large-area graphene
on catalytic substrates, and layer-exfoliation from graphite using chemical
and electrochemical routes. Each of the methods produces graphene of
different quality, size, and amount. In order to evaluate these factors we
need to characterize synthesized graphene.

Part II contains chapters describing the most powerful techniques for
characterization of graphene atomic and electronic structures. The principles
and applications of particular characterization techniques are discussed.
Transmission electron microscopy visualises the structure of suspended
graphene down to the atomic level, giving information on crystalline grain
size and structural defects as well as chemical modifications. Scanning
tunnelling microscopy can give an atomic resolution image of graphene
either grown in situ or transferred onto a conductive surface. In the
spectroscopy mode, the electronic structure of graphene under various
environmental conditions can be obtained through recording differential
conductivity while sweeping the bias voltage between the conductive tip
and substrate. Raman and photoemission spectroscopies provide us with a
detailed picture of electronic structure that is affected by structural disorder,
bending and thickness. Important insight into these spectroscopic methods
is offered by the two last chapters in Part II.

The focus of Part III is on electronic transport in monolayer and in
bilayer graphene and on electronic devices towards applications. In addition
to presenting the unusual and fascinating electronic transport properties,
the effect of absorbents on electronic transport is analysed. Quantum
(single-electron) transport through a constricted area of graphene and a
very strong effect of electronic disorder on the transport properties are
discussed in a separate chapter. The final chapters cover graphene spintronics
and graphene nanoelectromechanical systems (NEMS) where graphene is
shown to be a promising material for these technological applications.






Part |

1.1
1.2

1.3
1.4
1.5
1.6

1.7
1.8

2.1
2.2

Contents

Contributor contact details

Woodhead Publishing Series in Electronic and
Optical Materials

Preface

Preparation of graphene

Epitaxial growth of graphene on silicon carbide (SiC)
H. Huang, National University of Singapore, Singapore,
S. CHEeN, Nanyang Technological University, Singapore
and A. T. S. WEe and W. CHEN, National University of
Singapore, Singapore

Introduction

Ultrahigh vacuum (UHV) thermal decomposition of
single-crystal SiC

Thermal decomposition of single-crystal SiC under
ambient pressure conditions

Thermal decomposition of single-crystal SiC thin films
and polycrystalline SiC substrates

Epitaxial graphene formed by intercalation
Conclusion

Acknowledgements

References

Chemical vapor deposition (CVD) growth of
graphene films

O. FraNK and M. KALBAC, J. Heyrovsky Institute of
Physical Chemistry of the AS CR, v. v. i., Czech Republic

Introduction
Chemical vapor deposition (CVD) on nickel

xi

xv
xxi

15

18
20
21
22
22

27

27
28



Vi

2.3
24
2.5
2.6
2.7
2.8
29

3.1
3.2
33
34
35
3.6

3.7
38
39

4.1
4.2

4.3
4.4
4.5
4.6

Part Il

3.1
5.2
5.3

Contents

Graphene with large domain sizes on copper
Growth on copper single crystals
Periodically stacked multilayers

Isotope labeling of CVD graphene
Conclusion

Acknowledgment

References

Chemically derived graphene
R. S. SuNDARAM, Max Planck Institute for Solid State
Research, Germany and University of Cambridge, UK

Introduction

Synthesis of graphene oxide (GO)

Reduction of graphene oxide (GO)
Physicochemical structure of graphene oxide (GO)
Electrical transport in graphene oxide (GO)
Applications of graphene oxide/reduced graphene
oxide (GO/RGO)

Conclusion

Acknowledgements

References

Graphene produced by electrochemical exfoliation
S. Bosk, T. Kuira, N. H. Kim and J. H. LEg, Chonbuk
National University, Republic of Korea

Introduction

Synthesis of graphene by electrochemical exfoliation:

a basic concept

Applications of graphene and graphene-based materials
Conclusion

Acknowledgments

References

Characterisation of graphene

Transmission electron microscopy (TEM) of graphene
J. C. MEYER, University of Vienna, Austria

Introduction
Graphene structure basics
Electron diffraction analysis of graphene

31
34
36
38
42
42
42

50

50
52
53
54
60

64
72
72
72

81

81

83
93
94
95
95

99

101

101
104
105



54

5.5
5.6
5.7

6.1
6.2

6.3

6.4

6.5
6.6
6.7

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8

8.1
8.2

Contents

Graphene and defects in graphene observed by
aberration-corrected transmission electron microscopy
(TEM) and scanning transmission electron microscopy
(STEM)

Insights from electron microscopic studies of graphene
Conclusion

References

Scanning tunneling microscopy (STM) of graphene
A. L. VAzZQUEZ DE PArRGA and R. MIRANDA, Autonomous
University of Madrid, Spain and Madrid Institute for
Advanced Studies in Nanoscience, Spain

Introduction

Morphology, perfection and electronic structure of
graphene flakes deposited on inert substrates
Morphology, perfection and electronic structure of
graphene epitaxially grown on semiconductor and
metallic substrates

Scanning tunneling microscopy (STM)/scanning
tunneling spectroscopy (STS) of point defects
STM/STS on graphene nanoribbons (GNR)
Conclusion

References

Raman spectroscopy of graphene
M. HuLMAN, International Laser Center and
Danubia NanoTech, Slovak Republic

Introduction

Principles of Raman scattering
Phonons in graphene

Electronic structure of graphene
Raman spectrum of graphene
Conclusion

Acknowledgement

References

Photoemission of low-dimensional carbon systems
P. AvaLA, University of Vienna, Austria

Introduction
Photoemission spectroscopy

Vil

107
112
118
119

124

124

125

131

146
148
150
150

156

156
157
160
162
165
181
181
181

184

184
185



Vil Contents

83 Accessing the electronic properties of carbon sp’

hybridized systems: the Cls core level 190
8.4 Chemical state identification: inspection of bonding

environments 193
8.5 Valence-band electronic structure 194
8.6 Conclusion 194
8.7 Acknowledgement 195
8.8 References 195
Part Il Electronic transport properties of graphene

and graphene devices 197
9 Electronic transport in graphene: towards

high mobility 199

K. I. BoLortiN, Vanderbilt University, USA
9.1 Introduction 199
9.2 Metrics for scattering strength 200
9.3 Methods of graphene synthesis 204
9.4 Sources of scattering in graphene 205
9.5 Approaches to increase carrier mobility 211
9.6 Physical phenomena in high-mobility graphene 219
9.7 Conclusion 221
9.8 Acknowledgments 221
9.9 References 222
10 Electronic transport in bilayer graphene 228

R. AsGari, Institute for Research in Fundamental
Sciences (IPM), Iran

10.1 Introduction 228
10.2  Historical development of bilayer graphene 230
10.3 Transport properties in bilayer graphene systems 235
10.4 Many-body effects of transport properties in

bilayer graphene 246
10.5 Conclusion 260
10.6 References 261
1 Effect of adsorbents on electronic transport in

graphene 265

Y. C. LiN and P. W. CHiu, National Tsing Hua
University, Republic of China

111 Introduction 265
11.2 Interaction of adsorbates with graphene 266



11.3
11.4

115
11.6
11.7

12

12.1
12.2
12.3
12.4
12.5
12.6
12.7

13

13.1
13.2
13.3

13.4
13.5

14

14.1
14.2
14.3
14.4

14.5
14.6
14.7
14.8

Contents

Transfer-induced metal and molecule adsorptions
Influence of adsorbates on graphene field-effect
transistors

Removal of polymer residues on graphene
Conclusion

References

Single-charge transport in graphene
D. S. LEE, Korea Institute of Science and Technology
(KIST), South Korea

Introduction

Single-charge tunneling

Electrical properties of graphene
Single-charge tunneling in graphene
Charge localization in graphene
Conclusion

References

Graphene spintronics
M. SHirAIsHI, Osaka University, Japan

Introduction

Theories and important concepts

Experiments for generating pure spin current and the
physical properties of pure spin current

Conclusion and future trends

References

Graphene nanoelectromechanics (NEMS)
Z.. MOKTADIR, Southampton University, UK

Introduction

Graphene versus silicon

Graphene mechanical attributes
Fabrication technology for graphene
microelectromechanical systems (MEMS)
Graphene nanoresonators

Graphene nanomechanical sensors
Conclusion and future trends

References

Index

IX

268

274
279
287
287

292

292
293
296
302
311
317
317

324

324
326

330
337
339

341

341
342
343

346
349
356
358
358

363






Contributor contact details

(* = main contact)

Editors

Viera Skdkalova*

University of Vienna

Faculty of Physics

Physics of Nanostructured
Materials

Boltzmanngasse 5

1090 Vienna, Austria

E-mail: viera.skakalova@univie.
ac.at

Alan B. Kaiser

MacDiarmid Institute for
Advanced Materials and
Nanotechnology

School of Chemical and Physical
Sciences

Victoria University of Wellington

Kelburn Parade

Wellington, New Zealand

E-mail: Alan.Kaiser@vuw.ac.nz

Chapter 1

Han Huang and Andrew Thye
Shen Wee

Department of Physics

National University of Singapore

2 Science Drive 3

Singapore, 117542

Shi Chen

Division of Physics and Applied
Physics

Nanyang Technological University

21 Nanyang Link

Singapore 637371

Wei Chen*

Department of Physics and
Department of Chemistry

National University of Singapore

2 Science Drive 3

Singapore, 117542

E-mail: phycw@nus.edu.sg

Xi



Xii Contributor contact detalls
Chapter 2

Otakar Frank

Department of Electrochemical
Materials

J. Heyrovsky Institute of Physical
Chemistry of the AS CR, v. v. i.

Dolejskova 2155/3

Prague 8

CZ-182 23, Czech Republic

E-mail: otakar.frank@jh-inst.cas.cz

Martin Kalbac*

Department of Low-Dimensional
Systems

J. Heyrovsky Institute of Physical
Chemistry of the AS CR, v. v. i.

Dolejskova 2155/3

Prague 8

CZ-182 23, Czech Republic

E-mail: martin.kalbac@jh-inst.cas.cz

Chapter 3

Ravi S. Sundaram

University of Cambridge

Center for Advanced Photonics
and Electronics

9 JJ Thomson Avenue,

CB3 0FA, Cambridge

UK

E-mail: rss55@cam.ac.uk

Chapter 4

Saswata Bose, Tapas Kuila, Nam
Hoon Kim and Joong Hee Lee*

Department of BIN Fusion
Technology and Department of
Polymer Nano Science and
Technology

Chonbuk National University

Jeonju, Jeonbuk, 561-756, Republic
of Korea

E-mail: jhl@chonbuk.ac.kr;
jhl@jbnu.ac.kr

Chapter 5

Jannik C. Meyer

University of Vienna

Faculty of Physics

Physics of Nanostructured materials
Boltzmanngasse 5

1090 Vienna, Austria

E-mail: Jannik.meyer@univie.ac.at

Chapter 6

Amadeo L. Vazquez de Parga* and
Rodolfo Miranda

Condensed Matter Physics
Department

Autonomous University of Madrid

Cantoblanco 28049

Madrid, Spain

and

Madrid Institute for Advanced
Studies in Nanoscience
(IMDEA-Nanociencia)

Cantoblanco 28049

Madrid, Spain

E-mail: al.vazquezdeparga@uam.es;
rodolfo.miranda@imdea.org



