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The making of a fullerene
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1. Take graphene
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2. Add a pentagon
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3. Add a few more!
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  Carbon 
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one dimensional

Friday, February 26, 2010



  Carbon 
Nanotubes:
one dimensional

Friday, February 26, 2010



Beautiful… and useful !
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Beautiful… and useful !

Microscopic electric cables
Nanomechanical Resonators
Chemical sensors
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Graphite
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Graphite
Stacked graphene!
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5 µm
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5 µm

Graphene has been produced 
since the pencil was invented 

in England in 1564 !
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From 1564 to 2004 !
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by Philip Kim
Recipe for making a graphene transistor
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by Philip Kim
Recipe for making a graphene transistor
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Plus some nanotechnology…

2µm

optical image
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Plus some nanotechnology…

2µm

   SiO2

Si

Au contacts

graphite

optical image
SEM image
design 
contacts and mesa
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Exfoliation
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Growth on SiC

Berger et al., J. Phys. Chem. B, 2004, 108 (52)

Exfoliation
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Growth on SiC

Growth by CVD

Kim et al., Nature 457, 706-710 (2009)

Berger et al., J. Phys. Chem. B, 2004, 108 (52)

Exfoliation
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Growth on SiC

Growth by CVD

Kim et al., Nature 457, 706-710 (2009)

Berger et al., J. Phys. Chem. B, 2004, 108 (52)

Exfoliation
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What is so special about graphene ?
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What is so special about graphene ?

Normal conductor Fermions

Friday, February 26, 2010



What is so special about graphene ?

Normal conductor

Graphene

Fermions

Friday, February 26, 2010



What is so special about graphene ?

Normal conductor

Graphene

Dirac fermions

Fermions
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What is so special about graphene ?

Normal conductor

Graphene

But how ???

Dirac fermions

Fermions
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Quantum Mechanics

Wave-particle duality

particle
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Quantum Mechanics

Wave-particle duality

particle
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Quantum Mechanics

Wave-particle duality

particle wave
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Quantum Mechanics

Wave-particle duality

Interference
particle wave

Dirac fermions are 
the final result!   
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What is the proof that Dirac fermions exist in graphene?
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What is the proof that Dirac fermions exist in graphene?
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Graphene: Most Popular Material
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rank search word frequency

1 graphene ~3.0

2 cancer ~2.0

3 HIV 1.3

4 apoptosis 1.03

5 obesity 1.0

searches on all Nature websites during 2009
courtesy of Dr Peter Rogers (editor of Nature)
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The Big-Bang Theory 
Episode: “Einstein’s Approximation”
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Paco Guinea Nuno Peres Kostya
Novoselov

Andre Geim 
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Electrons propagate just as light does.

Relativity at very low speed of light”

Weirdness of Quantum Physics 
  plus Relativity!                
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ClassicalCollision with a barrier
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Classical
R=1

Collision with a barrier
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Classical

Quantum

R=1

R<1,T<1
R+T=1 

Collision with a barrier
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Atomic Physics
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Atomic Physics

Friday, February 26, 2010



Z
Z

Atomic Physics

Friday, February 26, 2010



Z
Z

Atomic Physics

Friday, February 26, 2010



Z
Z

Z
Positron emission

Overcritical
Atom     

Atomic Physics
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heavy ion collisions      neutron stars   
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But in graphene:

Z
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But in graphene:
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But in graphene:
Atoms become overcritical easily

Z
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But in graphene:
Atoms become overcritical easily

Z
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Use a scanning tunneling 
microscope,for a “high-

energy experiment     
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Resonances
indicate    

emission of  
anti-particles
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Graphene is a soft material
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Graphene is a soft material
“Relativistic” particles propagate 

in curved space               
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Graphene is a soft material

+
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Graphene is a soft material
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 Now …      
Let us go back 

to Earth       
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 Now …      
Let us go back 

to Earth       

What about 
applications ?
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Tukwila (Intel)   
February 2008   

2 billion transistors
speed: 2 GHz    

65 nm transistors 

21.5 m
m

32.5 mm
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First Ge transistor

Modern Si MOSFET

?
? ?

?
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Graphene Quantum Dots
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Graphene Quantum Dots

Friday, February 26, 2010



Miniaturization down to 1 nm : a few benzene rings
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Graphene Bilayer
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Graphene Bilayer
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Dirac Cone

GAP
Electric Field Tunneling

Graphene Bilayer
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Graphene Bilayer

Semiconductor tunable
by electric field effect
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Graphene Bilayer

Semiconductor tunable
by electric field effect
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Hype or Hope ?
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Detection of individual gas molecules adsorbed on graphene
F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Katsnelson & K. S. Novoselov

Nature Mater 6 (9): 652–655.

Hype or Hope ?
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Fine Structure Constant Defines Visual Transparency of Graphene
R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, A. K. Geim

Science 320: 1308.
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Fine Structure Constant Defines Visual Transparency of Graphene
R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber, N. M. R. Peres, A. K. Geim

Science 320: 1308.

Transparent, Conductive Graphene Electrodes for Dye-Sensitized Solar Cells
Xuan Wang, Linjie Zhi, and Klaus Müllen

Nano Letters 8 (1): 323.
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Graphene-Based Single-Bacterium Resolution Biodevice and DNA Transistor: 
Interfacing Graphene Derivatives with Nanoscale and Microscale Biocomponents

Nihar Mohanty and Vikas Berry
Nano Letters 8: 4469–76
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Graphene-Based Ultracapacitors
Meryl D. Stoller, Sungjin Park, Yanwu Zhu, Jinho An and Rodney S. Ruof

Nano Lett 8 (10): 3498.

Graphene-Based Single-Bacterium Resolution Biodevice and DNA Transistor: 
Interfacing Graphene Derivatives with Nanoscale and Microscale Biocomponents

Nihar Mohanty and Vikas Berry
Nano Letters 8: 4469–76
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Graphene and Mobile Ions: The Key to All-Plastic, 
Solution-Processed Light-Emitting Devices

Piotr Matyba, Hisato Yamaguchi, Goki Eda, Manish Chhowalla, Ludvig Edman and Nathaniel D. Robinson
ACS Nano, 2010, 4 (2), pp 637–642
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Rapid Sequencing of Individual DNA Molecules in Graphene Nanogaps
Henk W. Ch. Postma

Nano Lett., 2010, 10 (2), pp 420–425

Friday, February 26, 2010



41

Friday, February 26, 2010



41

Reality
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Future Directions for Graphene Research
Chemistry and Materials Science
Tailoring graphene’s electronic properties: 
             Paper-cutting: Structural engineering
             Decorating: Band structure engineering
             Origami: Strain engineering
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The rise of graphene… Much more to come ….
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