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Graphene: a single layer of carbon atoms

  3 electrons to bind to other 3 atoms and keep one to share with everybody:
METALLIC STATE and GOOD CONDUCTOR IN THE PLANE



  

Hybridization of carbon atoms

SemiMetal
Insulator



  

Carbon: 0D, 1D, 2D and 3D configurations 
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Diamond
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Fullerenes

Graphene

Metal or semiconductor

Novoselov, Geim 2004
Nobel prize 2010

Curl, Kroto, Smalley 1985
Nobel prize 1996

C60

Multi-wall   1991
Single-wall 1993



  

Carbon nanotubes: metallic or insulator?



  

Carbon nanotubes: metallic or insulator?



  

Why graphene for the future technology?

1- High Electrical conductivity
Sheet conductivity of a 2D material 

 σ = enµ
The mobility is  µ=15.000*-200,000 cm2/Vs   
with a carrier density of n=1012 cm−2. 
2D sheet resistivity        = 31 Ω
The resistivity is dominated by impurity 
scattering (independet from temperture 10-
100K) and limited by acoustic phonons 
scattering 
*Geim Novoselov  Nat. Mat (2007) 6, 183

2- High Thermal conductivity
Thermal conductivity of graphene is 

1500-5300 W/m K* 
Copper  thermal conductivity is 

401 W/mK. 
* Balandin et al Nanoletters 8 902 (2009)
 



  

Graphene  is the strongest material ever 
tested!
Tensile strength of 130GPa
and Young  modulus 1TPa

The spring constant of graphene has beem 
measured by Atomic Force Microscope
K=-5N/m 

 
Thus graphene is more than 100 times 
stronger than steel.

Why graphene for the future technology?

Mechanical strengthMechanical strength

       Young’s modulus              1 TPa 

C. Lee et al,Science 321, 385 (2008) 

3- Mechanical strength 



  

Why graphene?

4- Trasparency 
Nearly trasparentNearly trasparent

                                                R. R. Nair et al.Science 320, 1308 (2008). 

One-atom thick impermeable 
membrane even to He!

Impermeable Impermeable 
membrane!membrane!

5- Impermeable 

Red light absorption 2.3%
R. Nair Science 320, 1308 (2008)



  

Why graphene?

2- Electrical, thermal conductivity,  mechanical strength 
and flexibility

Graphene, on flexible substrates, is mechanically robust and has the 
smallest bending radius among all flexible trasparent conductors 



Nature Nanotechnology, 
9, 737 (2014)

Electric ink

Why graphene?



  

Lithium battery
Solar cell

Graphene for energy



  

Graphene for energy



Nature Nanotechnology, 9, 737 (2014)

Graphene against corrosion

!



High electrical conductivity
High Thermal conductivity
Mechanical strength
Trasparency
Impermeability
Biological compatible

Flexible electronics
Energy devices
Sensors
Smart textile
Smart windows
….......



  

The roadmap of the graphene flagship?

The European Union has identified graphene as future material for translational nanotechnology 
and the Graphene Flagship, a 1 billion euro venture, has been launched on October 10th 2013. The 
mission of the Graphene Flagship is "to take graphene and related layered materials from 
academic laboratories to society, revolutionize multiple industries, and create economic growth 
and new jobs in Europe".
http://graphene-flagship.eu/ http://graphene-flagship.eu/

http://graphene-flagship.eu/


  



  

The roadmap of the graphene flagship?

Research Patent



  

Carbon segregation 
from metals

Nan L. et al., Nano lett., 11,297 (2011)

Crystals of 1cm2,imperfections 
and interacting substrate ...

Is it easy to grow graphene?

Preparation methods

Top-down approach
 (From graphite)

Bottom up approach 
(from carbon precursors)



  

Is it easy to grow graphene?



  

Carbon segregation 
from metals

Nan L. et al., Nano lett., 11,297 (2011)

Is it easy to grow graphene? Yes

Preparation methods

Top-down approach
 (From graphite)

Bottom up approach 
(from carbon precursors)

Large graphene area

Regular Corrugation- 
Interaction with the substrate

Flakes with limited size (5-10µ)

Ripples



  

Step I:
Sample cleaning in UHV

P=10-10 mbar

Step II:
Sample exposure to C2H4  

Step II:
Sample exposure to C2H4  

Step I:
Sample cleaning in UHV

Catalytic hydrocarbon decomposition  

LEED 
Lattice constants mismatch: moiré pattern!

Gr/Ir(111)

Gr 2.45 
ÅIr 2.71 Å STM

Step III:
 annealing at 1200K

Betti et al., J. Nanopart. Res.,
 13, 6013 (2011)

Pletikosic et al., Phys. Rev. Lett. 
102, 056808 (2009)

Graphene on metal substrates



  

Graphene on transition metals 

Transition metal surfaces:
5d  -  Ir(111), Pt(111)
4d  -  Ru(0001), Rh(111)
3d  -  Ni(111)

    Increase of the interaction strenght
- less C / TM distance
-  π – d hybridization 

Preobrajenski et al., Phys. Rev. B 78, 073401 (2008)

M. Batzill, Surface Science Reports 67 (2012) 83–115 91

Hydrocarbons decomposition
High quality monolayer graphene

Alpha T. N’Diaye, et al. PRL 97, 215501 (2006)



Low interaction 

Slight corrugation (moiré effect)

Pletikosic et al., Phys. 
Rev. Lett. 
102, 056808 (2009

STM

Graphene on transition metal Graphene on Ir(111)



Institute for Molecules and Materials 

LEED diffraction pattern
In LOTUS lab LEED diffraction pattern from 

Hattab, H. et al., Apple. Phys. Lett. 
98 141903 (2011)

High quality and long range ordered  sheets

Graphene on Ir(111)



  

Electrons in graphene

Free electron Electrons in a periodic potential Electrons in graphene

Electrons in grapheneElectrons in graphene: velocity

E=hk2/2m

Velocity =dE/dk
 

E=v
F
k

v=dE/dk=constant

semiconductor

metal



  

Electronic properties
  Tight binding solution for energy dispersion in the whole Brillouin zone 

  Close to the K point

2D massless Dirac particles  
Hamiltonia with ν    ̴ 106 m/s�攀訛P�죶퍘���? ̴ 106 m/s�攀訛P�죶퍘���106 m/s



  

Dirac cone 
zoom

k

Slight p 
doping

On SiC

High quality graphene with low interaction with the substrate

Fermi velocity measurements!!!!!



Institute for Molecules and Materials 

Ideal electronic properties

Almost flat in spite of the moiré supercell

C. Busse, et al., Phys. Rev. 
Lett. 107, 036101

High quality graphene with low interaction with the substrate

High quality graphene with low corrugation
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5-Is it easy to grow graphene?    YES, we can 

6-How to control and design the graphene properties?

7-Three examples: 
i)  graphene: metal or semiconductor?

ii) graphene a buffer layer for spintronics

iii) graphene for energy storage and Li batteries 



  

Mind the gap 



  

Introducing asymmetry in electric potential

E.McCann, arXiv:1205.6953v1

2x2 Tight Binding Hamiltonian in K point

Tuning the energy gap is fundamental to control the  optical 
response and electronic and optoelectronic devices 

Absence of a band gap in  graphene limits 
seriously any electronic application

Conduction band 

Valence band 

Why open a gap? 



  

How to open a gap? 

Two strategies to open a gap in a graphene sheet

1- Move from sp2 to sp3 
hybridization induced by 
the substrate  

2- Confine the electrons in a 
nanoribbon with a lateral size 
comparable with the De 
Broglie wavelength of the 
electrons



  



  

Graphene nanoribbons 
are disordered on 
the Au(111) surface!

Graphene nanoribbons



  



  

Ordered nanoribbons on Au(110) surface

Au rows
Graphene 
nanoribbons



  

1 x 4 
reconstruction 

 

 Nanoribbons on Au(110) are smaller (5 nm) than on Au(111) (>20 nm)

 Lower molecular mobility due to surface roughness hinders formation of GNRs

Nanoribbon on Au(111) vs Nanoribbon on Au(110)

Graphene nanoribbons

Length 20 nmLength 5 nm



  

1- we can grow, not only highly ordered 
graphene sheets, but also ordered 
graphene nanoribbons!

2- work in progress on the electronic 
structure....

3- preliminary result: gap opening at 
0.7eV 

Graphene synthesis
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5-Is it easy to grow graphene?    YES, we can 

6-How to control and design the graphene properties?

7-Three examples: 
i)  graphene: metal or semiconductor?

ii) graphene a buffer layer for spintronics

iii) graphene for energy storage and Li batteries 
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Lithium battery Solar cell

Graphene for energy



  

Graphene for lithium batteries



  

Graphene flagship for Energy: objectives for 2020



  



Graphene flakes and graphene ink
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Li uptake: Graphene more effective than Graphite

N
C
/ N

Li
 = 2 

for graphene

N
C
/ N

Li
 = 6 

for graphite



  



  

Graphene flagship for Energy: objectives for 2020
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Graphene 
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Why Li uptake is so effective in graphene?

Edge and defects cannot justify the factor 3, 
Packing of the graphene flakes seems to play a crucial role!
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1

2

3

4

5

6

New ideas: porous graphene
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This work is an effort of ….... 

STMicroscopy 
Silvio Modesti Università Trieste
Luca Gavioli Università Brescis
Leonhard Grill Unversitat Wien

LOTUS GROUP
SPINTRONIC Simone Lisi, Ada Della Pia, Iolanda Di Bernardo, M. Scardamaglia 
(Belgium) P. Gargiani (Spain)  
NANORIBBONS Lorenzo Massimi. Oualid Ourdjini, Carlo Mariani 
LITHIUM BATTERYJacopo Chiarinelli, Marco Angelucci (now INFN), Lorenzo 
Massimi, Carlo Mariani 
Collaboration with B. Scrosati, S. Panero, J. Hassoun

Theory
Andrea Ferretti (CNR-MO)
Claudia Cardoso
Deborah Prezzi 
Elisa Molinari
Daniele Varsano 
Stefano Fabris (SISSA-Ts)

ITT V. Pellegrini F. Bonaccorso
(graphene ink)
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