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Human History (may be) regarded from 
the point of view of materials science

• From the Stone Age the development of 
civilization was made possible by the discovery 
of new materials and new ways of modifying 
materials
– Stone Age (Paleolithic, Neolithic)
– Bronze Age
– Iron Age
– ……….
– Steel Age (end of XIX., first half of XX. cent.)
– Silicon Age ( IC, PC, mobile phone, etc. end of XX. 

century, beginning of XXI. century)

– (NANO)CARBON Age?
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Technical (r)evolution induced by 
materials & effects on everyday life
The first car was in fact a chaise without horses ….
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Trends in digital electronics 
F. Schwierz,  Nat. Nanotech. Published online: 30 May 2010 

doi: 10.1038/nnano.2010.89
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However, there is a consensus in the community that 
MOSFET scaling is approaching its limits and that, in 
the long run, it will be necessary to introduce new 
material and device concepts to ensure that 
performance continues to improve. (F. Schwierz)



End of the ROAD(map)

http://www.itrs.net/ (NANO)CARBON?

http://www.itrs.net/home.html


Stability Issues of Transparent 
Conducting Oxides (TCOs) for Thin-Film 

Photovoltaics

Indium 
is 

becoming 
a 

„problem”

material
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Pern,

NRELNREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency 
and Renewable Energy operated by the Alliance for Sustainable Energy, LLC



Graphene vs. Si

• Charge carrier mobility
• 200.000 cm2/Vs  (Si: 1400 cm2/Vs)

• Charge carrier density
• 3 x 1012 cm-2 (Si: 1.3 x 1010 cm–3 intrinsic)

• Current density
• 2.3 ×

 
109 A/cm2 (Si: 3x 105 A/cm2 on transistor)

• Thermal conductivity
• 5000 Wm-1K-1 (Si: 163 Wm-1K-1 at room temp.)
• (heat dissipation on nanoscale is a serious issue!!!)
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strongest
 

material
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Structure & 
Electronic structure

http://en.wikipedia.org/wiki/File:Graphen.jpg

The FIRST truly one single atom thick material!
Different properties along different crystallographic directions.
EXTRAORDINARY electronic structure!

zig-zag

armchair

Wu, Y. H.; Yu, T.; Shen, Z. X. J. Appl. 
Phys. 2010, 108, 071301.C-C bond shorter than in diamond!



Linear dispersion & Klein tunneling

Graphene

Katsnelson, M. Materials Today 2007, 10, 
20-27.

Bilayer

p = 1 x 1012 cm-2

p = 3 x 1012 cm-2

Regular material

The charge carriers 
cannot be confined by 

electrostatic barriers like 
in conventional 
semiconductors

A. H. Castro Neto et al., Rev. Mod. 
Phys. 2009, 81, 109-162



Transparent & flexible material

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

Wassei, J. K.; Kaner, R. B. Materials Today 
2010, 13, 52-59.

Before

After

CVD

GR-O

Bending graphene 
vs. ITO on PET



Highly stretchable material, 
impermeable to gases

AFM image Δz =   
175 nm

AFM linecuts in 
time (3 days!)

Bunch, J. S. et al, Nano Lett. 8 (2008) 2458 .



Properties & Applications

Linear
 dispersion

High
 

mobility

Unique
 

optical
 properties

Highly
 stretchable

High
 

strength

One
 

atom thin



Properties & Applications

Linear
 dispersion

High
 

mobility

Unique
 

optical
 properties

Highly
 stretchable

High
 

strength

One
 

atom thin

Quantum
 

Hall Effect
 

& Spintronics

Transistors

Photovoltaics

Transparent
 

& flexible
 

conductors

Composites

Membranes, 
ultracapacitors



Production of graphene

• Micromechanical 
cleavage

• Epitaxy on SiC
• CVD (Ni, Pt, Rh, Cu)
• Chemical exfoliation (G- 

O, oxigene removal!)
• CNT „unzipping”
• and many other exotic 

methods ….
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„Roll-to-roll” large size CVD 
graphene

Bae, S. et al.,. Nature 
Nanotechnology 2010, 5, 574 .

The quality of the material is 
well suited for transparent 

conducting & flexible 
electrodes => market ready!



Grain boundaries in CVD grown graphene

10 μm

Li, X. et al. Nano Letters 10 ( 2010) 
4328.

Random nucleation => 
many grain boundaries

The grain boundaries 
decrease the very high 

mobility values by 10 – 100 
times.

The grain structure must be 
revealed for the optimization 

of the growth conditions.

Liu, T.-H., et al., 
Carbon 2011, 49, 

2306



Characterization of grain 
structure by AFM

1. STEP: Reveal the grain boundaries by selective 
oxidation (negative comparison exfoliated graphene)

P. Nemes-Incze et al. Submitted to Appl. Phys. Lett



Characterization of grain 
structure by AFM

2. STEP: Analyze the grain size and the relative angle of 
grain boundaries by atomic resolution AFM images

P. Nemes-Incze et al. Submitted to Appl. Phys. Lett



Application in high speed nanoelectronics

NO „switched off” state => NO DIGITAL applications



The electronic structure has to be reengineered 
– Badgap induced by confinement

Graphene nanoribbons

Armchair Zigzag



ALL GRAPHENE nanoelectronics

Areshkin, D. A.; White, C. T. Nano 
letters 2007, 7, 3253

20 nm

Ponomarenko, L.. 
Science 2008, 320, 356-

SET

T = 0. 3 K !!!



STMSTM lithographylithography

- Local modification of sample 
surface

- Atomically precise tip 

positioning

- Atomic resolution imaging

To solve:
- Control the etching process, realize the first true nanometer 
precision lithography



GrapheneGraphene nanoribbonsnanoribbons created bycreated by
STM lithographySTM lithography

L. Tapasztó et al. Nature Nanotechnology, 4, 937 (2008)



GrapheneGraphene nanoribbonsnanoribbons created bycreated by
STM lithographySTM lithography

L. Tapasztó et al. Nature Nanotechnology, 4, 937 (2008)



AtomAtomic resolution STM imaging of ic resolution STM imaging of 
GNRsGNRs

2 nm

L. Tapasztó et al. Nature Nanotechnology, 4, 937 (2008)



Electron standing waves at room Electron standing waves at room 
temperaturetemperature

1 nm

L. Tapasztó et al. Nature Nanotechnology, 4, 937 (2008)

( ) ( ) WnmeVWWEg ⋅≈= 20νπh



STILL tSTILL the best lithographic he best lithographic 
resolution todayresolution today

1 nm

L. Tapasztó et al. Nature Nanotechnology, 4, 937 (2008)

Eg = 0.5 eV allows room temperature operation!



Atomically perfect zigzag edges by: 
Carbothermal Etching (CTE)

P. Nemes-Incze et al., Nano Res. 3 (2010) 110



Edge orientation by STM

P. Nemes-Incze et al., Nano Res. 3 (2010) 110



Starting point fixed by AFM 
indentation

P. Nemes-Incze et al., Nano Res. 3 (2010) 110



Nanoarchitectures:  graphene 
nano-Y Junction

P. Nemes-Incze et al., Nano Res. 3 (2010) 110



Further applications

http://en.wikipedia.org/wiki/File:Maxwell_MC_a

 
nd_BC_ultracapacitor_cells_and_modules.jpg

Supercapacitors (Ultracapacitors?)

Nano Letters 8 (2008) 3498

Nature Materials 7 (2008) 
966

NiO Resistive Random Access 
Memory Nanocapacitor Array on 

Graphene

ACS Nano, 2010, 4 (5), pp 2655 

Memory devices



FLEXIBLE (Trasistors + memory + 
energy source) = WEARABLE 

(nano)Electronics

http://www.crunchwear.com/cute- 
circuit-galaxy-led-dress/

Augmented-reality- 
holographic sunglasses

http://www.crunchwear.co 
m/vuzix-and-darpa-team- 
up-to-create-augmented- 

reality-holographic- 
sunglasses/

Solar Soldier system to 
take the weight off infantry 

soldiers

http://www.gizmag.com/solar 
-soldier-power-system-for- 

infantry/18140/



Let’s stop here 
…

http://www.gizmag.com/body- 
to-body-networks/16769/

NOKIA



Summary
• Graphene is the first of the family of single atom 

(molecule) thin materials
• It has many extraordinary properties
• It has short range application possibilities in 

flexible flat screens and photovoltaic devices
• It has long range perspectives to replace silicon 

in nanolectronic devices – bandgap 
reengineering needed – atomic precision 
nanolithograpy

• Flexible and wearable electronics from power 
source to fast logic and memory
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