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Graphene – a monolayer of sp2

hybridized carbon atoms  

•Isolated in 2004
•TH t i t•THz transistors
•Transparent electrodesM. Wilson, Phys. Today                  

(jan 2006 vol 59 p 21-23)(jan. 2006, vol. 59, p. 21 23).
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Fabricating graphene

• Mechanical exfoliation
Graphene

• Reduction of graphene 
oxide and other wet 
chemical methods

• Desorption of Si on SiC µm

Graphite

p
• Chemical vapor 

deposition on metals (Ni, 
50

 µ
p ( ,

Cu)

SiO /Si substrate13 µm SiO2/Si substrate13 µm
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Catalytic CVD on CuCatalytic CVD on CuCatalytic CVD on CuCatalytic CVD on Cu
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Mechanism of catalytic  
h  CVDgraphene CVD

• Graphite is made at >3000 oC
• Inconvenient and costly
• Transition metal lower T to ~1000 oC
• Solid carbon source [Small 5(2009)2291 &   ( )

Nature 468(2010)549]
• Carbon segregation (Ni)
• Surface chemistry (Cu)
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Why Copper?y pp

• Science 324 
(2009) 1312

• Mobility 4050 
cm2/Vs

• Small C 
solubility

• Dominantly 
monolayer
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Surface kinetics factor

Science 
324(2009)1312

APL
97(2010)183109( )

JACS Nano Lett.
Kai Yan et alXuesong Li et al 

in press
Kai Yan et al
in press
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CVD graphene on Cu

• Black Magic, AIXTRON
• Cold wall, low pressure 

CVD with graphite heater
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Quality control: CVD graphene by CH4y g p y 4

• Acetic acid, acetone,
IPA

• Hi decompose T
• One C per molecule

• High Temperature
• Low partial P

p
• Long diffusion length
• High purity CH 99 9995%• Low partial P

• Cold-wall
• High purity CH4 99.9995%
• Ar instead of N2
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Extremely low 
partial pressurepartial pressure

of methane
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Optical images of transferred graphene

25 2525 µm 25 µm

L lLarge-area monolayer 
CVD graphene

Large-area monolayer 
CVD graphene

(a) (b)Uncovered 

• Cu foil grown • Cu film growng g



Chalmers University of Technology

Transfer to TEM gridsTransfer to TEM grids

100 nm

• Graphene can cover p
holes with a diameter 
larger than 10 µmg µ
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Raman spectrascopy
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Electrical measurements
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Electrical measurements

 

4x104
Room Temperature
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 R
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)
• Kim et al. 

Appl. Phys. Lett.
2x104

94 (2009) 062107
• Electron & hole 
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1x104

Vg (V)

mobility ~2700 
cm2/Vs
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Catalytic CVD summary

• CVD on Cu is a promising technique to 
k l l t lli hmake large area polycrystalline graphene,

• The graphene can be transferred to many 
substrates and the quality is goodq y g

• Optimizing the growth and transfer forOptimizing the growth and transfer for 
more reproducible decent graphene
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NoncatalyticNoncatalytic CVD on CVD on 
Si3N4 and HfO2
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• Transfer-free technique
• Catalyst freeCatalyst free
• Display, solar cell
• Molecular electronicsMolecular electronics

Proceedings of the 2001 US DOE hydrogen program review
NREL/CP-570-305350
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CH4=C+2H2 (ΔH0=75.6 kJ/mol)

Proceedings of the 2001 US DOE hydrogen program review
NREL/CP-570-305350
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• Macroscopically amorphous
• Nano scale graphitic crystallitesNano scale graphitic crystallites
• Random and porous
• Carbon black is black!Carbon black is black!

J. Appl. Phys. 13 (1942) 364
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Hot flat surfaces as templates

100µm 100µm
Bare SiO2 Bare SiO2

(2)(1) SiO2-grown SiO2-grownCu-grownCu-grown
Monolayer Few layer

• Controllable thickness
• Large area
• Macroscopically uniform
• Similar transparency and conductivity as p y y

standard graphene
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G h   t  d hiGraphene on quartz and sapphire
Carbon support
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Oriented graphite is not black

(a)

cm

2020 µm (b)

V J. Phys. Chem. C V
115 (2011) 14488
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Si3N4 HfO2Si3N4 HfO2
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Noncatalytic CVD summary

• Transfer free, semiconductor industry compatible
• Scalable
• Controllable thickness
• Macroscopically uniform
• Nanocrystalline textured thin filmsNanocrystalline textured thin films
• Similar transparency and conductivity as 

t d d hstandard graphene
• Substrates withstanding ~1000 oC
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Conclusion
Catalytic Noncatalytic

Substrate Metallic NonmetallicSubstrate Metallic Nonmetallic
High temperature Yes Yes

Transfer Yes No
Uniformity Somewhat Yes

Mobility High Low
Transparency/conductivity High High

Domain µm nm
Scalable Yes YesScalable Yes Yes
Novelty No Yes

Self-limiting Conditionally yes Nog y y
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ThanksThanksThanksThanks


