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Moore’s Law:
the number of components in integrated circuits had doubled every year from 
the invention of the integrated circuit in 1958 until 1965 and predicted that 
the trend would continue "for at least ten yearsthe trend would continue for at least ten years



The Nobel Prize in Physics 2010

Andre Geim, Konstantin Novoselov



石墨烯的特性石墨烯的特性

High mobility :  > 200000 cm2/VsHigh mobility :  > 200000 cm /Vs

InSb 77000 cm2/VsInSb 77000 cm /Vs
Si            1400 cm2/Vs
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Ultra high mobility is not necessary in scaled graphene device

Superior Thermal Conductivity: 
~ 5 × 103W/mK~ 5 × 103W/mK
dissipate heat quickly, small thermal vibration 
Effect
Si: 0.7 ~ 3 Wm−1K−1

Balandin et al Nano Letters 8 902 (2008)



Low Electric Resistivity:Low Electric Resistivity:
ρ= 1.0 µΩ·cm 
銅: 1 72 µΩ·cm銅: 1.72 µΩ cm

Extreme Tensile strength:Extreme Tensile strength:
~130 G pascals
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Flexibility:

Single-atom-thick sheets, minimum device size.



Ambipolar Electric field effect:Ambipolar Electric field effect:

Charge carriers can be tuned continuously 
between electrons and holes.

 d dMinimum quantized conductivity:

4 2/h @ E fi ld 04e2/h @ E-field =0

Due to electron-hole puddles Due to electron-hole puddles 
(carrier-density inhomogeneities)

Originated from charge impurity or 
surface corrugations

A. K. Geim & K. S. Novoselov
Nature Materials 6, 183 (2007)



Klein tunneling:

Conservation of Pseudospin. (pseudospin flipping is prohibited)

Weak electrostatic confinement.

M. Katsnelson et al Nature Physics 2, 620 (2006)



Quantum Hall effect:

T=4K; B=14T

.

K. Novoselov et al phys. Stat. sol. 244, 4106 (2007)

N: Landau Level

4=2(valley degeneracy)x2(spin degeneracy)



石墨烯的晶格結構石墨烯的晶格結構

A/B sublattice K/K’ obey space inversion symmetry

Linear dispersion nearby Dirac pointp y p

Z  b nd p mi nd tZero bandgap semiconductor



Electronic PropertiesElectronic Properties

• ε(k)=±ħvFk, no gap
• DOS(E)~E

• ε(k)=ħ2k2/2m*
• DOS(E)=const• DOS(E)~E • DOS(E)=const.

Dirac Fermion:

42222)( cmkckEDirac  

kvkE FGra )( meff=0, vF~106 m/s 



石墨烯的衍生物石墨烯的衍生物



R l t f Sili  i  IC?Replacement of Silicon in IC?

Need a gap (switch on/off) for transistor application.



How to open a gap in graphene ?p g p g p

Apply bias on BLG Chemical substitutionNnanoribbon

Strain Molecule absorption



G  i  h iGap opening mechanism

Intra-valley
( bl tti t )(sublattice symmetry)

Inter-valley
(chiral symmetry)(chiral symmetry)



Gap opening due to Sublattice symmetry brokenp p g y y
h-BN                      Graphene B

NN

Lattice mismatch ~1.7%   

Sublattice Symmetry Broken 

On-site energy difference at sublatticies
h-BN                      Graphene

4.6eV (LDA)                      E(k)=v*k

Gapless at 
Dirac point



Recent development of h-BNC applicationsp pp
h-BNC FET (2010) Leteral heterostructures

L. Ci et.al. Nature Mat. 2010
P. Sutter et. al. Nano. Lett. 2012
M. Levendorf et.al. Nature 2012 

Anomalous insulator-metal transition (IMT) 1D transport

L. Song et.al. Phys. Rev. B 2012 J. Jung et.al. Nano Lett. 2012



BN Domains embedded in Carbon NanotubesBN Domains embedded in Carbon Nanotubes

A strong tendency for the formation of BN pairs and, 
subsequently, BN hexagons within the carbon lattice. 
At higher doping concentrations, it is found that the 
formation of compact BN domains would be
the most energetically favorable. The importance of 
a correct description of the BN/C frontier, due to the 
large border/surface ratio of small dopant domains.

V  Ivanovskaya et al J  Phys  Chem  C 2009V. Ivanovskaya et.al.J. Phys. Chem. C 2009





Gap opening due to Sublattice symmetry brokenp p g y y

1st Principles calculation (PAW-LDA)

B (  l  l  h  C)  dB (one electron less than C): p-dopant

N (one electron less than C): n-dopantN

B

Slab model
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N (one electron less than C): n dopantN

1  

(e
V)

B-N (Effective dipole)B N


E 

1 2 3 4 5 6
0

D



Energetics structures of B-N clusters in h-BNC : Phase SeperationEnergetics structures of B N clusters in h BNC : Phase Seperation

Phase separation is energetic.
C.-P. Chuu et.al. 2012Formation Energy as number of B-N pair of h-BNC



Gap opening of B-N clusters in h-BNC : Low concentration

B d S  f 4 4 h BNC d i i  hBand Structure of 4x4 h-BNC and pristine graphene

Energy gap vs B-N concentration of h-BNC
C.-P. Chuu et.al. 2012

XANES (X-ray Absorption Near-Edge Structure)
C-K Chang et.al. ACS Nano 2013 





Gap opening of B-N clusters in h-BNC : High concentrationp p g g

Phase Separation

WW
W

STM
P. Sutter et. al. Nano. Lett. 2011

P. Shinde and V. Kumar, Phys. Rev. B 2011



Anisotropy behavior of Dirac fermions in h-BNCN
B

N so opy be a o  o  ac e o s  C
BB

N

Charge density Local potential surface
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C.-P. Chuu et.al. 2012



Anisotropy behavior of Dirac fermions in graphene under periodic potential
WL

dLx dLx

Ly

C. H. Park et.al. Nature Phys. 2008



Emergence of superlattice Dirac points in graphene on h BNEmergence of superlattice Dirac points in graphene on h-BN

:g :vg Valley degenecy

:/ 0VVg Gate/offset voltage0g g

M. Yankowitz et.al. Nature Phys. 2012
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SummarySummary
1.The phase separation between B-N domain and  graphene is  

ti  b  i i i i  th  b  f C B d C N b d  t  energetic by minimizing the number of C-B and C-N bonds at  
boundary .

2.The gap induced by symmetry broken is studied, a linear 
relation as B-N concentration at dilute limit is verified from 

i t b  XANES  At hi h d i  l l  th  t  experiment by XANES. At high doping level, the quantum 
confinement effect is dominant.

3.The anisotropy behavior of Dirac mass fermion is observed in h-
BNC system  analogy to  graphene under periodic potential  BNC system, analogy to  graphene under periodic potential , 
caused by periodic array of B-N dopants.
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