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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 years
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f@ The Nobel Prize in Physics 2010

Andre Geim, Konstantin Novoselov

r
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Andre Geim Konstantin Movoselov

The Mobel Prize in Physics 2010 was awarded jointly to Andre Geim and

Konstantin Novoselov "for groundbreaking experiments regarding the two-
dimensional material graphene"



High mobility : > 200000 cm2/Vs

InSb 77000 cm2/Vs

Si 1400 cm?/Vs
1 1 1 Hp o€ A mean free path ;
“ - e
Herr  Hn  Hagal Hea < L Device length o (10"em2)

Bolotin et al Solid State Communications 146 351 (2008)
Ultra high mobility is not necessary in scaled graphene device

Superior Thermal Conductivity: “';‘:2% ]

Graphene
Graphitic
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dissipate heat quickly, small thermal vibration

Effect 1 Slicen Dioxds.

Si: 0.7 ~ 3 Wm-IK1

Balandin et al Nano Letters 8 902 (2008)



Low Electric Resistivity:
0=1.0 pfl-cm
1 1.72 u€l-cm

Extreme Tensile strength:
~130 G pascals

W 7000Kgx10
_ S 2
A > = ~ 0.5mm

! 130x10°
m

Flexibility: o =

Single-atom-thick sheets, minimum device size.



Ambipolar Electric field effect:

Charge carriers can be tuned continuously
between electrons and holes.

Minimum quantized conductivity:

4e’/h @ E-field =0

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

Originated from char'ge lmpur'l’ry or
surface corrugations ~[p
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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

12-

L K. Novoselov et al phys. Stat. sol. 244, 4106 (2007)
o, =x4e’/h(N +1/2) N: Landau Level
4

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



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

Inear dispersion nearby Dirac point

ENERGY

Zero bandgap semiconductor



Electronic Properties

Graphene 2DEG
} E } E E
]: kh [;.35
» g(k)=thvgk, no gap - g(k)=h2k?/2m*
- DOS(E)~E - DOS(E)=const.

Dirac Fermion:

E e (K) = £V 7262k 2 + m2c

EGra (k) — ihVF k meff:O, VF~106 m/S






Replacement of Silicon in IC?

Valence band

Single-layer

graphene /

Conduction band

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



How to open a gap in graphene ?

Nnanoribbon
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Gap opening mechanism
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Gap opening due to Sublattice symmetry broken

Graphene h-BN , B

Lattice mismatch ~1.7%

g
< 2

Sublattice Symmetry Broken

B = /(v k)2 + (By/22
Graphene h-BN

—  On-site energy difference at sublatticies

S E()=vk
7N

4.6eV (LDA

Gapless at
Dirac point



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

P. Sutter et. al. Nano. Lett. 2012

az 04 LG 0.8 Lk

L. Ci et.al. Nature Mat. 2010 Deainvoltage (V) M. Levendorf et.al. Nature 2012
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BN 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.



Periodic Table of the Elements
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Gap opening due to Sublattice symmetry broken

‘ B (one electron less than C): p-dopant

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

@ ® 5 (Effective dipole)

1st Principles calculation (PAW-LDA)

Slab model




Formation Energy (eV)

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

Optimized structures of B-N dopants on 8 X 8§ supercell
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Phase separation is energetic.
C.-P. Chuu et.al. 2012
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Gap opening of B-N clusters in h-BNC : Low concentration

Band Structure of 4x4 h-BNC and pristine graphene

C.-P. Chuu et.al. 2012

C-K Chang et.al. ACS Nano 2013
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Size of Supercell N
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Gap opening of B-N clusters in h-BNC : High concentration

pd pd pd b= hi b a0 oo t. L]
d S e -l . i' - hl I--! i l--l l--l |u|= 11 lr* -3
e 4 w4 i ii - = ] ra e oo
© o9 M8 5 R A B S l!- qu oa i-o bi nl i re o
4 4 4 4 o4 #4 4 4 b9 4 PO b4 b4 Pd DG bE
& &4 i & b4 »d bi(. 8% & p& pd pd b8 Bd Bd b8 B
B+ B8 B84d B4 B4 a8 4 58 >3 o4 p& B4 po pa pd be
@ el A S A A R _:»4 & 57 II g e - ] l-d =
+§ LR ii CX ] .*.3* t+

% o
b2 B8 8

<heD e rl.}i._}ui "W' . H H’ ’I--i._}i‘_‘ri.
qh-l_Hll -u ‘n [ %) nqﬂtﬂ h.w‘rq* p-i"}-q"iu p-ﬁ bd-
[-2

e =) 4 !

4 b4 pd pe 4 a-qr lHl' _+-| bc ri - I i -a I-i- li r

ol g eE b 4 b8 Ha S50 p8 B4 & 16* -4 B8 B4 04
e Fu B3 B9 o< od 2 & LR - W -

- H‘P-l sa o8 4 =4 B8 B8 B8 B
ol A B R W »a 4 3 B o0 PN % N ?I' *q 4
4 e wE *d oo od 4 - o
bd b4 ¥% »% 4 B4 e bd bpa pba P -4 i [ X ht [
- e s e

STM

% oa e e 5]

ed oo ? s » 4 +* li b4 o8 ba -l*

4 sa B ‘; - ‘.q’ pq.’- B8 b4 b3 B ' ‘. li P SUtter et al NanO Lett 2011
4 o4 Bbc 4 94 94 Fe o4 4 PO a3 -q -

e & Bbd @ i ‘ti - & 4 %4 ii i- e i_ ii hi 5nnm
€« pd p8 pe e W - l'-t = B = ] tt 4 8 B 4 B

b4 od 4o od e e L 33 o oo &2 84 »a u-#

4 od pd pd e e 4 oa Inl e g pd Inl re PR Bw -
pd o0 00 od 8 BN 4 %% »8 54 00 BG BE B4 84 ti <

4 b8 bd o bd »a a4 B8 oo b4 H & o4 e o »

od bd od bd b d BE #d M4 b4 S B &d o€ oo

4 p4. b8 pe pg P4 4 P& e e pd b4 B P2 pe b4 b

| o0 - | - o 3 -3 o-d -8 -0 o0 O [

& 3 od od e 4 'hr-i >4 &4 o4 oo o6 &4 e b hf’

:
8 BE& pe BE€ B® 29 & PE BE FE 04 B4 b4 pe BE
¢d pd opd o e 9 o0 oo ad Be oo oa
pd p& D4 bd pa pa b [ _ ]

4 @ 08 pd o0 i 8 Hd 0d d O e B o
b4 bpd b4 B4 bd ba & b be bE b4 pd bs

®5B ec @

fad

i
w
1
o
'S
o
i
w
)
@
s
w
A
o
Y
w
t‘:
v

zl-
Band Gap [eV]

]

Craphene
n "'! '

] @)

=

0 1 2 3 4 5 6
Width of graphene region

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



Anisotropy behavior of Dirac fermions in h-BNC

Local potential surface

Charge density
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C.-P. Chuu et.al. 2012
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Anisotropy behavior of Dirac fermions in graphene under periodic potential
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C. H. Park et.al. Nature Phys. 2008



Sample voltage (V)

Emergence of superlattice Dirac points in graphene on h-BN
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M. Yankowitz et.al. Nature Phys. 2012
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Summary

1.The phase separation between B-N domain and Cgraphene is
gner%e’ric by minimizing the number of C-B and C-N bonds at
oundary .

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