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SP, Carbon: 0-Dimension to 3-Dimension
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Electronic Band Structure of Graphene

Band structure of graphene (Wallace 1947)
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Graphene Lattice Symmetry: Pseudo Spinor

Spinor Representation

‘A’ sublattice: p, orbitals

‘B’ sublattice : p, orbita

A g A A A

NN N NN
- /l\

Superposition: ‘ A> + e ‘ B >

Pseudo spin

Two inequivalent lattice sites!



Dirac Fermions in Graphene : “Helicity”

£ momentum —»
pseudo spin —

Effective Dirac Equations . 1
_ 0 k) Lo o~ & k) =elkr—
Hor =47V o o F VG K, L V2 { o

& = tan't(k, / k,)

DiVincenzo and Mele, PRB (1984); T. Ando, JPSJ (1998);McEuen at al, PRL (1999)
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Extremely Long Mean Free Path in Nanotubes

S

S

S

S

See also S. Frank, P. Poncharal, Z. L. Wang, and W. A. de Heer, Science 280, 1744-1746 (1998)
7_

) . . ) 6 T=250K
Multi-terminal Device with Pd contact 5 400

== 84.45 ym - | H
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\
|||1 35.79 ym

TP

* Scaling behavior of resistance:
R(L)

Room temperature mean free path > 0.5 um

M. Purewall, B. Hong, A. Ravi, B. Chnadra, J. Hone and P. Kim, PRL (2007)




Extremely Long Mean Free Path of Nanotubes:
Role of Pseudo Spin

1D band structure of nanotubes

E

»
»

le

Pseudo spin

right moving left moving

1 2
:

- N
k O-pseudo ’V(r)‘ kGpseudo

» Small momentum transfer backward
scattering becomes inefficient since it
requires pseudo spin flipping.

Journal of the Physical Society of Japan
Vol. 67, No. 8, August, 1998, pp. 28572862

Berry’s Phase and Absence of Back Scattering
in Carbon Nanotubes

Tsuneya ANDO, Takeshi NAKANISHL' and Riichira SAITO?
Institute for Solid State Physics, University of Tokyo
7-22-1 Minato-ku, Roppongi, Tokyo 106
! The Institute of Physical and Chemical Research (RIKEN)
2-1 Hirosawa, Wako-shi, Saitama 351-01
* Department of Electronics Engineering
University of Electro-Communications, Chofigaoka, Chofu, Tokyo 182
(Received March 16, 1998)
The absence of back scattering in carbon nanotubes is shown to be ascribed to Berry's phase
which corresponds to a sign change of the wave function under a spin rotation of a neutrino-like

particle in a two-dimensional graphite. Effects of trigonal warping of the bands appearing in a
higher order k-p approximation are shown to give rise to a small probability of back scattering,

VOLUME 83, NUMBER 24 PHYSICAL REVIEW LETTERS 13 DECEMBER 1999

Disorder, Pseudospins, and Backscattering in Carbon Nanotubes

Paul L. McEuen, Marc Bockrath, David H. Cobden,* Young-Gui Yoon, and Steven G. Louie
Department of Physics, University of California, and Materials Science Division, Lawrence Berkeley National Laboratory,
Berkeley, California 94720
(Received 7 June 1999)

We address the effects of disorder on the conducting properties of metal and semiconducting carbon
nanotubes. Experimentally, the mean free path is found to be much larger in metallic tubes than in
doped semiconducting tubes. We show that this result can be understood theoretically if the disorder
potential is long ranged. The effects of a pseudospin index that describes the internal sublattice structure
of the states lead to a suppression of scattering in metallic tubes, but not in semiconducting tubes. This
conclusion is supported by tight-binding calculations.




Electron Mean Free Path of Nanotube

Lines are fit to
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Characterization of Nanotube Structures
by Rayleigh Light Scattering

Nanotube Growth over trenches . . o
Rayleigh Scattering Characterization

White light
il

Spectrometer

Scattered Light

_ ..I'_*.:
Carbon Nanotu I:EJL

L}

ELAL __i,rﬁlgu-.

Brus, Heinz, Hone, O’Brien groups, Science 306,1540 (2004)



Temperature Dependent Resistivity

B. Chandra M. Purewal, P, Kim and J. Hone

25.0K —r———7——

20.0k

Super linear behaviors

for T > 150 K
15.0k

————————

Scattering due to acoustic phonons

7 1 2_7[:2 KeT 1
) z-aC h B 2/0\/32 hVF

10.0k

p(€Y/pm)

5.0k

OO l | 3 | 3 | 3 |

Enhanced scattering activated T > 150 K ‘




Carbon Electronics: Challenges

i

Pros: con:

High mobility Controlled growth
High on-off ratio (nanotubes)

High critical current density

Artistic dream (DELFT)



Graphene Sample Preparation

Epitaxial graphene on SiC

SCIENT' F[C Bl CURRENT ISSUE HIGHLIGHTS: MOST SEARCHEDKEYWORDS: | SEARCH
w74l What's the Big Idea? « global warming go
AMER' EAN L - Rational Atheism b i
AN S - subscribe> » Advanced Search

# | Technology | Space & Physics | Health | Mind | Nature | Biology = Archaeology & Paleontology

News RUGLLE EBlog  In Focus | Askthe Experts Weird Science | Podeast | Gallery | Recreations | Magazine | SA Digital | Subseribe | Store

‘W describe monoor talline rachitic fibms. which are a few atoms thick but are
March 20, 2008

D.LY. Graphene: How to Make One-Atom-Thick Carbon Layers With
Sticky Tape

Graphene, science's latest wonder material, is surprisingly easy to produce. JR Minkel explores how to make the novel substance, which
is discussed in detail in Carbon Wonderland

By JR Minkel GTeCh, IBM, NRL, HRL, Purdue,

w Chemical VVapor Deposition

| Slide 10f9

Work in a relatively clean environment (or even a clean room, if
possible); stray dirt or hair wreaks havoc with graphene samples. To
get that clean room vibe on the cheap, grab some goggles and
rubber gloves, along with a shower cap for your head as well as two
more for each foot.

Pablo Jarillo-Herrero ENLARGE IMAGE

http://www.sciam.com/article.cfm?id=diy-graphene-how-to-make-carbon-layers-with-sticky-tape



Field Effective Transport in Single Layer Graphene

Resistivity vs Gate Voltage

5000
~h/4e?
4000 —
|
3000 —
S
Q 2000 —
1000 —
/'
7
. 7
0 | | p”4 | | | | | |
> -80 -60,-40 -20 0 20 40 60 80
'
Nao(E) p V, (V)

”
~=--7 pt=evel Ny



2D Gas in Quantum Limit : Conventional Case

Density of States Landau Levels in Magnetic Field
Quantum Hall Effect in GaAs 2DEG
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Graphene
v=1,23... * Vanishing carrier mass near Dirac point
* - Strict electron hole symmetry eB
g,= 2 (spin) * Electron hole degeneracy W, =—
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Quantum Hall Effect in Graphene

Zhang et al (2005), Novoselov et al. (2005)
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Berry’s Phase and Magneto Oscillations

o

Landau orbit near the Fermi level

ky T Magnetic flux in cyclotron orbit
/’--‘\\ @BZQO BF/B
Vs \\
Ik —
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v~ y, exp[2n(D/ D,)]
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Graphene

RXX

Quantum Hall States «—> 1/B

1/B;

Graphene: H . =7V _

S =h/2
0=2n

v~ w, exp[2n(Pu/ @) - SO/
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Room Temperature Quantum Hall Effect

300 K
30 [\ 14

29T

20 -

Prx (K2)

10~

Novoselov, Jiang, Kim and Geim et al. Science (2007)

E, = +.|2env:|n|B

E,~100meV@5T

Typical sample on SiO,
mobility: ~ 15,000 cm?/Vsec




Quantum Hall Effect in Suspended Graphene

B graphene samples

Resistance (Q)
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soo0] Mg~ 200,000 cm?/Vs *Cleaning: current annealing
Bachtold et al. (2007)
4000 *Mechanical stability
J. Lau et al. (2009)
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Creation of Energy Gap In Graphene

* Confinement of Dirac Particles: Nanoribbons, Quantum Dot

* Breaking Symmetry: Biased Bilayer Graphene

(Manchester, DELFT, Berkeley, Columbia, ...)

 Chemical Treatment: Graphane, Graphene Oxide

(Manchester, Rutgers, ...)




Graphene Nanoribbons: Confined Dirac Particles

Dirac Particle Confinement

10 nm <W <100 nm

Graphene nanoribbon theory partial list

K. Nakada, M. Fujita, G. Dresselhaus, M. S. Dresselhaus, Phys. Rev. B 54, 17954 (1996).
K. Wakabayashi, M. Fujita, H. Ajiki, M. Sigrist, Phys. Rev. B 59, 8271 (1999).

Y. Miyamoto, K. Nakada, M. Fujita, Phys. Rev. B 59, 9858 (1999).

M. Ezawa, Phys. Rev. B 73, 045432 (20006).

N. M. R. Peres, A. H. Castro Neto, and F. Guinea, Phys. Rev. B 73, 195411 (20006)

L. Brey and H. A. Fertig, Phys. Rev. B 73, 235411 (2006).

Y. Ouyang, Y. Yoon, J. K. Fodor, and J. Guo, Appl. Phys. Lett. 89, 203107 (2006).

Y.-W. Son, M. L. Cohen, S. G. Louie, Nature 444, 347 (2006)

Y.-W. Son, M. L. Cohen, S. G. Louie, Phys. Rev. Lett. 97, 216803 (2006).
V. Barone, O. Hod, G. E. Scuseria, Nano Lett 6 2748 (2006).

N. A Areshkin. . Ginlvcke. C. T. White. Nana T ett. 7. 204 (2007).
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Ak, =
W

E = v, k% + (an /W)

E gap~ Vg 4k ~ hve/W



Scaling of Energy Gaps in Graphene Nanoribbons
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W (n m) Han, Oezyilmaz, Zhang and Kim PRL (2007)
Chen, Lin, Rooks, and Avouris, Physica E. (2007)



Graphene Nanoribbons Edge Effect

o ]

Crystallographic Directional Dependence
Son, et al, PRL. 97, 216803 (2006)

Rough Graphene Edge Structures




L_ocalization of Edge Disordered Graphene Nanoribbons

Querlioz et al., Appl. Phys. Lett. 92, 042108 (2008)

20r (a)

See als:
Gunlycke et al, Appl. Phys. Lett. 90 (14), 142104 (2007).

al Areshkin et al, Nano Lett. 7 (1), 204 (2007)
) Lherbier et al, PRL 100 036803 (2008)
i (X X
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Variable Range Hopping in Graphene Nanoribbons

100
@
E, VLR
- Gmax = G0 eXp _(_Oj E E
T e
WEF 2 13 — 19K«
—_ . . . S 1 — 200K
—_ d: dimensionality 1 — 300K
> 0.1 T 1
0 20 40 60
X V, (V)
2D VRH Arrhenius plot
3 150m 95 hm 3-115Nm 95
31 nm 31 nm
2 — 2 |
~~
@ i e:/ 6? 14 37 nm
- —
Sk — £ 48 nm
1 - 1
-2 o 70 nm
| T | |
0.0 0.0 0.1 0.2
T-1




Nature of Transport Gap in Graphene Nanoribbons
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Temperature Dependent Transprot

Graphene nanoribbons exhibits three different energy scales for
energy gap formation due to the quantum confinement and edge

disorders:

A, mobility edges induced by edge disorder

E_: Activation energy from the quantum confinement origin
ks T": Hoping length to the localized states in gapped regime
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Energy Gap Scaling in Nanoribbons
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Han et al., Phys. Rev. Lett. (2010)




Top Gated Graphene Nanoribbon FET

|,(NA)

Graphene
channel

8 -4 4 8

Vio (V)

» High saturation velocity
Veerm = 1x108 cm/s

Silicon: 1x107 cm/s
GaAs: 0.7x107 cm/s

* Operation current density > 1 mA/um

e,
o
o

O

'8‘ * Mobility: ~ 500-1000 cm?/Vsec
m

* On-off ratio: ~ 10-30 @RT




Graphene Electronics

Band gap engineered

FET Graphene nanoribbons

Nonconventional Devices

b L-region

feAV <0

Ep

fop gate -

bottom gate

Graphene Veselago lense

Cheianov et al. Science (07)

Graphene
Side Gate

Graphene Channel

Graphene
Side Gate

Graphene Spintronics

Son et al. Nature (07)

Graphene quantum dot

Graphene psedospintronics

Trauzettel et al. Nature Phys. (07)



Transport Ballistic Graphene Heterojunction

Young and Kim (2008)

PN junction resistance

R = (7/2)(h/e*)\/Fiv | e|Fpy|
Cheianov and Fal’ko (2006)

See also Shavchenko et al and Goldhaber-Gordon’s recent PRL

12

I
RN
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Conductance Oscillation: Fabry-Perot

Mk / T /T

k,/k,=sin@ /sin@ Ag= 2L /cos @

(Sw) asueoNpuod



Fabry-Perot Oscillations in Ballistic Graphene Heterojunction

Derivative Map : E
I density: N4
[
|
I density: N,
|
|
|
I 20 . . .
l Theory with L =50 nm
I
|
~—
| Y
I H T n=3.6x10" cm”
! N
n, (l{]']2 cm‘Z)

8€ -
Gse ~ 21752 | Ry | |Ro| cos (O i) @

“1!




Pseudo Spin Control with Magnetic Field

Young and Kim, Nat. Phys. (2009)

pry with L =50 nm

12 -2
n1=3.6x10 cm
hk Jel ]

n, (102 cm?)
With increasing Magnetic field: -
* Oscillations phase shift )

-"‘

* Abrupt phase at a certain magnetic field

|B| < 27k, /el

Berry phase associated with pseudo spin
Levitov et al. (2008)




Temperature Dependence

[EEN
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e FP resonance
to ~80K

e Energy scale



Nanowire Top Gate: Ultimate Electros

Graphene channel

i

Au

S1 Nanowire: diameter ~ 25 nm
Natural S10, dielectric ~ 2 nm

704

3 rermpe!

Viw (V)
Temperature Dependence




Nanotube on SIO, substrate

25.0K —r———7——

Super linear behaviors
for T>150 K

20.0k

15.0k

————————

Scattering due to acoustic phonons

7 1 2_7[:2 KeT 1
) z-aC h B 2/0\/32 hVF

10.0k

p(€Y/pm)

5.0k

0.0

Enhanced scattering activated T > 150 K ‘




Optical phonons in substrates

P10 163
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Transport in graphene
Chen et al. Nature Phys (2008)

The Effects of Substrate Phonon Mode
Scattering on Transport in Carbon Nanotubes
Yasili Perebeinos, Slava V. Rotkin, Alexey G. Petrov, and Phaedon Avouris

Nano Left., 2009, 9 (1), 312-316 « DOIL 10.1021/n12030086 » Publication Date {Web). 04 December 2008
Downloaded from http:/pubs.acs.org on January 21, 2009
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Optical phonons SiO2 substrate is much softer ! (~ 30-50 meV)




Substrate Phonon Scattering Analysis

Perebeinos et al. Nano Lett. 9, 312 (2009)

pTotaI — pstatic + a’acousticT + U‘SPP (nB (hW2) + BnB (hW45))

nw,

2 2
Fzzhwso,v( 1 1 J B:(F4 +F5) ng (Aw,) = 1
e

v 2 B
2n g, +1 g, +1 F, (e 7T —1)
| | | | |
25.0k -
(26,11) ]
200k = - pTotaI = pstatic + a‘acousticT + a‘SPP (nB (hW2) + BnB (hW45))
I o _ —T17"
T 15.0k | -
S
< 10.0k —
Q
{ Protal = Pstatic + a’acousticT
5.0k | | -
e adl
2 ] 2 ] 2 ] 2 ] 2 ]
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hexa-Boron Nitride: Ideal Dielectric

graphene

Boron Nitride

Comparison of h-BN and SiO,

Band Gap Dielectric Constant Optical Phonon Energy Structure
BN 3.6-71eV ~4 >150 meV Layered crystal
SiO2 8.9 eV 3.9 59 meV Amorphous




Mechanical Exfoliation of BN

gnm 1lnm SiO,

* Mechanically

cleavable
1.0 — .
0 » Atomically flat
0.8 - _
0.8
5 06 % 0.6 TD, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, sioz
g 2 O
g 0.4 £ 04+ |
g E .
0.2 02l . . E BN surfaceEI |
0.0
ool v

0 5 10 15 20 25 30 35
BN thickness [nm]

height [nm]



Precision Transfer Technique

1. spin coat substrate with
PMMA and scratch onto top
surface

2. Lift off PMMA;
graphene comes
with it!

@ 3. Align graphene over target using a
micro-manipulator. PMMA is brought

iInto contact with target and annealed.

Hone group @ Columbia



Graphene on h-BN Is Flat!

Roughness

graphene

Graphene

height [nm]



Transport in Graphene/h-BN

- 114
Mobility ~20,000 cm2/Vs 10F v, = 1ov
2000 T T T T . r . I T 1.6 K 412
0.8+
10
o il
G X | 3
~" Y X
8 04} _ 6 L‘Cx
% 1000 - 4 L — = ' 14
o —>||l<— -1V ozl . |
D Vg=-10V 72
m 4
0: 0.0 L | L 1 " 1 L 1 . ) 0
0 2 4 6 8 10 12 14
0 B [Tesla]
-40 -20 0 20 40 1.5 —71 1 - 11~ 1T 1 171
Vg(V) B=14T,T=16K 2

* Enhanced mobility on BN versus SiO,
for the same flake

* Very narrow DP peak: reduced
iInhomogeneity.

o [eZ/h]

* Reduced chemical reactivity (no
appreciable doping by H/Ar annealing)




Bilayer graphene on Boron Nitride

resistance [kQ]
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— 300K
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Bilayer graphene transferred over BN

140

Vg=-17.6V

B [Tesla]

120
g
100 §
80 % ]
o T v=3
40 =
04 06 08 10 1.2 /" 5 4
B [Tesla] v
L v=8 -
v=7
1 1
5 10

10
€
=3

>
X
o4
5
0



Conclusions

Relativistic QM: High Energy Physics Quasi Relativistic QM: Low Energy Physics
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FP resonances and Berry Phase = —— ‘
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Wave Function Collimation in Diffusive Transport

8¢?

ST |Tel [Ra| |Ra| cos (6w i)
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Rayleigh Light Scattering of Individual Tubes

Intensity (A.U.)

[a Semiconducting

[ b Metallic

T 1 | | | |
16 18 20 22 24 26 28

photon energy (eV)

1 1
16 18 20 22 24 26 28

photon energy (eV)
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Resistivity of (26, 11) Nanotubes

" Temperature Dependence
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