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Rolling Up Graphene: Periodic Boundary Condition
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Allowed states . .
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Tuning Carrier Density by Electric Field Effect
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Electrical Transport in Nanotube Devices

Metallic nanotube

Semiconducting nanotube

V=10 mV
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Controlled Growth of Ultralong Nanotubes

Growth
continues

/ 25 5mm x40 SE(M) 413105 03:36 100mm

Figure 3. SEM and TEM images of ultralong MWNTs. (a) Schemetic representation for the diameter-dependent stabilization of reaction gas flows. By
inserting the smaller tube inside the outer chamber, microscopic turbulent flows can be stabilized into laminar flows with lower Reynolds numbers. (b)
SEM image of MWNTs, which are several centimeters long. Scale bar, 2mm. (c) A SEM image of MWNTs grown across a 100 pum slit. Scale bar,
20um. D, HRTEM images showing single, double, triple, and multi-walled CNTs. Scale bars, 5 nm.

B. H. Hong, J. Y. Lee, T. Beetz, Y. Zhu, P. Kim and S. Kim (2005)



Extremely Long SWNT Field Eftect Transistor

gate
FET characteristics
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Electron Transport in Long Single Walled Nanotubes

Multi-terminal Device with Pd contact
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* Scaling behavior of resistance:
R(L)

M. Purewall, A. Ravi, and P. Kim (2006)



Ballistic Transport and Mean Free Path

Electron Transport in 1D Channel
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Resistance of N- 1D Channel: R(L) = -+ .
Ne® Ne® [,

For a nanotube, N =4 ( 2 from spin and 2 from K and K”)



Electron Mean Free Path of Nanotube
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Extremely Long Mean Free Path: Hidden Symmetry ?

Carbon nanotube: Ga[Al]As HEMT:
[,~10 um @ 1.6 K [,~100 um @ 1.6 K
I,~0.5pm @300 K l,~0.06 pm @ 300 K

Small momentum transfer backward

E | scattering must be inefficient.
Selection rules by hidden symmetry in graphene?
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T. Ando, JPSJ (1998);McEuen at al, PRL (1999)



Electric Field Effect in Mesoscopic Graphite

APPLIED PHYSICS LETTERS 86, 073104 (2005)

Fabrication and electric-field-dependent transport measurements ol 32
of mesoscopic graphite devices ‘ ‘i's
Yuanbo Zhang, Joshua P. Small, William V. Pontius, and Philip Kim® i 210
Department af Physics and the Columbia Nanoscale Science and Engineering Center, Columbia University, g_ ik ¢ E 5 1
New York, New York 10027 % z -
(Received 31 August 2004; accepted 11 December 2004; published online 7 February 20035) i |
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FIG. 1. (a) Scanning electron microscope image of an
HOPG crystallite mounted on a microcantilever. Inset:
bulk HOPG surface patterned by masked anisotropic | 30V
oxygen plasma etching; (b) schematic drawing of the A
micracleavi rocess; (c) thin hite  samples -
clea\fed m‘lo.lgthepSLQZJSl subst:ate; (gafty;mal mepi.a— o E
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Electric Field Modulation of Galvanomagnetic Properties of Mesoscopic Graphite
Yuanbo Zhang, Joshua F. Small, Michael E. S. Amori, and Philip Kim B0V |
Department of Physics and the Columbia Nanoscale Science and Engineering Center, Columbia University, A0V

New York, New York 10027, USA 0 3 é_ P
(Received 31 August 2004; published 3 May 2005)




Simple Yet Efficient Mechanical Extraction

Electric Field Effect in Atomically
Thin Carbon Films

K. 5 Moveselov,” A. K. Gelm,™ 5. V. Morozov,” D. Jlang,’
¥. Thang,' 5. V. Dubones ® L V. Grigorieva,’ A. A. Firsov®

We describe monocorys talline graphitic films, which ane a few atams thick but are
nonetheles stable under ambient @nditions, metalic, and of remarkably high
quality. The fibms are found to be a two-dimensonalsemim etal with a tiny ov edap
betwesn valence and @ndudance bands, and they exhilit a strong ambipatar
ahectric field effect sudh that electrans and hales in canoent mtions up to 1002 par
square antimeter and with room-tempersture mobilities of ~ 90,000 square
entimeters per volt-second can be induced by apphdng gate voltage

The ahility 1o oomiral elecimnic propertes af
a maderizl by extermally applied valtage 1= at
the heart of modemn electomic. In many
cases, it is the elecinc feld effect that allows
e fo vary the camer comcenimiion in a
semiconductor device and, comsequenily,
change an eleciric ourrent throogh it As the

‘Deparwnert of Fysics University of Marcheste,
ardeter M13 SFL, UK “estitete for Mool
iomics Techmology, 142432 Chemogolenka, Restia
*To whom comespondence should be addresed
Eximaile geiaPiman. ac sk

22 OCTOBER 2004 WOL 306 SOEMNCE  wwwscenosmagorg

semicand volor industry is neaning the limits
af perfirmance mprovements for the current
technologies domimted by slican, there isa
comsian seasch fir new, noniradiione] mate

rials whase pmperties can be comiralled by
the elecinc fiell. The mest notshle recent
examples of such materials are arganic
omduckms () and carhon mnaombes ). It
has long heen tempiing to extend the e af
the fickl effect 1o metals [eg., to develap all

metllic trangisars that could be saled down
to much smaller sives and wonld comsume
less enemgy and apemte at higher frequencies

than imditiomal semicomducting dewvices (3)].
Hewever, thizs woukl require atomically thin
medal films, hecamse the elecinc held =
soreened at extremely shart distances (<1 nm)
and hulk camrier comcentrations in mefak are
large compuared to the surface chamge that can
he induced by the Geld effect. Films so thin
tend o0 he themmodynamically msahle, he
commg discontmuons ai thicknesses of sev

eml nanometers; 5o far, this has proved o be
an inmrmeounizhle olstcle o metallic elec

ircmics, and no medal or semimeta] has been
shown to exhilii any nothle (>1%) feld of
fexcd (4.
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A Few Layer Graphene on SiO,/Si Substrate

[ T
Optical We images

20 um




Transport Single Layer Graphene

Field Effect Resistance
~h/4e?

5000 —

4000 —

<1 nm

3000 — /
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R, (Q)

1000 —

Zhang, Tan, Stormer & Kim (2005), see also Novoselov et al (2005).
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Graphene v.s. Conventional 2D Electron System

Band structures Density of States
me
E Ar h’
hk’
E=——
2, -
Conventional 2D
Electron System °
Nop(E)
72)2 F |
E = o m; 4000 |
2 mh 7Z'h2 3000 —
E Dfx 2000 —
E=Mhv, t k.t; L
Graphene >
N, (E ’
« Zero band mass N o 2(E) ’
e Strict electron hole symmetry < > N

* Electron hole degeneracy



2D Gas in Quantum Limit : Conventional Case

Density of States Landau Levels in Magnetic Field
Quantum Hall Effect in GaAs 2DEG

Integer Quantization:

2
B e
ny :iv-gs-?
v=1,23..
g,= 2 (spin)

1] 5 10 15 20 25 30 )

B (T)
Graphene

* Vanishing carrier mass near Dirac point

« Strict electron hole symmetry eB

- Electron hole degeneracy @, =—
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Quantum Hall Effect in Graphene
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Relativistic Landau Level and Half Integer QHE

Haldane, PRL (1988)

Landau Level Degeneracy

Landau Level £ = -_|-\/2th[2;|}1‘8 g =4

2 for spin and 2 for sublattice
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T. Ando et al (2002)



Quantum Hall Effect in Graphene

Mobility
~ 60,000 cm?/V s

T=17K
B=9T




Quantum Hall Effect in Graphene at High Magnetic Field
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Splitting of Landau Levels in High Magnetic Fields
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Graphene Electronics

Fig 6. Examples of all graphene device with their band diagram

. . . Graphene ribbon device : after etching
Graphene ribbon device : before etching

electrodes

raphene
etch mask grap




Graphene Ribbon Devices (Preliminary)

Before Etching
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M. Han, Y. Zhang and P. Kim (2006)
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Nanotube Electrodes for Molecular Electronics

* Nanotubes are inherently small,
yet compatible to microfabrication processes

* Covalent chemistry between electrode and molecules

 Potentially good conduction via n-bonding network



Nanotube Nanogaps

Narrow (<10nm) trench via e-beam
Nanotube device lithography

Thin PMMA coating

oxygen plasma
functionalized point contacts

PO e e S Sl

Oxygen Plasma etching creates gaps (0-10 nm) in tubes.

Cut ends likely to be carboxyl-terminated

Hone, Wind, Nuckolls, Brewslow and Kim Collaboration



Nanotube Nanogaps

SEM micrograph

AFM micrograph

SWCNT after cutting

Process are optimized to Yield of cut tubes: 25% of ~2600 devices

Columbia NSEC (Hone, Wind, Brewslow, Nuckolls, and Kim) Collaboration



Molecular Bridges

functionalized point contacts

leridine, EDCI

] o S
g ‘ —Z(N_ molecular .
H bridge 1

*Self-assembled
*Covalently bonded
*Conduction through n-back bone

Bis-oxazole

R
0 Q
N O,
H 0 N H
R
R = 4 -dodecyloxybenzene

— 21 nMm—m———=

Guo et al., Science (2006)



Does It Work?

~ 10-15% of reconnection
out of ~ 100 fully cut tubes

Metallic Nanotube + Molecular Bridge

before cut 50 before cut

40 —

Vsd =50 mV

30 —

20 —

Current (nA)

Current (nA)

10 after reconnection

+ after cut after reconnection




Control Experiments

e

functionalized point contacts

leridine, EDCI
5004 11:—40 molecular < Yr ; .
14D 4 f H-N bridge NH

Pyridine +EDCI without molecules

Bis-oxazole without amines

Bis-oxazole with Monoamine

* 1,12 dodecane diamine (insulator)

Connection
with diamine bisoxazole

No connection

No connection

No connection

No connection



Oligoaniline: PH sensing
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Transport Measurement

Bis-oxazole + metallic SWNT
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Temperature Dependence Transport Spectroscopy
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Gate Voltage Dependence
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Summary

*Transport in long nanotubes:
Extremely long mean-free path in S

*Transport in graphene: A
Unusual quantum Hall effect —— B
Graphene nano ribbon devices / / [EAF

Hall Resistance (k)
T 71 T
=] L5 B -]
(174) souejsisalojoubeyy

*Nanotube electrode for
single molecular electronics
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