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Tunlng Carrier Density by Electric Field Effect

Atomic for ce micr oscope image of nanotube device
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Electrical Transport in Nanotube Devices

Metallic nanotube Semiconducting nanotube




Controlled Growth of Ultralong Nanotubes

Growth
continues
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Figure 3. SEM and TEM images of ultralong MWNTSs. (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)



Extraction of Inner Shellsfrom MWNTSs

AFM manipulation of long MWNTSs
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Extremely Long SWN

Field Effect Transistor

FET characteristics

V=20V




Electron Transport in Long Single Walled Nanotubes

Multi-terminal Device with Pd contact

. T=250K
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M. Purewall, A. Ravi, and P. Kim (2006)



Ballistic Transport and Mean Free Path

Electron Transport in 1D Channe

Ie . mean free path
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For ananotube, 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]JASHEMT:

|.~10pum @ 1.6K |, ~100 um @ 16K
|,~0.5um @ 300K |, ~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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Electric Field Effect in M esoscopic Graphite

APPLIED PHYSICS LETTERS 86, 073104 {2005)

Fabrication and electric-field-dependent transport measurements o=
of mesoscopic graphite devices ‘ *i's
Yuanbo Zhang, Joshua P. Small, William V. Pontius, and Philip Kim®' z e
Department of Physics and the Columbia Nanoscale Science and Engineering Center, Columbia University, 2_ 141 E 5 )
New York, New York 10027 % = ~
(Received 31 August 2004; accepted 11 December 2004; published online 7 February 2005) 1zh 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 I
microcleavi rocess; (c)  thin hite samples oF.
cleaved mﬁ%h:Sioszi suhshtate; (g?t);icm mspin- Vg
:x}l’.lcek device fabricated from a cleaved graphite viov 4 g
o
1 um
4
-1ov
k endi 1
PRL 94, 176803 (2005) PHYSICAL REVIEW LETTERS f:vel\;Asz{]
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Electric Field Modulation of Galvanomagnetic Properties of Mesoscopic Graphite
Yuanbo Zhang, Joshua P. Small, Michael E. 5. Amori, and Philip Kim -2V |
Department of Physics and the Columbia Naonoscale Science and Engineering Center, Columbia University, Aoy

New York, New York 10027, USA ° 3 é s
(Received 31 August 2004; published 3 May 2005)




Simple Yet Efficient Mechanical Extraction
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Electric Field Effect in Atomically
Thin Carbon Films

K. 5 Movaselov,” A. K. Gelm,™ 5. V. Morozov,” D. Jlang,’
¥. Zhang,' 5. V. Dubones,” L V. Crigorieva,’ A. A. Firsov”

We describe monacrys talline graphitic fibms, which are a fews atams thick bt are
nonetheless stable under ambient mnditions, metalic, and of remarkakbly high
quality. The fitms are found to be a two-dimensonal semim etal with a tiny ov edlap
betwean valence and onductance bands, and they edhibit 8 strong ambipalar
electric field effed sudh that electrans and holes in concentmations up to 1077 per
square entimeter and with room-temperature mobilities of ~ 90,000 square
entimeters per volt-second can be induced by apphdng gate voltage

The ahility to comtral elecimnic propertes af
a materizl by extermally applied valtage is at
the heart of modemn electomic. In many
casex, it 15 the elecine Held effedt that allows
e fo vary the camer comcemimiion in a
semiconductar device and, consequently,
change an eleciric ourrent throogh i As the

'Depariment of Fuysics University of Maschestes,
archeter M3 SFL, UK estiiete for Mool
tromics Tedhmobogy, 142432 Oheimagobovics, Rustia
*To whom comesponderce shoeld be addressed
Esimaile @eiaPmar. ac sk

22 OCTOBER 2004 VDL 306 SCOEMCE  wewwoscienosmagong

semicmd votar ndusiry is neanng the lmaits
af perfirmance improvements for the current
technologies domimted by silicon, there is a
comsiant seasch fir new, noniradifionz] mate

rizls whase pmperties can be comiralled by
the elecinic field. The must nokble recem
examples of such materials are argamic
omduckms () and carhon mnatubes 2] It
has ling heen tempting 1o extend the uwse af
the fiekl effect to metals [eg, to develap all

metllic irangstars that conld he saled down
to much smaller stees and woukl comsume
less energy and apemte a1 higher frequencies

than tmeditioml semicemducting dewvices (3]
Heowever, this woukl require atomically thm
medal films, hecawse the electic feld =
soresned af extremely short disances (<1 nm)
and hulk carmier comcentratioms in melals are
large compared to the surface chage that can
he induced by the feld effect. Films so thin
temd 0 he themmadynamically msahle, he

ooming discomtinuous at thicknesses of sev

el manometers; so far, this has proved o be
an inmrmouniahle akstcle o metllic elec

Aremics, and no medal or semimetal has heen
shown ta exhibit any nofble (=-1%) feld of

fimcd {4
We repart the abservation of the electric
field effect in 2 mtwmally -——-

dimensioml (20} material
few-layer graphene (FL{)
name given io a single lyes
demsely macked imo a hex
iure, and is widely used o
ties af mamy carhon -hased m
graphite, lamge fullerenes, nar
carhon manotuhes me wmal
grapheme sheets mlled up e
oylinders) (57} Plhmr gn
heen presamesd not S0 exist
heing mmstvhle with respect &
cumved siruchumes such as 5o
manciuhes {514
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A Few Layer Grapheneon SO./S Substrate

Optical

20 ym




Transport Single Layer Graphene

Field Effect Resistance
~h/4e?

5000 —

4000 —

I' <1nm

3000 — /

2000 —

R, ()

1000 —

Zhang, Tan, Stormer & Kim (2005), see also Novoselov et a (2005).



Graphene: Dirac Particlesin 2D Box

Band structure of graphene
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Graphenev.s. Conventional 2D Electron System

Band structures

Conventional 2D
Electron System

Graphene

e Zero band mass

e Strict electron holesymmetry < = >

* Electron hole degeneracy

Den’ry of States
m
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E Ar ﬂ'hz
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m* 4000 —
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2D Gas in Quantum Limit : Conventional Case

Density of States Landau Levels in Magnetic Field

Integer Quantization:

2

g e

R, —iv-gs-z
v=1 2 3..
g~ 2 (spin)

Quantum Hall Effect in GaAs 2DEG

0 5 10 15 20 25 30 33

B(T)
Graphene
* Vanishing carrier mass near Dirac point
« Strict electron hole symmetry eB
» Electron hole degeneracy W =—

m




Quantum Hall Effect in Graphene
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Relativistic Landau Level and Half Integer QHE

Haldane, PRL (1988)

Landau Level Degeneracy
Landau Level £, = +\/28hv§|n‘B 9, =4
- 2 for spin and 2 for sublattice

o =
5 .>n:3 E’
LGCJ >n:2 -
——— n=1 . "
Quantized Condition
) 1 e?
R ‘'=+g (n+=)—
g, ( 2) .
= v=xg (n+1/2)

T. Ando et a (2002)



Quantum Hall Effect in Graphene

Mobility
~ 60,000 cm?/V s

T=1/7K
B=9T




Nanotube Electr odesfor Molecular Electronics

* Nanotubes are inherently small,
yet compatible to microfabrication processes

e Covalent chemistry between electr ode and molecules

 Potentially good conduction via n-bonding networ k



Nanotube Nanogaps

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

lithography

Thin PMMA coating

oxygen plasma

functiona!izeq point contacts

PR s S e S PS5 e e e e e 4

....‘......
A E A KL LI LT

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

Cut endslikely to be car boxyl-ter minated

Hone, Wind, Nuckolls, and Kim Collaboration



Nanotube Nanogaps

SEM micrograph

AFM micrograph

SEM micrograph

Au on Cr.

SWCNT after cutting

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

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



Molecular Bridges

functionalized point contacts '

ler'idine, EDCI

: LAES o, Lt
: ‘ —& molecular »—
N_ brid _N
| i ridge i

«Self-assembled
*Covalently bonded
eConduction through =-back bone

Bis-oxazole

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

—e 21 nmMm—0 =

Guo et al., Science (2006)



Does |t Work?

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

Metallic Nanotube + Molecular Bridge
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Control Experiments

functionalized point contacts

S e

& Se S S e o o
e molecular
X f H'N bridge NH

Pyridine +EDCI without molecules

Bis-oxazole without amines

Bis-oxazole with Monoamine

* 1,12 dodecane diamine (insulator)

l Pyridine, EDCI

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

plagescRety

R = 4 -dodecyloxybenzene
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Temperature Dependence Transport Spectr oscopy
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Gate Voltage Dependence

di/dv (uS)
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Summary

*Transport in long nanotubes:
Subshell extraction in MWNTSs
Extremely long mean-free path in SWNTSs

*Transport in graphene: -\ _I
Unusual quantum Hall effect - Hinnitaval
Graphenenanoribbon devices <= 72 1 . © J
Gate dependent Raman spectroscopy vl

*Nanotube electrode for
single molecular electronics
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