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Fullerene =» CNT =» Graphene =» Graphite

Fullerene (Cq)

Ribbon
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S. fijima [ Tetrahedral bonding in graphitized carbon black

Polyhedra consisting of hexagonal and pentagonal
faces

Suppose one has a polydedron of hexagonal and
pentagonal (not necessarily regular) faces with each
corner common to 3 polygons. Let there be p penta-
gons and 2 hexagons:

F = number of polygons=p +h ,
E = number of edges = 5p/2 + 6h/2 ,

i.e.,, p=12 and h = any number. There must always
be 12 pentagons.
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Svnthesis of Carbon Nanotube & Nanohorn
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CNT growth of catalyst-CVD

CNT

~—— Metal particle

Vapor of C_H, - metal

—  Metal particle , ——

Hongwei et al. Small, 2005




ngh purh‘v SWCNTS bv DIPS mefhod

LO
(> )
(> )
([@\|
&
D
.
(7))
=
i -
e
K
©
-
D
OB
=
(qv]
0P
|_'

mple of diameterl.7-1.9nm for Peapods

G/D ratio >200

1000
Raman Shiftfcm-1]




Flexible electronics industries of SWCNTs
TFT- FET |

Drain Source Controlled growth

= S-M Separation

- Transparent & flexible conductive films

» Thin film transistors (printable-ink-jet)




Super-Growth SWCNT technology

Futaba et al., PRL 2005

Hata et al. Science 2004
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Water-Ethylene Ratio

. ' Size: 2 x 2cm 50 X 50cm?
Substantial cost down | = .
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Large-scale production of SWCNTs

Synthesis at lab-scale Carbon nanotubes

\/acudm deposition
-— - -

Si wafer Batch process

Industrial production
P Catalyst Carbon nanotubes

>
-
9 Ca

Rolled metal films Coating Continuous process

E Reuse of substrate <




Large-scale CVD synthesis of SWCNT
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Carbon Nanotube (CNT) Application Products

CNT-Touch Screen Displays
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7.85inch Sinch 4 inch

iPad mini-iPad iPhone smartphone
http://www.aizchina.com/2011/11/20/ipad-nano-mini-carbon-nanotube-785-inch-touch-screen/
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® Drug: Cisplatin,
Dexamethasone g
(anti- inflammatory agent ) &

Targeting Material

Drug carrier
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30-Inch Roll-Based Production of High-Quality
Graphene Fllms for Flexible Transparent Electrodes

Graphene on

polymer support Released

polymer support

N

Fig. 2. Photographs of the roll-based production of graphene films. (A) A Cu foil wrapping around a 7.5-inch quartz
tube to be inserted into an 8-inch quartz reactor. The lower image shows the Cu foil reacting with CH4 and H2
gases at high temperatures. (B) Roll-to-roll transfer of graphene films from a thermal release tape to a PET film at
120° C. (C) Atransparent ultra-large-area graphene film transferred on a 35-inch PET sheet.




Nano-crystalline diamond films with

SEM image

A conventional diamond film

extremely smooth surface

TEM image (Graln size: ~5nm)

Glass (400°C)

Borosilicate glass
Soda-lime glass
Quartz

Sapphire

Hasegawa et al., PRB, 2010

Metal (370°C)
Stainless steel, Cu, Fe
Al, Ti, Mo, WC(Co)

Si

Plastic (100°C)
PPS
Polycarbonate




Graphene is much easier 10 form than

diamond !
Diamond Graphene
Graphene H,(50%)

+ 0
o Ar(50%)
i

H,(95%)
CH,(5%)
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Growth conditions

No Soot ! Soot !l

 (Graphene is formed only by changing gas recipe from
diamond CVD.




Low temp. synthesis of A4-size graphene films
by surface microwave plasma CVD method

Hasegawa et al., APL, 98, 2011

- EAYST7IVY— ' Microw ave—  (2.45GHz)

Plasma

/ Cu fail

Reciprocating motion

Nalional Institute of
Advanced Industrial Science
and Technology

AIST

Neitional Institute of
Eced Industria) Science
and lechnology

e AIST,
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(Raman shift ,638 nm, 1 um spot size

(a) Cu foil (CVD conditions: 5 Pa, CH,/Ar/H,=30/20/10 sccm, 3 kW per a MW
generator, 30 s) substrate temperatures below 400 °C
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(b) Al foil (CVD conditions: 3 Pa, CH,/Ar/H,=30/20/10 sccm, 4 kW, 180 s).

(c) Substrate temperature profile.

Characteristics of

as transparent electrodes

Hasegawa et al., JAP, 2010

Average transmittance (400-800 nm). 81%

o
o

81% transparency
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M
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Wavelength (nm)

@
@
Various CVD conditions

Sheet resistance (()/sq)
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Average transmittance (400-800 nm) (%)
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“Plumbing” of CNTs

With the assist of tungsten, two CNTs with 'C'o-hdp:letely diffe'r'en't
diameters and chiralities can also be seamlessly joined.




Evidence of metal catalyst for fullerene growth
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™ Imaging atomic

- a
[ 4 o L4 4

on a graphite
surface created
by electron
beam irradiation

“Phase contrast”
electron microscopy

lijima, Optik 47, 437 (1977)
lijima, Micron 8, 41 (1978)




Atomic defects on CNT

by electron beam irradiation
Hashimoto et al., Nature 2004
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Mono-vacancies, di-vacancies, ad-atom-vacancy pairs




Vacancy dynamics in carbon nanotubes
Jin et al. Nano Lett 2008

Electrons at 120kV

vacancy

Pd electrode

Frenkel pair

DC current




Activation energy barrier

Power: 1.1V, 78uA
Heat capacity (reported)

e Estimated temperature
e 1,000K~1,800K
AR e

£
i

Traveling distance: 7.3 nm in
18 sec

Activation energy 2.2~4.0 eV
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age of as-formed graphene

— -
o

-
-

PRL 2009

S. lijima, Optik, 1977
Hashimoto et al., Nature 2004
C. Jinetal., Nano Lett 2008

C. Jin. et al., ACS Nano 2008

single layer




cetal., PRL 2009

Chaunhong Jin
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The method similar to that for the metal quantum wires; A lower beam intensity. 120 kV and 80 kV .
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Condenser Lenses
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STEM-EELS for Spectrum-imaging

C K-edge O K-adge

5, (=1 U:IJM_._,‘

CCD counts (a.u.)

ad

Tt e T A il s ce i

100 200 300 400
Energy loss (eV)

AE - 0.5 eV

500 600

t=0.02to10s

Gatan PEELS666

PINTE
1340x100
magnetic-prism

* * spectrometer
CCDd i

annular dark field
detector

——

specimen

Probe size ~ 0.5 nmd

Current ~ 0.6 nA objective lens

o= 7.5 mrad T X WY scan coils
B= 22 mrad
100 keV condensor

field emission gun

VG HB501 (AE ~ 0.265 eV)




Single atom spectroscopy
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La%* in LaCl,
Ce¥ in CeCl, TR 140 180
Ce* in CeO, Energy loss (eV)




Ultimate Elemental Mapping at
ot i i g

() ©) ()

Ce Carbon
(subtracted)

» Discrimination of La(Z=57) & Ce(Z=58)

> Discrimination of Ce3* & Ce**
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-Graphene edge spectroscopy.

“Atom-by-atom spectroscopy at graphene edge’
K. Suenaga and M. Koshino, Nature, 468 pp.1088-1090 (2010)




¥ C-C bond (0.14nm)
resolution

SWNT (18, 0)
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Identification of afomlc defecfs

Filtered image &
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5-7-7-5 defect (the Stone-Wales)




ADF imaging of graphene layers
at 60KV (No image processing)

Mono-layer JEESSSSSESS - i i

0.106 nm
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