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Answer: Two astronomical units!!

X 2
for (10,10) CNT
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Sun — Neptune:

15g 1s enough!
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Diameter of galaxy
(100,000 light years):

30,000 kg




Various Nanostructured Carbon Materials

Solid Cg, Crystalline CNT  C,@(10,10) ("Peapod")
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Various Nanostructured Carbon Materials

Solid Cq Crystalline CNT  C,,@(10,10) ("Peapod")

Precursors to even more interesting new phases
via P & T treatments



Polymerization of Fullerenes

[1]Y. Iwasa et al: Science 264, 1570 (1994)
[2] M. Nunez-Regueiro et al: Phys. Rev. Lett. 74, 278 (1995)
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A 4

Solid C,,

— New dimensionality; sp?-sp> hybrid system
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Constant-P Molecular Dynamics

M. Parrinello and A. Rahman: Phys. Rev. Lett. 45, 1196 (1980)

Lagrangian
N
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i=1
Variables
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§ Constant-P Molecular Dynamics Study of

Nanostructured Carbon Solids:

- simple cubic C,

- (10,10) CNT

- Cey@(10,10) peapod

- (5,5)@(10,10) double-walled CNT



Constant-P Molecular Dynamics - Summary

10 GPa 20 GPa 30 GPa
Solid C, new polymer phase amorphous (Sp3 )
(10,10) CNT  graphite | new phase | amorphous (Sp3 )
Ceo@(10,10) (stable) polymerize amorphous (Sp3 )
(5,5)@(10,10) (stable) Sp2‘|'Sp3 amorphous (Sp3 )*

*anisotropic

-- Y. Omata, Y. Yamagami, K. Tadano, T. Miyake, and S. Saito, Physica E 29, 454 (2005)



(10.10) Solid under 20 GPa

New crystalline phase




New crystalline phase

Body-Centered Tetragonal Phase ("C,")




R R—/N—aEa1—2EL T/ FFRE

& RIZDDENT-FLRIBFIEDAHL
MDD 2alb—ia M 278 (us) <0 (ms)
— J5—L2-F/Fa—T DEFEIRHIFBEEA

o ZHFRLGEERDYE - ZEHFEFE

SEeGE—REAE]: HERFHLET -BARFA

~F/ILIMAZORIZE T HT N RHREF S - 5t



; [ ]
SCIENCE

Carbon Nanotubes for Next-
Generation Electronics Devices

Susumu Saito

Copyright © 1997 by the American Association for the Advancement of Science



Carbon Nanotubes for Next-
Generation Electronics Devices

Susumu Saito

The age of semiconductor technol-
ogy started in 1947, just a half century
ago, when the first semiconductor
device, a germanium-based transis-
tor, was invented at Bell Telephone
Laboratories. Since then, the minia-
turization of devices has been con-
tinuous, and computers have become
faster and smaller. Meanwhile, sili-
con has become the most popular
device material, owing to its geologi-
cal abundance and suitable physical
properties. Nowadays, the size of the
typical device is halved every 3 years.
But how far can we go along this
road? Although the present devices
consist of tiny material domains and
junctions between them, each do-
main is designed to behave in the
same way as its macroscopic counter-
part. Hence, the present path should
end when we go from the present mi-
crometer (~10 pm) world to the na-
nometer (~10 nm) world where materials are
known to behave quite differently because of
quantum effects.

At the present pace of miniaturization,
we will reach this end within a decade. In
order to overcome this technological limit,
several types of devices are being investi-
gated that make use of quantum effects
rather than trying to overcome them. For
this reason, the nanometer-scale carbon ma-
terials, namely the fullerenes and nanotubes

The author is in the Department of Physics, Tokyo Insti-
tute of Technology, Oh-okayama, Meguro-ku, Tokyo
152, Japan. E-mail: saito@stat.phys titech.ac.jp

Nanotubes and fullerenes may be useful as constituent
units of carbon nanoelectronics device. [Adapted from
Hamada (5)]

(see figure), have attracted great interest not
only in the scientific fields but also in the
field of semiconductor technology. Solid Cg,
is semiconducting (1), whereas nanotubes
are predicted to be semiconducting or metal-
lic, depending on their network topology
(2), and several device structures have been
theoretically proposed (3). On page 100 of
this issue, Collins et al. report an experimen-
tally functioning carbon nanodevice based
on nanotubes (4).

In general, there are two kinds of elemen-
tal device structures: two-terminal and three-
terminal devices. The transistor is a three-
terminal device with a variety of structures,

materials, and basic functional mechanisms.
A typical two-terminal device is the diode,
having also a variety of structures and appli-
cations, such as switching, rectification, and
solar cells. The “nanotube nanodevice” re-
ported by Collins et al. is a kind of nanodiode.

Collins et al. took a novel approach in
using a scanning tunneling microscope
(STM) as nanotube manipulator. The tip is
first used to pick up and retract the nanotube
rope, and then it is used as a sliding local
probe to measure the electrical conductivity
between the tip and substrate, connected by
means of retracted tubes. They found an
abrupt change in the current flow from that
in a graphite wire to that in a device upon
sliding the tip in one direction. Beyond cer-
tain well-localized positions, the current can
flow only in one direction, which is called
rectification, the fundamental function of
the two-terminal diode device.

In semiconducting materials, a small
amount of impurity added as a dopant can
make electron-excess n-type or electron-de-
ficient p-type semiconductors. A junction
between p- and n-type semiconductors works
as a diode. A rectifying junction can also be
formed between a semiconductor and a
metal. In the case of carbon nanotubes, they
can be either metallic or semiconducting,
depending on the topology. Hence, experi-
mentally observed diode properties can be
explained by the presence of the junction
between two topologically or electronically
different nanotubes.

Such junctions can be designed by intro-
ducing pentagon-heptagon pair defects into
otherwise hexagonal nanotube networks (3).
Fullerenes are also known to work as junc-
tion units for nanotubes (5). Therefore, the
next milestone toward fullerene-nanotube
electronics would be the construction of to-
pologically designed two- and three-termi-
nal nanostructures.

Carbon is also one of the geologically
most abundant elements. Moreover, it can
take a variety of forms, as has already been
shown in fullerene and nanotube geometries.

www.sciencemag.org * SCIENCE ¢ VOL. 278 ¢ 3 OCTOBER 1997 77



Not only Cg, but also many kinds of large  the keys to realizing carbon-nanostructure M _S. Dresselhaus, Appl. Phys. Lett. 60, 2204

fullerenes . pe: (1992)

(6) and endohedral .metallo glectronics in the next century. 3. See. for example, L. Chico et al., Phys. Rev. Lett
fullerenes (7) have been produced in a mac- 76. 971 (1996).
roscopic amount, and macroscopic produc- References 4. g. Gil Colgns_. A Zze;tlz' :‘Oosangdg%)A' Thess. R. E.
tion of size-controlled nanotubes is now in e By DOEREE L :
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progress (8). The technology for manipula- 2637 (1991) 6. K. Kikuchi et al., Nature 357. 142 (1992).
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