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As a new form of carbon allotropes, fullerenesl an
carbon nanotubes have considerably attracted theest
of scientists for a past decade. Among other rekear
carbon nanotube-based hybrid materials, especially
fullerene encapsulated single-walled carbon namstub
(Cso@SWNTS) so called ‘peapods’, have been actively
investigated and the understanding of their physicd
chemistry has rapidly progressed, enlarging their
applications. Although the yield forsgpeapods synthesis
by the prevailing thermal diffusion method is vergh,
this method is less appropriate for the developnadnt
more complicated structures within SWNTs such as
junction-structure through one treatment. Moreovhe
encapsulation mechanism has not fully been undmisto
in spite of its great importance for the shake aflenv
application to any other similar materials. Fostteason,
we have carried out an interdisciplinary experiraént
approach using different-polarity ion plasmas, whic
contain alkali positive , fullerene negative iorm)d a
small fraction of residual electrons [Hctually, we have
reported the successful formation of fullerene peapby
ion irradiation method [2,3]. On the basis of thigvious
work, we here report the details of fullerene pe&&po
formation inside SWNTs and compare them with the
results in the case of other carbon nanotubes, haiie
double- (DWNTSs) [4] and multi-walled carbon nanatab
(MWNTS) [5].

Experiments of fullerene ion irradiation to narms are
performed by applying positive biaseg, to a substrate,
which is covered with the nanotubes and immersed in
plasma column. SWNTs and DWNTs are prepared by
electric-arc method. On the other hand, sparsevasid
aligned MWNTSs are produced by radio frequency plasm
enhanced chemical vapor deposition [5]. The sample
estimation and analysis are mainly performed uild
emission-transmission electron microscopy (FE-TEM)
and Raman scattering spectroscopy.

Figure 1 shows variousgipeapods, which is obtained
from samples ofp,, = 20 V in the C5- G5 plasma.
Completely filled nanotubes are presented in Fg).1n
Fig. 1(b), although the lower tube seems to be grapt
maintains a perfect tube structure, the upper tube
incorporates a fullerene chain through its open (atk
arrow). Figure 1(c), which presents frequently obsd
features in the case of SWNTSs, gives evidence ttiat
fullerenes are well intercalated using our plasma
irradiation method. The production rate of peapodfe
case of Lf - G4y plasma (5 x 1fcm®<n. <5 x 16cm?,
ne plasma density) is placed between 20-25 %. On the
other hand, the encapsulation yield is raised up0t@0
% in the case of Cs- Gy plasma . > 10° cm?).
Namely, the encapsulation rate linearly increasitis an
increase in the plasma density used. This is redsen
that higher plasma density means more increased
irradiation ion-flux, which may be crucial in the
enhancement of the encapsulation rate.

After the Go negative ion irradiation by the positive bias

application to SWNTs, the structural modificatios i
found to be enhanced. Then, we evaluate the rdtio o
Raman peak intensitieg/lg, as a quantitative measure of
structural deformation as presented in Fig. 2. ifdt,f
when we check the relationship between the valdes o
Ip/lc and applied substrate bias voltage, it is fourat th
the value of /I increases with increasing the applied
bias voltage value. In other words, the degree of
nanostructure disorder increases due to increased i
irradiation energy. Secondly, we have to investgat
dependence of thg/l value on the plasma density what
we used at the same substrate bias voltage. Thesaf
I/l for the Goirradiation withea, = 10 V or 20 V in the
Li" - Cg plasma are lower than in the case of €€y
plasma. Namely, the amount of structural modifaati
increases with the enhanceg, @Gegative ion flux toward
SWNTSs. Finally, from the relationship between plasm
density, Goencapsulation yield, and/lg value, we can
conjecture that the fullerene encapsulation phemomeés
closely related with the structural deformatiorS6/NTs.
The results for the fullerene encapsulation inEMWENTs
and MWNTSs will be compared in detail at the meeting
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Figure 1. Various peapods obtained from the samples
treated with thep,, = 20 V in C$ - G5 plasma. (a)
Completely filled nanotubes, (b) Peapods and opeh e
(black arrow), and (c) Typical features of peapods.
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Figure 2. Variations offls for substrate bias voltages.
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