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Positive and negative bias-voltages are applied to single-walled carbon nan(BWes's in
magnetized alkali-metal and alkali—fullerene plasmas. When accelerated ions are irradiated to the
SWNTs through plasma sheaths, drastic structural deformations such as deflection and tube cutting
of the SWNTs are observed to take place. Furthermore, this phenomenon is found to be
accompanied by the fullerene encapsulation inside the SWNTs in the case of the positive-bias
application in the alkali—fullerene plasma, giving the possibility that various kinds of atoms and
molecules can effectively be intercalated by our plasma method20@1 American Institute of
Physics. [DOI: 10.1063/1.1427744

Because of their unique properties and substantial potera magnetized plasma columB£0.3T) as shown in Fig.
tials for the application in various fields, carbon nanotdbes1(a). The low-temperature plasma is produced by surface
have attracted much interest and been actively studied. Ipontact ionization of alkali metald.i, Na, or K) on a hot 2.0
particular, research, which is related to the development ofm diam tungsten plate under the background pressure of
functional materials such as single-walled carbon nanotubell —3)x 10~ ° Torr and flows toward an endplate situated at a
(SWNT9 encapsulating various elemefitdor moleculed;® distance of 60 cm from the hot plate. The density and elec-
has very rapidly progressed in recent years. However, préfon temperature of this alkali-metal plasniai®—e",
vailing methods pertaining to these hybrid-structuredNa" —e~, or K"—e”) are measured to be (1-5)
SWNTs production have been based on thermal vapor-phagé 10’ cm™® and about 0.2 eV=positive-ion temperatujey
reactions. Namely, most of the experiments have been peft Langmuir probe, respectively. When the temperature of an

formed at relatively high temperaturés400 °C). Moreover,

a lot of time including pretreatment such as the oxidation (a) -
process is essentially required. Therefore, one can feel the Alkali :T[; o
necessity of any other convenient and more controllable Oven B ®
method, where various kinds of atoms, molecules, or their

combinations such as alkali—halogen, alkali—fullerene, etc. Hot Plate § Hot Cylinder 1 Endplate

can be selectively encapsulated inside SWNTSs.

Actually, we have produced several endohedral
metallofullerene$ using plasmas that consist of positive
alkali-metal ions, negative fullerene ions, and residual
electronst® As a development of this work our concern is
here focused on the formation of functional SWNTs such as 3 I _ 3 |J
N—P doped nanotubes, which are expected to show nonlinear -lPumpI Ceo Oven L}aj?g&u'r |Pump
electronic properties according to the recent theoretical
simulation!! In this letter, we report results of bias-voltage (b) =lsup (MA) “lsup (£ A)
application to SWNTs immersed in magnetized plasmas,
which contain oppositely charged ions of different species,
demonstrating an effectiveness of our method of the plasma-
ion irradiation to SWNTSs for the purpose mentioned above.

SWNTs used in this study were synthesized by an elec-
tric arc discharge method. The raw material was purified by
the HIDE methodf and dispersed by brief sonication in eth-
anol. Then, specimens were prepared by deposition and dry-
ing of dispersed SWNT droplets on stainless steel substrates

(15 mmx 15 mm) by a pipette. The substrate is immersed inFIG. 1. (a) Schematic diagram of the experimental urti) Typical sub-

strate current—voltage characteristics obtained in the plasma core region

(Jr|=0 cm) and its periphery regiorjr(= 1.5 cm). Dotted and solid lines

dAuthor to whom correspondence should be addressed; electronic maitorrespond to the cases of the alkali-metal and alkali—fullerene plasmas,
hatak17@ec.ecei.tohoku.ac.jp respectively.
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FIG. 3. TEM images obtained from the samples treated with(éhep,,
=10, (b) ¢,=20V in Li—Cg plasma, and(c) ¢o,,=20V in Na-Go
plasma. Scale bar is 4 nm.

structural defects on the nanotubes, any deformation is con-
firmed not to be found in our purified original sample, as
shown in Fig. 2a). The purified SWNTs are uniformly dis-
tributed in the form of bundles. When the positive bias
(¢ap>0) is applied to the substrate covered with the dis-
FIG. 2. Typical TEM images showing the morphology difference betweenP€rsed SWNT bundles in the alkali-metal plasma, no appre-
before and after plasma irradiatio@) Purified SWNTs and SWNTs irradi-  ciable change is observed in the TEM image. This means that

ated by plasma electrong,=50 V). (b) SWNTs irradiated by ions in the - tha glectron irradiation to the SWNT bundle has no effect on
alkali-metal plasmadg,,= —300 V). Arrows indicate extremely deformed

structures such as deflection and tube cutting. The ins@) igives a mag- its morphOIOgy' When the deeply negative biaﬁ,'{(<0) is
nified image of tube cut regiofscale bar is 5 nin applied to the substrate, on the other hand, the extremely

deformed SWNTSs are clearly observed in the TEM image, as
presented in Fig. ®). On that point, it is plausible that the
perspective of the image during observation could underline
the curvature of SWNT bundles. In order to clarify this am-
biguity, we have repeatedly analyzed a variety of specimens
and surely obtained the essential images showing SWNTs
highly curved and deformed due to the plasma-ion irradia-
tion. Moreover, this change of the nanotube morpholdbg
degree of deflection or tube cutting denoted by arrows in Fig.
2(b)] is enhanced with an increase in the acceleration energy
of positive alkali-metal ions {500 V< ¢,,<0). Roughly
teristics of the substrate, to which dc bias voltageg are speaking, the threshold values for the SWNTs structure de-
applied with respect to the grounded hot plate. In the case dPrmation appear to be on the order of 10 antio0 V for the
the alkali—fullerene plasma the negative-saturation current ofaSes of the positive- and negative-bias applications, respec-
the characteristic apparently decreases around the plasrH¥ely- However, their details are under investigation and the
core region [r|=0cm), but the positive-saturation current quantitative results will be published elsewhere. The inset in
highly increases in the periphery regiofr|c1.5cm) in  Fig. 2(b) exhibits a magnified image of a typical triangular
comparison with the case of the alkali-metal plasma. Thiglosed-packed structure presumably caused by tube cutting.
result indicates that the alkali—fullerene plasma is radiallyGenerally speaking, such a cross-sectional image can also be
diffused due to large Larmor radii of Gions, being almost taken when an electron beam of the TEM is aligned with the
electron free in the periphery region. Thus, positively andbundle axis. In our case, however, the structure of the cross-
negatively charged particles are substantially accelerated kBectioned image is much more clearcut and discontinuous. In
sheaths in front of the substrate fé,,<0 and ¢,,>0, re-  particular, some of the tubes within the same bundle are
spectively, flowing into the SWNT bundles. Such a plasmeclearly shown to be terminated, forming open-ended struc-
irradiation is performed for 1 h. After the treatment, thetures. In general, structural deformations of SWNTs have
SWNTs are characterized by field emission gun transmissioheen thought to be undesirable because they may change
electron microscopyTEM) at 200 kV (Hitachi HF-2000 their intrinsic properties. However, some recent results relat-
and energy dispersive x-ray spectrometry. ing to structure manipulation are reported’ because con-
Although it has been reported that the ultrasonic treatirollable structure modification may be useful in certain ap-
ment for SWNTs purificatiol? and electron beam damage plications such as hydrogen storage, lithium ion battery, and

during TEM observatiolf induce a considerable amount of hybrid structured SWNTs formation.
Downloaded 30 Sep 2008 to 130.34.135.158. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

oven filled with G particles is raised to 400 °C, which is
installed inside a side hole of a het450 °Q copper cylin-
der (6.0 cm diameter, 20 cm lengtlituated near the tung-
sten plate, attachment of electrons to sublimggifiolecules
(Ceot e —Cqp takes place in the alkali-metal plasma due
to relatively high electron affinity of £ (=2.65 e\}. Finally,
an alkali—fullerene plasma(Li*-Cs,, Na'—Cgy, oOr
K" —Cqg) is generated downstream from the hot cylinder
region®

Figure Ib) shows typical currentl(,)—voltage charac-
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nate from the accelerateds{dmpact on the SWNT bundles
because such a TEM image is never observed in the case of
the alkali-metal plasma, where it is impossible to directly
observe alkali-metal atoms inside the SWNTSs by the present
TEM method. We think these modified SWNT structures
may contribute to yield an enhanced encapsulation of inter-
calants inside the SWNTs. More work not only to search for
optimal intercalation conditions but also to precisely analyze
our products is under investigation.

In summary, structural deformations such as deflection,
tube cutting, and tip termination of the SWNTs are clearly
observed when ions are irradiated to SWNTs bundles by
means of bias-voltage application in magnetized alkali—
metal and alkali—fullerene plasmas. Sincg, €Encapsulated
SWNTs are also found to be effectively synthesized in the
case of the positive bias application in the alkali—fullerene
plasma, our unique approach could have a great potential and
high feasibility for the realization of new functional carbon
FIG. 4. TEM images obtained from the samples treated with: ¢,, ~ Nanotubes.
=5V in Na-Gy plasma andb) ¢,,=20V in Li—Cgs, plasma. Fullerenes
are well encapsulated inside the SWNTs. The authors thank Dr. A. A. Farajian for his discussions.
They are also indebted to H. Ishida for his technical support,
Since the strong electric field parallel to the magnetic-and also oT Og_awa and Y. Safco for purlflcat|or_1 and Raman

analysis, respectively. Part of this work was carried out under

field Iine_s is formed in the plasma-sheath region just in. fron& e Cooperative Research Project Program of the Research
of the biased substrate, SWNT bundies would be Orlente#stitute of Electrical Communication, Tohoku University.
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