
Nagano, JAPAN
June 18 - 23, 2006

7th International Conference
on

The Science and Application of Nanotubes

NANOTUBE 2006



History of the Nanotube Conference Series 

Since their conception in 1999, the Nanotube Conferences attempt to provide an informal 

setting to exchange the most current information in the rapidly evolving Nanotube research 

field.  

During the initial years, the number of registered participants exceeded the planned capacity 

by a factor of two. This was manageable at NT'99 in East Lansing, with 120 instead of the 

planned 60 participants. The following conference, NT'01, was planned to accommodate 

140 participants at a beautiful location in Potsdam. The large number of applications, close 

to 300, turned from a blessing to a headache for the organizers. Only half of the applicants 

could be admitted due to the hard limit, imposed by the hotel capacity at the somewhat 

remote location. The strong interest in the topic and the conference format held on at NT'02 

at Boston College. Since then, the number of participants has increased gradually, reaching 

430 at NT'05 on Göteborg.  

To reflect the international nature of the research field, the NT'03 conference was held at 

Seoul National University in Korea. By that time, the Asia-Europe-Americas "continent 

swapping mode" emerged as a pattern. The NT'04 conference was held in San Luis Potosi, 

Mexico. The NT'05 conference has been brought back to Europe, and NT'06 will take place 

in Japan.  

Common to all conferences is a venue located close to a strong center of Nanotube 

research activity, and a local organization team active in Nanotube research. Contributions, 

presented in oral "Poster+" and Poster sessions, have traditionally been treated with a high 

priority, taking up about half of the total conference time, with no parallel sessions. Other 

features common to the conferences include an emphasis on quality, originality, and 

informality. Many of these desirable commonalities have been captured in the "Charta of the 

Nanotube Conference Series (see http://nanotube.msu.edu/nt06/nt-charta.html)". 
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Charta of the Nanotube (NT) Conference Series 

1. Purpose. 

The purpose of the NT conference series is to promote scientific progress, to 
stimulate free exchange of ideas, and to publicize progress in nanotube 
sciences.  

2. Target attendance.  

2.1 NT conferences are open to all interested and active in nanotube research.  

2.2 The number of attendees may be limited to maintain the informal spirit of 
communication. Young researchers are treated with higher priority.  

3. Format.  

3.1 The organizers will assist in maximizing opportunities for sharing knowledge 
in an informal atmosphere.  

3.2 NT conferences are held in one single plenary session. Parallel sessions are 
to be avoided.  

3.3 Presentations of problems and needs is encouraged as much as 
presentation of solutions.  

3.4 Contributions play a key role at NT conferences. At least half the conference 
time shall be devoted to contributed presentations.  

 

 

 

 

 



4. Contributed presentations.  

4.1 To provide maximum exposure to contributed results, contributors are invited 
to summarize their findings in a Poster format. The main purpose of Poster 
presentations is to facilitate asynchronous scientific discussions related to each 
specific contribution.  

4.2 The organizers secure adequate time and space for poster sessions. 
Creative ways to enhance communications, including refreshments, are 
encouraged.  

4.3 Poster+ sessions, consisting of brief 2 minute/2 viewgraph summaries of 
contributions, may precede Poster sessions, to enhance the exchange of 
information in a balanced manner. All contributors are encouraged to expose 
their findings to everyone in this way if Poster+ sessions are offered.  

4.4 At large conferences, Poster+ presentations may be substituted by a brief 
overview of the topic of a focussed poster session, presented by an expert in the 
field at the beginning of the session. Referring to specific contributions in the 
session, the Poster Chair should summarize the major progress, the major 
obstacles, and desirable future directions in the field. Ideally, this should occur in 
a democratic manner, representing all/most contributions. All contributors are 
encouraged to communicate their findings to their assigned Poster Chair for 
presentation well ahead of the conference.  

5. Invited presentations.  

5.1 Invited presentations are selected in a democratic way by members of the 
advisory board. Presentation of invited talks is reserved for leading, active 
researchers, not their substitutes. The selection of topics and speakers should 
reflect the most significant progress and cover the entire active nanotube field. 
The advisors will resist pressure to select invited talks on other grounds than 
scientific merit.  

5.2 NT conference organizers should generally avoid inviting the same presenter 
at two consecutive conferences. To avoid conflicts of interest, the organizers 
should generally avoid inviting contributions of organizers and advisory board 
members.  



6. Venue.  

6.1 To pay respect to the international character of nanotube research, two 
consecutive meetings should not be held on the same continent.  

6.2 The conference should preferentially be held a location associated with or 
close to an institution active in nanotube research.  

6.3 Convenience of the conference facilities is preferred to luxury. Modest 
conference accommodations are to be preferred to reduce the conference 
expenses of participants and to encourage attendance.  

7. Financial matters.  

7.1 NT conferences are organized in a non-profit way. The organizers undertake 
any reasonable efforts to secure external sponsorship covering local and travel 
expenses of invited speakers, support student attendance, and reduce the 
conference fee. Any excess revenue is passed on to organizers of the sequel 
conference.  

8. Miscellaneous.  

8.1 NT organizers promote the spirit of informal communication also by providing 
name badges to participants. Both first and family names should be spelled out 
and printed in an easily legible, large font. Academic titles should be avoided.  
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Keynote lecture - 001 - Monday, June 19

Nanotube Peapods: A New Class of
Carbon Nanotube Hybrids

Hisanori Shinohara

Department of Chemistry & Institute for Advanced Research, Nagoya University

Contact e-mail:noris@cc.nagoya-u.ac.jp

During the past decade, carbon nanotubes encapsulating fullerenes, metallo-
fullerenes (the so-called peapods) and other functional molecules have been syn-
thesized and characterized by HRTEM, STM/STS, Raman, X-ray, FET and other
measurements. In many cases, these nano-peapods have found to exhibit structural
and electronic properties which are not normally observed in conventional carbon
nanotubes. The novelty in electronic structure for the peapods comes mainly from
hole or electron doping to the nanotubes from the encaged molecules. Here, we
will report synthesis, structures and electronic properties of nano-peapods enca-
ging a series of metallofullerenes and other functionalized molecules.

One of the fascinating features of metallofullerene-peapods such as Gd@C82,
Ce@C82 and Ti@C82 peapods is that one can perform a local band gap engi-
neering at the site where metallofullerenes are endothermally inserted. TEM and
STM images together with electron energy loss spectra have suggested that the
metallofullerenes can be spaced regularly as close as 1.1 nm in a high-density
peapod structure, while 1.1 - 3 nm spacing has often been observed in a low-
density peapod. About 10% of over 200 SWNT images showed locally modified
semiconducting band gaps. We found that the synthetic yield of metallofullerene
peapods varies considerably from one fullerene to another.

Furthermore, metallofullerene-peapods have exhibited ambipolar FET beha-
vior with both n- and p-channels easily accessible by simple electrostatic gates.
Similar results were obtained from more than 10 independent devices composed
of a small bundle of metallofullerene peapods. Because the encaged metalloful-
lerenes provide 2-6 electrons to the carbon nanotubes (electron-doping), the elec-
tronic transport properties of these peapods can drastically be altered with respect
to the intact nanotubes.
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Keynote lecture - 002 - Tuesday, June 20

HR-TEM imaging of molecules and ions
trapped inside carbon nano-spaces

Kazu SUENAGA

AIST

Contact e-mail:suenaga-kazu@aist.go.jp

Carbon materials have long been known to possess “nano-spaces,“ where a
variety of materials can be accommodated. The mechanism of storing objects in-
side the carbon nano-spaces, however, has not yet been fully understood. In order
to reveal the storing mechanisms of carbon nano-structures we have tried by using
the high-resolution transmission electron microscopy (HR-TEM) to visualize va-
rious molecules and ions trapped inside porous nano-carbon materials. Attempts
to encapsulate various fullerene molecules and ions inside the carbon nanotubes
and nanohorns were made. Results will provide direct identification of the prefe-
rable adsorption sites for examined molecules and atoms.

(1) K. Ajima et al., Adv. Mat., 16 (2004) 397
(2) K. Urita et al., Nano Lett., 4 (2004) 2451
(3) L. Guan et al., Phys. Rev. Lett., 94 (2005) 045502
(4) Z. Liu et al., Phys. Rev. Lett., 96 (2006) 088304
(5) Supported by NEDO and JST. In collaboration with Nagoya University,

Meijo University, Beijing University, and Chiba University.
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Keynote lecture - 003 - Wednesday, June 21

Carbon Nanotube and Graphene
Chemical Sensors

Peter C. Eklund

Pennsylvania State University

Contact e-mail:pce3@psu.edu

Semiconducting nanowires (SNW) and single-walled carbon nanotubes (SW-
NT) are currently being investigated for a variety of applications as electronic
chem/bio sensors. Most of these sensors rely on a perturbation of the nanofilament
resistance and/or transconductance induced by the chemical attachment of mole-
cules to be detected. The mechanism by which nanotubes “sense” this attachment,
be it via physisorption or chemisorption, or by specific chemical binding, remain
somewhat obscure in many cases. We begin this presentation with an overview of
these sensor devices and what they can do, and indicate how close some of these
devices may be to the market place. Next we turn to research performed in my
group that has attempted to document the sensitivity of SWNTs to environmen-
tal interaction,i.e., to chemisorption and physisorption of vapors, etc., including
recently published results that indicate that even gas collisions with the tube wall
can be easily detected via the SWNT resistance and thermoelectric power. We
close by presenting progress in moving toward a graphene-based chemical sen-
sor. We will present results of fundamental studies made to synthesize atomically
thin sp2 carbon films. We are able to produce n-Graphene Layer (nGL) systems
on various substrates, where n=1,...,20 layers. This is achieved either by direct
mechanical transfer of HOPG to the substrate, or by generating nGL “rafts” in
solution and depositing them from this suspension. Results of Raman scattering
studies on nGLs will be presented that probe the interaction between the graphene
layers and their coupling to the substrate.

3



Keynote lecture - 004 - Thursday, June 22

Electrical Transport in Molecules,
Nanotubes and Graphene

Philip Kim

Columbia University

Contact e-mail:pk2015@columbia.edu

In this presentation, I will start with reporting our recent progress of synthe-
sizing extremely long length scale individual single walled nanotubes (SWNTs)
and multiwalled nanotubes (MWNTs). Employing microscopic mechanical mani-
pulations, we demonstrated fabricating complex structure device fabrications [1].
In addition, electrical transport measurements in long SWNTs allow us to probe
the 1-dimensional resistivity and mean-free path of these materials at wide tem-
perature ranges.

In the second part, we will discuss the transport in nanotubes-single molecule
hybrid system. We have developed a method to construct such a system, in which
cut single walled carbon nanotubes are covalently attached to molecular wires
through an amide linkage. Using this versatile method we have tested a number
of different types of molecules, including species with chemical functionality that
allows the molecular conductance to be switched [2].

Finally, I will discuss the unusual transport phenomena discovered in single
atomic sheet of graphene [3]. Recent advances in micromechanical extraction and
fabrication techniques for graphite structures now permit graphene to be probed
experimentally. In this part, I will report an experimental investigation of magneto
transport in a high mobility single layer of graphene. Adjusting the chemical po-
tential using the electric field effect, we observe an unusual half integer quantum
Hall effect for both electron and hole carriers in graphene.

[1] B. H. Hong et al., Proc. Nat. Acad. Soc. 102, 14155-14158 (2005).
[2] X. Guo, et al., Science 311, 356- 359 (2006).
[3] Y. Zhang, Y. Tan, H. L. Stormer, and P. Kim, Nature 438, 201-204 (2005).
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Keynote lecture - 005 - Friday, June 23

Carbon Nanotube Electronic and
Optoelectronic Devices and Circuits

Phaedon Avouris

IBM Research Division, T.J. Watson Research Center

Contact e-mail:avouris@us.ibm.com

Although a number of different electronic devices based on SW-CNTs have
been demonstrated, most of the emphasis has been placed on CNT field-effect
transistors (CNTFETs). Such devices have superior characteristics, but also pose
a set of new challenges. These include understanding the quasi-1D transport phy-
sics, deciphering the different device scaling laws, understanding the barriers at
metal-nanotube interfaces, doping them, etc. In my talk I will discuss these issues
and demonstrate solutions that allow the fabrication of not only individual devi-
ces with excellent characteristics, but also more complex integrated circuits, such
as ring oscillators, based on a single CNT molecule. Self-assembly procedures
of such devices on high-k dielectrics based on reversible functionalization of the
CNTs will also be presented.

Unlike silicon, semiconducting CNTs allow the direct absorption and emis-
sion of light. I will discuss the nature of the excited states of CNTs and their
production by photon and electron excitation. Radiative recombination of inde-
pendently injected electrons and holes in an ambipolar CNTFET leads to single
nanotube molecule light sources. I will also show that the CNT 1D-character,
strong e-h interactions and weak e-phonon interaction allows for efficient intra-
molecular impact excitation by hot carriers in CNTs under unipolar conditions.
Our theoretical analysis shows that impact excitation rates are many orders of ma-
gnitude higher in CNTs compared to 3D solids. Impact neutral exciton production
rates are typically twice those of impact ionization and the initial distribution of
excitations produced is very different from that produced by photon excitation.
Examples of naturally occurring and fabricated structures that emit unipolar elec-
troluminescence will be discussed.

5
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Invited talk - 001 - Monday, June 19

From Super Growth to DWNT forests,
CNT solids, Flexible Transparent CNT
films and Super-Capacitors and Much

More
kenji hata

AIST

Contact e-mail:kenji-hata@aist.go.jp

This presentation will provide an overview of our recent development of the
Super Growth CVD. First, the synthesis of highly efficient impurity free SNWT
forest will be described. Second, the growth dynamics will be explored with our
recent advance in CNT synthesis. Characterizing of the physical and chemical pro-
perties of SWNT forests will be given. Various applications of the super-growth
CVD, spanning from material and energy storage to flexible transparent CNT
films and super-capacitors would be presented. Third, various new forms of car-
bon nanotube material, such as DWNT forests and CNT solids, made by utilizing
the super-growth technique will be demonstrated. Lastly, challenges and future
projects that are planed will be summarized.

6



Invited talk - 002 - Monday, June 19

Epitaxial Approaches to Carbon
Nanotube Organization

Ernesto Joselevich

Department of Materials and Interfaces, Weizmann Institute of Science

Contact e-mail:ernesto.joselevich@weizmann.ac.il

The organization of carbon nanotube arrays on surfaces is a critical prerequi-
site for their large-scale integration into nanocircuits. In this presentation we will
provide an overview of the recent advances toward the controlled formation of
organized nanotube structures guided by different crystal surfaces, their morpho-
logies and the possible mechanisms of their formation. We found that single-wall
carbon nanotubes (SWNTs) catalytically produced on miscut c-plane sapphire wa-
fers grow along the 0.2 nm-high atomic steps of the vicinal alpha-Al2O3 (0001)
surfaces, yielding highly aligned, dense arrays of discrete nanotubes [1]. The na-
notubes reproduce the atomic features of the surface, including steps and kinks.
We also demonstrate the aligned growth of SWNTs by periodically nanofaceted
surfaces, leading to the formation of either unprecedentedly straight and paral-
lel nanotubes, or to wavy nanotubes loosely conformal to sawtooth-shaped face-
ted nanosteps [2]. It is also possible to create carbon nanotube crossbar arrays in
one growth step by simultaneous nanofacet-directed and field-directed growth in
perpendicular directions. Lattice-oriented, atomic step-templated and nanofacet-
directed nanotube growth may be rationalized as nanotube-extended versions of
incommensurate lattice-directed epitaxy, ledge-directed epitaxy, and graphoepita-
xy, respectively. These different modes of nanotube epitaxy open up new pos-
sibilities for assembling nanotube architectures from the bottom up by surface
engineering. We will as well show some unprecedented - and at times funny - na-
notube structures, which form by other modes of nanotube epitaxy, not yet fully
understood. We will stress that in the same way as epitaxy has advanced materi-
als science and technology, nanotube epitaxy could advance nanotube science and
technology.

[1] Ismach, A; Segev, L.; Wachtel, E.; Joselevich, E.Angew. Chem. Int. Ed.
2004, 43 , 6140.

[2] Ismach, A; Kantorovich, D.; Joselevich, E.J. Am. Chem. Soc.2005, 127
, 11554.
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Invited talk - 003 - Monday, June 19

Current Induced Reversible Deformation
of Carbon Nanotubes

Yoshikazu Nakayama

Osaka Prefecture University, Osaka University

Contact e-mail:nakayama@pe.osakafu-u.ac.jp

We induced a permanent plastic deformation in an originally straight double-
walled carbon nanotube by applying current to an individual nanotube that had
been bent elastically under mechanical duress. The onset of plastic deformation,
as measured using the current circumference-density, is less than 1/20 that causing
sublimation. Applying a large current to the permanent bend in the nanotube reco-
vered the original straight shape. Its onset circumference-density is close to that of
sublimation. The plastic bending deformation and its recovery can be performed
cyclically, indicating that the deformed structure is metastable.

The minimum energy path calculation with a bond-order potential well ex-
plained the experimental results and suggests the following model. The moderate
energetic perturbation under the strain induces bond switching to form Stone-
Wales defects, and the pentagons and heptagons in the defects move to minimize
the total energy. Thereby, the plastic deformation of the permanent bend is com-
pleted, because the adequate substitution of pentagons and heptagons for hexa-
gons permanently bends the tubes. When the high energy is given to raise the
temperature up to that of sublimation, the bond switching occurs to recover the
bend.

Our findings will allow developing the nanotube static devices and actuator
devices with high performances.
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Invited talk - 004 - Tuesday, June 20

Near-field optical imaging of
single-walled carbon nanotubes

Achim Hartschuh1, Huihong Qian2, Tobias Gokus2, Alfred J Meixner2,
Neil Anderson3, Lukas Novotny3

1 LMU Muenchen, Germany
2 University of Tuebingen, Germany

3 University of Rochester, USA

Contact e-mail:achim.hartschuh@uni-tuebingen.de

Photoluminescence and Raman spectroscopy are powerful tools for studying
the electronic and vibronic properties of single-walled carbon nanotubes (SW-
NTs). Experiments on individual SWNTs, in particular, remove ensemble avera-
ging involving different nanotube chiralities and can help to refine our understan-
ding of nanotube physics. The spatial resolution achieved in conventional micros-
copy, on the other hand, is limited by diffraction to about half the wavelength of
the excitation light. Thus, the spectroscopic data obtained results from spatial ave-
raging over∼300 nm along the investigated nanotube.

Near-field optical techniques surpass the diffraction limit and can provide new
insights into material properties on the nanometer scale. The technique we use is
based on the local field enhancement at a laser-illuminated metal tip that acts as
a highly confined excitation source. We present simultaneous photoluminescence
and Raman spectroscopy of SWNTs with a resolution of about 10 nm [1,2]. We
visualize the spatial extent of electronic states and probe emission energies along
individual nanotubes [3]. For different sample materials, we observe a varying
degree of localization of photoluminescence indicating the presence of bound ex-
cited states. Our results will help to clarify the influence of the local dielectric
environment and of structural defects on the emission properties of SWNTs.

[1] A. Hartschuh et al., Phys. Rev. Lett. 90, 095503 (2003).
[2] N. Anderson et al., J. Am. Chem. Soc. 127, 2533 (2005).
[3] A. Hartschuh et al., Nano Lett. 5, 2310 (2005).
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Invited talk - 005 - Tuesday, June 20

Excitons in Carbon Nanotubes
Rodrigo B. Capaz1, Catalin D. Spataru2, Sohrab Ismail-Beigi3,

Steven G. Louie4

1 Physics Institute, Universidade Federal do Rio de Janeiro
2 Columbia University

3 Yale University
4 U. C. Berkeley and Lawrence Berkeley National Laboratory

Contact e-mail:capaz@if.ufrj.br

We calculate several properties of excitons in single-wall carbon nanotubes
(SWNTs) (binding energies, sizes, optical activities and radiative lifetimes) using
a combination ofab initio and empirical methods. First, we present a theoretical
analysis and first-principles calculation of the radiative lifetime of excitons in se-
miconducting SWNTs. Assuming a thermal occupation of bright and dark exciton
bands, we find an effective lifetime of the order of 10 ns at room temperature, in
good accord with recent experiments [1]. Second, employing insights and results
from the first-principles calculations, we develop an empirical method consisting
of a symmetry-based, effective-mass, variational approach with tight-binding wa-
vefuntions. This approach provides exciton binding energies in good agreement
with available first-principles results and its simplicity allows calculations for a
variety of diameters (d) and chiralities. The exciton binding energies present an
overall decrease with 1/d, with strong chirality dependence and family behavior.
The exciton sizes scale withd, also showing family behavior. We also address the
important issue of bright-dark exciton splittings, which are found to decrease as
1/d2. Dependence of these properties on the dielectric screening will also be ad-
dressed, in the light of recent experimental measurements.

[1] C. D. Spataru, S. Ismail-Beigi, R. B. Capaz, and S. G. Louie, Phys. Rev.
Lett. 95, 247402 (2005).
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Invited talk - 006 - Tuesday, June 20

Nature of Optical Transitions in Carbon
Nanotubes and Population Analysis

Ado Jorio

Universidade Federal de Minas Gerais

Contact e-mail:adojorio@fisica.ufmg.br

The nature of the optical transitions in carbon nanotubes will be discussed, ad-
dressing the excitonic versus band-to-band photophysics, and the phonon related
states. The most intense (so calledEii ) transitions are measured up to the fourth
optical level in semiconducting tubes (ES

44). Surprisingly we find that, while the
first and second optical levels are excitonic, the third and fourth levels are band-
to-band transitions. The exciton binding energies and their dependence on tube
diameter are directly extracted from theEii data. Other weak absorption/emission
peaks will be addressed too, focusing on the exciton-phonon side bands. TheEii

andωRBM are now established for all single-wall carbon nanotubes in the diame-
ter range between 0.6 and 2.3nm, and energy range between 0.7 and 3.0eV. The
intensities of theEii transitions are studied for (n,m) population characterization
using optics. Characterization of HiPco, CoMocat and Alcohol samples are dis-
cussed, and they suggest the preferential production of large chiral angle tubes
when going to diameters below 0.9nm.
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Invited talk - 007 - Wednesday, June 21

The Chemistry of Single Walled Carbon
Nanotubes: Applications to biomolecule

detection, nanotube separation, and
electronic networks

Michael S. Strano

Department of Chemical and Biomolecular Engineering, University of
Illinois-Urbana/Champaign, 600 S. Mathews Avenue, Urbana, Illinois 61801,

USA

Contact e-mail:strano@uiuc.edu

Recent advances in the spectroscopy of single walled carbon nanotubes ha-
ve significantly enhanced our ability to understand and control their surface che-
mistry, both covalently and non-covalently. Three distinct systems under investi-
gation in our laboratory highlight these advances.

Molecular detection using near-infrared light between 0.9 and 1.3 eV has im-
portant biomedical applications because of greater tissue penetration and redu-
ced auto-fluorescent background in thick tissue or whole-blood media. We have
pioneered the use of carbon nanotubes as tunable near-infrared fluorescent sen-
sors that are highly photo-stable In one system1, the transition of DNA secondary
structure from an analogous B to Z conformation modulates the dielectric environ-
ment of the single-walled carbon nanotube (SWNT) around which it is adsorbed.
The SWNT band-gap fluorescence undergoes a red shift when an encapsulating
30-nucleotide oligomer is exposed to counter ions that screen the charged back-
bone. We demonstrate the detection of the mercuric ions in whole blood, tissue,
and from within living mammalian cells using this technology. Similar results
are obtained for DNA hybridization and the detection of single nucleotide po-
lymorphism. We also report the synthesis and successful testing of near-infrared
β-D-glucose sensors2 that utilize a different mechanism: a photoluminescence mo-
dulation via charge transfer. The results demonstrate new opportunities for nano-
particle optical sensors that operate in strongly absorbing media of relevance to
medicine or biology.

Covalent and non-covalent chemistries that are selective to single-walled car-
bon nanotubes of a particular electronic type have become increasingly important
for electronic structure separation and on-chip modification of nano-electronic
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devices3. We have performed mechanistic studies to answer longstanding que-
stions regarding their nature. Transient Raman and photoluminescence data col-
lected in-situ reveal a series of two first-order reactions involving an adsorbed
intermediate, and covalently bound product. The latter step can be deactivated by
changing the structure of an absorbed surfactant phase, further supporting the me-
chanism. We discuss progress utilizing this chemistry to separate and sort single
walled carbon nanotubes by their electronic structure using a 4-hydroxybenzene
diazonium reagent.

Lastly, arrays and networks of metallic and semi-conducing carbon nanotubes
are finding application in flexible electronics, as chemical and biological sensors,
and as electronic interconnects. However, these systems demonstrate an environ-
mental sensitivity and chemical reactivity that complicates processing, and facile
incorporation into devices. We have studied the irreversible binding of adsorbates
to such networks using electrical transport and Raman spectroscopy. The results
are described theoretically using a continuum site balance model and mass ac-
tion network involving the adsorbate-substrate interaction4. All such devices in
the literature and in our laboratory are shown to possess both reversible and ir-
reversible binding sites that can be modeled independently. A simple analytical
test is presented to distinguish between these two mechanisms from the transient
conduction response of these arrays.

(1) DA Heller, et al. Science 311 (2006) 508-511.
(2) PW Barone, et. al. Nature Materials 4 (2005) 86-92.
(3) MS Strano: Journal of the American Chemical Society 125 (2003) 16148-

53.
(4) CY Lee and MS Strano. Langmuir 21 (2005) 5192-96.
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Invited talk - 008 - Wednesday, June 21

Pulmonary Response to Aspiration of
Single Walled Carbon Nanotubes

Vincent Castranova

National Institute for Occupational Safety and Health (NIOSH)

Contact e-mail:Vic1@cdc.gov

Single walled carbon nanotubes are being investigated for applications in mi-
croelectronics, structural materials, and bone grafting. It is anticipated that com-
mercial production of single walled carbon nanotubes will grow rapidly. In light
of high anticipated production, worker exposure and possible adverse health ef-
fects are concerns. Therefore, the potential effects of pulmonary exposure to the-
se nanoparticles was investigated. Mice were exposed by pharyngeal aspiration
to purified single walled carbon nanotubes at 10, 20 or 40µg/mouse. Pulmona-
ry damage, inflammation, and fibrosis were monitored 1 60 days post-exposure.
Aspiration generated two size fractions of nanotules (aggregates and more dif-
fuse nanoropes). Pulmonary exposure to nanotubes resulted in an acute damage
and inflammatory response, which returned toward the control state after 7 days
post-exposure. Deposits of aggregated nanotube material were found in the ter-
minal bronchiolar and proximal alveolar regions. Response at deposition sites of
aggregates was the formation of granulomas, characterized by encapsulation of
aggregates by epithelioid cells and rapid and progressive fibrosis. In addition dif-
fuse intersitial fibrosis was observed in distal alveolar regions in the absence of
visible nanotube aggregates. This interstitial fibrosis was apparent 7 days post-
exposure and progressed through 60 days post-exposure. Labeling the nanotube
material with gold prior to aspiration allowed deposits of nanoropes to be visuali-
zed in these distal alveolar speta. It is concluded that, although exposure to single
walled carbon nanotubes did not cause prolonged inflammation, a progressive fi-
brotic response was observed. In light of such a pulmonary response, it appears
prudent to avoid excessive inhalation of this material in the workplace.
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Invited talk - 009 - Wednesday, June 21

Nanobiotechnological Applications of
Functionalised Carbon Nanotubes

Alberto Bianco

UPR9021 ICT, CNRS

Contact e-mail:A.Bianco@ibmc.u-strasbg.fr

Carbon nanotubes (CNT) are attracting the attention of several scientists, due
to their unique structural, mechanical, electronic, chemical and biological proper-
ties [1]. These nanoobjects hold a lot of promises on biomedical applications for
different reasons: high stability, water solubility, lack of intrinsic immunogenicity,
efficient payload capacity, and cellular uptake [2]. The organic functionalisation
has facilitated the manipulation of this nanomaterial and it has also opened the way
to the potential use of CNT as novel vectors for cell internalisation of therapeu-
tic molecules. Therefore, functionalised CNT can be considered as a promising
alternative to the common drug delivery systems.

In this context, we have recently developed a novel non-viral delivery system
based on cationic CNT for transfer of nucleic acids [3]. In addition, we have ex-
plored the possibility of targeted delivery of small organic molecules (antibiotics)
and peptide-based synthetic vaccines [4, 5]. In this presentation we will describe
the functionalisation and biological properties of nanotubes loaded with different
active cargos. These conjugates are able to penetrate into the cells with reduced
toxicity [6]. Their potential use for the delivery of plasmid DNA, drugs or peptides
will be summarised. We will also address the critical issue of toxic effects [7].

[1] Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato M. Chem. Rev. 2006, 106, 1105.
[2] Bianco, A.; Kostarelos, K.; Partidos, C. D.; Prato, M. Chem. Commun. 2005, 571.
[3] Pantarotto, D.; Singh, R.; McCarthy, D.; Erhardt, M.; Briand, J.P.; Prato, M.; Ko-

starelos, K.; Bianco, A. Angew. Chem. Int. Ed. 2004, 43, 5242.
[4] Wu, W.; Wieckowski, S.; Pastorin, G.; Benincasa, M.; Klumpp, C.; Briand, J.-P.;

Gennaro, R.; Prato, M.; Bianco, A. Angew. Chem. Int. Ed. 2005, 44, 6358.
[5] Pantarotto, D.; Partidos, C. D.; Hoebeke, J.; Brown, F.; Kramer, E.; Briand, J.-P.;

Muller, S.; Prato, M.; Bianco, A. Chem. Biol. 2003, 10, 961.
[6] Pantarotto, D.; Briand, J.-P.; Prato, M.; Bianco, A. Chem. Commun. 2004, 16.
[7] Singh, R.; Pantarotto, D.; Lacerda, L.; Pastorin G.; Klumpp, C.; Prato, M.; Bianco,

A.; Kostarelos, K. Proc. Natl. Acad. Sci. USA 2006, 103, 3357.
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Invited talk - 010 - Thursday, June 22

Gated Magnetoresistance in Carbon
Nanotubes

Christian Schoenenberger, Sangeeta Sahoo, Takis Kontos, Jürg Furer,
Matthias Gräber, Audrey Cottet

University of Basel

Contact e-mail:Christian.Schoenenberger@unibas.ch

One of the basic building blocks of spintronic devices is the spin-valve, which
is formed if two ferromagnetic electrodes are separated by a thin tunneling barrier.
In such devices, the electrical resistance R depends on the orientation of the ma-
gnetization of the electrodes. It is usually larger in the antiparallel than in the par-
allel configuration. The relative difference of R, the so-called magneto-resistance
(MR), is then defined to be positive. The MR may become anomalous (negative),
if the transmission probability of electrons through the device is spin or energy de-
pendent. This offers a route to the realization of gate-tunable MR devices, because
transmission probabilities can readily be tuned in many devices with an electrical
gate signal. Using carbon nanotubes with ferromagnetic contacts in a field-effect
geometry, we demonstrate a spin field-effect transistor (Spin-FET), in which the
amplitude and the sign of the MR are tunable with the gate voltage in a predictable
manner.

We have studied both the MR in multi and single-wall carbon nanotubes using
PdNi alloy to form ferromagnetic source and drain contacts. The two contacts
have different shape rendering different magnetic switching fields. Two-terminal
resistances are in the range of 5-100, k&#61527;. The typical MR signal amounts
to a 2-3 % in magnitude, in agreement with simple expectations from Julliere’s
model for tunneling MR, but the MR can also be enhanced to values up to 10 %.
The most striking observations are sign changes in the MR. The MR oscillates in
a regular fashion with gate voltage Vg

This oscillation is shown to be due to resonant tunneling.

We acknowledge fruitful discussions with R. Egger, C. Bruder and W. Belzig.
We thank M. Calame, M. Gräber, S. Ifadir, and D. Keller for the preparation of
SWNT devices, C. Sürgers (Karlsruhe) for magnetic measurements, and L. Forro

16



(EPFL) for providing the MWNTs. This work has been supported by the EU RTN
network DIENOW, the Swiss National Center (NCCR) on Nano-Scale Science,

and the Swiss National Science Foundation.

[1] S. Sahoo et al., Appl. Phys. Lett. 86, 112109 (2005)
[2] S. Sahoo et al. Nature Physics 1, 99 (2005)
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Invited talk - 011 - Thursday, June 22

Aligned Carbon Nanofibre - Polymer
Composite Membranes

Eleanor E.B. Campbell1, Baptiste Gindre1, Andrei Gromov1,
Raluca E Morjan1, Martin Jonsson1, Amin Muhammad1,

Oleg A Nerushev2, Muhammad S Kabir3

1 Goteborg University
2 Goteborg University and Institute of Thermophysics Novosibirsk

3 Chalmers University of Technology

Contact e-mail:eleanor.campbell@physics.gu.se

Polymer membranes have been widely used in various applications, such as
fuel cells, gas separation, biology, electrochemical sensors, electronics etc. Con-
ducting polymer membranes are promising materials for construction in many
areas. The anisotropy of electrical conductivity in such membranes may be in-
teresting and can be achieved by filling polymers with structured carbonaceous
compounds.

In this study we investigated composites made of thin transparent polymer
membranes, in which regularly patterned vertically aligned carbon nanofibers (VACNF)
or arrays of carbon nanotubes were incorporated across the film. Using electron
beam lithography or nanoimprinting, patterned catalyst nanoparticles are prepa-
red for the growth of the carbon nanostructures. The polymer matrix is added by
a spin-coating method that the nanostructures can withstand. The membranes can
be removed from the substrate with wet etching. The electrical properties of the
composite membranes along and across the membrane were investigated.
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Invited talk - 012 - Thursday, June 22

Multifunctional Carbon Nanotube Yarns
and Transparent Sheets: Fabrication,

Properties, and Applications
Ken Atkinson1, Stephen Hawkins1, Chi Huynh1, Chris Skourtis1,
Jane Dai1, Mei Zhang2, Shaoli Fang2, Anvar Zakhidov2, Sergey

Lee, Ali Aliev 2, Christopher Williams2, Ray Baughman2

1 CSIRO Textile & Fibre Technology
2 NanoTech Institute, University of Texas at Dallas

Contact e-mail:Ken.Atkinson@csiro.au

Individual carbon nanotubes (CNTs) have spectacular measured properties
that are of great commercial interest. These include over ten-fold higher strength
than other comparable materials, a higher thermal conductivity than diamond, a
thousand-fold higher current carrying capability than copper, and other fascinating
and useful properties. The problem has been the difficulty of assembling many tril-
lions of nanotubes into yarns and sheets that retain the spectacular properties of
the individual nanotubes. An approach commonly used involves an initial step
of dispersing the carbon nanotubes in either a melt or liquid, which suffers from
number problems such as high viscosity at high concentrations, breakage of the
nanotubes and the degradation of length-based properties, particularly thermal and
electrical transport.

These problems have been circumvented by the development of a new process
for the formation of continuous carbon nanotube yarns and transparent sheets.
The CNTs are first grown in forests on silicon wafer with a special topology that
provides for continuous recruiting of CNTs. Once a continuous assembly of CNTs
is formed, it can be twisted to form a yarn, as in spinning of textile fibres like wool
or cotton, or it can be used directly as a ribbon or sheet, which has the structure of
a fine non-woven textile web.

This solid-state method of assembling CNTs provides a number of important
advantages, such as, elimination of breakage of CNTs during dispersion and pre-
servation of length, elimination of residual traces of solvent that decrease electron
and phonon transport, and, most significantly, formation of materials consisting
almost entirely of CNTs.

The presentation will detail aspects of the solid-state method of production of
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the electrically conducting yarns and transparent sheets, their properties, and so-
me of the exciting applications that have been identified so far. These will include
demonstration that the CNT yarns can be used for cold electron emission displays
and intense light sources operating at low potentials, artificial muscles, supercapa-
citors, and impact-resistant incandescent light sources. The demonstrated uses for
CNT sheets include planar sources of polarized broad-band incandescent radiati-
on, microwave welding of plastics to make defrostable windows, sensors having
low 1/f noise and low temperature dependence, and fabrication of highly elasto-
meric electrodes.
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Invited talk - 013 - Friday, June 23

Metallic Nanotubes and as a Perfect
Conductor

Tsuneya Ando

Department of Physics, Tokyo Institute of Technology

Contact e-mail:ando@phys.titech.ac.jp

Interesting transport properties of carbon nanotubes are reviewed briefly from
a theoretical point of view. In metallic nanotubes, in particular, there is no backs-
cattering even in the presence of scatterers unless their potential range is smaller
than the lattice constant of a two-dimensional graphite. When there are several
bands at the Fermi level, a perfectly conducting channel transmitting through the
system without being scattered back exists. There can be various perturbations
breaking this symmetry. The perfect channel can easily be destroyed by a small
perturbation, while the absence of backscattering is very robust. The inter-wall
conductance in double-wall nanotubes is calculated for various incommensura-
te structures. It is negligibly small due to cancellation among different sites and
appears only because of incomplete cancellation in the presence of sharp tube
boundaries.
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Invited talk - 014 - Friday, June 23

Aligned Carbon Nanotube
Nanocomposites and Nanodevices

Liming Dai

University of Dayton

Contact e-mail:ldai@udayton.edu

We have previously developed a simple pyrolytic method for large-scale pro-
duction of aligned carbon nanotube arrays perpendicular to the substrate. These
aligned carbon nanotube arrays can be transferred onto various substrates of par-
ticular interest in either a patterned or non-patterned fashion. The well-aligned
structure provides additional advantages for not only an efficient device construc-
tion but also surface functionalization (both the inner and outer wall). The surface
functionalization of aligned carbon nanotubes is particularly attractive, as it al-
lows surface characteristics of the aligned carbon nanotubes to be tuned to meet
specific requirements for particular applications while their alignment structure
can be largely retained. These aligned carbon nanotubes with tunable surface cha-
racteristics are of great significance to various practical applications, including
nanotube sensors and optoelectronics. For instance, we have previously immobi-
lized glucose oxidase (GOX) onto the aligned multi-wall carbon nanotube arrays
by electropolymerization of pyrrole in the presence of GOX. The resultant GOX-
containing polypyrrole-carbon nanotube coaxial nanowires were shown to be pro-
mising new sensing active materials for making advanced glucose sensors with
a high sensitivity. Also, single-strand DNA chains have recently been chemically
grafted onto aligned carbon nanotube electrodes, leading to novel aligned carbon
nanotube-DNA sensors of a high sensitivity and selectivity for probing comple-
mentary DNA and target DNA chains of specific sequences. More recently, we
have also developed a rational approach to partially coat perpendicularly-aligned
carbon nanotube arrays with an appropriate polymer thin film along their tube
length to create synergetic effects, which provide the basis for developing no-
vel sensors for the detection of chemical vapors, thermal and mechanical stimuli
with a high sensitivity, good selectivity, excellent environmental stability, and low
power consumption. In this talk, we will summarize our work on the preparation
of polymer and aligned carbon nanotube nanocomposites and nanodevices. Poten-
tial applications of aligned carbon nanotube nanocomposites with other materials
(e.g. metal nanoparticles) will also be discussed.
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Invited talk - 015 - Friday, June 23

High-Tc Superconductivity in Entirely
End-bonded Multi-walled nanotubes

Junji Haruyama1, Izumi Takesue2, Naoyoshi Murata1, Shohei Chiashi3,
Shigeo Maruyama3, Toshiki Sugai4, Hisanori Shinohara4

1 Aoyama Gakuin University
2 Waseda University
3 Tokyo University

4 Nagoya University

Contact e-mail:J-haru@ee.aoyama.ac.jp

One-dimensional (1D) systems face some obstructions that prevent the emer-
gence of superconductivity, such as Tomonaga-Luttinger liquid states and Peierls
transition. Carbon nanotubes (CNs) are one of the best candidates for investigating
the possibility of 1D superconductivity and its interplay with such obstructions.
Only two groups to our knowledge, however, have experimentally reported super-
conductivity in CNs [1],[2]. In contrast, interestingly B-doped diamond and CaC6

could exhibit superconductivity with Tc of about 11K [3].
Here, we report that entirely end-bonded multi-walled CNs (MWNTs) can

exhibit superconductivity with a Tc as high as 12 K [4], which is approximately
30 times greater than Tc reported in [1]. We also find that the emergence of this
superconductivity is very sensitive to the junction structures of the Au electro-
de/MWNTs. This reveals that only MWNTs with optimal numbers of electrically
activated shells can allow superconductivity due to intershell effects. Recent mea-
surement results in magnetization will be also shown.

[1] M. Kociak, et al., Phys. Rev. Lett. 86, 2416 (2001)
[2] Z. K. Tang, et al., Science 292, 2462 (2001)
[3] E.A.Ekimov et al., Nature (London) 428, 542 (2004); T.E.Weller et al.,

Nature Physics 1, 39 (2005)
[4] J.Haruyama et al., Phys. Rev. Lett. 96, 057001 (2006)
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Intro to Bio-Impact - 001 - Wednesday, June 21

Introduction to societal impacts of
nanotubes

Masahiro TAKEMURA

Nanotechnology Researchers Network Center of Japan (Nanonet)/ National
Institute for Materials Science (NIMS)

Contact e-mail:TAKEMURA.Masahiro@nims.go.jp

The societal impacts of nanotubes and other nanomaterials including their po-
tential risks have been proactively discussed by people concerned in Japan as well
as the USA and Europe. In this presentation, several projects to address these is-
sues in Japan are introduced. For example, important issues for the establishment
of organized evaluation of the health impacts of nanomaterials such as the provi-
sion of standardized testing materials and their nanoscale dispersion in the air and
water have been discussed in the projects.
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Contribution A.001 - Monday, June 19

Selective growth and characterization of
aligned metal-filled carbon nanotubes

Christian CM Mueller1, Silke Hampel1, Albrecht Leonhardt1,
Dieter Elefant1, Margitta Uhlemann1, Dmitri Golberg2,

Helfried Reuther3, Bernd Buechner1

1 Institute for Solid State Research
2 NIMS

3 FZ-Rossendorf

Contact e-mail:Christian.Mueller@ifw-dresden.de

Multi-walled carbon nanotubes can be filled with various elements and com-
pounds. Among these materials magnetic fillings have significant potential for
new applications in electronic or biomedicine.

Here we show CVD-routes for the growth of metal-filled carbon nanotubes
(Fe, Co, Ni, alloys) on pre-structured silicon substrates and on electrochemically
produced alumina substrates. The nanotube dimensions (diameter, length, filling)
can be influenced by the nature of the catalyst on the substrate as well as by the
reaction conditions. The filled nanotubes were obtained due to continuous decom-
position of metal-containing precursors (e.g. metallocenes, metal-carbonyls) in an
Ar atmosphere at about 700◦C. Beside the synthesis the filled multi-walled carbon
nanotubes were investigated with x-ray diffraction (XRD), Mössbauer spectros-
copy and high resolution characterization techniques (TEM, SEM, FIB) to obtain
further information about the tube-dimension, the composition, the crystal size
and the crystal orientation of the metal-nanorods. In addition the magnetic pro-
perties of nanotube ensembles were studied (AGM, SQUID) and compared with
theoretical data.
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Contribution A.002 - Monday, June 19

Effect of the reaction conditions in the
production of multi-wall carbon

nanotubes employing Fe-Mo /MgO
catalyst

Ricardo A Prada Silvy, Bénédicte Culot

Nanocyl S.A

Contact e-mail:rprada@nanocyl.com

Multi-wall carbon nanotubes can be produced by catalytic chemical decompo-
sition reaction (CCVD) using methane on supported iron and molybdenum oxides
supported on MgO catalysts. The carbon nanotube yield and its physic-chemical
properties depend on the catalyst composition and its preparation method, the ty-
pe of reactor and the experimental conditions. This work is part of a research
program aimed at a systematic investigation of the parameters controlling the re-
action operating conditions for the multi-walled carbon nanotube production over
a FeMo/MgO catalyst.

We investigated the influence of the temperature, the methane/hydrogen ra-
tio in the mixture and reaction time on the carbon nanotube yield, outer diameter
and thermal stability properties. These materials were synthesized in the catalytic
decomposition of methane in the 800◦C- 975◦C, at different methane space time
(0.022-0.087 g.h/mol) and reaction time (10-30 min) in a horizontal quartz reactor.
The nature of carbon deposit on the catalyst surface was characterised by trans-
mission electron microscopy (TEM) and thermo-gravimetric (TG) techniques.

Our results showed that the highest carbon nanotube yield (about 0.24 mol of
C/ g catalyst) correspond to a temperature of about 950◦C, methane space time
of about 0.030 g.h./mol and reaction time of 30 min. This sample also showed
the highest thermal stability. Differences in carbon nanotube diameters were evi-
denced as a function of the reaction conditions.
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Contribution A.003 - Monday, June 19

Growth of CNTs by thermal CVD on
Sintered Alumina plates at atmospheric

pressure using Fe catalyst
Ali Nabipour Chakoli, M. M. Larijani, S. Lahouti, A. Novinruz,

R. Rahimi Pargu

Materials Science and Ion Beam Application Dep., Nuclear Research Center for
Agriculture and Medicine (AEOI), Moazen Ave., Rajaeeshahr, Karaj, Iran. P. O.

Box: 31585-4395.

Contact e-mail:a_nabipour@yahoo.com

Abstract: carbon nanotubes are grown from a methane feedstock by thermal
chemical vapor deposition on sintered alumina plates as catalyst support. The alu-
mina plates were sintered at 1700◦C. Alumina powder that it used for fabrication
of plates is industrial grade and not pure and has 0.66% (mass percent) Fe ele-
ment. Fe particles are catalyst for CNTs growth. So, CNTs are successfully grown
on these specially treated substrates at 950◦C degree and 1 atmosphere pressure
using methane as the precursor gas. Some growth of CNTs are bamboo-like and
Y-shaped in this experiments. For increasing the quantity of CNTs growth, we
used an easy technique to increase the surface density of Fe particles on alumina
plate. With scratching a piece of iron on sintered alumina plates, many Fe particles
remain on the surface of alumina plates. Remained Fe particles on alumina have
various sizes and So, various kinds of CNTs, have been grown.

Key words: Sintered Alumina, Fe catalyst, thermal CVD, Y-shaped Carbon
nanotubes.
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Contribution A.004 - Monday, June 19

Effect of CoO-MoO/Al2O3 catalyst
calcination temperature on the uniformity

of the synthesized carbon nanotubes
diameters

Abdul Rahman Mohamed, Siang-Piao Chai, Sharif Hussein Sharif Zein

School of Chemical Engineering, Engineering Campus, Universiti Sains
Malaysia

Contact e-mail:chrahman@eng.usm.my

This paper is a study on the effect of catalyst calcination temperature on the
uniformity of the synthesized carbon nanotubes diameters. The synthesis of car-
bon nanotubes was performed in catalytic chemical vapor decomposition (CCVD)
of methane over CoO-MoO/Al2O3 catalyst. The catalyst used in this study was
prepared via conventional impregnation method and calcined at temperatures ran-
ging from 300oC to 750oC. For synthesizing nanotubes materials, an amount of
200 mg catalyst was used and the reaction was conducted at a temperature of
700oC for 90 min. The deposited carbons on the catalyst surfaces were charac-
terized using transmission electron microscope (TEM). The experimental results
clearly show that the catalyst calcination temperature does affect greatly the uni-
formity of the carbon nanotubes diameters. The carbon nanotubes obtained from
the CoO-MoO/Al2O3 catalyst, calcined at 300oC, 450oC, 600oC, and 700oC had
the diameters of 13.4± 8.4, 12.6± 5.1, 11.1± 4.2, and 9.0± 1.4 nm, respective-
ly. This shows that an increase in the catalyst calcination temperature produces
carbon nanotubes with narrower diameter distributions. The catalyst that calci-
ned at a temperature of 750oC and above was inactive in CCVD of methane.
This finding discloses that nearly uniform carbon nanotubes have been tailored
by CoO-MoO/Al2O3 catalyst prepared using a simple preparation method at the
calcination temperature of 700oC.
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It is well known that Carbon Nanotubes(CNTs) are the best candidate for field
emitter source. There has been a great deal of interest in improving emission pro-
perties of CNTs. It has been reported the vertical growth of CNTs enhances field
emission properties.

Our experiments are implemented by using Direct Current PECVD at low
temperature of 480 centigrade. 100nm-thick Ni catalyst layer was deposited on the
glass substrate by RF sputtering. The Ni catalyst layer, which are actually islands
or particles separated each other, was prepared by etching with the DC plasma of
NH3 gas. And then CNTs were grown using a gas mixture of C2H2 and NH3. In
order to examine the effect of the process factors on the vertical growth of CNTs,
gas pressure, gas mixture ratio(C2H2/ NH3), and applied volts were investigated
respectively.

It was found that the vertical growth of CNTs depended on the gas mixture
ratio and the applied voltage. As gas mixture ratio or gas pressure increases,
CNTs growth rate increases. It turns out that the optimal gas pressure, gas mixture
ratio(C2H2/ NH3) and applied voltage are 0.5, 8torr and 450volts, respectively.
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Abstract: The Fe catalyst nanoparticles were produced on Sintered alumina
plates by scratching a peace of iron on sintered alumina plates. The CNTs(Carbon
Nanotubes) were synthesized on these alumina plates using thermal chemical va-
por deposition. The alumina plates were used as catalyst support for growth of
CNTs. With scratching a piece of iron on sintered alumina plates, many Fe micro
and nano particles remain on the surface of alumina plates. The remained Fe par-
ticles on alumina plates were preheat treated in quartz tube furnace at 950◦C and
1 atmosphere pressure using 200 sccm flow rate (95%Ar+ 5%H2) gas. So, the Fe
nanoparticles got round and the greater Fe particles was made porous. The CNTs
were grown on these specially treated substrates at 950◦C degree and 1 atmosphe-
re pressure using methane as the precursor gas. CNTs were grown in the holes of
porous Fe particles. Characterization of Fe nanoparticles before and after preheat
treatment was carried out using SEM and XRD.

Key words: Carbon nanotubes, Fe catalyst, Sintered Alumina, scratching tech-
nique, thermal CVD.
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The millimeter-long brush like aligned carbon nanotubes have been synthesi-
zed by using a conventional thermal chemical vapor deposition technique. Ethy-
lene was used as a source gas of carbon and helium was used as a carrier gas. A
little amount of water vapor was also introduced with the carrier gas during the
deposition process. Thin layers of Fe with different thicknesses were used as the
catalyst and Al2O3 buffer layer was used between the SiO2 substrate and the Fe
catalyst. The synthesized nanotubes were characterized by Raman spectroscopy
and transmission electron microscope (TEM), which confirmed that the nanotu-
bes synthesized with 1 nm-thick catalyst were single-walled one. The clear radial
breathing mode peak was observed in the Raman spectra, which confirmed the exi-
stence of SWNTs. The diameters of the SWNTs estimated from the Raman peaks
were varied in the range of 1.5 to 2.5 nm and also agreed well with the TEM.
The number of walls of the nanotubes was found to increase with increasing the
thickness of Fe catalyst. The observation of TEM was performed to confirm the
number of walls of nanotubes.

Acknowledgement:
This work was carried out for Osaka Prefecture Collaboration of Regional

Entities for the Advancement of Technological Excellence, JST.
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Since single-walled carbon nanotube (SWNT) was discovered, it has been
one of the most promising material in the field of nanotechnology because of its
interesting electronic,mechanical properties and extremely small features. Such
extremely small features of SWNT have both advantages and disadvantages for
use in nano-scale devices. One of the disadvantages is the difficulty of controlling
the location of the SWNT which was either grown or distributed on the substrate.

In general, It takes a lot of complicated process to incorporated grown SW-
NT into an active element of a nano device. In order to solve this problem, we
contrived a new kind of technology that could control the position of the SWNT
by utilizing dip-pen nanolithography. We have made the patterned-ferritin with a
nanometer scale islands using dip-pen nanotechnology and have grown SWNTs
by chemical vapor deposition on the patterned substrates.

The synthesized SWNTs have diameters of 1∼4 nanometer and lengths of
5∼10 micrometer. The field effect transistor devices which used the as-grown SW-
NT as a conducting channel were fabricated. Electrical transport properties of the
fabricated devices were measured.
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Nanotubes are synthesized from wet chemistry and thin film multilayer cata-
lysts by chemical vapor deposition of alcohol,cyclohexane, heptan and acetonitri-
le. Vertically aligned nanotubes with lengths of several hundred microns are grown
from nanometer thin metal films. Nanotubes are produced by laser ablation from
a variety of metal and metal oxide catalysts. Carbon 13 enriched laser ablation
targets are used to produce isotope engineered nanotubes. The synthesized nano-
tubes are investigated by resonance Raman and optical absorption spectroscopy
with regard to the carbon 13 content, diameters, defect concentration and nano-
tube yield. Transmission and scanning electron microscope images are shown to
give evidence of sample cleanliness and nanotube alignment.
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A variety of metal catalysts can be used for Carbon Nanotubes (CNT) nuclea-
tion and growth. Catalytic activity can be predicted by analysing the correspon-
ding metal-carbon phase diagram. However, depending on the carbon source, the
catalytic activity, in particular the type of carbon nanostructure grown, can be si-
gnificantly modified. While it is obvious that the thermodynamic properties of
the carbon source in combination with the selected metal control the reaction,
the exact details of the interplay between these two parameters remains largely
unknown. In this communication, we report the catalytic activity evaluation of ty-
pical (Ni, Co and Fe) and atypical (such as Al, Na, Pt, Pd, Cs, and Ti) catalysts,
combined with two very different carbon sources, methane and ethylene, under a
wide range of synthesis parameters including temperature, pressure, and gas flow.
We have found that diverse metals are capable of catalysing CNT nucleation and
growth. Analysis of the intermediate metal carbide formation reveals the diffe-
rences in catalytic activity for a selected metal with different carbon sources and
in particular, why transition metals are the best catalysts. In addition, depending
on the metal catalyst used, the CNT grown under comparable synthesis conditions
show various morphologies. The implied variation in CNT properties promises a
wide range of applications extending across many technologies.
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The elucidation of catalyst particle specific features favorable for carbon single-
walled nanotubes (SWNTs) growth is crucial in order to take control over the cha-
racteristics of grown nanotubes. A mass spectrometer attached to the CVD grow-
th technique offers opportunity for parametrical studies of catalyst features during
SWNTs growth, by in-situ evolution of catalyst activity. The result, combined with
calorimetry and Raman studies, exposes the catalyst features and corresponding
synthesis conditions favorable for nanotube growth. We found that for successful
nanotube growth the V-shape liquidus line of the catalyst-carbon binary phase
diagram is a crucial feature. Moreover, the sequential introductions of hydrocar-
bons with12C and13C isotopes, during nanotube growth by using monometallic
Fe and bimetallic Fe/Mo catalysts, revealed that the lifetime of the catalyst and
the growth termination process strictly depend on catalyst composition. Ab initio
calculations elucidated that the interfacial interaction between Fe nanoparticles
and alumina support material affects on nanoparticles properties. Molecular dyna-
mics simulations corroborated the V shape liquidus line for supported Fe-carbon
binary phase diagram. The relationship between catalyst features and synthesis
conditions favorable for nanotube growth is discussed.
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One of the most promising methods to the multi-walled carbon nanotubes
(MWNTs) production at an industrial scale is the catalytic chemical vapor deposi-
tion (CCVD). However in spite of the importance to control the process for further
optimization of the MWCNTs properties there are surprisingly few works that in-
vestigate the kinetics of MWCNTs in a systematic way. Main reason is in the
inherent difficulties of accurate nanoscaled instrumentations. In this contribution
monitoring the growth of MWNTs produced by CCVD process of decompositi-
on C2H6:H2 gas is reported using a Tapered Element Oscillating Microbalance
(TEOM) probe. Growths in the TEOM microreactor is investigated with catalytic
particles (Fe, Ni) dispersed on different supports. The samples involve catalytic
particles deposited on high surface area powders like alumina or zeolites as well
as flat or patterned Si (100) substrates. These quite different samples are used in
order to accurately investigate limitations due to gas diffusion in highly porous
media such as the catalytic powders with high surface area. Furthermore, the ki-
netic dependence with partial pressure of the incoming C2H6:H2 gas mixture is
then in detail explored on the Fe/Al2O3 catalyst. Subsequently, the kinetic orders
relative to the constituents of the gas are determined. These results thus bring
insight to improve and control the CCVD growth of MWCNTs.
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Interaction of iron catalyst nanoparticles with a substrate may influence nuclea-
tion and growth mechanism of carbon nantobutes (CNT) by shifting the melting
temperature of the supported iron particles. To account for this effect we have
usedab initio calculations to develop empirical potentials between iron nanopar-
ticles and oxide substrates. Simulations have been performed on Fe/Al2O3 system
with Al2O3 substrate fully relaxed. We have demonstrated that the surface rear-
rangement effects are significant but can be naturally incorporated into a simple
Morse potential, which describes the total nanoparticle-substrate binding. The in-
fluence of different substrate surface terminations and positions of Fe layers on
the strength of binding are discussed. To better understand the melting and phase
transition properties of suspended nanoparticles, molecular dynamics (MD) simu-
lations are performed to determine the melting point of Fe-C nanoparticles (∼ 1-
4 nm size) as a function of size and carbon concentration. The temperature de-
pendence of the total energy and the Lindemann index characterize the melting of
nanoparticles. For free (unsupported) Fe-C clusters, it is observed that the eutec-
tic point (in the phase diagram) shifts with nanoparticle size. Results for different
substrates are discussed. Research sponsored by Honda Research Institute, USA.
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The growth rate and mechanism of carbon nanotubes is expected to be signi-
ficantly affected by the phase of the catalytic metal-carbide particles. For exam-
ple, carbon atoms that are released from the catalytic decomposition of feedstock
may dissolve more readily into liquid phase particles, whereas surface diffusion
of carbon atoms to the ends of growing carbon nanotubes may dominate when
the catalytic particles are solid. It is therefore important to understand the melting
properties and dynamics of these particles, as well as the dependence in the mel-
ting points on cluster size, substrate adhesion and carbon content.

In this presentation we will discuss molecular dynamics and DFT studies of
the melting properties of catalytic metal and metal-carbide clusters, including the
effect of varying the cluster size, cluster-substrate adhesion strength and carbon
content. We will show, for example, that the melting dynamics of supported metal
clusters is very similar to that of free clusters, and that the melting points of these
clusters can be predicted by the same model if one accounts for the substrate-
induced increase in cluster curvature of the supported clusters.
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Monodispersed Fe-V-O and Fe-Ti-O nanoparticles which have high diameter
controllability and high catalytic activity to grow carbon nanotube (CNTs) were
prepared by liquid-phase synthesis. Vertically aligned dense CNTs with diameters
of 3.7± 0.6 nm and 4.3± 0.7 nm were grown from the Fe-V-O and Fe-Ti-O na-
noparticles with diameters of 3.1± 0.5 nm and 3.8± 0.6 nm, respectively. It was
found that the CNTs from Fe-V-O nanoparticles consist of 14 % single-, 74 %
double- and 12 % triple-walled CNTs. The catalytic activity of the nanoparticles
peaked at 20-25 at% Ti for Fe-Ti-O nanoparticles, and 10 at% V for Fe-V-O nano-
particles. Energy dispersive X-ray spectroscopy of nanoparticles before and after
the CNT growth revealed the depletion of V and Ti in the nanoparticles during
CNT growth, which indicates a segregation in the nanoparticles.
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A simplified deposition method for carbon nanotubes (CNTs) using a hot-
filament enhanced chemical vapors deposition (HF-CVD) has been reported. A
tungsten coil was used as a hot-filament to decompose ethanol vapor over a Fe-
Co-zeolite powder and to heat the substrate. The experiments were performed in a
nitrogen atmosphere at 1 atm. The influence of process parameters such as thick-
ness of catalyst, substrate temperature, flow rate of nitrogen and deposition time,
on the formation of CNTs was investigated using scanning electron microscopy,
transmission electron microscopy and Raman spectroscopy. It was found that the
tube diameter was affected by the thickness of catalyst, while the uniformity of the
tube diameter was strongly affected by the flow rate of nitrogen and the distance
between filament and substrate (dsf). By optimizing the growth conditions, multi-
walled CNTs with a diameter of< 20 nm and a length of>5 µm were successfully
obtained. Moreover, it was observed that the morphology and purity (intensity ra-
tio of G-band to D-band) of the CNTs obtained under nitrogen atmosphere were
comparable with those obtained under argon atmosphere. However, they showed
less quality than CNTs deposited under vacuum condition, regardless of growth
conditions. The model of forming CNTs in this experiment will be discussed.
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The catalytic decomposition of ethane to produce multi-walled carbon nano-
tubes (MWNTs) and hydrogen has been carried out on alumina supported Fe cata-
lysts at 900 K. Huge yields up to 2000% in weight of MWNTs were produced per
gram of iron catalyst. Electronic microscope observations confirmed the extreme-
ly high purity of these nanomaterials (higher than 90%). Furthermore, according
to the reaction conditions (ethane/ hydrogen ratio, temperature, space velocity...),
it is possible to tailor the diameter of the MWNTs.

A detailed reaction kinetics study was performed to study the influence of hy-
drogen and ethane on the yield and morphology of the MWNTs produced. While
the order of reaction toward ethane appears positive, hydrogen has a negative im-
pact on the yield of MWNTs during the first minutes on stream. However after
several hours on stream, hydrogen seems to maintain the activity of the catalyst,
probably via hydrogenation of carbon deposits, thus leaving a part of the active
sites free. A kinetic model was proposed to explain these observations.

Following this kinetic approach [1], it is possible to optimise the high yield
production according to our already reported results in several publications [2-4].
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Many researches have been developed to improve the methods for CNTs grow-
th. Of these methods, chemical vapor deposition (CVD) has the advantage to syn-
thesize CNTs with a few impurities at lower temperature compared with other
methods, such as laser ablation and arc discharge. Also, CNTs can be successful-
ly synthesized on thin substrate supported nanosized particles or most patterned
plate by CVD method, as long as the temperature of the substrate is sustained in
growth [1]. In this work, synthesis of CNTs on the graphite fiber paper is reported.
A liquid hydrocarbon is used as carbon source. An ultrasonic atomizer is prepared
for evaporating the liquid carbon source at room temperature, instead of a hea-
ting method. It helps the vaporized solution to be continuously introduced into the
CVD furnace. The CVD furnace is controlled at 650◦C. The morphology of samp-
les was characterized by energy dispersive X-ray spectrometer (EDX-HORIBA),
Raman scattering (LabRam HR), FE-SEM (S-4700, HITACHI), high resolution
transmission electron microscope (HRTEM-JEOL JEM 2010).

Reference
[1] M. Chlowalla, K.B.K. Teo, C. Ducati, N.L. Rupesinghe, G.A.J. Amara-

tunga, A.C. Ferrari, D. Roy, J. Robertson, W.I. Milne, J. Appl. Phys. 90 (2001)
5380.
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Monodispersed catalytic nanoparticles by a liquid phase synthesis [1] were
highly size classified via a centrifugal classification technique to improve diame-
ter controllability of carbon nanotubes (CNTs). The centrifugal classification of
nanoparticles is facilitated by fractional precipitations through the sequential ad-
dition of polar solvent to non-polar solvent in which nanoparticle are dispersed.
The diameter of nanoparticles was evaluated by both TEM and XRD. The mean
diameter of each fractionated nanoparticles gradually decreased with increasing
polarity of solvent and the standard deviation of diameter was successfully redu-
ced. An XRD peak originated from high diameter uniformity of nanoparticles was
found at low angle region. The peaks show great sensitivity to small changes of
mean diameter of nanoparticles. This indicates that this analysis is expected as one
of alternatives to conventional TEM for diameter evaluation of the nanoparticles
at small size region. We will show the result of CNTs grown by the fractionated
nanoparticles.

[1] C. L. Cheung et al.,J. Phys. Chem. B2002, 106, 2429-2433.
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The yield and diameter distribution of single walled carbon nanotubes, syn-
thesized by alcohol chemical vapor deposition method, is found to depend signifi-
cantly on the ratio of metal catalyst-particles (Fe-Co) to zeolite (HSZ 390 HUA,
Tosoh Inc). The diameters of the SWNTs were estimated to be in the range of
0.7 - 1.3 nm. We systematically studied the dependence of the total carbon-yield
on the growth-temperature, which can crucially modify the distribution of chira-
lity as well. The chiral distribution was determined by near-infrared fluorescence
spectroscopy and Raman (radial breathing mode) spectroscopic measurements.
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The diameter-controlled synthesis of single-walled carbon nanotubes (SW-
NTs) has been examined experimentally. The catalytic activities of the Rhodium
and Palladium atoms have been confirmed at 950◦C in furnace temperature (ap-
proximately 800◦C in the reaction area) by blending with Cobalt atoms, though
the Rh/Pd catalyst has not been available before in this temperature. Raman spec-
tra indicate that the Rh/Co and Pd/Co catalysts can synthesize narrow-diameter
SWNTs more selectively than the Fe/Co and Ni/Co catalysts, which can only syn-
thesize SWNTs with slightly larger diameters. Referring to the results of Raman
spectroscopy, the order of the strength of interaction between carbon atoms is re-
vealed as Pd> Rh > Fe> Ni > Co. These results suggest that by changing the
combination of catalysts, the longing problem of controlling the diameter of SW-
NTs can be solved without any expensive setup or complicated techniques.
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By using carbon monoxide as carbon source, we have synthesized random,
vertical and parallel aligned SWNTs on quartz substrates dip-coated with Co and
Mo (COCCVD). In order to study the influence of the Co/Mo ratio in details, com-
binatorial method [1] with wide nominal thickness profiles of metal catalysts was
employed. By the uniquely masked sputter-deposition technique, we prepared a
2-dimensional catalyst library with Mo (0.2 - 4 nm) and Co (0.2 - 8 nm) thickness
profiles on a SiO2/Si wafer [2]. After the CVD using hydrogen/ carbon monoxide
(500 / 500 sccm) (800 degC, 1 atom), SWNT formation region was confirmed by
HRSEM observation and micro Raman analysis. The optimum Co/Mo ratio for
the SWNT formation was larger in the order of COCCVD, ACCVD [2] and Co-
MoCAT [3]. The difference of the optimum Co/Mo ratio between COCCVD and
ACCVD is suspected to originate in the relation between the activity of Co and
the energy requirement for graphite precipitation in a thermodynamic equilibrium
process. Furthermore, the effect of support materials, heating or reducing proces-
ses, catalyst preparations will be discussed.

References:
[1] S. Noda, Y. Tsuji, Y. Murakami, S. Maruyama, Appl. Phys. Lett., 86 (2005)

173106.
[2] S. Noda, H. Sugime, T. Osawa, Y. Tsuji, S. Chiashi, Y. Murakami, and S.

Maruyama, Carbon, in press.
[3] J.E.Herrera, L. Balzano, A. Borgna, W.E. Alvarez, D. E. Resasco, J. Cata-

lysis, 204 (2001) 129.
[4] M. Hu, Y. Murakami, M. Ogura, S. Maruyama , T. Okubo, J. Catalysis,

225 (2004) 230.

46



Contribution A.023 - Monday, June 19

Single-walled carbon nanotubes from
catalyst incorporating proteins
Goo-Hwan Jeong1, Akira Yamazaki2, Satoru Suzuki1,

Yoshihiro Kobayashi1, Hideyuki Yoshimura3, Yoshikazu Homma4

1 NTT BRL, JST/CREST
2 JST/CREST

3 Meiji University
4 Tokyo University of Science, JST/CREST

Contact e-mail:jeong@will.brl.ntt.co.jp

Diameter control is the ultimate issue in maximizing the potential of single-
walled carbon nanotubes (SWNTs). Recently, wet catalysts have been widely used
for diameter control due to their predetermined size. To understand the growth
mechanism and apply it to diameter or chirality control of SWNTs, we used cata-
lyst containing proteins and systematically investigated the behavior of catalytic
nanoparticles before and after chemical vapor deposition (CVD) using various
techniques, such as AFM, SEM, TEM, XPS, and SIMS.

Ferritin [1] and Dps proteins [2] were used in order to obtain discrete Fe nano-
particles. Co-filled apoferritin yielding Co nanoparticles were used for comparison
[3]. A size difference between catalytic nanoparticles and nanotubes was always
observed [4]. The size difference between the active and poisoned catalysts was
also observed after the CVD process. It should be noted that the mean diameter
of the grown tubes was not changed significantly even though we used catalytic
nanoparticles of different size. The present results provide useful information for
diameter control of SWNTs.

G. -H. Jeong et al., [1] JAP 98 (2005) 124311, [2] submitted, [3] JACS 127
(2005) 8238, and [4] CPL 422 (2006) 83.
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A selective diameter-control method in gas-phase synthesis of single-walled
carbon nanotubes (SWCNTs) has been developed. Controlled synthesis of SW-
CNTs in the structural characteristics, i.e., diameter, length, number of defects
and so forth, is an enabling step for realization of their many potential applica-
tions and fundamental studies requiring defined nanotube structures and proper-
ties. Above all, the controllability of the tube diameter would be the key to the
chirality-controlled synthesis of SWCNTs. We designated this method as the en-
hanced direct injection pyrolytic synthesis (e-DIPS) method, in which two kinds
of carbon sources were used simultaneously. The reversed micelles containing
metallic ions were used as novel catalyst precursors. Our results suggested that
this method could tune the mean diameter of SWCNTs at any point within the
range of ca. 1.0 nm to 2.0 nm selectively.
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We report a series of novel catalysts to grow Multi-Wall Carbon Nanotubes
(MWCNTs) by Catalytic Chemical Vapor Deposition. Fe, Co, and Ni sulfate are
found could grow MWCNTs at mild temperature in the diluted CH4 or C2H4.
CNTs growing temperature stared at 600◦C, the optimum temperature will locate
in the range of 800◦C and 900◦C. When temperature is going above 1000◦C, the
growing yield will dramatically reduce to near zero. In TGA and XRD measure-
ments, showing the 61543;-type Al2O3 will transform into 61537;-type and metal
sulfates also change crystalline phases result in suppressing the growth of CNTs.
With the aid of SEM and TEM images, the diameter of MWCNTs observed in the
range of 40∼80 nm. NiSO4/Al2O3 conduct better CNTs growing rate and near to
three times than those of FeSO4/Al2O3 and CoSO4/Al2O3.
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We have studied controlled growth of high-purity double-walled carbon nano-
tubes (DWCNTs) using a catalytic chemical vapor deposition (CCVD) method.
Basically, to synthesize the DWCNTs, we used a gas phase carbon sources such
as methane ethylene over Fe-Mo embedded MgO support material with diffe-
rent BET. The produced carbon materials showed high-purity DWCNTs free of
amorphous carbon on the surface. The diameter and crystallinity of DWCNTs
were dependent on growth temperature. Especially, we could control the type of
CNT (SWCNT or DWCNTs) according to BET of support materials. We have
evaluated field emission from DWCNTs. According to our experimental results,
DWCNTs showed low turn-on voltage similar to SWCNTs but higher emission
stability compared with SWCNTs.
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Single-wall carbon nanotubes (SWCNTs) have been grown with the alcohol
catalytic chemical vapor deposition (ACCVD) at pressures down to 0.05 Pa using
an ultra high vacuum chamber. A Co catalyst (0.1 nm) on a SiO2/Si substrate was
used. To investigate the low pressure effects on the growth, SWCNTs were grown
also with the standard pressure of 1.5 kPa using the conventional ACCVD system.
The characterization of the SWCNTs grown at various temperatures and pressu-
res has been carried out by Raman spectroscopy and scanning electron microscope
measurements. It was found that the SWCNTs could be grown even at 0.05 Pa,
which is much lower than that used in the conventional ACCVD (∼1kPa). Moreo-
ver, the growth temperature with the maximum G+ Raman intensity was lowered
at 0.05 Pa by more than 250oC compared with the growth at 1.5 kPa.
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A novel chemical vapor deposition (CVD) method for the selective growth of
single- or double-walled carbon nanotubes (CNTs) was developed. Unlike con-
ventional methods, catalyst particles were produced in the form of an aerosol and
ex situ or in situ deposited on different substrates via thermophoretic forces. The
proposed method was demonstrated using Fe as the catalyst material and a mixture
of CO and H2 as the feeding gases. CNTs synthesized by the ex situ approach we-
re large diameter (around 7.0 nm) double-walled CNTs, while the in situ method,
depending on the operating conditions, resulted in the growth of either individual
or bundles of single-walled CNTs (about 2 nm). The possibility to produce aligned
and ultralong (up to 0.7 cm) nanotubes by this method was also demonstrated.

References:
[1] Paula Queipo Albert G. Nasibulin, David Gonzalez, Unto Tapper, Hua

Jiang, Taku Tsuneta, Kestas Grigoras, Jose A. Duenas, Esko I. Kauppinen, Carbon
2006, in press (doi:10.1016/j.carbon.2006.02.027)

[2] Paula Queipo, Albert G. Nasibulin, Hua Jiang, David Gonzalez, Esko I.
Kauppinen, Advanced Materials CVD 2006, in press.
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We demonstrate that a film of vertically-aligned multi-walled carbon nano-
tubes (CNTs) can exert mechanical energy as it grows, and in our experiments
the average force output is approximately 0.16 nN per CNT. The film thickness
after a fixed growth time and the alignment of CNTs within the film decrease con-
comitantly with increasing pressure which is applied by placing a weight on the
substrate. The films adopt an ordered “serpentine” microstructure at pressures ex-
ceeding approximately 10,000 N/m2. The mechanical energy necessary to deform
CNT structures during growth is much less than the energies of the CNT forma-
tion process as well as the equivalent forces necessary to deform CNT structures
after growth. This suggests that an oblique force on the catalyst particle causes
the generation of structural faults in the CNT, which is confirmed by HRTEM
imaging. However, the mechanical energy density of growth based on the film vo-
lume is comparable to muscle, and based on the volume of CNTs is comparable
to hydraulic actuators.

We utilize this principle to fabricate three-dimensional structures of CNTs
which conform to the shape of microfabricated templates. This enables growth
of nanostructures in arbitrarily-shaped forms having sloped surfaces and non-
orthogonal corners, and does not require patterning of the catalyst before growth.
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Chemical vapour deposition (CVD) is the method of choice for directly gro-
wing nanotube devices on-chip, providing the possibility of mass-production and
controlled positioning via catalyst patterning. However, if nanotubes are to fulfil
their promise in real applications it is essential to reduce the growth temperature
to values that are compatible with CMOS processing.

Here we present a new experimental method for growing good quality, aligned
single- or multiwalled carbon nanotubes on-chip at low ambient temperature. Lo-
calised ohmic heating at the catalyst allows controlled growth of nanotubes on
metal electrodes. The surrounding silicon chip reaches an average temperature of
60 ◦C and no additional heating of the precursor gases is required. Heating of the
catalyst site is extremely local - the temperature gradient at the catalyst is on the
order of 100◦C/µm.

Being able to keep the sample temperature down during growth benefits the
integration of carbon nanotubes with CMOS technology and also permits using
low temperature materials as building blocks for nanoelectromechanical structures
on chip. The resistive growth method presented here also opens up the possibility
of sequential growth, with potentially large consequences for how future on-chip
nanotube growth will be performed.
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Individual single-walled carbon nanotubes (SWNTs), considered to be one of
ideal one-dimensional material, have attracted a great deal of attentions owing
to their outstanding electrical and optical characteristics. Although such an ideal
one-dimensional structure provides abundant benefits in a basic science field, a
difficulty of their manipulation causes a critical barrier to be applied to an indu-
strial application. To overcome this significant problem, a precise growth direction
control of the individual SWNTs is performed by a diffusion-plasma chemical va-
por deposition method.

When energy of ions coming into a substrate decreases drastically, the indivi-
dual SWNTs are found to grow in the form of vertically- and individually-aligned
structure against the substrate surface. On purpose to heighten an accuracy of the
alignment control, several effects of plasmas on the growth of the freestanding
individual SWNTs are also investigated with detailed plasma measurements and
simple calculations. These results give direct evidence that a plasma sheath elec-
tric field plays a crucial role in the control of individual-SWNT growth direction
[1,2]. The technique developed can contribute to creating a novel-architecture de-
vice for individual-SWNT industrial applications.

[1] Toshiaki Kato, Rikizo Hatakeyama, and Kazuyuki Tohji, Nanotechnology,
17 (2006) 2223.

[2] Toshiaki Kato and Rikizo Hatakeyama, Chemical Vapor Deposition, in
press.
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Surface layers on substrates for single-walled carbon nanotubes (SWNTs)
growth by chemical vapor deposition are limited to non-conducting films such
as oxides. Much effort for the direct growth of SWNTs has been not successful
on metallic or conducting films of which thickness is large enough to be used
as an electrode, despite the usefulness for nano-electronics and opto-electronics.
The grown nanotubes were multi-walled, or graphite films were deposited on the
conducting films, possibly due to large thickness of catalyst films or poisoning of
catalytic activity on the surface of conducting films. Here, we report that SWNTs
can be directly grown on a conducting oxide film by water plasma-enhanced che-
mical vapor deposition. The grown SWNT/conducting film was used as a cathode
for field emission of electrons, to confirm the conducting capability of the oxide
film.
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Direct growth of single-walled carbon nanotubes (SWNTs) on glass is requi-
red for display applications such as electron emitters for field emission display
(FED) and network transistors to replace thin film transistors (TFTs) for liquid
crystal display (LCD) and organic light emitting diode (OLED). However, the
low strain temperature (∼ 666 ◦C) of the best display glass is a crucial barrier to
directly grow nanotubes on glass, since chemical vapor deposition (CVD) of SW-
NTs generally requires higher growth temperature than 700◦C. Here, we report
that SWNTs can be directly grown on glass at the growth temperature range of
450◦C∼ 650◦C by using water plasma CVD. The growth behavior of SWNTs on
glass is not only influenced by the growth temperature, but severely also depends
on a buffer layer. This success may facilitate future opto-electronic applications of
SWNT-based active devices.
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Recently, we found that the horizontally-aligned single-walled carbon nano-
tubes (SWNTs) are formed on R- and A-faces of sapphire substrates, which is
promising for nanoelectronics applications [1]. We used the colloidal particles of
iron oxide with the mean diameter of 4 nm, but the SWNT yield was relatively low
[1]. Here, we report on the facile synthesis of the aligned SWNTs on A-face sap-
phire with controllable nanotube density and the results of their polarized Raman
spectra. The catalyst was prepared by simply dipping a substrate into the metha-
nolic solution of iron and molybdenum salts where the addition of Mo improved
the catalytic activity and reproducibility. The SWNT density was controlled by
changing the metal concentration of the solution, and the high nanotube density
of > 20 µm−2 was achieved. This high SWNT density allowed us to measure the
polarized Raman spectra. The spectra clearly indicate the formation of aligned
and isolated SWNTs, not nanowires of metal or metal carbide.

Reference

[1] H. Ago, K. Nakamura, K. Ikeda, N. Uehara, N. Ishigami, M. Tsuji, Chem.
Phys. Lett., 408, 433 (2005).
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We have synthesized vertically-aligned carbon nanotubes (CNTs) on Al2O3/Fe/Al2O3

thin films deposited on Si substrates by CH4/H2 RF (=13.56 MHz) plasma-enhanced
chemical vapor deposition (PECVD). So far, we have evaluated the CNTs in terms
of number densities, diameter and length, and analyzed the densities and fluxes of
radicals and ions in CH4/H2 plasma using 1-dimensional fluid model[1]. These
results showed that carbon atoms in the CNTs obtained and carbons supplied onto
the substrate, which were calculated by the fluxes of carbon-containing species
considering their sticking probabilities were in the same order[1]. In this model,
main precursors for CNTs growth were carbon-containing ions such as CH5

+.
We think that controlling the fluxes of ions enable us to promote or suppress the
CNTs growth. In this paper, the effects of bias voltage on control the growth speed
of CNTs is taken into account to the model. It seems reasonable that bias voltage
can control the ions fluxes onto the catalyst surface easily. When the substrates
were biased to positive, CNTs got shorter. We will discuss the difference of CNTs
growth speed by adjusting the ions fluxes.

[1] A. Okita, et al., J. Appl. Phys. 99 (2006) 014302.
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Previous investigations [1,2] into the growth of vertically aligned single-walled
carbon nanotube (VA-SWNT) films from alcohol have shown that the maximum
achievable film thickness is largely determined by the initial catalyst activity,
which is sensitive to the conditions at which VA-SWNT synthesis occurs. In this
study, we have investigated the role of the ambient growth pressure, and report a
significant enhancement of VA-SWNT growth by a slight increase in growth pres-
sure. Using anin situoptical absorbance technique [1] to monitor the film growth,
high-quality VA-SWNT films from 1 to 30µm thick can be produced with accu-
rate control over the final film thickness. Combining this thickness control with
the hot-water assisted film-removal and re-attachment technique developed by our
group [3] represents an important step in the controlled production of VA-SWNTs
for various applications.

References:
[1] S. Maruyama, E. Einarsson, Y. Murakami, T. Edamura, Chem. Phys. Lett. 403
(2005) 320.
[2] E. Einarsson, Y. Murakami, M. Kadowaki, S. Maruyama, submitted to Carbon.
[3] Y. Murakami and S. Maruyama, Chem. Phys. Lett.,in press.
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In the last fourteen years, carbon nanotubes (CNTs) have been studied extensi-
vely; nevertheless, the exact growth mechanism of CNTs is yet unclear. CNTs can
be grown in such a wide range of materials, methods and conditions that it is dif-
ficult to determine what is the key mechanism of CNT growth. Till date, the art of
CNT synthesis lies in the optimization of the preparative parameters for a selected
group of materials (carbon source, catalyst and support) on a particular experi-
mental set-up. In our previous study, we reported ’selective growth’ of single-wall
nanotubes (SWNTs) and multiwall nanotubes (MWNTs) from an unconventional
precursor: camphor, with Fe-Co-impregnated zeolite support by a simple chemi-
cal vapor deposition (CVD) method [1]. Using the same materials and method, we
have now optimized the relative concentrations of camphor, catalyst and support
material in the reactor to achieve very high growth rate of MWNTs at 650◦C at
atmospheric pressure.

In our small CVD reactor (an ordinary quartz tube: 1-m long and 26-mm wi-
de), 1.2 g camphor is vaporized at 200◦C under a mild argon flow of 50 sccm,
and is pyrolyzed over 0.12 g Fe-Co-impregnated zeolite support at 650◦C. Such a
simple process for 10 minutes inflates the zeolite approximately 50× by volume,
and nearly 5× by weight. Transmission electron microscopy of as-grown mate-
rial reveals MWNTs of diameter∼10 nm with negligible amorphous carbon and
absolutely no graphite particle. Thermogravimetric analysis of as-grown nanotu-
bes also confirms the absence of amorphous carbon and graphite particles in our
samples. Weight-gain calculation thus suggests a high produce of∼0.5 g MW-
NT in 10 minutes, which refers to an exceptionally high growth rate. Hence we
call it ’super growth’. Camphor-to-CNT production efficiency is∼40%, which is
much higher than that of any CNT precursor by any method. It may be debatable
whether the key of ’super growth’ lies in the source material: camphor, or in the
optimization of the control parameters, or in both (as we believe); however, there
is no doubt that this is a breakthrough in the utmost utilization of a carbon source
for CNT growth.

[1] M. Kumar, Y. Ando, Carbon 43 (2005) 533-540.
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In our study we use a highly efficient and simple methodology based on wet
chemistry to fill single-wall carbon nanotubes (SWCNTs) with continues metallic
( e.g. Ag, Fe ) nanowire on a bulk cale. The research shown is unique in that it is
the first experimental single-wall carbon nanotubes that have metal continuously
within their core for extended length scale. The intercalation of metals within
singlewall carbon nanotube structures is a significant step towards the realization
of the potential applications using these materials. Here we present the structural,
optical, and electronic study on the metal filled SWCNTs.
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Recently, suspended single-walled carbon nanotubes (su-SWNTs) have attrac-
ted a great deal of attention, because that (1) the perturbation from substrates
is minimized to allow probing the natural properties of SWNTs; and (2) nano-
devices using su-SWNTs exhibit enhanced performance. In this work, we present
a method to synthesize su-SWNTs selectively suspended on tips of silicon ba-
sed nanostructure (Si-ns) templates. An anisotropic hydrogen plasma etching is
employed to fabricate vertically-aligned Si-ns, followed by thermal chemical va-
por deposition technique to synthesize SWNTs. Nano-sized islands or particles as
formed from multi-layered thin-films (Mo/Fe/Al) at high temperature are served
as the catalytic nanomasks (CNMs) during plasma etching, where the remaining
CNMs left at tips directly become the catalysts for SWNTs growth. As revealed
by characterizations using scanning electron microscopy and resonance Raman
spectra, su-SWNTs form networks interconnecting ns-Si templates. This metho-
dology provides an accessible approach to assemble two different nanomaterials,
i.e., ns-Si and su-SWNTs, together as a building block for future possible appli-
cations.

*Current address: Department of Materials Science and Engineering, National
Tsing Hua University, Hsinchu, Taiwan 300, ROC
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In recent years, single walled carbon nanotubes (SWNTs) have been intensely
studied as an ideal nanomaterials because they exhibited very intriguing physical
and chemical properties. Therefore, when considering their versatile applications,
synthetic method for producing high purity SWNT at a relatively low cost has to
be developed. Here we demonstrate the ability to synthesize SWNTs by spraying
ethanol solution containing ferrocene into the conventional reactor without using
hydrogen or sulfur. Resultantly, we obtained high-purity and relatively crystalline
SWNTs with diameter of 0.9-1.2 nm containing small amount of double walled
carbon nanotubes.
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In the direct growth of SWNTs on substrates by CVD methods, preparation
of the catalyst nanoparticles is a crucial issue. Co-Mo binary catalysts effectively
grow SWNTs either from CO [1] and from alcohol [2]. However, different values
are reported as the optimum Co/Mo atomic ratio; 1/3 for the former [1] and 1/1 for
the latter [2]. The structure of catalyst nanoparticles should be determined not only
by the composition but also by the load of catalyst metals, and optimum conditi-
ons should depend on the CVD conditions. In this study, by using a combinatorial
method [3], the SWNT growth by alcohol catalytic CVD with Co-Mo catalyst
was systematically investigated and the catalytic activity was mapped against the
nominal thickness of these metals. Both of these two regions showed high cataly-
tic activity. Furthermore, at high pressure and longer time, the third region with a
larger catalytic activity appeared at a large Co/Mo ratio. The mechanism for this
incubation is unknown but this catalyst may be practically important in growing
SWNTs at least from ethanol.

[1] J.E. Herrera, et al., J. Catal. 204, 129 (2001).
[2] M. Hu, et al., J. Catal. 225, 230 (2004).
[3] S. Noda, et al., Carbon, in press.
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We have succeeded in synthesizing vertically aligned single-walled carbon
nanotubes (SWNTs) by radical CVD. SWNTs were grown on Si wafers with a
sandwich-like structure of Al2O3 (0.5nm) / Fe (0.5nm)/ Al2O3 (>5nm) by root
growth mode [1]. Their lengths increased in the order of millimeters for long time
deposition, 1.5 mm for 10 hours and 2 mm for 20 hours. Growth rate of SWNTs,
however, decreased as they grew longer. In this study, we have found the enhanced
growth of SWNTs and synthesized 3-4 mm SWNTs with good reproducibility by
an edge growth method. When vertically aligned SWNTs are grown on patterned
catalysts, carbon radicals can diffuse from sidewalls of patterned SWNTs, where
the diffusion path lengths of carbon radicals can be shorten. As a result, SWNTs
grow fast and can be longer than the homogeneously grown SWNTs by a factor
of 2 at the same deposition time. A larger amount of carbon radicals could arrive
at the catalysts on the substrate from sidewalls. We expect that our SWNTs can
continue to grow as long as the catalysts are active by edge growth.

[1] T. Iwasaki, J.Phys. Chem. B, 109, 19556 (2005)
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Conventionally, CNTs are synthesized at high temperature. From both pro-
duction and application points of view it is important to minimise CNT synthesis
temperatures to allow broader use, better control of reactor conditions and reduce
manufacturing costs. We have produced single-walled CNTs in an aerosol flow
reactor based on the introduction of pre-made catalyst particles via the hot wire
generator (HWG) method [1] with an average total residence time as small as 4
seconds in the reaction zone. Optimization of the experimental conditions, name-
ly, the variation of the gas composition in the CNT nucleation and growth region
have allowed us to reduce the synthesis temperatures from 900 to approximately
550◦C [2].

References:
[1] Nasibulin, A. G., Moisala, A., Brown, D. P., Jiang, H., and Kauppinen, E.

I., Chem. Phys. Lett. 402 (2005) 227.
[2] Nasibulin, A. G., D. P. Brown, P. Queipo, D. Gonzalez , H. Jiang, E. I.

Kauppinen, (2005) Chem. Phys. Lett., 417, 179-184.
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We have analyzed multi-layered catalyst thin films with X-ray photoelec-
tron spectroscopy (XPS) and examined their influence on carbon nanotube (CNT)
growth. Thin films of catalyst and support materials (Fe/Al2O3) with each thick-
ness of 3 nm were reduced by 5-Torr H2 plasma with an RF input power of 50
W at 550 degree C. After that, the films were immediately transferred to the XPS
apparatus in N2 gas ambient without exposing to air. CNTs were grown on the
catalyst thin films by CH4/H2/Ar plasma-enhanced chemical vapor deposition at
650 degree C. It was confirmed that the CNT length became maximum for the
reduction time of 4 min and decreased over 4 min. The Fe 2p XPS spectra showed
that Fe2O3 in the as-deposited catalyst was reduced to Fe by the 4-min reduction.
However, excess reduction over 4 min resulted in the peak shift from Fe to Fe3O4.
This result indicates that content of iron oxide in the catalyst plays an important
role in growing CNTs, and CNT growth can be estimated by the Fe XPS spectra.
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We demonstrate the controllable synthesis of carbon nanotubes (CNTs) with
different structures by a floating catalyst method. Single-walled (SWNTs) and
double-walled carbon nanotubes (DWNTs) with different diameters were selec-
tively produced and it was found that sulfur plays an important role in their nuclea-
tion and growth. Based on experimental studies, high resolution transmission elec-
tron microscopy (HRTEM) observations and theoretical analysis, a growth model
was proposed to understand the growth of SWNTs and DWNTs by a floating ca-
talyst method. These results open the possibility for the further structural control
and applications of CNTs.
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Single-walled carbon nanotubes (SWNTs) were directly synthesized only by
pyrolysis of ferrocene in an argon environment, without the addition of sulfur and
additional carbon sources reported previously for the growth of SWNTs by a floa-
ting catalyst method, such as hydrocarbons, carbon monoxide and alcohol. High-
resolution transmission electron microscopy (HRTEM) observations and Raman
measurements reveal that the SWNTs have high quality and their diameters are
in the range of 0.6 and 2.8nm. Moreover, it is worth noting that (1) the growth of
SWNTs depends strongly on the sublimation rate of ferrocene, and (2) the size of
catalyst particles (3-12 nm) is larger than those of SWNTs. These results provi-
de some useful information for understanding the growth mechanism of SWNTs
produced by a floating catalyst method.
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Inside an atomic force microscope (AFM) with Raman scattering measure-
ment capabilities, we have synthesized SWNTs on the sample stage by using a
laser-heated cold-wall alcohol catalytic CVD method. Raman scatterings from the
SWNT samples were measured in-situ during the CVD process. Mo/Co metal par-
ticles, which were directly loaded on the silicon substrate by a dip-coat technique,
were used as the catalyst and a CW-Ar-ion laser (488.0 nm, 50.0 mW) was used
as both the heating and Raman excitation laser. After the supply of the ethanol gas
(0.02-0.2 Torr), there was a certain delay time before the G-band from SWNTs
appeared in the in-situ Raman scattering spectra. The intensity of the G-band in-
creased with time, however, the intensity increase stopped after several minutes.
The incubation time between the supply of ethanol gas and the beginning of SW-
NT growth was nearly inversely proportional to the ethanol gas pressure, and was
independent of the CVD temperature.
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Using in-situ photoelectron spectroscopy (PES) we have followed the evolu-
tion of the chemical composition during annealing and CVD of different combi-
nations of supported-catalyst and substrates (i. e. Fe/Al2O3/Si; FeMo/Al2O3/Si;
and Fe/Si). The influence of chemical composition on CNT growth will be dis-
cussed, with focus on the role of the catalysts oxidation state. It is already known
that different oxidation states of the same metallic catalyst imply different growth
modes and characteristics of the nanotubes [de los Arcos et al, J. Phys. Chem. B
108, 7728 (2004)]. However, in the approach we have followed until now the ca-
talyst particles were prepared by annealing of thin films onto different substrates
(Al2O3, TiN, TiO2). Therefore, it was not possible to separate the final oxida-
tion state from the nature of the substrate, or to disentangle the influence of the
substrate in the growth from the catalyst. In order to deepen our understanding of
the influence of the oxidation degree, we have applied different plasma treatments
(oxidative and reductive) of the same catalyst onto identical substrates. We could
prepare metallic and oxidized Fe particles onto Si covered with Al2O3 thin layers,
and we have determined differences in the growth process in both cases. The PES
study is complemented with HR-TEM, SEM and AFM characterization.
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Fe, Co, and Ni are known catalytically effective to grow single-walled carbon
nanotubes (SWNTs). However, when supported on oxide substrates, Ni tends to
yield only multi-walled carbon nanotubes. Enhanced surface diffusion at the ele-
vated growth temperature may cause coarsening of Ni catalyst nanoparticles, and
adjusting the nominal Ni thickness should be crucial to control the particle size.

Using our combinatorial method [1], we screened the nominal thickness of
Ni for a rather wide range (0.05-3.5nm) on SiO2 and found that Ni nanoparticles
did catalyze the growth of SWNTs by alcohol catalytic chemical vapor deposition
[2] only when its nominal thickness was as thin as subnanometers. The yield of
SWNTs was much smaller for Ni than Co although the optimum metal thickness
is somewhat larger for Ni (∼ 0.2 nm) than Co (∼ 0.1 nm). This poorer catalytic
activity may arise from the existence of inactive Ni nanoparticles or the growth of
thinner SWNTs than Ni nanoparticles.

References:
[1] S. Noda, Y. Tsuji, Y. Murakami, and S. Maruyama, Appl. Phys. Lett. 86,

173106 (2005).
[2] S. Maruyama, R. Kojima, Y. Miyauchi, S. Chiashi, and M. Kohno, Chem.

Phys. Lett. 360, 229 (2002).
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The field emission performance of carbon nanotube (CNT) cathodes is af-
fected by structural features of CNT such as size, density and alignment. In the
growth of CNT by catalytic thermal chemical vapor deposition (C-TCVD), CNT
structures are strongly related to catalyst nanoparticles. Therefore, control of their
size and density is very important issue. We report a new C-TCVD growth me-
thod which is capable of carefully controlling the size and density of the catalyst
nanoparticles. Formation of Ni nanoparticles and synthesis of CNT are succes-
sively carried in an identical growth chamber. To form nanoparticles, organic Ni
complex gas was used as a precursor. Size and density of nanoparticles can be con-
trolled by varying the molar flow rate, decomposition temperature and flow time.
When nanoparticles were formed at a flow rate of Ni complex at 3.5µmol/min
and substrate temperature of 700◦C, the diameter and density of nanoparticles
were 20-30 nm and 1.3×1011 cm−2, respectively. Following the formation of na-
noparticles, CNTs were successively grown by thermal CVD at 800◦C. Acetylene
was used as a carbon source. The transmission electron microscopy observation
confirmed the formation of Ni nanoparticles and the growth of multiwalled CNTs.
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Since the growth mechanism of carbon nanotubes (CNTs) using CVD is the
key to controlling the CNT structure, such as its chirality, it has attracted great
deal of interest and has been hotly debated based onin situ analyses. In this
work, we looked at the surface reactions of catalyst-nano-particles usingin situ
photoelectron spectroscopy (PES), which is one of the most suitable methods for
the chemical analyses at surfaces.

For thein situ PES, we used a 2-nm-thick-Co thin film formed on an SiO2 thin
layer. The substrate was heated to 600◦C under ethanol pressure of less than 0.1
Torr, which was introduced into existing photoelectron analysis system. Single-
walled CNTs were obtained by this procedure (although the CNT density is very
low) and this as-grown surface was analyzed without exposure to air. From this
surface, single peaks of asymmetric C 1s and Co 2p spectra were observed. Al-
so, a pi-plasmon-loss structure was observed on the C 1s. These results indicate
that Co metal (not carbide) particles are covered with thin graphite or amorphous
carbon layers. This means that Co carbides are not stable under the CNT grow-
th atmosphere, although almost all photoelectrons were obtained from inactivated
catalyst particles.
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The nucleation process of a single-walled carbon nanotube (SWNT) consi-
dering the dissociation of once-deposited carbon atoms from catalytic metal clu-
ster is studied using classical molecular dynamics (MD) simulations. Experiments
suggest that, in the alcohol catalytic CVD (ACCVD) technique, the dissociation
of carbon atoms with dangling bonds through the reaction with oxygen atoms
may play a key role. As a model system of the ACCVD method, based on the
previously reported MD simulation technique [1], the current simulation takes the
dissociation process into account. Following an interpretation of the experimen-
tal results, the dissociation process is expressed by removing one carbon atom
with dangling bonds when three carbon atoms are attached to the metal cluster
[2]. Since the dissociation of carbon atoms with dangling bond prevents from the
formation of carbon shell around the catalyst cluster, continuous growth after the
formation of initial cap structure is expected.

[1] Y. Shibuta, S. Maruyama, Chem. Phys. Lett., 382(2003) 381.
[2] S. Maruyama, Y. Miyauchi, Electronic Properties of Novel Nanostructure

(AIP Conf. Proc. 786), 2005, 100-105.
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Single-Walled Carbon Nanotubes (SWNTs) have been successfully synthesi-
zed in gas phase by Hot-Filament-Assisted Plasma Chemical Vapor Deposition.
Hot filaments of 1800-2000◦C were used for heating fine particles. 40 % ethyle-
ne diluted in hydrogen containing the vapor of ferrocene was flowed toward the
hot filaments. The pressure in the chamber was maintained at 5.33 kPa (40 Torr).
The plate of RF electrode was set 25mm downstream from the hot filaments and
placed perpendicular to the flow. RF power was applied to the plate with the fila-
ments grounded and heated for about one hour. Carbon fine particles on collecting
plates put under and after a plasma were evaluated by Raman spectroscopy to be
confirmed SWNTs. The fact that more SWNTs were obtained on the under-plate
than on the after-plate suggests that fine particles were suspended in a plasma for
a long time. While fine particles including SWNTs were synthesized, the streams
of fine particles were observed by scattering of lights emitted by hot-filaments.
By the observation of scattered lights, the control of synthesis processes will be
possible.
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By using alcohol as carbon source, high-purity single-walled carbon nano-
tubes (SWNTs) can be generated at relatively low CVD temperatures. Based on
these findings, we have proposed the alcohol catalytic CVD (ACCVD) technique
for bulk and vertically aligned synthesis of SWNTs. In addition to the conven-
tional metal particles supported on zeolite, we have developed a simple dip-coat
method to directly disperse nano-particles on flat substrates such as quartz and
silicon. The vertically aligned SWNTs film with about 30µm is grown on quartz
substrates by employing the most efficient activation of catalytic metals. In additi-
on to molecular dynamics simulations, various experimental techniques have been
employed to understand the growth mechanism of SWNTs: direct TEM observa-
tion of catalysts particles; in-situ Raman and AFM measurements during CVD;
in-situ monitoring of laser absorption; combinatory spattering method to prepa-
re catalysts. The chirality distribution of SWNTs measured by the near infrared
fluorescence spectroscopy is quite unique for low-temperature ACCVD conditi-
on. The near armchair nanotubes are predominantly generated probably because
of the stability of nanotube cap structure.
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Single-walled carbon nanotubes (CNTs) are promising building blocks for
nano-scale devices due to their unique structural and electronic properties. In or-
der to fully utilize CNTs in their applications and accomplish their integration to
new nanoelectronic devices, methods for the synthesis, isolation and manipulation
of individual nanotubes are required. Here, we elaborate a novel approach for the
separation of individual single-walled carbon nanotubes from bundles in gas pha-
se and further deposition on any type substrates including temperature sensitive
materials. The experimental results of the deposition of individual single-walled
CNTs obtained on the basis of the TEM and AFM microscopy are presented.
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We present detailed studies of the formation of single-walled carbon nanotu-
bes by an aerosol method based on the introduction of pre-formed catalyst partic-
les into conditions leading to carbon nanotube synthesis. Carbon monoxide and
iron nanoparticles were used as a carbon source and a catalyst, respectively. The
vital role of etching agents such as CO2 and H2O in CNT formation was demon-
strated on the basis of on-line Fourier-transform infrared spectroscopy measure-
ments. Hydrogen was shown to participate in the reaction of carbon release and
to prevent the oxidation of the catalyst particles and the hot wire. The addition of
H2 and small amounts of CO2 and H2O led to an increase in the carbon nanotu-
be lengths. The catalyst particle evaporation process inside the reactor was found
to become significant at temperatures above 1100◦C, however, carbon nanotube
growth was found to occur at a temperature of approximately 900◦C in the hea-
ting section of the reactor by in situ sampling and the growth rate was calculated to
exceed 1.1µm/s. A detailed analysis of possible processes during carbon nanotu-
be formation revealed heptagon transformation as a limiting stage. A mechanism
for carbon nanotube formation is proposed.
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Very highly aligned carbon nanotubes (CNTs) have been synthesized by the
method of RF(radio-frequency)-plasma-assisted DC(direct current) plasma che-
mical vapor deposition, which was developed for the large-area growth of highly
aligned CNTs under stable DC plasma without arcing. Three parallel electrodes,
an RF electrode, a grounded electrode, and a DC cathode, were arranged in a va-
cuum chamber. The tip of a grown CNT was observed by a transmission electron
microscope (TEM), and it was revealed that the top surface of CNT directly bom-
barded with ions is amorphous and the graphitic wall was etched at the top edge
although the CNT was not seriously damaged. By an analytical consideration, it
was found that, under the experiment conditions, ions are collisional in the sheath
and that the condition of high DC voltage application in high pressure forms high
sheath electric field to result in highly aligned growth of CNTs. It was also found
that ion bombardment energy impinging on a cathode was less than 100 eV in
the experiment. Such moderate energy ions should condition etching and growth
without serious damage.
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Well-aligned Carbon nanotubes (CNTs) synthesized by plasma CVD are ex-
pected for electron emitters. However, the mechanism of the synthesis is not cla-
rified enough. In surface-wave-excited microwave-plasma CVD, the analyses of
early stages of aligned CNTs growth was done in this research.

The surfaces of iron foils were pretreated in hydrogen DC plasma. Then,
CNTs were grown by methane addition. The specimens were taken out in the
early stages of growth, and the surfaces of them were analyzed by SEM.

It was found from the result of the experiment that iron fine particles were
coalesced after the dissolution of carbon into catalytic fine particles by methane
addition. Then the fine particles became smaller, and the synthesis of CNTs star-
ted. The early stage of CNT growth is being investigated with the help of in-site
ellipsometry.
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In order to optimise the growth conditions for forests of carbon nanotubes
and individual vertically aligned carbon nanofibres we have used optical emission
spectroscopy for monitoring the plasma and for determining the C2 vibrational
temperature from the molecular emission bands. The vibrational temperature can
be quite decoupled from the translational and rotational temperatures.

We found a vibrational temperature of the C2 radical in excess of 10000 K. The
temperature is strongly dependent on the plasma current density. Carbon nanotu-
bes are grown at different plasma conditions and their properties were correlated
with optical measurements.
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The self-organization of carbon atoms close to a nickel surface, which is a
process involved in the catalytic growth of carbon nanotubes, is analyzed using
grand canonical Monte Carlo simulations based on a specifically designed tight-
binding interaction model. This model (1) accounts for the competition between
very different local configurations around carbon atoms and for the thermodyna-
mics of the NiC bulk system. On crystalline (111) and (100) Ni surfaces, as well
as on crystalline or liquid Ni droplets of different sizes, we show that a substantial
excess of carbon chemical potential, as compared to the bulk equilibrium value,
is necessary to grow nanostructures on the surface. The growth proceeds in the
following three steps way : i) single C atoms are adsorbed on the surface or incor-
porated in interstitial sites; ii) chains creeping on the surface are formed, and iii)
sp2 C atoms formed at the intersections of the chains gradually build a layer that
interacts weakly with the Ni surface.

(1) H. Amara, C. Bichara and F. Ducastelle, PHYSICAL REVIEW B 73,
113404, 2006.
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Carbon nanotubes (CNTs) have been attracting a great deal of attention due to
their electrical and mechanical properties. Many electronic devices such as tran-
sistors have been suggested using CNTs, especially single-walled and double-
walled carbon nanotubes (SWNTs and DWNTs) [1]. For such applications, it is
important to synthesize SWNTs and DWNTs on a desired substrate at a low tem-
perature. In this presentation, we report on vertically-aligned SWNT and DWNT
growth on a silicon substrate at temperatures lower than 600◦C. SWNTs and DW-
NTs were grown by hot-filament chemical vapor deposition, which is a powerful
method for CNT growth at a low temperature. During the CVD process, acetylene
was used as the carbon source, which was diluted by hydrogen. Iron and alumi-
num double layers were used as a catalyst. By optimizing the growth condition,
we succeeded in growing vertically aligned CNTs consisting of 75% DWNTs or
100% SWNTs selectively. The results indicate that the average shell number of
CNTs can be controlled by changing the ratio of the source gas to hydrogen.

[1] S.J. Wind et al., Appl. Phys. Lett. 80 (2002) 3817.
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It is known that in layered sp2 carbon arrangements it is possible to modify
the electronic, vibrational, chemical and mechanical properties by replacing some
of the carbon atoms with nitrogen. Aiming a substitutional configuration, we have
synthesized single and double walled CNx nanotubes by the chemical vapor depo-
sition of pure benzylamine and ethanol with acetonitrile mixtures employing wet
chemistry supported catalysts on substrates and directly using multilayer sputte-
red films of catalysts. Single and double walled nanotubes are obtained and la-
ter characterized regarding morphology by means of high-resolution transmission
electron microscopy (HRTEM)and scanning electron microscopy(SEM). Optical
probes such as Raman, infrared and optical absorption spectroscopy are used for
the characterization regarding their diameter size and distribution, overall yield,
morphology, alignment and crystallinity. In order to determine the nitrogen con-
tent on a local scale, TEM electron energy-loss spectroscopy (EELS) is performed
by mapping individual tubes, which is complemented on a bulk scale by high re-
solution transmission EELS experiments in a purpose built machine. In addition
this allows us to clarify details in the bonding environment as well as the internal
charge transfer and electronic properties of the CNx nanotubes with substitutional
doping in comparison to pristine nanotubes.
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We present a new technique to enhance the growth yield of carbon nanotubes
(CNTs) and decrease the growth temperature of CNTs. Our catalysts are iron or
alumina supported iron thin films, and our carbon source are ethylene or methane
and ethylene mixture. In order to get the overheated carbon source, the carbon
source first passes through the 900oC reign for overheating and then goes into
600oC reign for the CNTs growth. When the carbon source is cooling down in the
600oC reign, a lot of carbon comes out and then becomes the source of the CNTs.
Without this technique, the CNTs are barely grown at the same gas condition and
temperature condition. This method can be used for low temperature growth and
mass production of CNTs.
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We present a benchtop apparatus for studies of carbon nanotube synthesis
(CNT), where the growth temperature is locally maintained by resistive heating of
a silicon substrate. The small thermal mass of the substrate and the suspended con-
figuration enable rapid heating and cooling at≈100◦C/s, using DC power (≈25 V,
4 A) in current-control mode. The substrate is a strip cut from a p++-doped silicon
wafer, and is electrically contacted using stainless steel blocks. By decoupling the
gas and substrate temperatures we grow vertically-aligned MWNT monoliths to
a thickness of 3 mm in just 15 minutes in a C2H4/H2/CO atmosphere, as well as
tangled SWNT films in CH4/H2. Optical imaging during growth directly measu-
res thickness versus time, and reveals how cracks develop in thick CNT films.
Combining these results with Rutherford backscattering spectrometry measure-
ments of the substrate surface, we study competing effects of catalyst migration
and reactant diffusion limitation on the terminal film thickness.

Rapid heating of the reaction gases upon contact with the substrate facilita-
tes high-precision studies of how thermal treatment affects reactant activity and
growth progress. Further, a microchannel device for combinatorial flow studies of
CNT growth is packaged on the substrate using spring clips.

Together, these technologies seek to overcome the limitations of tube furnaces
which do not permit rapid adjustment of gas flow or temperature, moving toward
spatial and temporal control of reaction conditions matching the dynamics of in-
dividual growth events.
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We present a system and methodology for combinatorial flow studies of nan-
omaterials growth using precisely-fabricated microchannel arrays as reactors, and
its application to CVD growth of CNTs. Through a unique microchannel design
which utilizes anisotropic etching of single-crystal silicon in KOH, an arbitra-
ry velocity progression is achieved across the array, enabling dozens of simul-
taneous isolated flow experiments. For example, flow velocities across the array
range from 0.001–1.0 m/s, with a differential flow between neighboring channels
as low as 1× 10−5 cm3/min. The arrays are batch-fabricated on 6” wafers in a sin-
gle etch step, and for growth an array is inverted over a second silicon substrate
coated with a lithographically-patterned catalyst film. The substrate pair is clam-
ped and placed in a tube furnace or on a resistively-heated substrate. Because of
a reversible seal between a mating polished and non-polished surface, the cata-
lyst pattern is easily removed for characterization, and the microchannel array is
cleaned and reused.

Using CVD reactions which we have previously studied in tube furnaces [1,2],
we observe transitions in CNT yield and quality along the microchannels, mani-
pulate transitions between tangled and vertically-aligned growth morphologies,
and grow CNTs which are aligned by the gas flows through the microchannels.
Further, this technology generally enables direct growth of CNTs in microfluidic
devices, for applications including sensing, filtration, and catalysis.

[1] A.J. Hart, A.H. Slocum, L. Royer. Growth of Conformal Single-Walled
Carbon Nanotube Films from Mo/Fe/Al2O3 Deposited by Electron Beam Evapo-
ration,Carbon, 44(2):348-359, 2006.

[2] A.J. Hart, A.H. Slocum. Rapid Growth and Flow-Mediated Nucleation of
Millimeter-Scale Aligned Carbon Nanotube Structures from a Thin-Film Catalyst,
J. Phys. Chem. B, in press, 2006.
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Previously, we demonstrated it is possible to control number of layers of car-
bon nanotube in an alcohol chemical vapor deposition technique by changing ca-
talyst. Fe/MgO catalyst preferably produced double-wall carbon nanotube (DW-
CNT) as well as single-wall carbon nanotube (SWCNT). In this work, we have
purified mixed soot of SWCNTs and DWCNTs and successfully removed SW-
CNTs in the soot. After the purification, typical resonance Raman peaks of radial
breathing mode (RBM) originating from SWCNTs completely disappeared and
some new peaks appeared. This means the observed RBM peaks are originating
from nanotubes having the same diameters but having different electronic struc-
tures. Indeed, optical absorption spectrum and photoluminescence mapping from
the inner nanotubes showed slightly modified electronic structures from that of
SWCNTs. Interestingly, even thin film of the sample still indicates photolumi-
nescence from the inner nanotubes, which suggests the inner nanotubes are well
isolated with less interaction between outer nanotubes. By comparing excitation
spectra of directly grown isolated SWCNTs, micelles of SWCNTs, and DWCNTs,
we will discuss the effect of surrounding media on excitons in carbon naotubes.
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In this paper, we present the continuous growth of carbon nanotubes (CNTs)
by chemical vapor deposition (CVD) at atmospheric pressure (∼1 atm) using
alcohol-ferrocene mist. An electrical ultrasonic vibration with high frequency of
∼1.8 MHz was used for generating tiny mist. The effects of the position in the re-
actor, the growth temperature, the ferrocene/ethanol ratio, the gas flow rate and the
reacting time on the formation of CNTs were investigated using scanning electron
microscopy and Raman spectroscopy. The results showed that CNTs with narrow
diameters could be formed outside the furnace even at low substrate temperature,
instead of the center of the furnace. The high growth temperature could increa-
se the diameter and impurity (intensity ratio of G-band to D-band) of the CNTs.
The ferrocene/ethanol ratio did not affect the diameter, but strongly influenced
the impurity of the CNTs. The gas flow rate also did not affect the diameter, but
strongly influenced the impurity and the growth rate of the CNTs. The obtained
CNTs had a narrow diameter of∼0.8-1.4 nm, evaluated from Raman spectra. The
described method is simple, does not require vacuum and hazardous gases, and
can be applied for producing continuous narrow nanotubes at a low temperature.
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We have previously introduced a continuous catalytic gas-phase process for
carbon nanotube (CNT) formation and collection in bulk quantities (Li et al.
Science 304, 2004, 276-278). The major benefit of this process is the ability to
collect the CNTs continuously as pure fibres or films. Reaction chemistry controls
both the formation of carbon nanotubes and the ability to continuously withdraw
product. We will discuss the effect of ethanol and hexane as carbon sources, va-
rious catalyst compositions, concentrations and particle sizes as well as additives
on the process. The use of different catalysts and additives results in the formati-
on of different types of nanotubes and in changes on the conditions for continuous
spinning. Raman spectroscopy and transmission electron microscopy were carried
out in order to understand CNT formation, bundling and assembly as an aerogel.
In-line mass spectroscopy showed that the carrier gas (H2) and CH4 are the main
gaseous species at 1100oC, despite thermodynamic predictions. The presence of
oxygen and sulphur seems to facilitate the formation of a continuous aerogel in-
stead of soot. Mainly multiwalled CNTs form when ethanol is used as the carbon
source, while under similar process conditions single/double walled nanotubes are
more easily produced with hexane.
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Single walled carbon nanotubes (SWCNTs) were produced in the gas phase
by the thermal decomposition of iron pentacarbonyl or ferrocene in the presence
of carbon monoxide. Experiments were carried out in ambient-pressure laminar-
flow reactors in the temperature range of 600-1300◦C. In order to prevent growth
of catalyst particles, and therefore the formation of nanotubes, it is beneficial to
use a carbon source and a catalyst precursor that decompose at similar temperatu-
res. Ferrocene was found to be a better catalyst precursor in the studied conditions
since iron pentacarbonyl decomposes at a lower temperature resulting in excessi-
ve growth of catalyst particles. In situ sampling carried out at 1000◦C showed that
the SWCNT growth occurred from individual metal particles in the heating secti-
on of the furnace in the temperature range of 891-928◦C, in which the growth rate
was estimated to exceed 2µm/s. FTIR measurements show that ferrocene does
not decompose completely in the process. High-purity SWCNT product was con-
firmed with Raman spectroscopy and transmission electron microscopy. On-line
aerosol number size distribution measurements were carried out to detect SWCNT
formation and product morphology changes at different process conditions.
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Pure fibres of single/double walled carbon nanotubes can be directly spun
from the gas phase when an aerogel is pulled to a region outside a CVD reactor.
The amount of iron catalyst dissolved in the feedstock solution was adjusted to
below 0.01 wt% to form catalyst particles with suitable size for the growth of sin-
gle/double walled nanotubes. The amounts of carbon and carrier gas in the reactor
also had to be adjusted to ensure that enough nanotubes were available for the
formation of a continuous aerogel and, therefore, the spinning of the fibres. At
present these fibres are spun at a rate of∼5m/min, with the average linear density
(TEX) of 0.25 g/km. Under optimum conditions two particularly interesting types
of fibres were produced, namely high-strength (2.2 N/TEX) and high-toughness
(125 J/g) fibres. Electron microscopy shows that the fibres are composed of bund-
les at least tens of microns long with an average diameter of 30 nm. The nanotubes
found isolated from the bundles are double walled with remarkably large diame-
ters, typically 5-9 nm.
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Sulphur has been extensively reported to act as a promoter for the growth of
carbon nanotubes in chemical vapour deposition processes. We previously intro-
duced a process for continuous spinning of fibres from individual carbon nanotu-
bes (Li et al. Science 304, 2004, 276-278). In this process, ferrocene and thiophene
dissolved in a liquid carbon source decompose during heating and form catalyst
nanoparticles (< 20 nm) that act as nucleation sites for the growth of carbon na-
notubes. Experiments were carried out with different sulphur concentrations with
respect to iron. Optimal conditions were found at Fe/S= 0.7, although fibres could
be spun continuously even when Fe/S is as low as 0.07. However, fibres could not
be spun in the absence of sulphur. High-resolution composition mapping in a dedi-
cated scanning transmission electron microscope has shown that sulphur is present
as a thin layer at the ironcarbon interface. Based on these results it is suggested
that sulphur favours the carbon nanotube growth through surface diffusion.
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The evolution of iron catalyst particles during floating catalyst Carbon Nano-
tubes (CNT) Chemical Vapor Deposition (CVD) synthesis from CO is computed
using a Computational Fluid Dynamics (CFD) model incorporating an aerosol
method of moments (MOM) to describe their dynamics and a combined chemical
kinetics and equilibrium model for catalytic production of CO2. The influence of
iron at the reactor walls, fed particle size, concentration and polydispersity and
catalytic production of CO2 at the reactor wall are studied. It is found that catalyst
particle dynamics are essentially insensitive to wall effects and, for a wide range of
particle sizes and concentrations, it is found that the catalyst particles are stable up
to a window in which CNT nucleation and growth occurs. Concentrations of ca-
talyst particles significantly above 1×1014 #/m3 lead to poor control over catalyst
particle size and polydispersity at the CNT nucleation front which, in turn, lead
to poor control over CNT diameter. The growth window location is shown to be
associated with the availability of catalytically produced CO2 diffusing from the
reactor walls. These results help to explain the large variations in CNT diameter
and chirality and the inefficient use of catalyst material in many floating catalyst
CNT processes.
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An economical production method for single-walled carbon nanotubes in large
quantity using MgO nanoporous catalyst is developed. Co-Mo catalyst supported
MgO nanoporous were prepared by sol-gel method[1]. Methane decomposition
at 900- 1000oC over catalyst surface produced carbon nanotubes with single wall
structure using a special rotary reactor. TEM, SEM, XRD, TGA and Raman Spec-
troscopy techniques were utilized to characterize the product and shows that Up
to 180 wt % yield of high quality, SWNTs with inner wall diameter distribution
close to 1.0-1.2 nm are obtained.

[1] A.M. Rashidi, M.M. Akbarnejad, A.A. Khodadadi, Y.Mortazavi,High yield
and selectivity single wall carbon nanotubes synthesis on Co-Mo catalysts suppor-
ted on Nanoporous MgOsubmited in journal of carbon
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We useab initio Density Functional calculations to investigate the interplay
between structural and electronic properties of a new class of one-dimensional
nanowires, related to carbon nanotubes [1]. The cyclacene building blocks con-
sist of phenyl rings, and can be viewed as the shortest segments of (n,0) zigzag
nanotubes. The nanowires are formed by inter-connecting cyclacenes to a chain
using biphenyl, tetrazine, or acetylene linkers. Depending on the nature and the
orientation of the linkers, we find it possible to change the systems from narrow-
to wide-gap semiconductors, and to modulate the band dispersion, suggesting the
possibility of band gap engineering.

[1] Glen P. Miller, Shinya Okano, and David Tomanek, Toward uniform na-
notubular compounds: Synthetic approach andab initio calculations,

J. Chem. Phys.124, 121102 (2006).
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The bamboo-liked carbon nanotubes were formed by laser ablation using a
graphite target containing 10 weight percentage of NiCo catalysts. An Nd:YAG
laser with 532 nm wavelength, 10.54 W was used to ablate the target to form the
carbon nanotubes. The pressure inside the chamber was kept at 4 Torr and the
bamboo-liked carbon nanotubes were formed on the substrate after 30 minutes of
laser ablation. The TEM images showed that the diameter of the carbon nanotubes
formed by NiCo catalyst were about 35 nm.

KEYWORDS: carbon nanotubes, Nd: YAG laser, pulsed laser ablation, bamboo-
liked structure, catalyst.
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Macroscopic net of high crystallinity single-wall carbon nanotubes (SWNTs)
with high-yield can be prepared by arc discharge evaporation of carbon electrode
containing 1 at% Fe catalyst in hydrogen mixed gas [i.e., H2-inert gas (Ne, Ar, Kr,
Xe), or H2-N2]. However, the yield of SWNTs is strongly affected by the kind of
carbon electrode materials. Here, we report the development of high-quality Fe-
doped carbon electrode for mass-producing high-yield SWNTs. More than four-
teen kinds of carbon materials have been used to prepare Fe-doped carbon elec-
trode, and the Fe-doped carbon electrode have been also heat-treated at different
temperature from 1473 to 3173 K. It has been found that only low-crystallinity
carbon materials are suitable for preparing high-quality Fe-doped carbon electro-
de, and heat treatment also plays an important role. At present, the best carbon
electrode containing 1 at% Fe catalyst is capable of generating∼ 10 g/day of
high-yield SWNTs in our laboratory. Moreover, these SWNTs can be easily pu-
rified by a liquid-phase and macroscale purification process, reflux treatment in
H2O2 solution and rinsing with hydrochloric acid, to obtain SWNTs with purity
higher than 90 at%.
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High purity single-walled carbon nanotubes were synthesized continuously
by injecting carbon black into electric arc. The process was optimized using DC
electric arc in normal pressured argon. Since carbon black has similar structure
to graphite, but less expensive and has some mineralelement, which can promote
the growth of carbon nanotubes. We studied the catalysis effect of Fe,its oxide
and salt. The best proportion of catalyst to carbon black (mass%) is 20∼30%.
The catalysis effect is Fe∼Fe2O3>Fe3O4>FeS>FeCl2.The single-walled carbon
nanotubes coarse purity can reach 30%.The result was characterized by scanning
electron microscope and transmission electron microscope.

The growth mechanism from carbon black to carbon nanotubes was put for-
ward in this paper.
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Carbon nanotube (CNT) is expected for much more important and broader
applications in the future, because of its amazing electrical and mechanical pro-
perties. However, today, the prospect is detained by the fact that the growth of
CNTs cannot be well controlled. In particular, controlling the chirality of CNTs
seems formidable to any existing growth method. In addition, a systematic me-
thod for a designed interconnected network has not been established yet, which is
focused particularly in nano-electronics field. Up to now, there is a strong need for
novel synthetic method that is controllable for chirality and architecture and ap-
plicable to mass production. Recently, the experimental evidences were reported
for the growth of pure carbon-arc-product nanotubes from a liquid precursor(W.
A. de Heer, et.al,Science 307, 907 (2005)). Here we show the simulation results
of elongated growth process of CNT by drawing out a well-formed nanotube from
liquid carbon and discuss the mechanism and suitable synthesis conditions. The
process is also simulated for creation of a Y junction from two isolated CNTs as
first step to CNT network. We propose this novel synthetic method as a promising
one for catalyst-free mechanical design of interconnected CNT network and CNT
cloning. (http://arxiv.org/abs/cond-mat/0604043)
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It has been reported that well-aligned zigzag-type carbon nanotubes (CNTs)
could be produced with fairly uniform tube diameters by surface decomposition
of SiC(000-1). To fabricate CNT-based device, it is important to form selectively
CNTs on SiC surface. In this study, we used Ti as a mask for selective growth
of CNT on SiC, since the melting point of Ti is higher than the decomposition
temperature of SiC surface.

Equal line-and-space Ti patterns 10 micro-meters in width were fabricated on
SiC(000-1) surface. The samples were heated at 1270◦C for 30 min at 10−6 Pa,
followed by annealing at 1700◦C for 30 min at 10−2 Pa. After each treatment, the
surfaces of the samples were investigated by SEM, STM, XPS and micro Raman
spectroscopy.

At the open areas of the Ti mask, carbon nanocaps were formed at 1270◦C
by STM observations, and strong G band peak was observed after annealing at
1700◦C in micro Raman spectroscopy. In addition, XPS spectra showed that Ti
was still present even after annealing at 1700◦C. From these results, the effec-
tiveness of Ti mask was shown for the selective growth of CNT on SiC.
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It has been reported that well-aligned zigzag-type carbon nanotubes (CNTs)
with fairly uniform tube diameters could be produced by surface decomposition
of SiC(000-1). In this study, the effects of oxygen on CNT growth into SiC by the
surface decomposition were investigated.

After HF etching, 6H-SiC(000-1) (Carbon-face) samples were introduced into
ultra-high vacuum (UHV) chamber and annealed at 1270◦C under various oxygen
partial pressures (10−4 Pa , 10−3 Pa) by control of the supply of oxygen gas. For
comparison, we also annealed several samples under UHV (∼2×10−8 Pa). The
surfaces of the samples after annealing were investigated by STM and XPS.

After annealing for 30 min, STM observation showed that, irrespective of the
oxygen pressure, carbon nanocaps were formed on SiC surface, indicating the
formation of CNTs. C 1s XPS spectra showed that the ratio of the peak intensity
of the sp2 component to that of the SiC component became large, as the oxygen
partial pressure increased. Our results indicate that oxygen enhances the decom-
position of SiC surface, promoting the growth of CNTs into SiC. By estimating
the thickness of CNT layers by angle-resolved XPS, the growth rates at various
oxygen pressures were determined.
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In this work, a simple method has been developed for the synthesis of mul-
tiwall carbon nanotubes (MWCNTs) under room temperature and atmospheric
pressure. In the proposed method, a pulsed Nd:YAG laser (355 nm, 10Hz) irradia-
tes the mixture of ferrocene [Fe(C5H5)2] and xylene [C6H4(CH3)2] solutions in
which ferrocene plays the role of a catalyst while xylene is the carbon source for
MWCNTs growth. Upon the completion of laser irradiation, typically for about
one to two hours, the color of solution changes from transparent orange to dark
brown. MWCNTs are found in the solution with co-existing other forms of carbon
nanostructures. The characteristics of these carbon nanotubes and nanostructures
analyzed with Raman spectroscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) are presented.
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We demonstrate that it is possible to grow SWCNTs large enough to accom-
modate larger fullerenes using nonmagnetic metal catalysts. The growth was per-
formed in water-cooled dc arc-discharge Krätschmer generator with horizontally
aligned electrodes. We used different catalysts such as Pt, Rh, Pd and their mix-
tures, as well as various buffer gases and additives. Different methods such as
Raman and optical spectroscopy, TGA and TEM were used for characterization
of the material produced at the various growth conditions. The highest yield of
SWCNTs was obtained for Pt/Rh mixture. Both, the type and the pressure of the
buffer gas strongly affect the yield of SWCNT webs, but they have only a small
influence on the diameter of SWCNTs. In fact only a slight increase of diameters
was observed with the decrease of the molecular mass of buffer gas and with the
decrease of its pressure. The highest yield of SWCNT webs was obtained when
helium was used as the buffer gas. The concentration of sulfur promoter strongly
influences the yield of SWNTs and affects their diameter distribution. The addi-
tion of 0.5 at% sulfur into Pt/Rh/C anode gave the maximum yield of SWCNTs.
Diameters of tubes increase with increasing sulfur concentration.

106



Contribution B.010 - Monday, June 19

Toward low temperature growth of
carbon fibers by means of reactive

sputtering
Xiaoxi LIU, Akimitsu Morisako

Shinshu University

Contact e-mail:liu@cs.shinshu-u.ac.jp

Carbon fibers and carbon nanotubes have long been considered as prominent
candidates for wiring in information devices. Low temperature in-situ growth of
carbon nanotubes onto silicon based substrate is important from the application
point of view. Sputtering has been widely used in fabrication of electronic devices.
Sputtered atoms normally have energy as high as several electron volts. Such high
energy makes it is possible to fabricate well crystallized thin films at relatively
lower temperature. In this study, reactive sputtering has been proposed to growth
carbon nanotubes. Particular efforts have been paid to control the catalyst particle
size and size distribution. Acetylene gas was used to increase the growth rate.

To prepare catalyst particles with uniform particle size, we have utilized the
nano-porous structures of anodized aluminum oxide films. Aluminum films, with
thickness around 50 nm, were first deposited onto thermally oxidized silicon wa-
fer with a 10 nm thick W underlayer. The films were then anodized to obtain
nano-porous structure. It is found that the size of the nano holes depended on
the anodizing voltage. Lower anodizing temperature is suitable to prepare smaller
nano-holes. Holes with diameter of 10 nm can be prepared at anodizing voltage of
10 V. The silicon wafer with catalyst particles were served as substrate to growth
carbon nano-tubes. According to the experimental results, carbon nanotubes with
diameter of about 40 nm were successfully prepared at temperature of 500oC.
After prearation ost particles have been deposited onto thermally oxidized sili-
con wafer. Anodized aluminum oxide films have been used to control the catalyst
particle size and size distribution. After preparation of the Fe catalyst particles,
acetylene gas, incorporated with the Ar sputtering gas, was introduced in to the
sputtering chamber. The growth rate has been increase to about 10 times than only
using carbon sputtering target.

In conclusion, carbon nano-tubes have been successfully prepared by reactive
sputtering process at temperatures as low as 500oC.
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Spontaneous gas-phase charging phenomenon of single-walled carbon nano-
tube (CNT) bundles synthesized with an aerosol (floating catalyst) method (1)
was discovered. CNT bundles were both positively and negatively naturally char-
ged, whereas individual nanotubes remained electrically neutral. The origin of
this surprising phenomenon was directly correlated to the bundling of the nanotu-
bes. On the basis of the observed self-charging of CNTs, a novel method for the
gas-phase separation of individual CNTs from bundles and their subsequent depo-
sition on any solid substrate at ambient temperature was developed. This method
opens new avenues for the direct integration of CNTs produced in gas phase in-
to silicon-based electronics as well as into the rapidly developing area of flexible
electronics (i.e. electronics based on the use of temperature sensitive materials).

(1) A. G. Nasibulin, A. Moisala, D. P. Brown, H. Jiang, and E. I. Kauppinen.
Chem. Phys. Lett. 402, 227, 2005.
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Carbon nanotubes (CNTs) have been formed on the surface of silicon carbide
(SiC) wafers during high temperature anneals (1400-1700◦C) under moderate va-
cuum conditions (10−2 - 10−5 torr). No metal catalysts are required for this CNT
growth method and the resulting CNTs are vertically aligned on the SiC substrate
and have a high purity. Scanning electron and transmission electron microscopy
along with Raman scattering measurements have confirmed the presence of both
single-wall and multi-wall CNTs with a dispersion of nano particles of graphitic
carbon.

In this work, we extend this growth technique to include CNT growth on 3C-
SiC nano particles with diameters of 45nm and 38µm. We also investigate CNTs
formed on carbon foams and carbon fibers that have a chemical vapor deposited
layer of 3C-SiC. Using scanning electron microcopy (SEM), Raman Spectros-
copy, and transmission electron microscopy (TEM) the resulting CNT structures
are characterized on these novel substrates. We also report on the use of these
materials for electrochemical impedance spectroscopy (EIS) and anodic stripping
voltammetry (ASV), due to chemisorption of gases onto the CNT arrays, and the
subsequent development of sensors for aqueous and vapor phase chemical detec-
tion by these techniques.
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In this work we report the synthesis of carbon nanotubes (CNTs) with narrow
diameter distribution using a natural precursor, turpentine oil as a carbon sour-
ce on a high-silica zeolite impregnated with Co-Fe bimetallic catalyst. The spray
pyrolysis method here we used, is a very simple and inexpensive method for syn-
thesis of this type of CNTs.We characterized the structure of the grown nanotubes
by SEM, TEM and Raman spectroscopy. Raman spectroscopy identified the for-
mation of narrow diameter-distribution nanotubes through the presence of radial
breathing mode in lower wave number region (100-550 cm−1). The strong peaks
observed at 202, 300, 487 and 509 cm−1 corresponds to CNTs with diameters ran-
ging between 0.48 to 1.22 nm.The intense G-peak compare to D-peak represents
well graphitic structure of as-grown CNTs.
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Carbon nanowire (CNW) made of a long linear carbon chain (C-chain) inside
a carbon nanotube (CNT) is a new type of 1D carbon structure, and it has unique
physical properties and potential applications. Here, we show a new method for
preparing CNWs by using an arc plasma gun. In order to evaporate carbon rod
containing 1 at% Fe catalyst easily, one end of this carbon rod was sharpened like
a pencil, and placed it at the centre of Ar-H2 plasma flame. Multiwalled carbon
nanotubes (MWNTs) and CNWs (C-chain@MWNTs) were found on the surface
of carbon rod inside the plasma flame. The characteristic Raman peaks of CNWs
have been observed at approximately 1850 cm−1, and strong peaks at 328 and 389
cm−1, appear in the Raman spectra obtained by using two kinds of laser sources,
514.5 and 633 nm. These two peaks are the radial breathing modes from the inner-
most tubes with diameters of 0.7 and 0.6 nm included in MWNTs, respectively. It
can be concluded that the formation of CNTs with very thin central holes (∼ 0.7
nm in diameter) is the essential condition for CNW growth.
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Graphite-diamond transition attracted a lot of scientific (and economic) at-
tention for long year. Recently, an experimental report [T. Meguro et. al., Appl.
Phys. Lett.79 , p3866 (2001).] shows formation of nano-diamond by collision of
Ar+8 ion on graphite. In addition to the impact energy, positive charge injection
by Ar+8 is also expected to play an important role for the nano-diamond forma-
tion based on a first-principles study for graphite-diamond transition [H. Naka-
yama, and H. Katayama-Yoshida, J. Phys.: Cond. Mat.,15 , R1077 (2003).]. Yet,
real-time dynamics on a surface of graphite has not been clarified in both expe-
rimental and theoretical works. We have tested an influence of Ar+8 irradiation
on the graphene layers by means of the time-dependent density functional theo-
ry (TDDFT) and molecular dynamics simulation, which enables us to treat both
electron and ion dynamics. A computer code FPSEID (First-Principles Simulation
tool for Electron Ion Dynamics) has been applied. We found fast but incomplete
charge transfer from graphite to Ar ion and formation ofsp 3-like bond network
in graphene layers. In this presentation, we will discuss possible mechanisms of
nano-diamond formation. All of present calculations have been performed using
the Earth Simulator.
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Funcionalization of the carbon nanotubes (CNTS) is one hot issue nowadays
research in this field. One promising application is stabilization of nanoparticles,
molecules or nanocrystals in their cavity. On the other hand, luminescent silicon
nanocrystals (Si-ncs) with quantum confinement effect (less than 10 nm diameter)
apart the optoelectronic devices, biological and environmental application will al-
so be possible by preparing Si-ncs in colloidal solutions. Recently it has been
shown that stabilization such a colloidal Si-ncs in carbon nanotube cavity can lar-
gely increase both applications as Si-ncs and also CNTs [1]. Here, we report on
cheap and effective way to fill carbon nanotubes through shock waves by pulsed-
laser fragmentation of Si micrograins in silicon technology compatible spin on
glass (SOG) solutions The Si grains are prepared by electrochemical etching and
pulverizing of porous silicon wafers. Grains are dispersed in liquid SOG and frag-
mented by nanosecond Nd:YAG pulsed-laser (355 nm, 8 ns). Fine blue lumine-
scent Si-ncs with quantum confinement size can be formed. With increasing laser
fluences the optical absorption and generated plasma heat together with strong
shock waves provoke grains fragmentation The shock waves produced mainly by
breakdown of SOG is the driving force to bring the Si-ncs into inner cavity. Sub-
sequently, influence of ablation laser power on fragmentation and filling of Si-ncs
is reported in this work in detail.

[1] V. vrcek et al. Appl. Phys. Lett. 88 033112 (2006).
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We report the modification of the band structure of single-walled carbon nano-
tubes (SWNTs) through encapsulation of the inorganic material manganese ditel-
luride (MnTe2). Using photoluminescence excitation mapping we show that this
leads to a global reduction of the E11 and E22 band gap energies by a similar per-
centage (up to 3.8%). Beyond a threshold diameter for filling of∼1 nm the shifts
increase with tube diameter due to the increased quantity of filled material. The
direct relationship between the E11 and E22 shifts leads us to interpret this as due
to a lowering of the carbon-carbon transfer integrals within the tubes. The radi-
al breathing mode frequencies are also found to increase due to the tube filling,
which is consistent with idea that the interaction between the tubes and the MnTe2

filling becomes stronger with increasing tube diameter. The measurements suggest
that crystal-filling enables a permanent, air-stable and large band gap modulation
for carbon nanotubes. The development of local or modulated filling along length
of the nanotubes therefore offers the opportunity for the development of longitudi-
nal modulation of the band structure to produce one dimensional heterostructures.
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A catalytic chemical vapor deposition (CVD) method has been extensively
investigated as a promising method for the growth of carbon nanofibers (CNFs)
and carbon nanotubes. Recently, we found that CNFs having an array of conical
nano cavities were formed by an alcohol CVD method using indium tin oxide
(ITO) / Fe as metal catalysts. The CNFs contain the conical nano cavities in a
one-dimensional array at uniform intervals. In this study, we explored the most
effective growth condition of the CNFs and studied on the possible formation
mechanism of the one-dimensional array of conical nano cavities. Moreover, we
report that the CNFs are easily snapped at their nodes corresponding to the bases
of conical cavities.

Electron microscopic observation revealed that the inner structure consisted
of an array of periodic conical cavities with lengths of 300-800 nm. Nodes of the
CNFs, which correspond to the bases of conical cavities, are fragile due to the very
thin structure. The CNFs can be easily cut in 1-10 pitch at the nodes like snapping
branches by mechanical force such as ultrasonic irradiation. We suggest that the
snapping technique using our CNFs may be suitable for controlling the length of
CNFs.
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Self-assembled vertically aligned nano-carbons like carbon nanotubes, carbon
nanofibers and carbon nanowalls have attracted considerable attention for bulk
devices such as field emitters, energy storage, via-interconnection and heat sink
and for estimation of mechanical, electrical and thermal properties of individual
nano-carbons. Here we report the first synthesis of vertically aligned carbon nano-
fibers decorated with carbon nanowalls, so-called carbon nanoflags, by a plasma-
enhanced chemical vapor deposition method. Raman spectroscopy and high re-
solution electron microscope (SEM, TEM) were used to characterize crystallinity
of the carbon nanoflags. A vertically aligned carbon nanoflags film was formed
under a plasma ion current of 0.23 A. Both density and average diameter of the
carbon nanofibers increase with the increase in plasma ion current. The above stu-
dies suggest that carbon nanowalls are initiated on the defective lateral wall of
carbon nanofibers.

Present affiliation: Daido Bunseki Research, Inc., 2-30 Daido-cho, Minami-
ku, Nagoya 457-8545, Japan
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A new hybrid material C10H2@SWNTs, linearly bonded sp-carbon atoms en-
cased in single-wall carbon nanotubes (SWNTs), has been synthesized and cha-
racterized by Raman spectroscopy. The hybrid material exhibits a Raman signal at
2066 cm−1 attributable to the stretching vibration of the C10H2 molecules interac-
ting with SWNTs. Being trapped inside the SWNTs, C10H2 molecules are shown
to be stable well above 300◦C even under dry-air conditions.
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Carbon nanocoils (CNCs) are expected to be used as electromagnetic absor-
bers, reinforcement materials, etc. because of their unique structure. In order to
apply carbon nanocoils to these practical applications, the mass-production of
carbon nanocoils is required. For this purpose, the Fe-In-Sn-O catalyst in pow-
der form was synthesized [1]. However, the process to synthesize this catalyst is
time-consuming because calcination and milling are required. To solve this pro-
blem, a new method to prepare powder catalysts is shown in this study.

Polyol process was used to prepare powder catalysts [2]. With this method,
the Fe3O4 / SnO2 composite catalysts in powder form could be prepared only by
boiling mixtures of Fe ions and SnO2 particles in polyol in a few minutes. It was
also found here that structures of the catalyst particles depended on the compo-
sition ratios of Fe3O4 and SnO2, and the difference in structures of the catalyst
particles largely influenced to the probability of CNC growth. This result gives us
important information on designing catalysts with other different methods and the
growth mechanism of carbon nanocoils.

Acknowledgement:
This work was carried out for Osaka Prefecture Collaboration of Regional En-

tities for the Advancement of Technological Excellence, JST.

Reference:
[1] N. Okazaki et al.,J. Phys. Chem. B, 109, 17366-17371 (2005).
[2] F. Fievet et al.,MRS bulletin, 14 , 29 (1989).
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We report a method to control the diameter of an individual carbon nanotube.
Electronic transport measurements performed in situ reveal a striking dependence
of conductance on nanotube geometry. As the diameter of the nanotube is reduced
to near zero, we observe negative differential resistance.
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we report a growth method for large-scale interconnected two-dimensional
carbon nanotube (CNT) networks. From a well-prepared nano-channel network
formed in porous anodic aluminum oxide (AAO) template, CNT network film
was self-assembly produced by pyrolysis of hydrocarbon molecules. This net-
work film is fully interconnected together by billions of nanotube segments, with
centimeter-size large and only single-tube thickness, which would provide a novel
route for the controllable growth of nanotube architectures and the development
of nanotube-based integrated electronic devices.
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We report a method to fabricate highly reproducible nanometer scale gaps in
multi-walled carbon nanotubes. Devices are fabricated in an architecture compa-
tible with transmission electron microscopy, which allows the gap to be imaged
with atomic resolution and correlated to electrical measurements. The gap can be
bridged with individual molecules or nanocrystals to produce a variety of beha-
viors.
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We have found that an amorphous carbon pillar containing Ga, which origina-
ted from fabrication using focused-ion-beam induced chemical vapor deposition
(FIB-CVD), transformed into a graphite tube with a flush discharge [1]. The as-
grown amorphous carbon pillar prepared by FIB-CVD contained Ga in its core
region. An instantaneous current injection, typically with 10 to 20 nC, induced
quick movement of Ga vapor and/or liquid by Joule heating, and transformed the
pillar into a multi-walled carbon nanotube that contained a characteristic structure
with regular intervals of Ga droplets. The transformed pillar typically had about
100 nm in diameter, and several microns long. However, the inner graphitized tube
was still covered with a thin amorphous carbon layer. Such an outer surrounding
carbon residue has shown a very high resistivity about 100Ωcm [2], however lo-
cal resistivity in the core region was considerably lower around 1000µΩcm. This
double structure restricted the current flow passing through the core region so as
to heat up the core rather than the outer, and thus the double structure seemed to
be a key to induce the characteristic solid phase tube transformation. This work
was supported by CREST-JST.
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The catalyst film of ITO/Fe [1] or Fe-In-Sn-O has been successfully used for
the synthesis of carbon nanocoils, so far. In this study, the effectiveness of car-
boxylic acid metals as a precursor of the catalyst for nanocoils growth has been
investigated. Carboxylic acid metals with the mole ratio of Fe/In/Sn=3/1/0.1 was
dissolved into organic solvent. The Fe-In-Sn catalyst were formed by spin coating
the solution on Si substrates and sintering at 450◦C. Carbon nanocoils are syn-
thesized by the thermal CVD using acetylene as a reaction gas and He as a carrier
gas. It is found that carbon nanocoils were synthesized uniformly all over the sub-
strate. The line diameter of the grown nanocoils are ranged from 100 nm to 200
nm and the diameters of coils are several hundreds of nanometer. The average line
diameter of the nanocoils can be controlled by adjusting the mole concentration
of Fe/In/Sn in the solution. The yield of the nanocoils is as high as those synthe-
sized by using ITO/Fe. It is revealed that carboxylic acid metals are efficient as a
precursor of the catalyst for nanocoils growth.

[1] M. Zhang, Y. Nakayama and L. Pan, Jpn. J. Appl. Phys. 39 (2000) L1242.
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To discuss the growth mechanism of carbon nanocoils from Fe-In-Sn-O cata-
lysts experimentally, the microstructures of catalyst particles at the tip of carbon
nanocoils and other carbon products have been investigated by transmission elec-
tron microscope (TEM). The statistical studies of TEM images proved that most
of the catalyst particles at the tip of carbon nanocoils had anisotropic morpholo-
gies, while those of filament carbon products were isotropic. In addition, high-
resolution transmission electron microscope (HRTEM) images revealed that each
catalyst particle had surface phase, whose thickness was 5-30 nm. In many cases
of the catalyst particles at the tip of carbon nanocoils, their surface phases were
highly crystallized. The growth of carbon nanocoils is considered to be due to the
nonuniformity of the carbon extrusion speed at different parts of the catalyst par-
ticle [1]. This nonuniformity was discussed at the viewpoint of the morphology
and surface phase of the catalysts.

This work was carried out for Osaka Prefecture Collaboration of Regional En-
tities for the Advancement of Technological Excellence, JST.

[1] L. Pan et al.,J. Appl. Phys, 91 , 10058-10061 (2002).
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Although carbon nanotube (NT) bundles are usually known to align in par-
allel or tangle to fabricate complex textures, other superstructures of NTs, like
rings and coils, attracted much attention due to their topologically interesting car-
bon structures at the curvatures and the potential for the characteristic properties
especially in electromagnetics. Here a sonoprocess for the isolation of toroidal
aggregates of single-walled carbon nanotubes (SWNTs) is reported. A black solid
was recovered by blowing small droplets generated ultrasonically in a gas flow.
This was found to exclusively consist of toroidal aggregates of SWNTs about 0.5
- 3 mm in diameter. These are round, oval and twisted tori in shape, and a few
toroidal SWNTs might be interlocked. It is worth noting that wreath-shaped ag-
gregates of SWNTs were observed, when much shorter SWNTs, oxidatively cut
HiPco, were sonicated under the same conditions. The relatively small droplets,
which can accommodate only the toroidal aggregates, are considered to be blown
by the carrier gas, resulting in the isolation of the tori.
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Vertically aligned conical amorphous carbon nanowires were deposited on si-
licon coated with thin film of cobalt using pulsed discharge plasma chemical vapor
deposition. FE-SEM observations indicate that they are vertically well aligned,
with an average diameter of about 200 nm at the bottom and with a tip of about 70
nm to 100 nm in diameter and a length of about 2 microns. High resolution trans-
mission electron microscopy and Raman study reveals that the nanowires has an
amorphous structure. Formation mechanism and other studies will be discussed at
the conference venue.
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In this work, we present the results on the selective ablation of single wal-
led carbon nanotubes by use of femtosecond laser. After irradiation with laser,
random networks of single walled carbon nanotubes are reconstructed to laterally
aligned one dimensional nanostructure oriented perpendicular to the polarization
direction with 100nm width. We believe that the linearly polarized femtosecond
laser ablate only those tubes located along the polarization direction and the abla-
ted nanotubes are sticked on other tubes located perpendicular to the polarization
direction. The characteristics of these aligned carbon nanotubes are analyzed with
UV-VIS-NIR absorption spectroscopy, polarized Raman spectroscopy, scanning
electron microscopy (SEM), and transmission electron microscopy (TEM).
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We report the synthesis of GaN nanowires using single-walled carbon nano-
tubes (SWNTs) or graphite as the starting materials in the presence of Ni catalyst.
The use of carbon source can efficiently promote the growth of long and straight
GaN nanowires, and the presence of Ni catalyst is essential to the formation of
GaN nanowires. The effect of the use of different carbon forms on the growth
temperature of GaN nanowires was also investigated. It was found that the grow-
th temperature of GaN nanowires can be lowered to 700◦C; due to the curvature
of SWNTs. Moreover, GaN nanowires synthesized from graphite reveal that the
growth of GaN nanowires in the presence of Ni catalyst is template-independent
(1). From the TEM observation, most of GaN nanowires have nickel particles on
the tips and this result suggests the formation of GaN nanowires could be through
Vapor-Liquid-Solid process (2).

(1) W. Han, S. Fan, Q. Li and Y. Hu, Science, 1997, 277, 1287. (2) X. Duan
and C. M. Lieber, J. Am. Chem. Soc., 2000, 122, 188.
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Both fullerenes and single-walled carbon nanotubes (CNTs) are of great in-
terest since they exhibit unique and useful chemical and physical properties. We
have discovered a novel hybrid nanomaterial combining these structures, i.e. con-
sisting of fullerenes covalently attached to the outside surface of CNTs, called
fullerene-functionalised CNTs. The material structure was investigated by High
Resolution Transmission Electron Microscopy (HR-TEM) together with optical
spectroscopic and mass-spectrometric techniques. Two one-step continuous me-
thods for their selective synthesis have been developed: using pre-made iron ca-
talyst particles by a hot wire generator method and particles grownin situ via
ferrocene vapour decomposition in the presence of CO and trace amounts of H2O
and CO2 etching agents. This new material showed a high cold electron field emis-
sion efficiency thus making it attractive for many electronic applications, e.g., flat
panel displays.
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In this poster, we report a novel synthesized strategy of titanate related materi-
als with various morphologies assisted by organic acids such as acetic and formic
acids. Using TTIP as precursor and organic acids as solvent, the mixture was re-
fluxed in a three neck-flask at 90-150◦C for 48 hours to synthesize titanate related
materials. Morphologies and microstructures of the products are dominated by
organic acid utilized and reaction temperatures, in our experiments, the wire-like
materials will be acquired at 90◦C with either acetic acid or formic acid, however,
the lath-like and petal-like products will be obtained at higher reaction temperature
(150◦C) with acetic and formic acids, respectively. From the XAFS analysis, XA-
NES shows the two structures both consisted of octahedral coordination around
Ti atoms with the characteristic of triple peaks at near edge.
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It is explained one of the carbon nanotube research progress in Indonesia.
Plasma Enhanced Chemical Vapour Deposition (PECVD) method is one of the
best method to growth Carbon Nanotubes. Various modifications of PECVD me-
thod are possible to do. It is being attempted a carbon nanotube growth using
the modifications of PECVD method, which are Very-High Frequency PECVD
(VHF-PECVD) and Hot-Wire VHF-PECVD (HW-VHF-PECVD). The fabricati-
ons, which are being done, are a catalytic growth process where Fe catalyst thin
film is growth on the Silicon substrate, by using dc-Unbalanced Magnetron Sput-
tering method. By using two gas sources, which are methane as the source of
carbon and diluted silane in hydrogen as the source of hydrogen, a carbon nano-
tube fabrication has been attempted at relatively low temperature, 250oC. From
the morphological characterization using Scanning Electron Micrograph, some
sign of carbon nanotube has appeared even though the grain size or the nanotube
diameter. From the composition characterization using Energy Dispersion Analy-
sis using X-Ray (EDAX), carbon become dominant in the formed structure, with
some signature of silicon from the substrate or defects. On the other hand, the
carbon nanotube fabrication using HW-VHF-PECVD is being done by using only
one single gas source, which is methane (CH4). By using the Hot-wire, it is ex-
pected some of the methane will be dissociate to produce some free H radicals,
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which are needed in carbon nanotube growth process. From the growth process
on relatively low temperature, 400oC, some better signatures of carbon nanotube
are present. From the characterization using SEM, EDAX and Scanning Probe
Microscopy (SPM), their results show that the grain or nanotube size has diame-
ters less than 100 nm, which make much convincing result of formed nanotube
possibilities.
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Simulating the X-junction formation of
double-walled carbon nanotubes
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Satoru Naokawa, Shusuke Furui, Morinobu Endo
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Double-walled carbon nanotubes (DWNTs) are thought to possess remarka-
ble electronic and mechanical properties compared to single-walled carbon na-
notubes. The progress in nanoelectronics requires various molecular connections
among individual DWNTs. The X-junction nanodevice made by joining coaxi-
al tubes can have great mechanical strength and unique electrical characteristics.
This device can form a nanonetwork, can contribute to the simplification of elec-
tronic circuits, composites, and more. Therefore, the elucidation of X-junction
formation by joining DWNTs is crucial. We studied the coalescence of X-junction
of DWNTs using molecular dynamics (MD) calculation.

In the present poster, we will discuss the results on MD simulations on the
coalescence of X-junction formation between DWNTs and the effect of defects in
the tubes for the coalescence at the junction.
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Discovery and optical properties of the
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Ju Bae1, Yo-Sep Min1, Wanjun Park1
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Raman scattering and optical absorption were used to study the thermal evo-
lution of purified bundled single-walled carbon nanotubes (SWNTs), HiPCO and
ARC, subjected to high temperature heat treatment (HTT) up to 2200◦C in va-
cuum. After each HTT, the material was removed and characterized with trans-
mission electron microscopy (TEM), Raman scattering and the optical absorpti-
on. Structural modifications observed in HiPCO and ARC SWNTs involved tube-
tube coalescence (HTT 1300-1400◦C), formation of multiwalled carbon nanotu-
bes (HTT 1600-1800◦C). At HTT 1800◦C only ARC material was found to then
evolve to Graphitic Nanoribbons (GNRs), a new form of filamentary carbon. Here,
we present the details of these thermal transformations as seen in changes in the
radial (R) SWNT band, the G-band (and its substructure), and the relative inten-
sity of the disorder-induced D-band scattering. The large GNR D-band scattering
intensity is tentatively assigned to K-point modes activated by the small lateral
width of the GNRs that is estimated from TEM and Raman to be 6-8 nm. The
changes of optical absorption bands from semiconducting and metallic tubes were
also observed.
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Dispersion of Carbon Multi-Walled
Nanotubes in Organic Solvents by

Modifications with Oleic Acid
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Jhih-Hong Nian1, Ruey-Fu Shih2

1 Department of Materials & Mineral Resources Engineering, National Taipei
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Owing to the superior electrical, thermal and mechanical properties of carbon
nanotubes (CNTs), many potential applications have been proposed for them. Ho-
wever, untreated CNTs is surface inactive and hard to form good adhesion with
other materials. In order to improve its compatibility with others, surface treat-
ments of non-covalent and covalent methods have been widely used. In this in-
vestigation, we propose a novel two-step approach, combining functionalization
with hydrogen peroxide and then modification with oleic acid, to increase the
dispersibility of carbon multi-walled nanotubes (MWCNTs) in organic solvents.
The surface properties of the two-step treated MWCNTs were characterized by
analysis of zeta-potential, FT-IR and TGA, and its corresponding dispersion be-
haviors in organic solvents were examined through measurements of rheology and
sedimentation. The results show that the two-step treated MWCNTs can be well
dispersed in various polar organic solvents.
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Solubilization of Single-Walled Carbon
Nanotubes using Polycyclic Aromatic
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Nanotube Chirality Index Discrimination-
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2 Graduate School of of Science and Technology, Nagasaki University

3 Graduate School of Engineering, Kyushu University

Contact e-mail:nakashima-tcm@mbox.nc.kyushu-u.ac.jp

Strategic approaches toward the solubilization of carbon nanotubes by de-
bundling are important for the applications of CNTs [1-4]. We describe the design
of polycyclic aromatic compounds with high performance that dissolve single-
walled carbon nanotubes (SWNTs) [1-2]. Synthetic amphiphiles, trimethyl-(2-
oxo-2-phenyl-ethyl)-ammonium bromide (1 ) and trimethyl-(2-naphthalen-2-yl-
2-oxo-ethyl)-ammonium bromide (2 ) carrying a phenyl or a naphtyl moiety we-
re not able to dissolve/disperse SWNTs in water. On the contrary, trimethyl-(2-
oxo-2-phenanthren-9-yl-ethyl)-ammonium bromide (3 ) solubilized SWNTs, whi-
le the solubilization ability was lower than that of trimethyl-(2-oxo-2-pyrene-1-
yl-ethyl)-ammonium bromide (4 ). Compound4 was found to solubilize both
as-produced SWNTs (raw-SWNTs) and purified SWNTs. Near-IR photolumine-
scence measurements revealed that the chiral indices of the SWNTs dissolved in
an aqueous solution of4 were quite different from those using micelles of so-
dium dodecyl sulfate, that is, the intensity of the (7,6), (9,5) and (12,1) indices
were strong in aqueous solution of SWNTs/4 , and the chirality distribution was
narrower than those of the micellar solutions.

References
[1]. N. Nakashima, Y. Tomonari, H. Murakami, Chem. Lett.2002, 638.
[2]. Y. Tomonari, H. Murakami, N. Nakashima, Chem. Eur. J., in press.
[3]. N. Nakashima, International J. Nanoscience,4 , 119-137, 2005.
[4]. H. Murakami, N. Nakashima, J. Nanosci. Nanotechnol.,6 , 16-27 (2006).
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Optical pH Response of
Micelle-encapsulated and

Polymer-wrapped Single-Wall Carbon
Nanotubes

Teruo Takahashi, Toru Ishii, Catalin Romeo Luculescu, Katsumi Uchida,
Tadahiro Ishii, Hirofumi Yajima
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The solution stability and spectroscopic characteristics of isolated single-walled
carbon nanotubes (SWNTs) dispersed in various aqueous surfactant and polymer
solutions were investigated by optical spectroscopies: the UV-vis-NIR absorption,
near-IR fluorescence, and Raman shift. Some polysaccharides (polymers) such as
carboxymethylcellulose (CMC) and chitosan with different charge features were
used as dispersion agents together with typical surfactants such as sodium dode-
cyl sulfate (SDS, anionic) and n-dodecyl trimethylammonium bromide (DTAB,
cationic). The interband optical transition originated from van Hove singularities
were affected by dispersion agent species and pH. The absorption peaks in the first
semiconductive band range disappeared with decreasing pH below 5 in the case of
SDS-SWNTs dispersion, whereas a small decrease in the peaks was observed in
case of DTAB. On the other hand, the CMC- and chitosan-SWNTs dispersion did
not exhibit peak quenching. The foregoing results implies that the discrepancy of
the quenching of interband transition induced by protonation between the surfac-
tants and polysaccharides comes from the difference in the structural characteri-
stics, that is, micelle-like for the surfactants and wrapping for the polysaccharides,
which prevent the SWNTs from protonation. Also, the protonation effect appears
to be strongly affected by the electrical charge of the dispersion agent.
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Dispersion and separation of thin
multi-wall carbon nanotubes

Ilya V. Anoshkin1, O. S. Bazykina1, Hung Tran Nguyen1,
S. N. Blinov1, I. G. Ivanov1, E. V. Rakova2, E. G. Rakov1

1 Mendeleev University of Chemical Technology, Moscow, Russia
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Different surfactants, such as Triton X-100, SDS, PVA, PVP were used to
solubilize thin multi-wall carbon nanotubes (t-MWCNTs) in aqueous solutions.
About 30 g of t-MWCNTs were prepared by methane pyrolysis at 940◦C in con-
tinuous regime and have been used for the study. Dispersions were produced by
sonication of t-MWCNTs in aqueous surfactant solution followed by mild cen-
trifugation (30 min, 1100 g). To estimate the concentration of t-MWCNTs in the
dispersion, supernatant liquor was subjected to coagulation after decantation. The
solid materials were analyzed by means of TEM, X-ray diffraction and characte-
rized using nitrogen adsorption measurements (BET). A few hundred of indivi-
dual t-MWCNTs were involved in the determination of their diameter and length
distribution in the stable dispersion. An enrichment of the dispersion with small
diameter and length t-MWCNTs was reviled: the diameter of 92% tubes did not
exceed 4 nm. The solubility depended on their diameter and length. The optimal t-
MWCNTs:TritonX-100 and t-MWCNTs:SDS ratios corresponding to the highest
FWCNT concentrations (1.67 and 1.35 g/L, respectively) have been found. The
solubility of t-MWCNTs in surfactant solutions was compared with the behavior
of covalently functionalized tubes. The synergetic effect of surfactant pairs will be
discussed.
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Oxidation of SWNTs Decorated with
Significant Amount of a-C
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In this study, the air oxidation of single-walled carbon nanotubes (SWNTs)
decorated with significant amount of amorphous carbon (a-C) is presented. The
novel carbon fibers we synthesized are suitable for realizing the removal of a-C
from SWNTs by oxidation treatment. The oxidation temperature was controlled
from 540◦C∼ 580◦C for 30 min. The average thickness of a-C on SWNTs rough-
ly decreased with increasing the oxidation temperature. The formation of porous
and bread-like structure of a-C on SWNTs was observed. Although the oxidati-
on of a-C in air is better controllable than the wet chemical methods, our results
suggest that the a-C could not be uniformly removed by air oxidation method.
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Thin films of metallic carbon nanotubes
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Separating metallic from semiconducting carbon nanotubes by dielectropho-
resis [1,2] is advancing towards a bulk separation method and allows now to pro-
duce thin films of metallic single-walled carbon nanotubes [2]. We provide the
first optical absorption spectra of dielectrophoretically separated SWNTs, which
demonstrate that the technique is operative independent from the diameter dis-
tribution of the starting material. The data confirms previous results obtained on
smaller quantities by resonant Raman spectroscopy. We further provide electrical
transport measurements on separated nanotube material.

[1] R. Krupke, F, Hennrich, H. v. Löhneysen, M. M. Kappes, Science 301
(2003) 344

[2] R. Krupke, F. Hennrich, M. M. Kappes, H. v. Löhneysen, Nano Lett. 4
(2004) 1395

[3] R. Krupke, S. Linden, M. Rapp, F. Hennrich, Adv. Mat. 2006
(DOI:10.1002/adma.200600134)
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Dielectrophoresis has received much attention for separating nanotubes ac-
cording to electronic types. In this work, we examine the effects of surface con-
ductivity of semiconducting single walled carbon nanotubes (SWNT), induced by
ionic surfactants, on the sign of dielectrophoretic force. The crossover frequen-
cy of semiconducting SWNT increases rapidly as the conductivity ratio between
the particle and medium increases, leading to an incomplete separation of ionic
surfactant suspended SWNT at an electric field frequency of 10 MHz. In order
to reduce the conductivity ratio, the surface charge of SWNT is neutralized by
an equimolar mixture of anionic surfactant sodium dodecyl sulfate (SDS) and ca-
tionic surfactant cetyltrimethylammonium bromide (CTAB), resulting in negative
dielectrophoresis of semiconducting species at 10 MHz. Dielectrophoretically de-
posited nanotubes were used to detect ions and radicals in their sensor applicati-
ons.
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Dielectrophoretic assembly of carbon
nanotubes
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Single-wall carbon nanotubes (SWNTs) are assembled between nanopatter-
ned gold electrodes by alternating current (AC) dielectrophoresis. Integration of
the structures is made possible by the use of lift-off photolithography and gal-
lium focused-ion beam (FIB) milling. Potential future applications of this work
are as a method of separation of metallic and semiconducting SWNTs, and in the
production of nanoelectronic devices such as an SWNT field effect transistor.

For dielectrophoresis of individual nanotubes, we have suspended the tubes in
sodium dodecyl sulfate (SDS) surfactant as the electrolyte. However, the electro-
nic properties of SWNTs are affected by the presence of SDS. Hence we have used
a rinsing technique to remove SDS from the tubes. The SDS-treated SWNTs were
investigated by x-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
After dielectrophoresis, we have observed growth of an SWNT bundle between
nanopatterned gold electrodes using scanning electron microscopy (SEM). The
current-voltage characteristics measured between the electrodes were consistent
with those of metallic SWNTs.
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Molecular tweezers, comprising two porphyrins and rigid spacer in between,
have been found to solubilize carbon nanotubes (NTs) into organic solvent to re-
duce the impurities and enrich specific range of diameters. Although monoporphy-
rins have large solubility to organic solvents, only a small amount (<1 %) of NTs
was extracted. On the other hand, the extraction yields improved remarkably with
diporphyrin. The large difference in their ability for solubilization of NTs is con-
sidered to be attributed to the difference in stability of the complexes. That is, the
concave gable structures complementary to convex surface of NTs formed much
more stable complex as compared to those of NTs with monoporphyrins. TEM
analysis of the extract obtained with diporphyrin revealed reduction in the amount
of impurities as compared with the raw tube and residue. The diporphyrin serves
as an efficient extracting agent that discriminates NTs from metal impurities. It
is noteworthy that diporphyrin tweezers with naphthalene spacer showed much
higher extraction ability towards DWNTs than those with m-phenylene spacer, in-
dicating that the larger accomodation space of the diporphyrin with naphthalene
spacer can accept DWNTs. From TEM, Raman and absorption spectroscopies,
specific diameters of NTs were found to be extracted preferentially.
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Anomalous Dispersing Agents for
Carbon Nanotubes
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Many surfactants and polymers are available to stabilize CNT dispersions,
mostly in water. Surfactants usually form self-aggregates, such as micelles, to
encapsulate CNTs and polymers adsorb strongly onto CNTs. Here, we report a
dispersing agent that show chemical selectivity and physical properties that are
not usually found in previously known compounds.

Chemically, with a help of light sonication, it disperses CNTs only in polar
halogens and not in other organic solvents and water. The concentration depen-
dence shows that, at a particular concentration, the dispersed amount relative to
that of a pure solvent increases linearly with the duration of sonication, crossing
zero at a finite time; this means that the dispersibility becomes worse than pure
solvent at short sonication time, then improves as the sonication time is extended.
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It was proposed that metallic SWNTs (M-SWNTs) can be selectively depo-
sited on electrodes by dielectrophoresis (DEP) [1]. The DEP force is strongly
dependent on permittivity of SWNT, which is inversely proportional to square
root of the band gap of the nanotube. Thus, M-SWNTs having infinite permittivi-
ty are suggested to be attracted more strongly to the electrode as compared with
S-SWNTs [1]. One major issue of the DEP separation is the reliability of the Ra-
man spectra observed for the SWNTs deposited on electrodes, because a Raman
spectrum is very sensitive to an aggregated state of SWNTs [2]. Therefore, other
analyses, such as an optical absorption measurement, are necessary to discuss the
metal-semiconductor separation. Here, we report on the optical absorption mea-
surements of the SWNT dispersion obtained after a DEP process. Effects of the
formation of an electric double layer around a SWNT are also discussed.

References
[1] R. Krupke, F. Hennrich, H. v. Lohneysen, and M. M. Kappes, Science,

301, 344 (2003).
[2] S. Baik, M. Usrey, L. Rotkina, and M. Strano. J. Phys. Chem. B, 108,

15560 (2004).
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The process of debundling by ultrasonication is based on powerful cavitati-
on effect and subsequent substitution of nanotube-nanotube Van der Waals forces
by surfactant micelles or polymer wrapping. In this work we are investigating
the effect of ultrasonication parameters on single-walled nanotubes (SWNTs) di-
spersion in aqueous solutions in order to understand the side reactions and their
effect on nanotubes properties. The SWNTs dispersion properties are dependent
on horn type, cup geometry, power density, total energy, electrochemical character
of the dispersion agent, and maximum temperature reached during the ultrasoni-
cation. The temperature and pH were monitored during ultrasonication process
while absorption, emission, and Raman spectroscopies have been carried out after
nanotubes dispersion. The length distribution of SWNTs colloidal dispersions was
investigated by dynamic light scattering for different power density ultrasonicati-
on. We found that ultrasonication power density is a key parameter for SWNTs
dispersion. The pH of dispersion is decreasing during mild ultrasonication in rela-
tion with the electrochemical character of the dispersion agent and is affecting the
optical spectra without changing the chiral distribution. For the same energy den-
sity delivered by ultrasonication, the nanotube length distribution is proportional
with the power density.
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Carbon Nanotubes and Carbon
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An effective process for dispersing multi-walled carbon nanotubes (MWNTs)
and carbon nanofibers (CNFs) in water up to 5wt% by treatment with peroxide and
then dispersion with dispersant of ammonium polyacrylic acid (PAA-NH4) was
acheived in this study. The surface chemistry and the morphology of H2O2-treated
MWNTs was characterized respectively by Fourier transform-infrared (FT-IR)
spectroscopy and transmission electron microscopy (TEM), while the amount of
functional groups was quantified by temperature programmed desorption (TPD)
technique. For comparison, MWNTs or CNFs were also treated with concentra-
ted acids of HNO3 and H2SO4 with volume ratio of 3:1. It was found that the
MWNTs with H2O2-treatment had less microstructure defects than those with
acid-treatment. The dispersion stability of as-prepared aqueous suspensions was
analyzed by rheology and settling experiments
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The dispersion effect of carbon nanotubes (CNTs) used as a support material
of Pt impregnated catalyst for a direct methanol fuel cell (DMFC) was investiga-
ted. Several different dispersion methods were applied. They are sonication using
a tip sonicator, beads mill treatment with and without dispersing polymers, and
cryogenic crushing treatment. The deposition of Pt nanoparticles to impregnate
60 wt % of Pt in CNTs was performed by refluxing the dispersion-treated carbon
nanotubes in a mixture of ethylene glycol and water containing Pt precursors. The
produced Pt particle sizes are in the order of 3 to 5 nm depending on the treat-
ment method. The electrochemical activities of the Pt/CNT catalysts as a cathode
electrode for DMFC were measured by cyclic voltammogram in 0.1M HClO4

solution under oxygen gas purging. The electrode was prepared by painting the
Pt/CNT catalyst paste containing 30 wt % Nafion on a carbon paper. The highest
activity was obtained from the Pt/CNT sample employing sonication. The treat-
ments of beadsmill and cryogenic crushing led a negative effect to the electrode
activity, probably due to the damage of CNTs during mechanical collision pro-
cess. The damage of CNT structure induces the increase of electrical resistance,
which causes the decreasing performance of DMFC. Here, we report that the di-
spersion process of CNTs should be properly optimized for the best performance
of electrode activity, allowing the production of a desired value of uniform 2∼3
nm Pt nanoparticles without structural degradation.
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We present near-infrared photoluminescence (PL) mapping of individual single-
walled carbon nanotubes (SWNT) in water-surfactant dispersions length-sorted by
size exclusion chromatography1. Furthermore, we investigated the ultrasonic in-
duced scission of different SWNT materials by AFM, Raman and absorption spec-
troscopy. The influence of different parameters on the scission rate was studied.
We predict a mechanism for the cavitation-induced scission process and simulate
length distributions with a model.

1 Heller, D. A.; Mayrhofer, R. M.; Baik, S.; Grinkova, Y. V.; Usrey, M. L.;
Strano, M. S. J. Am. Chem. Soc. 2004, 126, 14567-14573.

149



Contribution C.016 - Tuesday, June 20
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Purification of Double wall carbon nanotubes (DWNTs) has been achieved
by high temperature air oxidation [1]. However, it is still difficult to realize high
yields and selectivity because of the bundling effect. Here, we present a novel pu-
rification method with dispersion and oxidation techniques to minimize the bund-
ling effect and maximize the purity and the yield of DWNTs, respectively.

DWNTs synthesized by the pulsed arc discharge [1] were dispersed into sodi-
um dodecyl sulfate solution by sonication. The solution was mixed with excess of
fumed silica and was dried to powder. This powder was oxidized to remove SW-
NTs and amorphous carbon under following conditions: (a) heating at 500◦C in
air, (b) reflux at 120◦C in H2O2, and (c) a combination of (a) and (b). The purified
DWNTs were obtained from the powder eliminating metal particles and fumed
silica. The purity was evalated by TEM and Raman spectroscopy.

The results show that the purity of DWNTs becomes more than 95% by the
combination method (c), whereas it reaches only 50% by each method of (a) and
(b). It suggests that each oxidation method removes different SWNTs complemen-
tarily.

[1] T. Sugai, et al., Nano Lett., 3, 769 (2003)
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Single wall carbon nanohorns (SWNHs) are produced with higher purity (>85
wt%) and yield (>75 wt%)[1] than single-wall carbon nanotubes through CO2 la-
ser ablation of pure graphite rods without metal catalysts. But SWNHs thus pro-
duced are always mixed with micrometer-order graphite-based particles, named
GG (Giant Graphitic) balls (<15 wt%)[2] which are the obstacle for various app-
lications of SWNHs. We investigated the methods of purifying SWNHs on large
scale, and found that the gravitational sedimentation method was useful.

In the gravitational sedimentation method, SWNHs were first dispersed in
ethanol using ultrasonication, and then left at rest for 12 hours. During this period,
the GG balls precipitated at the bottom of the container due to natural gravitatio-
nal effect, while SWNHs remained in the supernatant. SWNHs in the supernatant
were evaluated and characterized by means of thermo gravimetric analysis, X-ray
diffraction, and adsorption isotherms of N2. They were also observed with scan-
ning electron microscope and high resolution transmission electron microscope.
As a result, the SWNHs in the supernatant were found to be completely free from
the GG balls in such an easy way. The high-purity SWNHs thus obtained will en-
hance progress of studies on the properties and applications of SWNHs using will
be developed.

References:
[1] S.Iijima et al. Chem. Phys. Lett. 309 (1999) 165.
[2] J. Fan et al. J. Phys. Chem. B 109 (2005) 10756.
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A vast amount of research has been focused on the preparation of high purity
carbon nanotube samples, either during their synthesis or in a post-growth puri-
fication process. Typically amorphous carbon, graphitic particles and metal par-
ticles (catalyst) are the main impurities in as-made carbon nanotubes. Although
several procedures have been used to purify as-made SWNTs, nitric acid has be-
come the standard reagent for purification of carbon nanotubes and constitutes one
of the steps in many different purification schemes. Recent studies have shown that
acid purification leads to partial oxidation of SWNTs themselves and sometimes
to an extensive disruption of the tubular structure. We have explored the use of
a new oxidizing agent which allows a better control of the opening and removal
of the carbonaceous fragments, neither functionalizing the SWNTs nor damaging
their tubular structure. Addition of an aqueous solution of uranyl acetate to the
purified SWNTs gives uranyl acetate@SWNTs (HRTEM), which provides direct
evidence of the opening of the SWNTs. IR and Raman spectra of the purified
samples are also presented.
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Previously, we have reported an effective enrichment of metallic single-wall
carbon nanotubes (SWCNTs) by the selective oxidation of semiconducting SW-
CNTs in hydrogen peroxide. [1] In this presentation, we demonstrate a chirality
dependent oxidation process of semiconducting SWCNTs in hydrogen peroxide.
We have measured Raman spectra of SWCNTs heated in hydrogen peroxide with
changing a heat treatment time. It is well known that the thinner SWCNTs are
more fragile, which is understood as a curvature effect. Indeed, in most cases, in-
tensity of higher frequency radial breathing mode (RBM) peaks decreased more
rapidly than the lower frequency ones. This indicates smaller diameter SWCNTs
burned faster. However, some RBM peaks showed non-diameter-dependent bur-
ning behavior, which suggests some additional driving force on burning process.
If the chemical stability of SWCNTs is affected by their electronic structures, se-
lective oxidation process in hydrogen peroxide could be explained consistently
including our previous work. Correlation between the chemical stability and the
electronic structure of SWCNTs will be discussed.
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Arc-produced SWCNT soot contains carbon impurities including amorphous
carbon, graphitic nanoparticles, etc. This study does not only aim to develop effi-
cient, less damageable purification processes, but also evaluate their purity using
TGA. The carbon phases can be moderately differentiated in TGA derivative cur-
ves if knowing thermal stability of each constituent. We prepared the soot samples
which compositions were varied by oxidizing the soot at different temperatures of
275∼425oC; for 20h, then analyzed by TGA, SEM, TEM. Deconvoluted derivati-
ve curves showed systematic variations with the temperatures, and each of them
could be assigned to a corresponding constituent based on microscopic observa-
tions. Their compositions were calculated by measuring the areas under the de-
convoluted curves. Our purification processes were composed of acid treatment,
functionalization, soxhlet extraction. The carboxylated soot was functionalized
by hexadecyl amine forming ionic bonds with carboxyl groups on carbon impu-
rities as well as SWCNTs. Long-chain alkyl groups of the functionalized carbon
impurities made them soluble in solvents, in particular, tetrahydrofuran. During
the extraction, carbon impurities could be easily expelled through a filter without
any significant loss of CNTs. The functionalized CNTs were well dispersed for 6
months, and organic groups in the CNT bulky paper were easily burned out.
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Poly-thiophene was used to design a dispersant for nanodispersion of single-
walled carbon nanotubes (SWCNTs) in organic solvent by varying the orientation
of the head group (thiophene) and the ratio of head to tail length (hexyl group).
The mixture of SWCNTs/ dispersant (1:1) in 1-methyl-2-pyrrolidinone (NMP)
solvent was sonicated in a bath type sonicator for 10 hours at 240 W and centri-
fuged with 8,000 rpm for 10 minutes. The SWCNTs were well macrodispersed.
The supernatant was measured with both Raman and UV-Vis-NIR spectrosco-
pies. We found that sulfur atoms in the head group enhanced interactions between
thiophene and the CNT walls evidenced by the x-ray photoelectron spectroscopy.
Furthermore, their alignment of head groups, rather than their random orientation,
plays an important role in dispersing SWCNTs. The strong correlation between
the subband peak shifts in the absorption spectra and the peak shifts of the G-
band and radial breathing modes in the Raman spectroscopy were discussed in
detail in conjunction with designing parameters of dispersant.
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SWCNTs produced by arc discharge were purified through two different pro-
cesses, zirconia beads and polymer wrapping. Various diameters (10mm, 5mm
and 1mm) of zirconia beads were packed together with the as-produced (AP-
) SWCNT soot inside a vertical quartz tube to enhance the air flow uniformity
through the SWCNT soot during thermal oxidation in air. For smaller diameters
beads, more carbonaceous impurities burned out, producing purer SWCNTs. A
subsequent HNO3 treatment and the second thermal oxidation were also enga-
ged to improve further the purity of SWCNTs. While in the polymer wrapping
process, the AP-SWCNT soot was first treated with 3M HNO3 in order to remo-
ve metal catalysts and introduce carboxyl groups to carbon impurities as well as
SWCNTs. The carboxylated soot was then wrapped with 10 wt.% of poly(2-ethyl-
2-oxazoline) in ethanol. Finally the polymer-wrapped soot was oxidized in air. In
a control experiment, the SWCNT soot was purified by the conventional proces-
ses which consisted of the gas phase oxidation (of course, without zirconia beads)
and the HNO3 treatment. The three purification processes of SWCNT soot were
compared in term of their yields and purities. SWCNTs were characterized using
thermogravimetric analysis, scanning electron microscopy, transmission electron
microscopy, and Raman spectroscopy.
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When multi-walled carbon nanotube (MWCNT)/polymer composites are pre-
pared through melt compounding for the improvement of mechanical strength, the
surface modification of MWCNT becomes important. There is several possibili-
ties, depending on the structure of MWCNTs, about chemical modification on the
surface of MWCNT. MWCNTs are categorized into two structures. One is tubu-
lar type and layers of grafensheets are rolled, commercially available as VGCF©.
The other is six-membered rings arranged like cup are stacked up (Carbere©).
VGCF© has the defect part where six-membered ring is lacked on the surface,
and many edges of graphites located on the surface are thought to be terminal
with hydrogen for Carbere©. In this study, COOH groups are introduced by using
the Friedel-Crafts reaction on the defect parts of VGCF© surface and Carbere©
surface. The introduced amount of carboxyl groups were determined by neutrali-
zing titration. The results suggested that about 17 carboxyl groups existed per 100
carbons on VGCF© surface, and about 22 carboxyl groups on Carbere©. Moreo-
ver, the further modification of VGCF© surface was examined by graft reaction
of polymer.
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Boron nitride nanotube (BNNT) has a constant band gap, exhibits excellent
mechanical properties, high thermal conductivity and superb resistance to oxida-
tion. Therefore, BNNTs are thought to be primarily useful as nanoscale semicon-
ductors working in hazardous environments or additives in composites to improve
mechanical and thermal properties of the matrix. However, to date, many unsolved
problems, such as BNNT high-yield production, adjustment of BNNTs electronic
structure, dispersibility of BNNTs in solvents etc., have hampered their real prac-
tical applications.

Here we report that highly pure BNNTs may be synthesized at high yield via a
chemical vapor deposition method using a metal oxide and a boron powder as re-
actants. For the first time, BNNTs were perfectly dispersed in various organic sol-
vents by wrapping them with a polymer or due to covalent functionalization. The
functionalized BNNTs were investigated by cathodoluminescence and UV-vis ab-
sorption experiments. The results reveal drastic changes in BNNT band structure
and strong interactions between BNNTs and a polymer. Our studies indicate that
chemical functionalization may be a promising way to adjust the electronic struc-
ture of BNNTs. In addition, soluble BNNTs may be highly useful for the polymer
composite materials.
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Functionalization of carbon nanotubes with fluorine-based plasmas for short
durations at low bias voltages affords a reliable and controllable method of do-
ping nanotubes. By tailoring the plasma conditions the structural integrity of the
nanotubes can be preserved and consequently the capability for electron transfer
is maintained. We have exposed single-walled carbon nanotubes to CF4 and SF6
plasmas as a method of controlling the degree of functionalization before further
functionalizing with 1,2-diaminoethane. The degree of amino functionalization
is dependent on the degree of initial fluorination rather than oxygen or carbon
defects and thereby presents a replicable route to n-type doping. We have investi-
gated different types of fluorine CNT-F bonding produced by the plasma processes
(e.g., covalent, semi-ionic) and the effect of different plasmas on the doping pro-
cess. An additional step to remove residual fluorine using hydrazine gave a signi-
ficant improvement in the n-type character of the devices. Reaction at both ends of
1,2-diaminoethane was observed to increase with fluorine content. Electrical cha-
racterization using back-gated SWNT devices have shown p-type semiconducting
behavior for CF4-functionalized SWNTs and n-type semiconducting behavior for
amino-functionalized SWNTs. The degree of n-type behavior increases with the
amount of nitrogen attached to the SWNTs.
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Carbon nanotube (CNT) has chemically stable and inactive surface, so di-
spersibility in solvents generally is poor due to the weak interfacial interaction
between CNT and polymer matrix. To improve the dispersibility and interfaci-
al interaction in solvent or polymer matrix, the surface modification by ligand-
exchange reaction between ferrocene containing carboxyl groups and VGCF©
or Carbere© , which has stacked-cup structure, was investigated. Carboxylated
multi-walled carbon nanotube (MWCNT-COOH) was synthesized by stirring of
MWCNTs in tetrahydrofuran at 50◦C for 24h in the presence of AlCl3 and Al
powder under nitrogen. MWCNT-COOH was carefully purified by filtration and
soxhlet extractor. The amount of carboxyl groups introduced onto MWCNTs sur-
face was determined by titration with sodium hydroxide solution using phenolph-
thalein as an indicator. Further modification was carried out by grafting reaction
between copolymer containing oxazoline groups and VGCF including carboxyl
groups. Dispersibility of MWCNT-COOH was investigated by optical microsco-
pe. The agglomerated structure of MWCNTs was effectively destroyed by the in-
troduction of carboxyl groups, and MWNT-COOH gave homogeneous dispersion
in solvent.
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Thin film carbon nanotube networks are used as a conductive, transparent and
flexible backbone structure for electrochemically deposited polyaniline. Such a
device is sensitive to pH allowing the potentiometric determination of pH values
ranging from pH 1-13. The excellent performance in terms of linearity, selectivity,
stability and fast response makes this device suitable for pH sensor applications.
In addition, the extremely simple preparation technique allows the conversion of
any user defined substrate into a pH sensor. Since this technique is not limited
to polyaniline only, the deposition of various polymers on carbon nanotubes in
general offers a great potential for demanding sensor applications.
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DNA-coated carbon nanotubes (CNT) represent a hybrid system which unites
the biological regime and the nanomaterials world. They possess features which
make them attractive for a broad range of applications, e.g., as an efficient method
to separate CNTs according to their electronic properties [1], as highly specific na-
nosensors [2], or as an in vivo optical detector for ions [3]. It is therefore certainly
worthwhile to obtain a detailed understanding of the binding between the bases
in DNA and the surface of CNTs, preferably from ab initio. To this end, we are
carrying out a systematic study of the interaction between single-stranded DNA
and single-walled CNTs (SWCNTs) using density functional theory. More speci-
fically, we are interested in assessing the subtle differences in the interaction of
the four DNA bases, and how important the underlying structure of the CNT is for
the equilibrium geometry of the bases on the outer tube surface. We will present
results from our investigations for the interaction of adenine, cytosine, guanine
and thymine with SWCNTs of varying tube diameter and chirality.

This work is partially supported by DARPA.

[1] Ming Zheng et al., Science 302, 1545-1548 (2003).
[2] Cristian Staii et al., Nano Letters 5, 1774-1778 (2005).
[3] Daniel A. Heller et al., Science 311, 508-511 (2006).
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Biomolecules or metal nanoparticles have been used as a functional species
since they enable us to develop nanotubes for sensors, fuel cells, and catalyst
applications. We have performed single-walled carbon nanotubes (SWNTs) func-
tionalization using gold nanoparticles and DNA.

SWNTs were synthesized using on both flat and pillar-patterned substrates
[1,2]. After introducing amine groups to the SWNTs by covalent coupling, gold
nanoparticles and thiolated single-strand DNA were immobilized on suspended
SWNT. From the gold-functionalized suspended SWNTs, we observed enhanced
Raman scattering phenomena, which were suppressed after DNA functionalizati-
on. To address electronic transport properties during functionalization processes,
we performed measurements at each functionalization step using the field effect
transistor configuration. We found that the transport behavior was significantly
changed during the amide coupling processes, and electron injection from the
DNA to the functionalized SWNTs was observed.

G. -H. Jeong et al., [1] JACS 127 (2005) 8238 and [2] JAP 98 (2005) 124311.
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We have investigated trapping of protein molecules on the tip of open-ended
multiwall carbon nanotubes (MWNTs) in aqueous buffer solutions. The open-
ended MWNTs were prepared by the oxidation of arc produced MWNTs in air
at 700oC on a SiO2 wafer. Chemical reaction using carbodiimide (EDC) forms
a chemical bond between an open-end tip of MWNT and a protein molecule,
GroEL. After the chemical reaction, the products on the substrate were rinsed by
pure water. The remained materials were characterized by atomic force micros-
copy. Since the size of the protein is lager than the tip diameter of open ended
nanotubes, only one protein is expected to attach the open-ended tip. The AFM
observation revealed that only one protein attached to the open-ended tip of nano-
tube. It is noted that proteins attached to the un-oxidized nanotubes were hardly
detected. This indicates that the proteins made a covalent bond to the open-ended
tip of nanotubes and the binding energy between the protein and the nanotube tip
is larger than that of the van der Waals interactions between the protein and the
side wall of the nanotubes.

164



Contribution C.031 - Tuesday, June 20

In-situ Potassium doping into SWCNTs
synthesized by a hydrogen

arc-discharge method and their field
emission properties

Byeong Chul Ha1, Jung Hoon Kim2, Seung-Wook Park2, Jae
Myung Kim 3, Hee Sung Moon3, Dong-Sik Zang3, Cheol Jin Lee2

1 Department of Nano Science, Cheongju University
2 Department of Electronics Engineering, Korea University

3 Electric Material Development Team, R&D Center, Samsung SDI

Contact e-mail:cjlee@korea.ac.kr

Potassium-doped single-walled carbon nanotubes (SWCNTs) were directly
synthesized by a hydrogen arc-discharge method using only Fe catalyst. The potassium-
doped carbon materials indicated high-purity SWCNTs about 90% without amor-
phous carbon materials. The potassium-doped SWCNTs had the diameters of 1.4
- 2.0 nm from TEM observation. With a simple purification method which con-
sists of a thermal oxidation in air ambient and acid treatments, amorphous carbon
materials and metal catalyst particles on the surface of SWCNTs were effectively
removed. For the field emission properties of SWCNTs, potassium-doped SW-
CNTs showed much lower turn-on voltage of 0.7 V/um and the higher emission
current density of 1 mA/cm2 at an applied field of 1.5 V/um compared with the
undoped SWCNTs. Moreover, the potassium-doped SWCNTs indicated stronger
emission stability than that of undoped SWCNTs
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We have investigated doping and characterization of DWCNTs using nitrogen,
potassium, and boron materials. High-quality DWCNTs were synthesized using
MgO/Fe-Mo catalysts by chemical decomposition of CH4. To achieve effective
doping of nitrogen into DWCNTs, we controlled CH4/NH3flow rate and reacti-
on ambient during CNT synthesis. To incorporate potassium into DWCNTs, we
performed a post-treatment such as evaporation of potassium solution at the pre-
heater zone. For boron doping into DWCNTs, we used evaporation of boron oxi-
de. Electronic structure was examined by x-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy. High resolution transmission electron microscopy (HR-
TEM) was also conducted for the study of structural and morphological behavior
of doped DWCNTs.
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Unfunctionalized carbon nanotubes are not biologically compatible because
their hydrophobicity causes immediate aggregation in water. Both single-walled
carbon nanotubes (SWNTs) and multiwalled carbon nanotubes (MWNTs) can be
easily dispersed in aqueous solution by non-covalent binding of surfactant mole-
cules that consist of a single hydrophobic chain and a polar headgroup. But since
these detergents dissolve biological membranes and unfold proteins, the use of
their double-chain equivalents (specifically phospholipids), the main component
of biological membranes, is much more desirable. However, SWNTs can only be
coated with phospholipids when the SWNT diameter has been increased with po-
lyelectrolyte layers, and lipid coating of raw MWNTs in the absence of detergent
could not be demonstrated.

We show here that acid-treated MWNTs can be coated with synthetic phos-
pholipids without the need of detergent or polyelectrolyte components. Phospho-
lipid vesicles (liposomes) were allowed to fuse on acid-treated MWNTs, which
were subsequently studied by atomic force microscopy. A smooth coating with
occasional defects or transitions to a second layer was observed. These disconti-
nuities are consistently 4-5 nm deep, the typical thickness of a lipid bilayer. Mo-
reover, when fluorescently labelled lipids are included in the vesicles, the MWNTs
can be observed with a fluorescent microscope, clearly indicating successful lipid
coating.

167



Contribution C.034 - Tuesday, June 20

NEW 1,3-DIPOLAR CYCLOADDITION
OF A NITRILE OXIDE TO SWNT.

PHOTOCHEMICAL AND
ELECTROCHEMICAL STUDY OF A

PYRIDINE-SWNT COMPLEX WITH A
ZINC PORPHYRIN.

Fernando Langa1, Juan L. Delgado2, Mercedes Alvaro3,
Pedro Atienzar3, Hermenegildo Garcia3, Pilar de la Cruz2,

Vincent Troiani2, Amit Palkar4, Luis Echegoyen4

1 University of Castilla-La Mancha
2 University of Castilla-La Mancha (Spain)

3 Universidad Politécnica de Valencia (Spain)
4 Clemson University (USA)

Contact e-mail:Fernando.LPuente@uclm.es

Chemical processing and solubility can play an essential role in the appli-
cations of SWNTs. Along the last years, interest has focused on their chemical
properties and functionalization of SWNTs is actually a field of great interest.
Covalent chemistry on the walls of the SWNTs is a viable route to functionalize
SWNTs and cycloaddition reactions have proved to be a powerful tool.

In this communication we show the new cycloaddition of a nitrile oxide to
SWNT. (The benefits of microwave irradiation as source of energy in these reac-
tions are presented as well).

The resulting Pyridine-SWNT forms a complex with a zinc porphyrin (Zn-
Por) in a similar way to that reported for pyridyl functionalized [60]-fullerenes.
Photophysical and electrochemical studies have been carried out.
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The miniaturization of devices for electronical and biological applications re-
quires the development of new assembly strategies that allow their precise lo-
calization and interconnection at the nanometric scale. The most promising me-
chanism for accomplishing this is self-assembly. Thus, the exceptional recogni-
tion properties of DNA molecule make it an ideal candidate for realizing a site-
controlled implementation of nanocomponents, particularly single wall carbon na-
notubes, one of the main building blocks of future nano-electronics. Within this
context, an advanced strategy is proposed to design and develop novel SWNT-
based devices bio-assembled with DNA.

In this paper, we will discuss three of the main key points required to perform
SWNT circuits templated onto DNA : (i) the control of SWNT-DNA binding (ii)
the DNA scaffold itself and (iii) the metallization of DNA to get conductive na-
nowires. Thus new tools will be presented that we developed to specifically target
and bind SWNTs to DNA, using both covalent (bio-directed) and non covalent
chemistry. Complementary characterizations by gel electrophoresis and AFM de-
monstrate the efficiency of the binding methods, which allowed us for example
to bridge two SWNTs by a DNA molecule or to specifically attach DNA to SW-
NT extremities. In addition, SWNTs bound to DNA can be aligned on a substrate
using the combing properties of DNA strands, bringing a new tool into the toolkit
for self-assembling SWNTs onto surfaces. These methods were next applied to
precisely address a SWNT on aµm-scale three-armed DNA scaffold, as a starting
point for the assembly of a simple electronic device such as a transistor. Finally,
to fully utilize DNA not only as a positioning scaffold for nanodevices but also
as a conducting element, DNA is metallized by electroless plating techniques. We
will present our last results on the production of thin (50 nm in mean diameter)
and conductive palladium coated-DNA nanowires.
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The synthesis of water-soluble single-walled carbon nanotubes (SWNTs) is an
important topic because such materials have potential applications in biology and
materials science. It has been reported that water-soluble carbon nanotubes can be
produced by functionalization with carboxylic acid groups(1), polymers(2), pro-
teins(3), and through sidewall functionalization(4). In this report, we demonstrate
the first example of the functionalization of single-walled carbon nanotubes with
polyethylene glycol (PEG) through silanization of SWNTs. Three PEGs with dif-
ferent chain lengths were covalently attached to the sidewall of carbon nanotubes.
Dispersions of these different PEG-grafted SWNTs were prepared in order to un-
derstand the influence of PEG chain length on the dispersion of carbon nanotubes
in water.

(1) Y. Wang, Z. Iqbal and S. Mitra, J. Am. Chem. Soc., 2006, 128, 95. (2)
B. Zhao, H. Hu, A. Yu, D. Perea and R. C. Haddon, J. Am. Chem. Soc., 2005,
127, 8197. (3) W. Huang, S. Taylor, K. Fu, Y. Lin, D. Zhang, T. W. Hanks, A. M.
Rao and Y.-P. Sun, Nano Lett. , 2002, 2, 311. (4) V. Georgakilas, K. Kordatos, M.
Prato, D. M. Guldi, M. Holzinger and A. Hirsch, J. Am. Chem. Soc., 2002, 124,
760.

170



Contribution C.037 - Tuesday, June 20

The interaction of lung surfactant
proteins A and D with carbon nanotubes;

potential for damage to lung immune
defense mechanisms

Carolina Salvador-Morales1, Carolina Salvador-Morales2,
Paul Townsend3, Emmanuel Flahaut4, Alexis Vlandas5,

Malcolm L.H Green2, Robert B Sim3

1 Inorganic Chemistry Laboratory, University of Oxford
2 Inorganic Chemistry Laboratory, University of Oxford, South Parks Road,

Oxford, OX1 3QR, United Kingdom
3 MRC Immunochemistry Unit, Department of Biochemistry, University of

Oxford, South Parks Road, Oxford, OX1 3QU, United Kingdom
4 Centre Interuniversitaire de Recherche et d’Ingénierie des Matériaux,

Universite Paul Sabatier, 118 Route de Narbonne, Toulouse, 31062, France
5 Materials Department, University of Oxford, Parks Road, Oxford, OX1 3PH,

United Kingdom

Contact e-mail:carolina.salvadormorales@chem.ox.ac.uk

To date, pulmonary toxicity of carbon nanotubes is a research area that has
received attention. Inhalation probably constitutes the highest risk as it is difficult
to deal reliably with suspension in air of extremely small particles. Surfactant pro-
tein A and D (SP-A and SP-D) are collectin proteins that are secreted by airway
epithelial cells in the lung. They play an important role in firstline defense within
the lung. The aim of this study was to investigate the interaction between carbon
nanotubes and proteins within lung surfactant.

By using Sodium dodecyl sulphate-polyacrylamine gel electrophoresis (SDS-
PAGE), Western Blotting, and a novel technique of affinity chromatography based
on carbon nanotube-Sepharose matrix [Salvador-Morales, C. et al]1 it was shown
that SP-A and SP-D bound to carbon nanotubes. The binding was Ca2+ ion depen-
dent, and was variable between batches of nanotubes. It was therefore likely to be
mediated via surface impurities or chemical modifications of the nanotubes. Thus,

171



the sequestration of SP-D and SP-A by carbon nanotubes would induce suscepti-
bility to lung infection and emphysema

1 Salvador-Morales, C, et al. Complement activation and protein adsorption
by carbon nanotubes. (2006). Mol. Immunol, 43, 193-201.
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Inside modification of carbon nanotubes has great potential to be applied to
carbon nanotube based electronic devices because encapsulated functional mate-
rials are shielded by its sidewall. However, the encapsulated functional materi-
als are limited to simple molecules, such as fullerenes, alkali metals, and low-
molecular-weight organic materials, so far. Here we demonstrate the insertion of
single-stranded DNA into carbon nanotubes using two kinds of electric fields. Ex-
periments are performed by applying direct current (DC) and radio frequency (RF)
fields to the DNA solution through nanotube-coated anode and cathode electrodes
which are submerged in the DNA solution. In this procedure, motion and con-
formation of DNA are controlled by the DC and RF electric fields, respectively.
As a result, the DNA encapsulated nanotubes are confirmed by several analyses
and the electric field strength is found to play an important role in the insertion
process. According to the Raman spectrum analysis, the downshift of G-band and
the change of radial breathing mode are observed to depend on the length and
the base sequence of DNA, respectively. In order to investigate the base sequence
effects on the encapsulation, electrical characteristics of the DNA encapsulated
nanotubes are currently measured.
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C60 molecules encapsulating in the single-wall carbon nanotubes (SWNTs),
so-called peapods, have been transformed into smaller tubes inside the host tu-
bes after high temperature annealing at∼1200oC. [1]. In this study, we carried
out the annealing in H2 flux and investigated polymerization of C60 molecules in
such a confined nano-space of SWNT. Rates of the polymerization were evaluated
by the yield of inner tubes formation using Raman scattering measurement. Af-
ter annealing the peapods in H2 flux, it was found that the C60 molecules slightly
transformed into the tubes. The yield of the inner tube formation for the H2 an-
nealed peapods was well below a half of the conventional Ar-annealed ones. In
addition, when once having annealed the peapods in H2 environment, the rate of
the C60 polymerization becomes considerably lower in subsequently conducting
conventional high temperature treatment in Ar flux. Further extended duration of
annealing in Ar flux (∼10 times longer) makes the polymerization gradually pro-
gress and recover the yield for formation of the inner tubes. We suspect that the
hydrogen molecules penetrate into the interior spaces of nanotubes and weakly
interact with the C60 molecules. This may be a reason for preventing the polyme-
rization.

Reference:
[1] S. Bandow et al., Chem. Phys. Lett. 384, 320 (2004)
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Multi-walled carbon nanotubes (MWCNTs) coated with an insulation sheath
of silicon oxide (SiO2) have a potential as excellent heat-removal materials for
electrical and electronic devices. To date, SiO2-coated CNTs have been common-
ly prepared by sol-gel methods in combination with cationic surfactants (e.g.,po-
lyethyleneimine: PEI). However, the conventional methods have the difficulty of
controlling the coating thickness and the problem of a high production cost cau-
sed by the use of the specific surfactants. In this work, we have developed a novel
surfactant-free SiO2-coating method by using the mixture of triethoxyphenylsi-
lane (PhTEOS) and tetraethoxysilane (TEOS) as SiO2 precursors. The hetero-
coagulation of the hydrophobic SiO2 precursors with MWCNTs enables the se-
lective gelation of SiO2 on the surface of MWCNTs. Furthermore, the adjustment
of the mixing ratios (Si/C molar ratios) of the SiO2 precursors and MWCNTs al-
lows for the control of the coating thickness, which significantly influences the
electrical and thermal conductivities of SiO2-coated CNTs. As a consequence, the
SiO2-coated MWCNTs synthesized by this novel synthetic method (at the molar
ratio of Si/C = 2/1) have exhibited the high insulation property of 2.3Ω·m (at
R.T., 100 kgf/cm2, 1.13 g/ cm2).
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Cup-stacked carbon nanotubes (CSNTs) have a fibrous structure with piled-up
conical cups made of graphene layers. Although CSNTs have many open chan-
nels on the inside and outside of the tube walls, it is not certain whether the na-
notubes can form intercalation compounds similar to those of graphite. In the
course of the invstigation on the reactivity of CSNTs with AsF5, AsF5+F2, or
O2AsF6 to form intercalation compounds CxAsF6, it was found that the reactivity
of O2AsF6 with cup-stacked carbon nanotubes and with graphite is highly tem-
perature dependent. Solid-solid reaction of O2AsF6 with graphite proceeds very
rapidly above 30oC, but slowly below 20oC. Temperature dependence of the reac-
tivity of O2AsF6 with heat-treated CSNTs and graphite was investigated. Jander-
type equation was used to elucidate the reaction mechanism. The reaction was
found to be diffusion-controlled and the activation energy was estimated to beca.
60 kJ/mol for heat-treated CSNTs andca. 150 kJ/mol for graphite.
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Carbon nanotubes (CNTs) have many practical and potential applications due
to their outstanding physical and electrical properties. Recently, there has been
great interest to exploit the application of CNTs in the area of catalysts, where
nanotubes can function as supports of heterogeneous catalysts. Various methods
such as impregnation, sol-gel and hydrogen reduction have been developed to pre-
pare well-dispersed metallic nanoparticles supported on CNTs that can be used as
the heterogeneous catalyst in the hydrogenation reaction and the advanced electro-
catalyst in fuel cells.

We aimed to design an electrochemical route to prepare highly-dispersed me-
tallic nanoparticles supported on the CNTs. For this purpose, we designed an pre-
treatment procedure and the electrodeposition and electroless methods to prepa-
re the metallic nanoparticles supported on the sidewall of carbon nanotube. The
present study introduced an effective electrochemical deposition process for the
preparation of metallic nanoparticles supported on the surface of CNTs, which in-
volves a pre-treatment step and electrochemical deposition process. The resulting
metallic nanoparticles were dispersed homogenously on the surface of CNTs with
finely spherical morphology and a narrow distribution of particle diameter.
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Current methods for protein detection rely on optical techniques, involving
fluorescent markers or enzymatic color change reactions. We have fabricated dis-
posable carbon nanotube devices that eliminate the need for optical detection and
instead offer direct electronic detection of proteins, while still exploiting the wel-
lestablished methods currently used for clinical bioassays. The novel device con-
figuration is a capacitor with a carbon nanotube network as one conducting plate
immersed into a liquid buffer along with a standard reference electrode acting as
the second plate of the capacitor. While other nanotube based biosensors are ex-
pensive to fabricate and require completely new sensing procedures, our devices
utilize protein assay technologies used in clinical research throughout the world.
A standard method, ELISA, detects a specific protein by immobilizing antibo-
dies onto a plastic substrate and then exposing the substrate to human serum. Our
devices utilize the same plastic substrate and immobilization technique, but also
incorporate a nanotube network, thus enabling us to electronically probe the pla-
stic substrate used in an ELISA procedure. Our research represents the first time
carbon nanotubes have been incorporated into an existing biosensing technology
along with the first successful detection of a specific protein in human serum using
carbon nanotube devices.
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Single-wall carbon nanohorns (SWNHs) have large inner nanospaces, unique
physicochemical properties, and an appropriate size as a single aggregate. They
are free from potential toxicity, thus their medical application for example, as
a drug delivery system (DDS) has been considered. Recently, the possibility of
using SWNHs as an anticancer drug carrier was demonstrated [1]. We, in this stu-
dy, entrapped a photosensitizer of zinc phthalocyanine (ZnPc) inside SWNHs for
a possible application of photodynamic therapy. Our results showed that a large
amount (40-50 wt.%) of ZnPc was incorporated inside the SWNHs. Fluorescence
spectra confirmed that ZnPc within the SWNHs (ZnPc@NHs) rapidly quenched
fluorescence of 9, 10 dimethylanthracene. This indicated that the ZnPc in SW-
NHs retained its photo-physical property of singlet oxygen generation, which is
critical for photodynamic therapy. We also confirmed that ZnPc@NHs attracted
bovine serum albumin. Since the albumin is known to have a targeting function to
tumors, ZnPc@NH-albumin should selectively reach tumors.

References: [1] K. Ajima, et al., Molecular Pharmaceutics. 2005, 2, 475.

179



Contribution C.045 - Tuesday, June 20

High performance EDLC assembled with
highly-oriented CNT sheet electrodes

Yuichi Honda1, Masayuki Takeshige1, Hideki Shiozaki2,
Takaharu Kitamura2, Masashi Ishikawa1

1 Faculty of Engineering, Kansai University
2 Hitachi Zosen Corp. Technology Research Institute

Contact e-mail:yuichi0901@yahoo.co.jp

A highly-oriented carbon nanotube (CNT) sheet has been investigated in order
to apply it to a polarizable electrode in an electric double layer capacitor (EDLC)
containing a typical organic EDLC electrolyte system, triethylmethylammonium
tetrafluoroborate (TEMABF4) in propylenecarbonate (PC). Observed discharge
capacitance of the CNT sheet electrode increased with an increase in the length
of the CNTs oriented vertically on an electrode substrate, aluminum sheet cur-
rent collector. This would correlate with variation in important properties, such as
density, number of walls, of the CNT sheet with an increase in the CNT length.
It is noteworthy that the CNT sheet electrodes can provide a practical discharge
capacity: e.g., 10-15 F g−1 (of the oriented CNTs) even at an extremely high cur-
rent density, 200 A g−1 (of the oriented CNTs), while typical high-performance
activated carbon electrodes cannot discharge with such a high current density.
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A novel carbon nanocable has been successfully synthesized. The carbon na-
nocable with singular composition includes double layers with two different ori-
entations of graphene laminations. The outer layer is synthesized by reduction of
C6Cl6 with metal Na in the channels of anodic alumina template. After desalina-
tion process, the liquid phase pitch would fill the channels and be solidified by
pyrolysis treatment. After graphitization treatment at 2450◦C, a distinguishable
structure of double layers composed of orthogonal graphene arrangement could be
observed by high-resolution TEM. According to the studies on the microstructure,
the graphitic orientation of outer layer is parallel to the cable axis and the graphi-
tic orientation of inner layer is inclined to the cable axis. The thickness of outer
layer is about 5 nm. The result shows that we can combine two kinds of synthesis
methods to produce the carbon nanocable with adjusted graphene arrangement. It
is expected that the novel cable structure will reveal particular electronic property.
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We developed a method for fabricating a carbon nanotube (CNT) tip for an
atomic force microscope (AFM). To assemble the CNT on the top of Si tip, we
used dielectrophoresis (DEP) which is caused by a non-uniform electric field. Af-
ter dropping the CNT solution and applying an AC electric field between an AFM
tip and an electrode plate, CNTs were deposited directly on the tip so that they
protruded from the tip. We fabricated tips with individual multi-walled carbon na-
notube and found the experimental conditions that give high fabrication yields. In
addition, to make the CNT tip that slant vertically, we developed the new techni-
que by the focused-ion-beam (FIB). The directionality of the CNT was changed
according to the beam direction of FIB. Moreover, the straightness of the CNT
was greatly improved by the ion beam. From the AFM measurements of 15 nm
gold particles, we showed that the CNT tip assembled by DEP produces higher
resolution images than those of a conventional Si tip.
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Single-wall carbon nanohorn (SWNHs), a type of single-wall carbon nano-
tube, form spherical aggregates with diameters of about 100 nm [1]. Their pro-
duction achieved the purity of 95Inside spaces of SWNHs are known to be useful
to store materials. We found that anticancer drugs could be incorporated inside
SWNHs and released slowly in biological culture medium [3]. For the possible
drug-carrier use of SWNHs, the residence time of SWNHs in the blood should
be increased as indicated by magnetic resonance imaging and histopathological
studies [4]. For this, hydrophilic property of SWNHs was enhanced by physical
[5] and chemical [6] modifications. The rough outside-surfaces of SWNH aggre-
gates are useful to load nano-particles of catalysts, leading to the high catalyst-
performances. We also show in this report that EuPt/SWNH enables the high-rate
generation (practical level) of hydrogen gas from methane and water at such a low
temperature of 300◦C [7].

[1] Iijima et al, Chem.Phys. Lett. 1999. [2] NEDO, NanoCarbon Project, [3]
Ajima, et al., Mol. Pharm. 2005. [4] Miyawaki et al. Adv. Mater. 2006. [5] Mura-
kami et al. Jpn. Soc. DDS 2005. [6]Tagmatarchis et al. Small, 2006. [7] Murata et
al. Carbon 2005.
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Peptide aptamers are short peptides that have selected based on their ability to
bind target molecules. Various peptide aptamers have been selected for a variety
of target molecules including inorganic materials. We have previously reported
the selection of NHBP-1, which can bind to the surface of single-wall carbon
nanohorns (SWNHs) [1].

SWNHs have been found to be loaded with small drugs on their surfaces or wi-
thin their inner spaces, and then slowly release them [2, 3], indicating the possible
use of SWNHs as a novel drug carrier. For such a biological application, functio-
nalization of the surfaces of SWNHs is very important. In this presentation, we
report the modification of the surface of SWNHs using NHBP-1. We synthesized
polyethylene glycol (PEG) derivatives conjugated with NHBP-1 motif. The PEG-
NHBP conjugates non-covalently bound to SWNHs and endowed SWNHs with
dispersibility in aqueous media. The complex of SWNHs and PEG-NHBP has be-
en loaded with the anticancer drug, doxorubicin, and showed apoptotic effect on
tumor cells.

[1] D. Kase et al., Langmuir, 20, 8939 (2004).
[2] T. Murakami et al. Mol. Pharmaceutics, 1, 399 (2004).
[3] K. Ajima et al. Mol. Pharmaceutics, 2, 475 (2005).

184



Contribution C.050 - Tuesday, June 20

Microreactors utilizing vertically-aligned
carbon nanotubes

Naoki Ishigami1, Hiroki Ago 2, Yukihiko Motoyama2,
Mikihiro Takasaki1, Masashi Shinagawa1, Koji Takahashi3,

Masaharu Tsuji2

1 Graduate School of Engineering Sciences, Kyushu University
2 Institute for Materials Chemistry and Engineering, Kyushu University

3 Graduate School of Engineering, Kyushu University

Contact e-mail:ago@cm.kyushu-u.ac.jp

Carbon nanotubes are one of promising materials as catalyst support, becau-
se of their high surface area, feasibility to chemical modifications, and mecha-
nical/chemical stability [1]. However, there are severe limitations in the use for
catalyst support due to their high cost and poor solubility. Recently, microreac-
tors have attracted a great interest as efficient and highly-controlled reactors. We
have applied carbon nanotubes to the catalyst support by growing them inside a
microreactor. The nanotube-incorporated microreactor has many advantages; (i)
nanotubes are fixed inside the channel so that dispersion of nanotubes in solvent
is unnecessary, (ii) large contact area is expected because the nanotubes cover the
whole channel, and (iii) collection of nanotubes after a chemical reaction, such as
filtration, is not required. We grew vertically-aligned multi-walled carbon nanotu-
bes inside the channel and modified them with Pt nanoparticles. Hydrosilylation
of olefin, which proceeds in the presence of Pt catalyst, was performed as a model
reaction of catalysis. Our microreactor showed>99 % yield for 10 hr. We be-
lieve that our idea of incorporating nanotubes into microfluidic devices may find
promising applications, because a small amount of nanotubes work uniquely and
efficiently.

Reference
[1] P. Serp, M. Corrias, Pand . Kalck., Appl. Catal. A, 253, 337 (2003).
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Carbon nanotube(CNT)-supported hydrous RuO2 nanoparticles were prepa-
red via a green oxidation method using metal salts as starting material. Using
hydrogen peroxide as both oxidant and precipitant, hydrous RuO2 nanoparticles
were formed on the surface of CNTs at room temperature. High-resolution trans-
mission electron microscopy (TEM) and X-ray diffraction patterns (XRD) sho-
wed that hydrous RuO2 nanoparticles were highly dispersed on the outer surface
of CNTs with a mean size of 1.35nm. The structure of supported hydrous RuO2

has also been investigated by XPS and TGA. In a preliminary catalytic study, it
was found that the RuO2 nanoclusters exhibited extraordinarily high activity and
selectivity in the aerobic oxidation of (activated and unactivated) alcohols under
mild conditions using molecular oxygen. CNTs showed the most preeminent sup-
porting property to form highly dispersed nano hydrous RuO2 among a variety
of supports investigated, indicating their great potential for catalyst support. This
simple and novel technique for preparing CNT-supported metal oxide nanocata-
lysts raises the prospect for various catalytic applications in chemical syntheses.
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Since their discovery in 1993, researchers have paid extensive attention to
functionalize single-walled carbon nanotubes (SWNTs) due to the requirements
from dispersion and further chemically grafting. Recently, treating SWNTs with
superacids has been recognized as an efficient method for decoration of SWNTs.
In this study, we present that the functionalized SWNTs can be used as a novel
protonic acid catalyst with high catalytic activity, which is potential to replace un-
recyclable and difficult-to-separate “liquid acid“ catalysts. By treating them with
concentrated sulfuric acid at 525K, SWNTs was succeeded to be functionalized
by a hybridization of protonation and sulphonation. The nature and efficiency of
this functionalization were explored by XPS, TGA, IR and Raman spectra. The
surface of functionalized SWNTs was single-layered covered by about 3/5 H2SO4

and 2/5 SO3H. These groups were highly thermalstable below 400oC. The cata-
lytic activities of the functionalized SWNTs were demonstrated by esterification
and alkylation. In the formation of ethyl acetate, the functionalized SWNTs were
more active than some typical acid catalysts, including Nafion, zeolite, sulphona-
ted mesoporous organosilica, etc. Thus, the functionalized SWNTs are potential
for catalytic applications.
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Microwave irradiation is able to heat various forms of carbons quite efficient-
ly. We have applied the microwave irradiation to chemically modify carbon na-
nohorns. As a simplest example, CNHs are irradiated in air for various periods at
different powers. The dispersibility in organic solvents and XPS analyses consi-
stently indicate that only a small irradiance is necessary to oxidize CNHs. Compa-
red with oven-heating or acid-treatment methods, in which either high powers or
unwanted chemicals are involved, the microwave method requires less than several
% power of a home-use microwave oven and uses no chemicals. For applications,
Pt particles are loaded onto CNH by applying microwave chemistry.
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Acid-treated CNTs possess negative zeta-potentials in water. Applying DC
electric field to the CNT dispersion sandwiched between two ITO plates moves
CNTs toward anode by electrophoresis. Under certain conditions, CNTs distribute
non-uniformly over the anode plane, exhibiting geometrically regular patterns that
change slowly with time. It first forms cell-pattern that consists of space-filling
polygonal cells, then changes to butterfly pattern in which CNTs gather toward
the nodes where the neighboring cells touch each other. Cell-pattern is shown to
be closely related with Benard convection. In contrast, butterfly-pattern is strongly
affected by the relative direction of the electric field and the gravitational field.
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One-demensional nanostructures have been demonstrated as good candidates
for ultrasensitive, miniaturized molecular sensors in many applications. Among
them, carbon nanotube based sensors are quite promising for highly sensitive sen-
sors. Here we demonstrate the detection of DNA (deoxyribonucleic acid) hybridi-
zation by using single-walled carbon nanotube FETs (field-effect transistors) fa-
bricated by patterned growth technique. When the target ssDNA (single stranded
DNA) hybridize with the probe ssDNA immobilized on CNTFET, abrupt decrease
of conductance observed from the CNTFET. Since DNA has negatively charged
backbones, the observed decrease of cnductance can be explained either by the
charge transfer from DNA bases or the effect of counterions. We will demonstrate
that CNTFETs can be employed for label-free, direct real-time electrical detection
of DNA hybridization.
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Carbon nanotubes are attractive for switching applications since electrostatically-
actuated CNT switches have low actuation voltages and power requirements, whi-
le allowing GHz switching speeds. We describe the fabrication and characteriza-
tion of two types of nanoelectromechanical (NEM) switches based on CNTs. Our
first NEM structure is a CNT air-bridge switch which consists of single walled
nanotubes suspended over shallow trenches in a SiO2 layer, with a Nb pull elec-
trode beneath. The nanotube growth is done on-chip on Fe-catalyst islands using
a methane chemical vapor deposition (CVD) process. Electrical measurements of
these devices show well-defined ON and OFF states as a dc bias up to a few volts
is applied between the CNT and the Nb pull electrode. The CNT air-bridge swit-
ches were measured to have speeds that are 3 orders of magnitude higher than
MEMS based electrostatically-driven switches, with switching times down to a
few nanoseconds. Our second NEM structure, the vertical CNT switch, consists
of nanotubes grown perpendicular to the substrate. Vertical multi-walled nanotu-
bes are grown directly on a heavily doped Si substrate, from 200 - 300 nm wide,
∼ 1 µm deep nanopockets, with Nb metal electrodes to result in the formation of
a vertical single-pole-double-throw switch architecture.
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Recently, large-scale production system of carbon nanotubes has been esta-
blished through the development of the floating reactant system which allows a
three-dimensional of hydrocarbon with the catalytic particles. One of reason for li-
miting widespread application of carbon nanotubes would be their low dispersion-
ability due to their physical entanglement between long tubes. In this study, we
will report a simple way of shortening cup-stacked type carbon nanotubes by sub-
jecting the optimally air-oxidized tubes to the ultra-sonication for a short time.
Then, we will discuss their morphological changes with the oxidation tempera-
ture varied and their possible application as filler in hybrid nanocomposite.
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Nanotubes are very promising as core elements of nano-electro-mechanical
systems (NEMS). Understanding the interplay between the physical, geometrical
and electrical parameters of the system is crucial to accurately design nanotube
NEMS [1,2]. We present a combined theoretical and experimental (AFM based)
study [3] which allows the quantitative determination of the electrostatic deflecti-
on efficiency of suspended MWNTs as well as their Young’s modulus. A generic
method for properly designing and scaling actual devices is deduced from these
results and will be presented. As an example, we also present two-terminal na-
notube electromechanical switches based on singly clamped, self-assembled and
suspended MWNTs. The self-assembly techniques relies on the chemical modifi-
cation of a patterned substrate. This local functionnalization guides the selective
deposition of MWNTs from an organic solvent [4]. The switches show extreme-
ly sharp transitions (pull-in) between an Off-state (no physical contact between
the tube and the actuating electrode) and an On-state (tube in physical contact)
with the current changing by several orders of magnitude within a 100mV change
of the actuating electrode bias around a low (<3V) voltage threshold compatible
with applications. The key physical parameters and routes towards high frequency
operation will be discussed.

[1] Duquesnes et al., Nanotechnology 13, 120 (2002).
[2] Kinaret et al., APL 82, 1287 (2003) and JAP 96, 629 (2004).
[3] Lefèvre et al, PRL 95, 185504 (2005).
[4] Dujardin et al, APL 87, 193107 (2005).
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The developments of carbon nanotubes (CNTs) for tissue engineering have
attracted a great deal of attention. The presentin vitro study investigated cell pro-
liferation of osteoblasts (the bone-forming cells) cultured on single-walled carbon
nanotubes (SWCNTs) or multi-walled carbon nanotubes (MWCNTs) with various
diameters. CNT scaffolds were formed on polycarbonate membranes by filtration.
Cell proliferation and morphology were investigated by using a scanning elec-
tron microscopy and a ELISA kit for detecting transforming growth factor-beta 1
(TGF-beta 1). Osteoblasts on CNTs showed excellent proliferation with extension
of cell morphology in all direction. The effect of diameter on cell proliferation of
CNT scaffolds will be reported in detail.
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Carbon nanotubes (CNTs) are modified by energetic ion irradiations in oxy-
gen plasma and oxygen-argon plasma. According to the previous study [1], the
MWNTs were modified by sputter-etching due to nitrogen plasma ion irradiation
without chemical reaction. In this study, in order to observe the chemical reaction
effect on modification of CNTs, oxygen was fed into reactor and oxygen plasma
ions were irradiated to CNTs. The modification of CNTs using oxygen plasma
was compared with that of argon plasma. The ions are irradiated to CNT target
through the plasma sheath formed on CNT target and the energy of incident ions
were controlled by the sheath potential. The irradiated ion dose was controlled
by plasma density and treatment time. The plasma sheath potential and density
were monitored by emissive probe and Langmuir probe, respectively. The target
CNTs was multi-walled carbon nanotubes (MWNTs) grown by thermal chemical-
vapor deposition and the single-walled carbon nanotubes (SWNTs) grown by arc
discharge. Preliminary results show that, under the condition of same ion irradia-
tion energy and dose, the intensity ratio of D to G band of Raman spectrum of
CNTs treated by oxygen plasma is larger than that of CNTs treated by argon plas-
ma. It is possible that the carbon monoxide and dioxide is created on surface of
CNTs by covalent bond between oxygen radical and carbon atoms [2], which may
be enhanced by the energetic oxygen ion irradiation. The oxygen plasma treat-
ment was carried out with and without energetic ion irradiations. The variation
of amount of oxygen radicals and ions was monitored by intensity ratio of opti-
cal emission spectroscopy (OES). Modifications of CNTs with various ratios of
oxygen radicals and oxygen ions will be presented. Also, physical and chemical
etching effect on the modification of CNTs was studied. The surface morpholo-
gy of modified CNTs was observed by scanning electron microscope (SEM) and
transmission electron microscope (TEM).

[1] J. H. Cho, J. M. Choe and G. H. Kim, Proceeding of 6th International Conference
on Reactive Plasmas and 23rd Symposium on Plasma Processing (2006).

[2] T. Takada, M. Nakahara, H. Kumagai and Y. Sanada, Carbon 34, 1087 (1996).
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The potential of cup-stacked type carbon nanotube (CSCNTs) supports for
platinum-ruthenium (PtRu) catalysts as an electrode for direct methanol fuel cell
(DMFC) applications was investigated using the electrochemical oxidation of me-
thanol at various temperatures. PtRu supported CSCNTs shown an anomalously
high power density, as high as twice that compared to when the bimetallic catalyst
was dispersed on Vulcan carbon (XC-72). The characterization of the CSCNT fea-
tures before and after the catalyst loading were demonstrated by scanning electron
microscopy (SEM), high-resolution transmission electron microscopy (HRTEM),
and X-ray diffraction (XRD). The PtRu bimetallic electrocatalysts were very ho-
mogeneously dispersed on the CSCNTs, and the electrocatalyst particle size was
about∼5 nm. A DMFC using CSCNTs showed a better performance than one
using the Vulcan XC-72 carbon.

196



Contribution C.062 - Tuesday, June 20

EDLC properties depend on the
Diameter of Mass Produced Multi-walled

Carbon Nanotubes
Yong-Jung Kim1, Yusuke Abe2, Takashi Yanagiura2,

Tsuyoshi Kodama2, Keita Higuchi2, Masaaki Kitani2, Morinobu Endo2

1 Shinshu University, Intitute of carbon science & Technology
2 Shinshu University

Contact e-mail:yjk@endomoribu.shinshu-u.ac.jp

Two types of mass produced multi-walled carbon nanotubes (MWNTs, which
is generally known as a VGCF) with different diameters (the trade mark of the
thicker one is VGCF© and of the thinner one, VGNF©) have been investigated
for their potential for use in electric double layer capacitors (EDLCs). The varia-
tion aspects of the two MWNTs by KOH activation depend on their diameters.
The capacitance enhancement and specific surface area (SSA) on KOH activation
is more drastic for the thicker MWNT (VGCF©). The VGCF-KOH 500 exhibits
a capacitance enhancement as much as 30 times greater (37.2 F/g) than that of
the as-grown materials (1.2 F/g), under the conditions of charging up to 3.5V and
discharging at a current density of 10mA/cm2. Interestingly, only for the case of
the thinner MWNT (VGNF©), selective attack on its amorphous carbon impu-
rity has also been observed, but only the case of thinner MWNT (VGNF©) as
demonstrated from both SEM observations and Raman spectra. Consequently, the
results of this study will provide the insight into the potentiality of using MWNTs
for EDLC electrodes, which would enable cheapest production cost among the
various types of carbon nanotubes.
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We have been doing extensive studies on fluorination of nanocarbons using
elemental fluorine, and have reported that fluorination is effective for property
control and functionalization of nanocarbons. In the course of the study on fluo-
rination reaction of single-wall carbon nanohorns (SWNHs), we have found that
SWNHs have the ability to both absorb and release fluorine at practical pressures
and temperatures. When SWNHs exposed to 1 atm fluorine in the temperature
range 35-300oC for 24 h, they absorb fluorine gas to give fluorinated nanhorns
(F-SWNHs) CFx (x =0.1-0.75). In the case of hole-opend nanohorns(h-SWNHs),
they absorb large quantities and yielded fluorinated h-SWNHs CFx (x =0.5-1.2).
Elemental fluorine was generated from the F-SWNHs (CF0.66) by a RT treatment
subsequent to initial 400oC treatment under a reduced pressure; a total amount of
40 mg of fluorine was generated from 63.4 mg of the sample CF0.66. The generated
fluorine contained only ppm impurities such as CF4, HF, and SiF4. The nanohorn
and dahlia structures are mostly preserved after the fluorine generation indicating
that SWNHs enable storage and transport of fluorine in a solid-state form.
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Carbon nanotube (CNT) sheets, so-called “bucky papers“, have been proposed
as promising materials for actuators, membrane filters, catalyst supports, and ener-
gy storage devices. For obtaining the CNT sheets, several structural parameters of
the CNTs are recognized as key factors. The most important factors are flexibility,
length, bundling, and entanglement of the as-grown and post-treated CNTs. CNT
sheets derived from single- and double-walled CNTs have been easily fabricated
by filtration process, due to their tendency to form a bundled assembly structure.
On the other hand, formation of the sheet by filtration process from the as-grown
powder of entangled multi-walled CNTs (MWCNTs) has been known difficult,
prohibiting potential applications to electrodes of batteries, supercapacitor, and
fuel cell. We found a solution for this issue by a simple fabrication of MWCNT
sheets by ultrasonication-assisted filtration process. Two types of the MWCNTs
with different bulk density were selected to elucidate the formation mechanism of
MWCNT sheets. Morphology and structure of MWCNT sheets were investigated
by transmission electron microscope, field emission scanning electron microsco-
pe, Raman spectroscopy, bulk density measurement, and nitrogen adsorption at
77 K. We expect that the MWCNT sheets fabricated in this study can find useful
applications to energy storage devices.
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Recently, several attempts have been reported on application possibilities of
carbon nanotubes as electrode materials for supercapacitors. In this study, we re-
port for the first time fabrication of electrodes for supercapacitors using the single-
wall carbon nanohorns (SWNHs). We also investigated the hole-opening effect of
the SWNHs on their capacitive properties. In addition, capacitance behaviors of
SWNH electrodes were compared for the aqueous and non-aqueous electrolytes
to elucidate dependence of electrolyte ion size in specific capacitance. Oxidation
treatment of SWNHs with oxygen gas developed predominantly microporosity by
opening the internal spaces of individual SWNHs. When using the aqueous elec-
trolyte, the specific capacitance of SWNH electrode for supercapacitors dramati-
cally increased as a result of oxidation treatment of SWNHs. On the other hand,
for the non-aqueous electrolytes used in comparison with the aqueous one, opened
SWNH electrodes did not give pronounced enhancement in specific capacitance,
compared to as-grown SWNHs, which should be associated with larger solvated
ion size of non-aqueous electrolytes. Therefore, our study clearly revealed that
the nanowindow size of the SWNHs is an important parameter for improving the
performance of supercapacitors.
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Single-wall carbon nanohorns (SWNHs) have been proposed as a promising
material for gas storage, catalyst support, and drug delivery. Therefore, various
attempts to control the porosity and structure of SWNHs by chemical and me-
chanical methods have been reported. Supercritical carbon dioxide (CO2) has be-
en applied in various nanotechnological fields, due to its peculiar characteristics
such as high diffusivity, low surface tension. In this study, we report structural
changes of SWNHs by supercritical CO2 treatment. The morphological and struc-
tural changes of SWNHs as function of supercritical CO2 pressure and treatment
time were investigated by transmission electron microscope, field emission scan-
ning electron microscope, Raman spectroscopy, and nitrogen adsorption at 77 K.
Treatments with supercritical CO2 considerably altered the interstitial spaces bet-
ween individual SWNHs, resulting in changes of pore structures determined by
gas adsorption technique. This structural changes of SWNHs strongly depend on
supercritical CO2 pressure and treatment time.
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We are developing research on the development of bio-nanosensors using na-
nocarbon materials such as fullerene or carbon nanotubes, with the aim of inve-
stigating application of these new devices in the field of biomedical engineering.
Characteristic evaluation of bio-nanosensors based on single-walled carbon nano-
tubes (SWNTs) is demonstrated by using biotin (vitamin B7) which binds in the
peculiarity with avidin, a glycoprotein.

We fabricated a FET-chip with Al-Si electrodes as source and drain using
back-gate electrode. The SWNT network, which is dropped onto between source-
drain electrodes in the FET-chip, is composed of a mixture of avidin-modified
SWNTs and polyethylene glycol (PEG)-grafted SWNTs (PEG-SWNTs).

An increase in impedance, resulting from a change of state of the SWNT net-
work surface due to avidin-biotin binding, is observed when biotin is injected. On
the contrary, injection of other vitamins results in decrease in impedance of the so-
lution. In contrast, when only PEG-SWNTs is fixed on the electrodes, impedance
decreases after injection of all vitamins. It is thought that the vitamins do not bind
directly with PEG-SWNTs because impedance recovers almost to its initial value
when the electrode is washed with distilled water.
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The phenomena of single wall carbon nanotubes (SWNTs) exposed to pho-
toflash have been investigated and the corresponding response which is called
photoacoustic effect was studied. In this work, five carbon materials including
as-synthesized SWNTs, purified SWNTs, multi-walled carbon nanotubes (MW-
NTs), carbon nanocapsules, and carbon fibers were photoflash-exposed and their
results were compared. All the carbon materials except carbon fibers were syn-
thesized through the floating catalyst chemical vapor deposition (CVD) method
which used xylene as the carbon source and the ferrocene as the catalyst. The re-
sults showed that the raw SWNTs and the MWNTs were oxidized when they were
exposed to photoflash. Increase in temperature of the carbon nanotubes (CNTs)
over 475oC due to photoflash exposure was attained, which causes oxidation of
both the CNTs and embedded iron catalysts in such a high temperature. Moreo-
ver, ignition occurred when the CNTs containing numerous carbon nanocapsules
were photoflash-tested, and the residual products may contain Fe2O3 or Fe3O4

depending on the degree of ignition. However, no reaction occurs for the purified
SWNTs and the carbon fiber. In this study, X-Ray, FE-SEM, and HRTEM were
used to identify the composition of residual products and to study the variation
in microstructures of the CNTs. The study reveals that ignition of the CNTs un-
der photoflash exposure is significantly influenced by the amount of iron catalysts
embedded in the CNTs.
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Abstract:
A modified purification procedure is undertaken in order to study the influence

of pore opening vs. the hydrogen storage capabilities of SWCNT, prepared in this
laboratory (1).

The material were characterized by Scanning Electron Microscopy, Raman
spectroscopy, and X-ray diffraction (XRD) respectively and tested for adsorption
of hydrogen in variety of conditions.

The results indicate any damage to carbon nanotubes structure and the high
purity of the products. The purified SWCNT under isothermal adsorption condi-
tion demonstrated to have high hydrogen capability, which depends to the puri-
fication extend of the material. The results interrelated as the indication of the
influence of carbon nanotube pore opening on the hydrogen storage capability of
the structure.

Reference:
[1] A.M. Rashidi, M.M. Akbarnejad, A.A. Khodadadi, Y.Mortazavi, High

yield and selectivity single wall carbon nanotubes synthesis on Co-Mo catalysts,
accepted in journal of carbon
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We have developed a procedure that allows the determination of the structural
indices (n,m) by electron diffraction and of the features of the phonon modes
by Raman spectroscopy on the very same individual and isolated free-standing
SWCNT [1]. The precise and independent determinations of both structure and
Raman features allow answering at several important questions.

1-A relation between the diameter and the radial breathing mode (RBM) fre-
quency is determined. The comparison with previous RBM frequency vs diameter
relations obtained on SWCNTs grown on a substrate, or wrapped in a surfactant
allows discussing the role of the environmental effect on the Raman response of
SWCNT.

2-The profiles of the tangential modes with respect to the structure of the tubes
are reported. The dependence of the frequency and line shape of the tangential
modes are compared with the predictions of different models.

3- The comparison between the incident excitation energies for which an in-
tense Raman signal is observed and the calculated transition energies allows us to
determine precisely the values of the optical transition energies for SWCNTs in a
broad diameter range [3]

4-In the debate concerning the dominant process at the origin of the first-order
Raman scattering in SWCNTs: single resonance process against double-resonance
process, the ensemble of our results are well understood in the framework of a sin-
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gle resonance approach [3]

1-J. Meyer, M. Paillet, J.-L. Sauvajol, et al, AIP Conference proceedings,
Kirchberg , page 512 (2005).

2-J.C. Meyer et al, Phys. Rev. Lett. . 95 (2005) 217401
3-M. Paillet, T. Michel, J.-L. Sauvajol et al, Phys. Rev. Lett. (Submitted, 2006)
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Fullerene nanotubes and nanowhiskers composed of C60, C70 and fullerene
derivatives were prepared by the liquid-liquid interfacial precipitation method
[1,2]. The C60 nanotubes prepared by use of pyridine and isopropyl alcohol (IPA)
and dried in air exhibited Raman spectra very close to those of pristine C60 cry-
stals, while the C60 whiskers prepared by use of quinoline and IPA showed Ra-
man spectra similar to those of one-dimensionally polymerized C60 and C60 di-
mers. The whiskers prepared by use of C60(6,7-dimethoxytetralin), toluene and
IPA showed Raman spectra with clearly splitted peaks in the Raman shift ran-
ge of 200-800 cm−1. The C60-C70 two-component whiskers prepared by use of
a pyridine solution of C60-24mol% C70 powder and IPA showed a mean compo-
sition of C60-60mol%C70, analyzing their Raman profiles. However, the C60-C70

two-component nanowhiskers prepared by use of m-xylene solutions of various
(C60)(1−x)(C70)x mixed powders and IPA showed the compositions nearly close to
those of the mixed powders. This result shows that the composition of C60-C70

two-component nanowhiskers changes depending on the solvent species.

[1]K.Miyazawa, Y.Kuwasaki, A.Obayashi and M.Kuwabara, J.Mater.Res. 17(2002)83.
[2]K.Miyazawa, J.Minato, M.Fujino and T.Suga, Structural investigation of

heat-treated fullerene nanotubes and nanowhiskers, Diamond and Related Mate-
rials, in press.
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Many unique properties of DNA are very attractive for functionalization of
novel nanoscale materials. One of the most exciting applications of DNA for the
materials functionalization is the production of DNA-wrapped single-walled car-
bon nanotubes (DNA-SWNT hybrids) dispersed in aqueous solution. The produc-
tion of DNA-SWNT hybrids have led to a big advance for separation of SWNTs
that is required for many applications. However, relatively little is known about
physical and chemical properties of DNA-SWNT hybrids in air.

We show here that the DNA-SWNT hybrids in air are sensitive to the hu-
midity. The behavior of the humidity sensitivity is clarified by means of Raman
spectroscopy. The Breit-Wigner-Fano (BWF) line, which derives from metallic
nanotubes, in Raman spectra of DNA-SWNT hybrids strongly depends on the re-
lative humidity, namely drying. The change in the BWF is reversible, depending
on the humidity. The humidity-dependent of the BWF can be attributed to coup-
ling of a phonon to the electronic continuum in metallic nanotubes associated with
the interaction between DNA and water vapor in air. These results suggest that
such DNA-SWNT hybrid with modification is a promising material for various
applications, such as humidity sensors, not only in solution but also in air.
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Time-domain oscillations were generated in individual micelle-suspended single-
walled carbon nanotubes (SWNTs) dispersed in aqueous media using ultrafast ex-
citation pulses from a Ti:sapphire laser over the range of 710-860 nm. Fast Fourier
transform of such oscillations reveals the observation of coherent phonons (CP)
corresponding to the radial breathing mode lattice vibration (RBMs) of 16 distinct
(n,m) SWNTs with phonon lifetimes on the order of 10 ps. Comparison to Reso-
nance Raman scattering (RRS) experiments indicates excellent agreement with
observed RBMs, with significantly narrower linewidths and no lower frequency
detection limit seen for CP. Additionally, similar RBM intensity behavior is ob-
served within 2n+m families as compared to RRS but exhibit different intensity
behavior between 2n+m families. Finally, we have directly observed band-gap
modulation of SWNTs in the form of two-peak maxima, separated by tens of
meV, in the excitation profile for a given RBM. Therefore CP spectroscopy is a
modulation spectroscopy providing information on the lineshape of the excitonic
interband absorption peaks. This technique represents a novel, easy, and powerful
method for (n,m) characterization as well as electronic structure probing.
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Evaluating and controlling of defects in single-wall carbon nanotubes (SW-
NTs) are very important for characterizing their physical properties. In the Ra-
man spectra of SWNTs, a disorder-induced mode (so-called D band) is observed
at about 1350 cm−1. It is known that the D band is activated by defects. Howe-
ver, there are very few studies on the D band associated with specific defects in
SWNTs. In this paper, we report the feature of the D band with specific defects
produced in SWNTs by laser irradiation.

Laser irradiation was carried out with pulsed KrF excimer laser. The Raman
spectra were acquired on a micro-Raman system. The spectra excitation was pro-
vided with a Nd;YVO4 laser (532 nm).

Raman spectra of SWNTs including RBM, D band and G band were obtained
after irradiation. It is found that the D band consists of four components. The
width of the most intense component at 1345 cm−1 remains unchanged due to
irradiation while the intensity increased significantly. This indicates that specific
defects were introduced into the SWNTs by laser irradiation. The characteristic of
defects will be discussed by both Raman spectra and TEM images.
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We present our overall theoretical results on resonance Raman intensity for
first and second order processes. By conbining with (1) optical processes matrix
elements, (2) electro-phonon matrix elements, (3) elastic scattering matrix ele-
ments, and (4) exciton binding energy calculations, we can now calculating relati-
ve Raman intensity for different phonon modes as a function of laser energy, (n,m)
and length. Further an excitonic effect on Raman intensity is a new important issue
that we should clarify. Using the exction wavefunction, we modified the formula
of exciton-phonon interaction matrix element for Raman intensity. Pressure effect
will show an interference effect on Raman processes for metallic carbon nanotu-
bes.
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Suspended single-walled carbon nanotubes (SWNTs) do not make contact
with foreign materials such as a substrate, and environmental interactions affec-
ting SWNT optical properties are therefore expected to be reduced significantly.
In this work, we examined the environmental effects due to SDS wrapping, in-
teraction with substrates, and bundle formation, based on PL and Raman spectra
obtained from an identical suspended SWNT.

The chirality of a specific SWNT between a pair of SiO2 pillars can be strict-
ly determined by the combination of Raman and PL signals from the identical
suspended SWNT. The RBM frequencies from the suspended SWNTs can be
better fitted using the equation RBM freq. w[cm−1]=223.5/diameter d[nm]+12.5,
which is based on the results for SDS-wrapped SWNTs, rather than the equation
w=248/d, which is derived from Si oxide substrates. In other words, environmen-
tal effects in Raman spectra are very strong for oxide substrates enough to cause
higher frequency shifts, but are negligible for SDS wrapping, which causes a con-
siderable shift in PL spectra. The environmental effects due to bundle formation
were also examined based on systematic shifts of Raman and PL signals around
pillars. These results indicate position-selected PL/Raman measurements are very
powerful tools for evaluating the environmental effects.
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We calculate two phonon Raman spectra of single wall carbon nanotubes (SW-
NTs) and graphite. The Raman intensity and spectra are calculated by electron
phonon matrix elements [1] and extended tight binding method [2]. The spectral
range between 600 and 1100 cm−1 in the bundles of SWNTs is associated with the
intermediate frequency modes (IFMs) which have the step-like dispersive peaks
[2]. The negatively dispersive IFMs are considered the combination of the crea-
tion of oTO phonon and the annihilation of iTA phonon, and the positively IFMs
are considered of the creation of both oTO and iTA phonon. The Raman intensity
of the disorder-inducedD -band in graphitic materials is calculated as a function
of the in-plane crystallite size (L a) and as a function of the excitation laser energy.
The electron-defect interaction is calculated by considering the elastic scattering
at the armchair edge of graphite [3]. We compare the calculated results with the
experimental results obtained from the spectra for different laser lines andL a.

[1] J. Jianget al ., Phys. Rev. B 72, 235408 (2005).
[2] Ge. G. Samsonidzeet al ., Appl. Phys. Lett. 85, 57035705 (2004).
[3] C. Fantiniet al ., Phys. Rev. Lett. 93, 087401 (2004).
[4] L. G. Cancadoet al ., Phys. Rev. Lett. 93, 247401 (2004).

213



Contribution D.009 - Tuesday, June 20

Temperature-dependent Raman features
of individual suspended single-walled

carbon nanotubes crossing deep trench
Hsaun Lin, Cheng-Hui Weng, Wei-Yang Lee, Chuen-Horng Tsai,

Keh-Chyang Leou

Department of Engineering and System Science, National Tsing Hua University,
Hsinchu, Taiwan 300, ROC

Contact e-mail:g933114@oz.nthu.edu.tw

In this study, resonance Raman spectroscopy (RRS) is employed to probe the
structural information of CVD-synthesized single-walled carbon nanotubes (SW-
NTs) [1] in ambient environment at various temperatures ranged from 300 K to
700 K. SWNTs are fabricated crossing as-formed deep trench on SiO2/Si to avo-
id the interferences from surrounding media such as the substrates. Furthermore,
the enhanced RRS from suspended SWNTs (su-SWNTs) also helps to observe
the slight changes of principal peaks as the temperature increased. We special-
ly use the well-established Si Raman thermology to monitor and determine the
accurate surface temperature of the measured su-SWNTs. Non-resonant Si Ra-
man peaks intensity (∼ 520.6 cm−1) are also used for the normalizing of RBM
and G-band peak intensity. The frequency of G+-band peak is found downward
shifted with the increase of temperatures due to the softening of C-C bonding
strengths, where the changes are reversible during different temperature cycles.
Temperature coefficients (α = dω/dT) of the characteristics peaks are estima-
ted respectively. We also compare the temperature-dependent Raman features of
individual su-SWNTs with that of bulk SWNTs (containing bundles of SWNTs
and probably some amount of amorphous carbons) to explore the bundling effects.

Reference:
[1] W. Y. Lee, C. H. Weng, Z. Y. Juang, J. F. Lai, K. C. Leou, and C. H. Tsai,

Diamond Relat. Mater.14, 1852 (2005)
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Graphene, a single, one-atom-thick sheet of carbon atoms in a honeycomb
lattice, is the two-dimensional (2D) building block for carbon allotropes of every
other dimensionality. It can be stacked into 3D graphite, rolled into 1D nanotubes,
or wrapped into 0D buckyballs. Only very recently graphene has been produced
in its free state [1]. This has fuelled research in 2D carbons and highlighted their
remarkable electronic properties [2,3]. Graphene is a ballistic conductor in which
electrons mimic the behaviour of massless, relativistic particles [2,3].. Electron
transport is governed by the (relativistic) Dirac equation (rather than the Schrö-
dinger equation) and this allows access to the rich and subtle physics of quan-
tum electrodynamics in a condensed matter experiment Here we present the first
Raman measurements of an isolated graphene layer [4]. These are supported by
the definitive identification of free-standing single and bi-layers by transmission
electron microscopy and electron diffraction. We show that graphenes electronic
structure is uniquely captured in its Raman spectrum. We identify the unique fea-
tures of its Raman spectrum, which fingerprints graphene amongst all other car-
bon allotropes. We compare its spectrum to that of n graphene layers having the
same stacking as graphite, with n=2 to 28. We demonstrate that the Raman spec-
trum evolution with increasing number of layers uniquely reflects the evolution
of the electronic structure and electron-phonon interactions. This makes Raman
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spectroscopy is a quick, high-throughput, non-destructive technique for the un-
ambiguous identification of graphene layers. Finally we discuss the implications
for the interpretation of the Raman spectra of single and double wall nanotubes.

1 K. S. Novoselov et al. Proc. Natl. Acad. Sci. USA 102, 10451 (2005)
2 K S Novoselov et al, Science 306, 666 (2004); Nature 438, 197 (2005)
3 Y Zhang et al Nature 438, 201 (2005)
4 A. C. Ferrari et al submitted (2006)
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Resonance Raman spectroscopy on the second optical transition and photolu-
minescence excitation are the most commonly used techniques to obtain the chiral
indices in carbon nanotube samples [1]. These techniques were also used to probe
the relative abundances of different tubes in nanotube ensembles produced by dif-
ferent growth methods. In both techniques light is absorbed by exciting excitons
into the second subbandE22. The absorption intoE22 is suspected to be strongly
affected by exciton resonance [2]. We performed resonant Raman spectroscopy on
the first optical transitionE11 in single-walled carbon nanotubes separated in solu-
tion. Comparison to luminescence data shows that we observe three tubes not seen
in luminescence. Our results on the signal strength show that the intensity diffe-
rence between nanotube familiesν = (n−m) mod 3 is much smaller than for the
E22 transition. Both results support the theory of exciton resonance taking place
only when exciting higher subbands. Our observed dependences of the Raman in-
tensity on the chiral index (n,m) are in good agreement with predictions on the
electron-phonon coupling fromab-initio calculations. We suggest resonance Ra-
man spectroscopy onE11 to determine (n,m) abundances, since it is not affected
by processes including additional subbands.

[1] H. Telg et al., Phys. Rev. Lett.93, 177401 (2004)

[2] S. Reichet al., Phys. Rev. Lett.95, 077402 (2005)
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We present Raman spectra of isolated single poly (3-methylthiophene) na-
notubes fabricated by electrochemical method. Using a high-resolution confocal
microscope combined with an atomic force microscope (AFM), nanoposition-
correlated Raman spectra are obtained. Characteristic polythylthiophene peaks are
well observed, which indicates solid formation of polymer chains to the level of
individual nanotubes. However minor differences in Raman spectra are observed
depending on the nanotubes and on the locations of the same nanotube, perhaps
due to the variation of doping rates in the nanotubes. Doping rates are estima-
ted by measuring the intensities of corresponding Raman peaks. Our result shows
that AFM-correlated confocal Raman microscopy is a powerful tool to study the
nanosized system of conducting polymers.
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Using resonance Raman spectroscopy, we assigned (n,m) indexes for 94 car-
bon nanotubes. We studied the relation between the radial breathing mode fre-
quency (ωRBM) and the tube diameter (dt), obtainingωRBM(cm−1)= 219

dt(nm)+15. Fur-
thermore, we studied the many-body effects in the carbon nanotube structure. Un-
derstanding many-body effects (electron-electron repulsion and electron-hole at-
traction) in carbon nanotubes is important for carbon nanotube optics. We measu-
redES

33 andES
44 transition energies for carbon nanotubes and saw that their nature

are different from theES
11 andES

22 transition energies. While theES
11 andES

22 tran-
sitions happen from excitonics levels, inES

33 andES
44 transitions these excitonic

effects are strongly suppressed. In fact, we saw that many-body corrections for the
ES

11 andES
22 and for theES

33 andES
44 follow different scaling laws. We observed

a new ratio problem"where the
ES

33

ES
22

ratio goes to 1.9 instead of 1.75, as expected

in the excitonic model. We also proposed two polynomial functions, one for des-
cribing ES

11 andES
22 transitions, and another forES

33 andES
44. One differs from the

other by a function that describes the exciton binding energy.
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We carried out the Li+ storage behaviors of highly pure single wall carbon
nanotube (SWNT)- and double walled carbon nanotubes (DWNT)-buckypapers
(consisting of entangled tube bundles) as an anode material in lithium ion batte-
ries (LIBs) using an in-situ the Raman technique. The fabrication of these SWNT-
and DWNT-buckypaper via a filtering process resulted from entangled long na-
notube bundles of either SWNTs or DWNTs, in which the nanotubes are packed
into hexagonal arrays. These thin, flexible and mechanically tough SWNT- and
DWNT-foils exhibit an analogue behavior to hard carbons upon Li ion insertion
at different voltages. From our studies, we mainly suggest the interstitial space
in bundled nanotubes as the Li+ storage sites in nanotube-foils. In detail, Raman
changes as a function of Li+ addition will be discussed.
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Single-walled carbon nanotubes (SWCNT), confined to lines of a few micron
widths on line-patterned substrates, are studied using Raman spectroscopy. The
tangential mode (G-band) as well as the radial breathing mode (RBM) Raman
intensity shows distinct anisotropy with changing the polarization directions of the
incident and the scattered photon with respect to the direction along the patterned
line. The anisotropy is more distinct for samples with line patterns of narrower
line-width, which indicates an increasing degree of alignment of SWCNT’s along
the patterned line direction with decreasing line width. Surface-enhanced Raman
scattering (SERS) effect on SWCNT’s with Au nanoparticles and SWCNT’s on a
thin Au-film is also studied.
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Raman investigation of carbon sp2 materials, e.g., Graphite and single wall
nanotubes, has revealed that the D-band and its overtone, G´ band, exhibit a di-
spersive character. For 2D graphene sheets the electronic interband transition as
well as the phonon frequency varies linearly (close to the fermi energy) with the
wavevector of the electrons and the phonons, respectively. Hence, the strong coup-
ling between the electrons of wave vector k, measured from the K-point in the
Brillouin zone, to phonons of wave vector q (=k) is responsible for the frequency
dependence of the D-band and the G´ -band features in the Raman spectra of sp2
carbon. However, this explanation is probably an over simplification when the 2D
structure is folded into a 1D tube structure and it appears that there is no consen-
sus on the explanation. Here the dispersive features of G´ for surfactant solubilised
SWNTs is presented.
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Density Functional Perturbation Theory (DFPT) [1] is the most accurate ab-
initio computational tool for the investigation of phonons and electron-phonon
coupling. In tri-dimensional systems phonon calculations are done within the adia-
batic approximation, which neglects the terms in the dynamical matrix recursively
depending on the phonon energies, since these give negligible corrections. So far
phonons in nanotubes have always been calculated within the adiabatic appro-
ximation. Here we demonstrate that non-adiabatic effects play a major role in
determining the optical phonons, and, thus, the Raman spectra, of carbon nano-
tubes. These induce significant change in the shape and occurrence of the Kohn
anomalies [2] in metallic nanotubes [3]. The correct assignment of the G+ and
G- peaks in metallic nanotubes requires the inclusion of non-adiabatic effects [3].
We present the experimental dependence of the G+ and G- peaks of metallic and
semiconducting nanotubes on the electronic temperature. We show that these da-
ta can only be reproduced within the non-adiabatic approach, while the common
adiabatic approximation gives completely different trends with respect to the ex-
perimental data. To the best of our knowledge, nanotubes are the first material for
which such behavior has been experimentally identified and theoretically explai-
ned.

1. S. Baroni et al. Rev. Mod. Phys. 73, 515 (2001).
2. S. Piscanec et al. Phys. Rev. Lett. 93, 185503 (2004).
3. S. Piscanec et al. submitted (2006)
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The multi-walled carbon nanotubes (MWNTs) were prepared by catalytic de-
composition of benzene using floating transition method at 1100-1200◦C. Ben-
zene was used as carbon source and iron as catalyst with sulfur. The carbon na-
notubes had an inner diameter in the range of 20-40 nm and an outer diameter in
the range of 40-60 nm with lengths of 5-15µm. The filling of multi-walled carbon
nanotubes with metallic silver nanowires via wet chemistry method was investi-
gated. The carbon nanotubes were filled with long continuous silver nanowires.
The carbon nanotubes were almost opened and cut after being treated with con-
centrated nitric acid. Silver nitrate solution filled carbon nanotubes by capillarity.
Carbon nanotubes were filled with silver nanowires after calcinations by hydro-
gen. The diameters of silver nanowires were in the range of 20-40nm, and lengths
of 100nm-10mm. We studied the micromorphology of the silver nanowires filled
in carbon nanotubes by transmission electron microscopy (TEM) and X-ray dif-
fraction (XRD). Based on the experimental results, a formation mechanism of the
Ag nanowire-filled carbon nanotubes was proposed. And the microwave permit-
tivity of the carbon nanotubes filled with metallic silver nanowires was measured
in the frequency range from 2 GHz to 18 GHz. The loss tangent of the carbon
nanotubes filled with metallic silver nanowires is high. So the carbon nanotubes
filled with metallic silver nanowires would be a good candidate for microwave
absorbent.
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Abstract: We introduce a novel nondimensionalintrinsic layer-line spacing
concept to perceive new insights into the electron diffraction nature of single-
walled carbon nanotubes (SWCNTs). Accordingly, we develop an efficient and
unambiguous method for direct identification of chiral indices (n, m) of the car-
bon nanotubes from their electron diffraction patterns (EDPs). The new method
is absolutely calibration-free. Uniquely, errors due to the nanotube inclination are
specified. The tilt angle of the carbon nanotube with respect to the incident elec-
tron beam is simultaneously evaluated, thus the effect of the tube tilting is totally
compensated for in the determination of chiral indices (n, m). Based on the new
perceptions of the electron diffraction patterns (EDPs) of SWCNTs, several in-
dependent procedures are available for cross-checking the results by taking full
advantage of abundant information contained in the EDPs. Therefore, the deter-
mination is free of ambiguity. In particular, the present method is easy-to-use and
has no significant limitations. Tedious trial-and-error simulation procedure, which
is currently popularly used, is not anymore needed. It is very promising to apply
the proposed method to accurately mapping the (n, m) chiral indices distribution
in carbon nanotube samples. The efficiency of the method is convincingly demon-
strated on both simulated and experimental diffraction patterns from single-walled
carbon nanotubes. The technique is readily extended to structural analysis of na-
notubes of other materials with structures analogous to carbon nanotubes, such as
boron nitride nanotubes.
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Abstract: We report a calibration-free method for direct identification of chiral
indices (n, m) of single-walled carbon nanotubes (SWCNTs) from their electron
diffraction patterns (EDPs) based on Bessel function analysis of the diffracted
layer-lines. A novel approach has been developed for confident identification of
the orders of the Bessel functions from the intensity modulations of the diffraction
layer-lines, to which (n, m ) are correlated. In particular, we critically evaluate
the effect of nanotube inclination on the validity of the method and show that the
layer-lines governed by high-order Bessel functions tolerate higher tilt angles than
those of low-order Bessel functions and thus are favored for (n, m ) evaluation.
The new method is of particular significance in that it considerably enhances the
precision of chiral indexing and makes possible the analysis of high-order Bessel
functions, especially when electron diffraction patterns are of relatively low pixel
resolution. The technique can be applied to structural analysis of double-walled
carbon nanotubes.
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For the last decade, carbon nanotubes were thouroughly studied for their ama-
zing properties in several fields : nanoreactors, supports for catalysts, ... The most
popular characterisation technique used for the study of nanotubes is high-resolution
electron microscopy (TEM). With such a technique, one can access the location,
size and morphology of deposited particles by 2D projections of the 3D solid
structure. However, all structural features of the solid are overlapped in the re-
sulting 2D image which doesnt allow to know the exact location of the particles
(i.e. inside or outside the tube channel). To resolve this problem, 3D-TEM cha-
racterisation (i.e. electron tomography) has been developed. The principle of this
technique is to reconstruct a 3D representation of the solid from hundreds of 2D
images of the sample tilted at various angles.

The aim of our work was to investigate the distribution and morphology of pal-
ladium nanoparticles deposited onto and into carbon nanotubes. 3D-TEM allowed
us to determine the exact location of the particles and to study their morphology
after thermal treatment. It is expected that such technique will become an useful
tool for the understanding and observation of nanoparticles or nanowires in the
catalysis field.
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The electronic properties of SWCNT are determined by the local one-dimensional
arrangement of their sp2 hybridised carbon atoms, such that their character can be
insulating, semiconducting or metallic. The latter exhibits a Luttinger liquid be-
havior.

Examples of our recent work on how one can analyse these electronic pro-
perties using high energy spectroscopy (electron energy-loss, photoemission and
x-ray absorption spectroscopy) and optical techniques (Raman and UvVis absorp-
tion spectroscopy) as a probe will be given. Furthermore, we report on how to
functionalise the SWCNT in order to modify their electronic structure in a con-
trolled manner including examples of three alternative doping routes, namely, sub-
stitution, intercalation and endohedral doping. For metallic nanotubes and those
filled with fullerenes doping induced changes will be discussed in the framework
of a dimensionality crossover which causes a change from an one-dimensional
metal to a normal Fermi liquid. The detailed understanding of these fundamental
electronic properties of functionalised SWCNT is key to their future success.

Work supported by the DFG PI440/1/3.
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Nano-sized carbon nanotubes are expected to be utilized explosively in versa-
tile fields including bio- ad medical devices [1, 2]. In this sense, it is imperative
to investigate the bio-compatibility of carbon nanotubes systematically [3]. In this
study, we will report one of the simple but powerful methods to evaluate the bio-
logical responses to various types of carbon nanotubes by measuring CD4+ and
CD8+ T-cells, and a few cytokines in plasma in peripheral blood after subcuta-
neously implanted carbon nanotubes.

References
1. A. Oberlin, M. Endo, T. Koyama,J. Cryst. Growth32 , 335-349 (1976).
2. M. Endo, S. Koyama, Y. Matsuda, T. Hayashi, Y. A. Kim,Nano Lett., 5(1)

, 101-106 (2005).
3. S. Koyama, M. Endo, Y. A. Kim, T. Hayashi, T. Yanagisawa, K. Osaka, H.

Koyama and N. Kuroiwa,
Carbon, 44 , 1079-1092 (2006).
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sylvain clair, Yousoo Kim, Maki Kawai

RIKEN

Contact e-mail:sclair@riken.jp

The scanning tunneling microscope (STM) is a powerful tool for investigating
the geometry and electronic properties of single wall carbon nanotubes (SWCNT)
at the atomic scale, and has therefore been already widely used. In general, the
electronic state of the CNT remains close to what is found for a gas phase materi-
al. However, in the particular case of STM, the nanotubes are individually adsor-
bed on a metallic substrate and interact with it, leading thereby to fine electronic
effects. In particular, due to the difference in the work functions of the nanotube
and of the surface, charge transfer occurs and induces a shift in the density of
states of the nanotube with respect to the Fermi level. By analyzing the different
cases obtained on Au(111) and on Cu(111), we show that the electronic coupling
of a SWCNT to a surface is closely related to its geometry, to the local adsorption
configuration, and to the surface nature.
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Selective removal of metallic single-wall
carbon nanotues using high power

microwave radiation
Jin-Won Song, Hee-Won Seo, June-Ki Park, Ji-Eun Kim, Dae-Geun Choi,

Eung-Sug Lee, Chang-Soo Han

Nano-Mechanical Systems Research Center, Korea Institute of Machinery and
Materials(KIMM)

Contact e-mail:jwsong@kimm.re.kr

We report new method for selectively removing the metallic CNTs from se-
miconducting CNTs in a powder using high-power microwave radiation in the
infrared and radio frequency range of the electromagnetic spectrum. SWNTs in
a powder film were heated in a 2.5-GHz microwave oven for a few minutes, and
the metallic nanotubes burned more rapidly than the semiconducting nanotubes.
Raman data showed that the ratio of metallic to semiconducting nanotubes decre-
ased dramatically after exposure to microwave radiation. Using their more rapid
absorption of the radiation energy of the microwaves, we achieved the selective
removal of metallic SWNTs from semiconducting SWNTs. This method results
in the high purity of semiconducting SWNTs necessary for sensor and electronic
applications.
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Electronic properties of a pair of
narrow-gap carbon nanotubes

Jiun-Yi Lien, Min-Fa Lin

National Cheng Kung University,Tainan,Taiwan

Contact e-mail:l2891106@ccmail.ncku.edu.tw

A pair of (3m,0) narrow-gap zigzag carbon nanotubes, with the intertube in-
teractions, are studied for the low-energy electronic properties within the tight-
binding model. Energy dispersion, band symmetry about the Fermi level, state
degeneracy, subband spacing, energy gaps, and density of states are dominated
by the nanotube radius and the relative azimuthal angle between two nanotubes.
The intertube interactions could destroy double degeneracy. Moreover, they could
effectively reduce energy gaps, or change narrow-gap systems into gapless sy-
stems. The above-mentioned electronic properties are strongly modulated by the
transverse electric field. Such field could induce new band-edge states.
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Water-induced effects on the electronic
properties of SWCNTs

Mihail P. Petkov, Eric W. Wong, Brian D. Hunt

Jet Propulsion Lab

Contact e-mail:mihail.p.petkov@jpl.nasa.gov

We report results from electrical characterization of single-wall carbon na-
notube (SWCNT) field-effect transistors (FET) as a function of water pressure
from 10−5 Torr up to 17 Torr, near the vapor-liquid equilibrium at room tempe-
rature (18.8 Torr). Long (4-5 um) SWCNTs were grown catalytically from 2 nm
Fe seeds, patterned onto a 400 nm thick SiO2 layer. The water used in the ex-
periments was triply purified, deionized and outgased. Charge traps in the oxide
caused large I-V hysteresis with marginal pressure dependence for various gasses,
as well as for water under 12 Torr. Surprisingly, between 12.8 Torr and 16.5 Torr
the water reduces the hysteresis width approximately six-fold. The most plausible
hypothesis at this time considers (1) interaction of the water molecule dipole with
the applied electric field, which can reduce the field strength at the CTN surface,
and/or (2) the orientation of the molecule with respect to the CNT surface, which
can influence the charge exchange with the CNT. Further experiments with other
polar molecules are warranted.

233



Contribution D.028 - Tuesday, June 20

Pore structure and oxidation stability of
double walled carbon nanotubes

Hiroyuki Muramatsu, Yoong-Ahm Kim, Takuya Hayashi, Morinobu Endo

shinshu university

Contact e-mail:muramatsu@endomoribu.shinshu-u.ac.jp

Recently much attention was paid on double-walled carbon nanotubes (DW-
NT) because it is expected that they exhibit different physicochemical properties
compared to single walled carbon nanotubes and multi-walled carbon nanotubes,
due to their coaxial morphology. Therefore, it is important to evaluate oxidati-
on stability of DWNTs as compared with that of SWNTs when considering their
basic science and various applications. In this study, we investigated oxidation
behaviors of the DWNTs in detail by using Raman spectroscopy and thermal gra-
vity analysis and scanning field emission microscopy and transmission electron
microscopy.
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X-ray photoelectron spectroscopy study
of vertically aligned carbon nanotube

films
Akio Tokura1, Fumihiko Maeda1, Daisuke Takagi2, Koji Sumitomo3,

Yoshikazu Homma2, Yoshihiro Kobayashi1

1 NTT Basic Research Laboratories, NTT Corporation, and CREST, JST
2 Department of Physics, Tokyo University of Science, and CREST, JST

3 NTT Basic Research Laboratories, NTT Corporation

Contact e-mail:a.tokura@will.brl.ntt.co.jp

Vertically aligned carbon nanotube (CNT) films composed of two to three
layers of MWNTs are attractive for applications like the FED. The electronic pro-
perties of CNT films, such as field emission, depend on the surface properties of
the MWNTs, which are sensitive to gas exposure. In this study, the chemical state
and the adsoption of the production (C2H5OH, Ar, H2) and atmosphere gases were
investigated by x-ray photoelectron spectroscopy (XPS).

The CNT film was grown by alcohol CVD and comprised of two to three
layers of 0.2-mm-long MWNTs. In C1s, three components were found, while on-
ly a single peak attributed to intrinsic CNTs existed after annealing at 600oC.
The component of the peak at the highest energy, 0.7 eV higher than the intrinsic
one, was attributed to hydrogen adsorption [1]. This assignment is supported by
the result that the other peaks were scarcely detected in the XPS spectra in the
wide energy range. Our result suggests that chemisorption of the production gases
occurs in the production process and can influence to the CNT properties.

[1] A. Nikitin et al., Phys. Rev. Lett 95, 225507 (2005)
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Sodium Chloride-Catalyzed Oxidation of
Multi-Walled Carbon Nanotubes for

Environmental Benefit
Kenji Takeuchi1, Takeyuki Tajiri1, Ki Chul Park1, Feng Wang1, Yoong
Ahm Kim 1, Takuya Hayashi1, Mauricio Terrones2, Morinobu Endo1,

Mildred S. Dresselhaus3

1 Faculty of Engineering, Shinshu University
2 Advanced Materials Department, IPICyT

3 Massachusetts Institute of Technology

Contact e-mail:takeuchi@endomoribu.shinshu-u.ac.jp

The easy availability of multi-walled carbon nanotubes (MWCNTs) in a lar-
ge scale (approx. 100 ton/year) through the development of a catalytic chemi-
cal vapor deposition method has established new areas of chemistry and physics
for nanometer-sized carbon materials. We report here the use of sodium chlori-
de (NaCl) as a catalyst for facilitating the oxidation reaction of graphitized MW-
CNTs. The reaction mechanism of the NaCl-catalyzed oxidation of MWCNTs has
been investigated by the kinetic, spectroscopic and microscopic analyses. The re-
sults imply that the lowering of the oxidation temperature in the presence of NaCl
originates from the introduction of disorder into the MWCNTs, thus increasing
the facility of the oxidation reaction of the disorder-induced nanotubes. An acce-
lerated oxidation process using the NaCl catalyst is important for contributing to
facilitate the disposal of nanotubes for environmental considerations. This work
has clearly demonstrated the effectiveness of NaCl as a catalyst for the oxidation
of well-graphitized MWCNTs that exhibit a relatively high oxidation resistance.
From the viewpoint of material costs, this approach has the advantage that the
NaCl catalyst required for the large-scale treatment of MWCNT-based products
could be available from abundant seawater, making the practical use of this ap-
proach very appealing.
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Carbon nanotubes as a new future for
bone tissue engineering.
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Carbon nanotubes as a new future for bone tissue engineering.

Lubica Grausova1, Lucie Bacakova1, Aneta Fraczek2,
Marta Blazewicz2, Stanislaw Blazewicz2, Michael Pepka3

1Institute of Physiology of Academy of Sciences of the Czech Republic, Prague,
Czech Republic, 2AGH-University of Science and Technology, Faculty of Mate-
rials Science and Ceramics, Dept. of Biomaterials, Cracow, Poland, 3NanoCraft
Co. Inc., Renton, WA, U.S.A.

Email:grausova@biomed.cas.cz

In our experiments the terpolymer was mixed with single- or multi-walled car-
bon nanotubes, because it is believed that the structure of materials containing na-
notubes can resemble the architecture of the natural extracellular matrix (ECM). A
terpolymer of polypropylene, polytetrafluorethylene and polyvinyldifluoride (PT-
FE/PVDF/PP, density 1.600, purchased from Aldrich Chemical Co., USA, Cat.
No. 45 458-3) was dissolved in acetone (POCh SA. Gliwice, Poland, Cat. No.
102480111; 5g of PTFE/PVDF/PP polymer resin per 50 ml of acetone) the terp-
olymer was mixed with single- or multi-walled carbon nanotubes (NanoCraft Co.
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Inc., Renton, WA, U.S.A.) in concentrations of 2 or 4 wt%. Quantitative data we-
re presented as means± SEM (Standard Error of Mean) from 8-18 measurements
obtained from 3 samples for each experimental group). On day 7 after seeding, the
cell colonization was markedly improved and the maximum cell number and cell
area was achieved when the terpolymer was modified by addition of 2 or 4wt% of
multiwalled-nanotubes.
Acknowledgements

Supported by the Grant Agency of the Czech Republic (grants No. 204/06/0225
and 101/06/226) and by a research project No. AV0Z 50110509 of the Inst. Phy-
siol., Acad. Sci. CR. We also thank Dr. Vera Lisa for her excellent assistance with
cell culture technique and Mrs. Ivana Zajanova for her help with immunocytoche-
mical staining.
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Effects of External Fields on Electronic
Structures of Finite Carbon nanotubes

Chi-Hsuan Lee1, Rung-Bin Chen2, Ming-Fa Lin3

1 Physics Department, National Cheng Kung University
2 Center of General Education, National Kaohsiung Institute of Marine

Technology, Kaohsiung 830, Taiwan
3 Department of Physics, National Cheng Kung University, Tainan 701, Taiwan

Contact e-mail:l2893108@ccmail.ncku.edu.tw

Electronic states of finite-length carbon nanotubes in the presence of electric
and magnetic fields are calculated by the tight-binding model. Electronic proper-
ties such as state energy, energy gap, and density of states are mainly determined
by the transverse electric field, the magnetic field, the Zeeman splitting, the nano-
tube length, as well as the transverse geometric structure. The electric field could
induce the destruction of state degeneracy, produce more low-energy states, and
lead to significant changes in energy spacing. The strong influences of the external
fields on the band structures are investigated.
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Direct observation of six-membered
rings in a single wall carbon nanotube by
spherical aberration-corrected HRTEM

Kaori Hirahara, Koh Saitoh, Jun Yamasaki, Nobuo Tanaka

EcoTopia Institute, Nagoya University

Contact e-mail:hirahara@esi.nagoya-u.ac.jp

High-resolution transmission electron microscope (HRTEM) images of a single-
wall carbon nanotube (SWNT) taken by a conventional HRTEM are the moiré pat-
terns of two graphene sheets perpendicular to the incident electron beam, which
correspond to the top and bottom portions of a rolled-up graphene-sheet consti-
tuting the SWNT [1, 2]. Appearing the moiré patterns is due to the large value
of spherical aberration coefficient (Cs:∼0.5mm). However, aberration-corrector
system has developed in recent years [3]. HRTEM mounting a Cs-corrector (Cs-
corrected HRTEM) can control the value of Cs for the objective lens down to
sub-microns order, which is lower by 0.1∼0.2% than conventional one. In this
study, we observed a SWNT by using a HRTEM (JEOL, JEM-2100F) mounting a
hexapole-type Cs-corrector [3]. To reduce electron irradiation damages and obtain
high-contrast image of SWNTs, the Cs-corrected HRTEM was performed with an
acceleration voltage of 120kV [4]. By taking advantages of Cs-correction, graphi-
tic network of a graphene-sheet constituting a SWNT was successfully visualized
with atomic resolution. This result enables us to directly determine the chiral in-
dices (n, m) of individual SWNTs and their handness, only by taking HRTEM
images without any digital processing such as Fourier filtering. The detail will be
discussed in the presentation and the following papers [4].

[1] A. Hashimoto, K. Suenaga, et al., Nature 430 (2004) 870.
[2] J. M. Zuo, I. Vartanyants, et al., Science 300 (2003) 1419.
[3] M. Haider, H. Rose, et al., Ultramicroscopy 75 (1998) 53.
[4] K. Hirahara, Koh Saitoh, J. Yamasaki, et al., submitted.
[5] The authors thank M. Haider et al. of CEOS for technical support, and T.

Sugai for sample preparation.
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Carbon Nanotube Material Quality
Assessment

Sivaram Arepalli, Edward Sosa, Pasha Nikolaev, Olga Gorelik,
William A Holmes, Leonard Yowell

NASA-JSC

Contact e-mail:sivaram.arepalli-1@nasa.gov

The nanomaterial activities at NASA-Johnson Space Center focus on carbon
nanotube production, processing, characterization and their applications for aero-
space systems. Single wall carbon nanotubes are produced by CVD, arc and laser
methods. Characterization of the nanotube material is performed using the NASA-
JSC protocol developed by combining analytical techniques of SEM, TEM, UV-
VIS-NIR absorption, Raman, and TGA [1]. Possible addition of other techniques,
such as XPS and ICP, to the existing protocol will be discussed. Changes in the
quality of the material collected in different regions of the arc and laser producti-
on chambers are assessed using the original JSC protocol. The observed variations
seem to indicate different growth conditions in different regions of the production
chambers.

Ref.: 1) Arepalli S., Nikolaev P., Gorelik O., Hadjiev V. G., Holmes W. A., Fi-
les B. S., and Yowell L., Protocol for the Characterization of Single-Wall Carbon
Nanotube Material Quality, Carbon, Vol. 42, pp. 1783-1791 (2004).
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Using Magnetic Carbon Nanocapsules
as Support Architecture in Synthesizing

of Cisplatin
Gan-Lin Hwang, Shu-Ling Yeh, Shih-Jung Tsai, Jia-Yaw Chang,

Wen-Yin Chen

Industrial Technology Research Institute
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Here we report a unique synthesis method of Cisplatin (Cis-dichlorodiaminoplatinum)
utilizing the magnetic metal filled carbon nanocapsules (M@CNCs) as support ar-
chitectures. Cisplatin is one of the most widely used anticancer drugs. However,
traditional preparation methods of Cisplatin were complicated and lower product
yield. In this study, we using Fe@CNCs as a carrier which is facilitating only
cis-form product located on its surface, as well as be effectively collected under
magnetic field to get high yield (86%) of Cisplatin. The system utilizes malonic
acid derivates of Fe@CNCs that can be coordinated with platinum complex used
for synthesizing Cisplatin. Driven by the magnetic field, Fe@CNCs can be effec-
tively collected and reused for the synthesis of Cisplatin. We might be able to use
this technology plate in developing a serious of Cisplatin analog in the future.
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Electronic structure and stability of BCN
bulk and nanoscaled structures
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Sergio Azevedo3
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2 UFMG - Brazil

3 UEFS
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We investigate the stability of boron-nitride nanocones, using first-principles
calculations. Our results indicate that nanocones with an antiphase boundary (an
APB: a line defect with either B-B or N-N bonds) can be more stable than those
without one, and that doping the APB’s with carbon enhances their stability, and
creates localized states in the bandgap. The structure with the smallest energy is
a nanocone with a carbon-doped APB with a spin splitting of∼ 0.5eV at the Fer-
mi level. We also addres the relative stability and electronic structure of several
BxCyNz layered structures. Twenty structures are considered, derived from a gra-
phite layer by placing carbon, nitrogen, or boron atoms on each site. Interestingly,
a B3C2N3 structure is found to be more stable than the eight BC2N structures in
our study. The BCN compositions considered present a wide range of electronic
behaviors. In general, we observe that structures with large values of the electro-
nic band gap have a B/N (x/z) ratio of one. We also identify composition patterns
that lead to the formation of metallic BCN layers.
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Energetics of Ordered Ice Encapsulated
in Carbon Nanotubes

Takahiro Kurita, Susumu Okada, Atsushi Oshiyama
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Contact e-mail:kurita@comas.frsc.tsukuba.ac.jp

We report first-principles total-energy calculations within the density functio-
nal theory that provide energetics and atomic structures of ice nanotubes (ice-NTs)
encapsulated by carbon nanotubes (CNTs). We have examined several structures
for ice-NTs: stacked-polygon (pentagon, hexagon, heptagon and octagon), helix-
polygon and double-helix-polygon structures. We find that energy gain upon en-
capsulation (approx10 meV/H2O molecule) is almost the same for those ice-NTs,
CNT thus acting only as a mold. However, the cohesive energy for each ice-NT
ranges from 0.42 eV to 0.54 eV per H2O molecule. It is found that the most stable
form is the stacked-polygon structure. This cohesive energy difference is found to
originate from difference in hydrogen bond strength, i.e. bond lengths and bond
angles, among the structures.
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Chemical Peeling and Branching of BN
Nanotubes in Dimethyl Sulfoxide

qing huang, Yoshio Bando, Dmitri Golberg
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We report that BNNTs can be effectively peeled off in a highly-polar dimethyl-
sulfoxide (DMSO) solution under solvothermal conditions. The cycloaddition of
DMSO to BNNTs is suggested to weaken the B-N covalent bonds and ease the hy-
drolysis process. Interestingly, peeled shells were found to form Y-junctions with
trunk tubes. This is the first example that Y-junction BNNTs could be fabrica-
ted through a chemical method. The formation mechanism of Y junction BNNTs
is discussed and explained in terms of rollup and self-catalyst fashions. These
findings broaden the allowed chemistry on BNNTs and will stimulate further stu-
dies on BNNT engineering. Moreover, as evidenced by the previous theoretical
and experimental works, Y-junction BNNTs composed of two segments with va-
rying diameters are promising for electromechanical and optoelectronic devices.
We think this work will stimulate broad interest in multidiscipline fields.
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Refractive properties of Boron Nitride
nanotubes in high electric field.
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Recent studies have shown that the boron nitride nanotubes demonstrate the
giant Stark effect in the high transverse electric field. In particular, it was shown
that the band gap of the boron nitride nanotube can be dramatically reduced in
the electric filed as high as 1-10 V/nm. Such effect can be used in utilizing these
structures as nanometer size switches, whose electronic properties can be changed
in the wide range from dielectric to metallic.

In this experiment individual boron nanotubes were bent and positioned in-
to transverse electric field using the STM-TEM holder inside the TEM column.
The applied electric field was controlled by both: the applied bias and adjusted by
the piezo-stage distance between the STM electrodes. The band gap characteri-
zation has been performed using low energy EELS spectroscopy combined with
Kramers-Kronig analysis.
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Low Temperature Growth of Boron
Nitride Nanotubes

Yoke Khin Yap, Jiesheng Wang, Ming Xie
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Boron nitride nanotubes (BNNTs) are recognized as the candidate that will
complement the uses of carbon nanotubes (CNTs) in nanoscale science and en-
gineering. However, high growth temperatures (>1100oC), low production yield,
and impurities have prevented effective synthesis and applications of boron nitride
nanotubes (BNNTs) in the past ten years. For the first time, we have succeeded
on the growth of pure BNNTs on substrates at 600oC [1]. This was realized ba-
sed on our phase selective growth model, where energetic growth species play an
important role on controlling the phases of BN solids. We verified that BNNTs
can be grown in a total resputtering region, where other BN phases were suppres-
sed. Bundles of BNNTs can be grown vertically aligned in regular patterns. These
BNNTs can be used for applications without purification. Tunneling spectroscopy
indicates that the BNNTs are having energy band gaps of∼4.4-4.9 eV. Results ge-
nerated by plasma-enhance pulsed-laser deposition (PE-PLD) and chemical vapor
deposition (PE-CVD) will be discussed in the conference.

YKY acknowledge supports from NSF CAREER award, the Dept. of the Ar-
my, Michigan Tech Research Excellence Fund, and CNMS at ORNL. [1]. Wang
et al., Nano Letters.5, 2528 (2005).
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Nanotubular structures of oxides materials have gained attention for their hy-
drophilic properties. These nanotubes are attractive for biological applications in-
cluding nanofluidic devices for single DNA molecule sensing, rapid diseases dia-
gnosis, and DNA sequencing. Here, we show that nanotubular cavities of ZnO
can be directly grown on substrates without the use of catalysts and templates.
Our experiments were conducted by thermal chemical vapor deposition (CVD)
with ZnO/graphite powders as the source materials. We have detected ZnO na-
nowires, nanobelts, nanocombs, etc. at various growth conditions. In these pro-
cesses, we found that vertical ZnO nanotubes can be grown on Si or oxidized
Si substrates at a temperature of∼650 oC when appropriate cooling procedures
were applied. These ZnO nanotubes was characterized by X-ray powder diffrac-
tion, high-resolution transmission electron microscopy (HRTEM), Field-emission
scanning electron microscopy (FESEM), Raman spectroscopy, and photolumine-
scence (PL). Result indicates that these ZnO nanotubes were single crystals of the
wurtzite phase.

Y.K.Y acknowledges supports from the Dept. of the Army, Michigan Tech
Research Excellence Fund, and CNMS at ORNL.
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Among numerous oxide nanostructures alumina nanotubular materials are of
interest due to their mechanical properties, large surface area, catalytic activity
non-toxicity and low production cost. Furthermore, alumina has a high dielectric
constant, low permeability, high thermal conductivity and nanotubular alumina
has therefore a considerable potential for application as capacitor and gate elec-
trode in nanoelctronics. We have studied the structural properties, the stability
and the electronic properties of various nanotubular structures based on the laye-
red Al(OH)3, gamma-AlO(OH) hydroxides and alpha-Al2O3 using the density-
functional based tight-binding method (DFTB). The single walled (n,0) and (n,n)
Al(OH)3, (n,0) AlO(OH) and (n,n) Al2O3 nanotubes show a similar size (diame-
ter) dependence as other tubular structures, e.g. carbon and metal chalcogenide
nanotubes. (0,n) AlO(OH) nanotubes were found to be unstable, whereas (n,0)
Al2O3 nanotubes are stable but have a rasp like surface. All alumina based nano-
structures investigated, are insulators independent from their chirality with band
gaps of 10-14 eV for Al(OH)3, 6-10 eV for AlO(OH) and 6-7 eV for Al2O3.
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The results of a first principles study of the structural, electronic, mechani-
cal and optical properties of single-walled elemental boron nanotubes (SWBNTs)
are presented. Calculations are performed in the framework of density functio-
nal theory using the periodic ab initio program (CRYSTAL03). The predicted va-
riations in the properties of different configurations and chiralities of SWBNTs
are found to be associated with the unique features of mixed covalent and multi-
centered bonds present in the nanotubes.
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Since the discovery of carbon nanotubes, one dimensional nanomaterials and
other various tubular forms have attracted considerable attention due to a wide
variety of applications in nanoelectronics, fuel cells, and catalysis. Recently, li-
thium containing aluminate nanotubes have been synthesized by a surfactant tem-
plated hydrothermal process. In this work, we study the structural and electronic
properties of aluminate nanotubes and bundles through first-principles theoretical
calculations [1]. We propose a tubular structure in the form of AlO2, which is ener-
getically stable with fewer strain energies, compared with MoS2 nanotubes with
similar diameters. The AlO2 nanotubes are all metallic with pseudogaps, inde-
pendent of chilality. For small diameter zigzag tubes, electron conduction mostly
occurs through the outer O shell with longer Al-O bonds, while the whole tube
wall contributes to electron conduction for large diameter zigzag tubes or arm-
chair tubes, which have similar inner and outer Al-O bond lengths. The stability
of AlO2 nanotubes is also maintained with Li doping inside the tube cavity and
these nanotubes can be semiconducting when heavily doped. On the other hand,
nanotubes in the form of AlO are disintegrated into clusters, not forming tubular
structures. When AlO nanotubes are positively charged, the stable semiconduc-
ting nanotubes are obtained, similar to BN nanotubes. For a bundle structure of
aluminate nanotubes, we find that inter-tube interactions are much stronger due to
both ionic and covalent bonds.

[1] H.-M. Hong, Y.-J. Kang, C.-Y. Moon, K. J. Chang, and H. J. Kim, Phys.
Rev. B 72, 205435 (2005).
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A metal-free direct growth has been developed for silica nanowires (SiONWs)
on Ge nanodots. From high-resolution TEM, field-emission SEM, and energy-
dispersive spectroscopy, the fabricated nanowires are identified as SiONWs with
diameter in range from 10 to 50 nm and length around 1µm.

The Ge dots were prepared by CVD on Si wafers subsequent to the growth
of a thin Si buffer layer. The height of the dots ranged from 10 to 25 nm and the
diameter ranged from 20 to 250 nm. These substrates were doped by carbon ion
implantation and chemical oxidation was carried out. The thicknesses of GeOx on
Ge dots and SiOx on Si substrates were estimated to be around 1.9 nm and 0.5
nm. Finally, SiONWs were synthesized with argon and hydrogen at 1000◦C for
10 min by using conventional furnace.

The Ge dots with lower melting point (938◦C) changed into small nanodots
(around 10 nm) during the annealing with argon at 1000◦C, which acted as nuclei
of the SiONWs. It was found that Ge nanodots, a chemical oxidation, and the
presence of carbon were essential. We believe that the growth of SiONWs is attri-
buted to the vapor-liquid-solid mechanism through the carbothermal reduction of
GeOx.
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In-situ monitoring of iron nanoparticles
movement in amorphous carbon wall
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Solid phase nanotube growth induced by migration of iron nanoparticle seems
to give an useful information for understanding the nanotube growth mechanism.
Here we report the origin of the driving force would be resulted from the tempe-
rature gradient that was generated in the amorphous carbon specimen.

We prepared samples for real-time scanning transmission electron microscopy
(STEM) study by using focused ion beam chemical vapor deposition(FIB-CVD)
combined with phenanthrene and ferrocene precursor. We prepared an amorphous
carbon wall on a extremely thin tungsten wire by FIB-CVD, where the wall typi-
cally have 100 nm thick, 1 micron wide, and several microns high, and a thin iron
doped region was sandwiched locally at the mid point of the wall. Heating of the
wall induced the segregation of iron nanoparticles that have 3 to 10 nm in diame-
ter, and spread over fluctuating with Brownian like motion. However the majority
of the nanoparticles tended to shift toward the wall top, where the temperature
should be lower then that of the bottom of the tungsten heater. This fact suggested
that the temperature gradient seems to be the possible candidate for the driving
force. This work was supported by CREST-JST.
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We are discussing the performance and application of the density functio-
nal tight binding (DFTB) method for large scale finite size model system cal-
culations in important areas of quantum chemical carbon nanotube modeling. In
the first application, we use direct on-the-fly quantum chemical molecular dyna-
mics (QM/MD) simulations comparable to CPMD accuracy to study the metal-
catalyzed SWNT formation mechanism from carbon vapor feedstock model sy-
stems on Fe/Co/Ni catalyst nanoparticles. We also present studies of the catalyst-
free, chirality-specific growth of SWNTs on SiC surfaces. In the second appli-
cation, we examine the linear relationship between tube diameter/curvature and
reaction energies of chemical functionalization reactions on armchair and chiral
nanotube sidewalls, and identify the 1/d dependence of the orbital mixing energy
contribution as origin of the linear relationship of the total reaction energy using
energy decomposition analyses. In the third application, we present Raman and IR
spectra of pristine and oxidized finite size SWNT fragments, as well as of linear
polyyne chains encapsulated in SWNTs, and compare our findings with pervious-
ly published periodic boundary condition vibrational spectra and experiment. We
note that the D band is exaggerated in finite size model systems, very much like
in finite size graphene models where experiment agrees with our calculations.
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Direct observation of superstructures of
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Carbon nanotubes (CNTs) have attracted much attention by virtue of their
one-dimensional structure and of unique electronic properties induced by rolling-
up of the graphene sheets. Scanning Tunneling Microscopy (STM) is a powerful
tool for analyzing surface electronic structures of atoms, molecules and nanoma-
terials such as carbon nanotubes. Direct observations of multi-wall carbon nano-
tubes (MWNTs) by STM have revealed the presence of super-structures in the
honeycomb lattice images induced by inter-layer interaction. Recently, progress
on CNT synthesis has enabled us to prepare high-quality double-wall carbon na-
notubes (DWNTs). However, high resolution surface images of DWNTs by STM
have not been reported yet.

Here, we present the clear lattice images and super-structures of DWNTs by
UHV-STM at room temperature. We observed not only the lattice images cor-
responding to the outer graphene sheet of DWNTs but also some periodic su-
perstructures. Similar to the periodic super structures observed for MWNTs and
atomic overlayers on graphite, we propose that the superstructures are explained
by the inter-layer interaction between the inner and outer tubes of the DWNTs.
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Kinetics of defects on carbon nanotube
walls as studied by Monte Carlomethods
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The behavior of point defects such as vacancies and adatoms in carbon nano-
tubes is not yet fully understood, although the kinetics of these defects may govern
nanotube growth, reactivity and local electronic properties.

We employ a kinetic Monte Carlo method for studying the migration, anni-
hilation and coalescence of these defects at macroscopic time scales. As realistic
simulations require accurate knowledge of transitions and activation energies, we
use density functional theory-based methods to calculate these characteristics. In
particular, because carbon adatoms can penetrate through the nanotube wall, we
calculate the activation energy of this process for nanotubes with various radii. As
defect complexes are formed during the migration, we also study the energetics of
multi-vacancies on the nanotube walls.

The tests of our method give results which agree qualitatively with experi-
ments on annealing of irradiation-induced defects in nanotubes at room tempera-
ture. Our method can be used to simulate the time evolution of defected carbon
nanotubes on realistic, macroscopic, time scales. It allows studying the behavior of
carbon nanotubes under irradiation and the mechanism of their self-healing. Un-
derway are simulations to get more insight into the nanotube growth process and
into the experimentally observed welding and shrinkage of irradiated nanotubes.
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For applications of nanotubes to nano-scale devices, the influence of atomic
defects on the electronic and optical properties and on toughness is crucial. Re-
cently the atomic structures of defects have become observable using TEM tech-
nique [A. Hashimoto et al, Nature 430,870 (2004).], so better understanding of
atomic structures and dynamics of defects (as well as their electronic properties)
can be achieved by combining theory and experiment.

Here, we discuss diffusion mechanisms of mono-vacancies in nanotubes with
various chiarlities based on calculated diffusion barriers. Since mono-vacancies
are stabilized due to C-C dimer formation particularly on curved graphene sheets,
the diffusion barrier on nanotube walls is expected to be higher than that on planar
graphene sheets. Nevertheless, we found some short cut paths on nanotube walls
which lower the diffusion barrier. We will also discuss the diffusion anisotropy
depending on the chirality.
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We report first-principles total-energy electronic-structure calculations in the
density functional theory performed for carbon nanotubes with a topological line
defect consisting of pentagon and octagon rings. We find that the ground state of
the nanotubes with the topological line defect is ferromagnetic with small but fi-
nite magnetic moment of about 0.04muB/AA irrespective to the tube diameter.
Detailed analyses of energy bands and spin densities unequivocally reveal the
nature of the ferromagnetic spin ordering which is associated with the peculiar
edge-localized states of graphite flakes.
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Divacancy in Carbon Nanotubes
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We report atomic and electronic structure of divacancy in carbon nanotubes
(CNTs), calculated within density functional theory. Divacancy in a CNT is un-
stable, and self heals by reconstructing into a single stable geometry. The forma-
tion energy of divacancy could be as low as≈3.2 eV in moderate diameter CNTs,
suggesting higher probability than monovacancy. Divacancy formation energies
strongly depend on the angle between tube axis and the new bonds that are for-
med during self healing. The electronic-structure of divacancy in a not semicon-
ducting CNT exhibits a flat band, and increased density of states near the Fermi
level. For particular divacancy configurations, we predict small net spin polariza-
tion because of the magnetic instability of the flat band. Semiconducting CNTs
develop mid-gap bands, which have the potential to influence the functionality of
CNT transistors.

259



Contribution D.053 - Tuesday, June 20
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Plastic deformation of single-wall carbon nanotubes (SWNTs) is analyzed
using nudged elastic band minimum energy path calculation with a bond-order po-
tential. Two SWNTs of (5,5) armchair type and (8,0) zigzag type were examined
under homogeneous bending for obtaining the activation and formation energies
of Stone-Wales 5-7-7-5 defect, its dissociation pathway into 5-7 and 7-5 defects
and migration of the two decomposed defects. The final formation energy of the
two decomposed defects becomes negative at a critical bending curvatureρyield,
which is 0.11 and 0.13 nm−1 for (5,5) and (8,0) SWNT, respectively, and roughly
inversely proportional to the SWNT diameter. These calculations demonstrate that
plastic deformation is thermodynamically favorable above a threshold “yield cur-
vature”ρyield, and is also kinetically feasible above 1500K, which agree with our
experimental observations. A deformation mechanism map for bending SWNT is
constructed.
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Semi-conducting (10,0) defected single-walled carbon nanotubes (SWCNTs)
were studied by density functional theory (DFT). Our results indicate that the
orientation and distance between the vacancies influences the band-gap of semi-
conducting SWCNTs. The energy barriers of the vacancy migration are studied
with and without an external transverse electric field. The electric properties of
carbon nanotube field effect transistors with vacancy-defects change when vacan-
cies migrate under the electric field. We believe this study should be able to shed
some light on the basic and complex defect processes in these devices.
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carbon nanotubes with hydrogen plasma

Abdou Hassanien1, Madoka Tokumoto1, Polona Umek2,
Daniel Vrbanic3, Miran Mozetic2, Peter Venturini4,

Dragan Mihailovic2, Stane Pejovnik3

1 AIST
2 Jozef Stefan Institute

3 Faculty for Chemistry and Chemical Technology
4 National Institute of Chemistry

Contact e-mail:abdou.hassanien@aist.go.jp

We present Raman scattering and scanning tunnelling microscopy (STM) mea-
surements on hydrogen plasma etched single-wall carbon nanotubes (SWNTs). In-
terestingly, both the STM and Raman spectroscopy show that the metallic SWNTs
are dramatically altered and highly defected by the plasma treatment. In addition,
structural characterizations show that metal catalysts are detached from the ends
of the SWNT bundles. For semiconducting SWNTs we observe no feature of de-
fects or etching along the nanotubes. Raman spectra in the radial breathing mode
region of plasma-treated SWNT material show that most of the tubes are semi-
conducting. These results show that hydrogen plasma treatment favours etching
of metallic nanotubes over semiconducting ones and therefore could be used to
tailor the electronic properties of SWNT raw materials.
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Christophe BICHARA, Thomas Roussel, Christophe Bichara,
Roland Pellenq

CRMCN - CNRS

Contact e-mail:xtof@crmcn.univ-mrs.fr

We present a Grand Canonical Monte Carlo simulation study of carbon ad-
sorption inAlPO4−5 (AFI) zeolites. An order N simplified tight binding model is
used for carbon-carbon interactions and the carbon - matrix interactions, is assu-
med to be weak, in the physisorption range. Comparing the almost perfect tubes
formed in smooth cylindrical channels and those numerically grown inAlPO4−5,
we can assess the role of the carbon-wall interaction. InAlPO4 − 5, we obtain
defective single wall nanotubes with a diameter of∼ 4 Å in good agreement with
experiment. The tube is thermally stable and presents a mixture of (4,2) and (3,3)
patterns. The energy cost associated to the defects is about 0.2 eV/atom, indicating
that the probability of obtaining defective tubes is large.

263



Contribution D.057 - Tuesday, June 20
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labeled carbon nanotube
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Understanding the genuine properties of carbon nanotubes requires to study
a well defined object. Unfortunately, usual product contains, beside various con-
taminant, a random mixture of nanotube with different chiral indexes (n,m) that
makes difficult, if not impossible, to extract intrinsic properties.

We turn our research effort to produce isolated single-walled carbon nanotubes
[1]. Several interesting results have already been extracted from this approach
[2,3].

An other step has been made with the identification of the (n,m) indexes
of a given nanotube thought electron diffraction [4]. The characterized nanotu-
be, which position is known thanks to lithographic process, can then be studied
with other tools such as Raman spectroscopy. Our goal is to produce an all-
experimental catalog of properties corresponding to n,m indexes.

[1] M. Paillet et al. J. Phys. Chem B 108 17112(2004)
[2] M. Paillet et al. Phys. Rev. Lett. 94, 186801 (2005)
[3] M. Paillet, et al Phys. Rev. Lett. 94, 237401 (2005)
[4] J.. Meyer, et al ultramicroscopy, in press.
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Here, we describe the formation of dislocation dipole in graphene layers,
which is the primary defect formed in the later stage of irradiation [1-3]. The
nucleation of dislocation dipole occurs by the reconstruction of di-vacancies, ma-
king eightfold ring and two fivefold rings [1]. One more knock-on produces tri-
vacancies, which reconstructs into a structure consisting of eightfold, sevenfold
and fivefold rings. Successive knock-ons at the ends of the dislocation dipoles in-
duce their growth along the zigzag line. In-situ observation of a topological defect
in a graphene layer induced by electron irradiation [4] supports the formation of
dislocation dipole. Irradiation induced amorphization of highly oriented pyrolytic
graphite (HOPG) [5] can be explained by the accumulation of dislocation dipole.
Strong barriers on the recombination probability between interstitials and vacan-
cies, which lead to the stored energy (Wigner energy), have been revealed [1,2].

[1] K.Niwase, Phys. Rev. B52 (1995) 15785.
[2] K.Niwase, Phil. Mag. Lett., 82 (2002) 401
[3] K.Niwase, Mater. Sci. & Eng.A, 400-401 (2005)101.
[4] A.Hashimoto, K.Suenaga. A.Gloter, K.Urita, S.Iijima, Nature 430 (2004)

870.
[5] K. Niwase, M. Sugimoto, T. Tanabe, F.E.Fujita. J Nucl. Mater. 155-157

(1988) 303.
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The Raman intensity ratio of the disorder-induced D-band and the graphite G-
band is known to increase with decreasing the in-plane crystallite size of La [1].
On the other hand, the intensity ratio of highly oriented pyrolytic graphite (HOPG)
also increases under high energy particle irradiation at room temperature. The
increased Raman intensity ratio remarkably decreases on annealing at 473 K. We
estimate 98 % of the damage is repaired on annealing at 873 K and, then, conclude
that the Raman intensity ratio relates to the concentration of single vacancy for the
low damaged case [2,3]. The relation between the vacancy concentration and the
Raman intensity ratio for 488 nm argon laser Raman measurements is deduced
from the dislocation accumulation model [4] as follows,

Cv = 0.0016 (ID/IG)2.

[1] F.Tuinstra and J.L.Koenig, J.Chem.Phys.53 (1979) 1126.
[2] K.Niwase, T.Tanabe, and I.Tanaka, J.Nucl.Mater. 191-194 (1992) 335.
[3] K.Niwase, Phys. Rev. B52 (1995) 15785.
[4] K.Niwase, Phil. Mag. Lett., 82 (2002) 401.
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We investigate theoretically the quantum mechanical motion of singly and
doubly clamped suspended carbon nanotubes. For the singly clamped tubes we
focus on macroscopic quantum tunneling between two different mechanical con-
figurations and discuss the possibility to affect and detect the tunneling by elec-
trostatic means. For the doubly clamped nanotubes we investigate the rotational
motion of a buckled nanotube, and discuss the conditions under which the quanti-
zation of the rotational motion may be observable.
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In this presentation, new advances in the study of the Raman spectroscopy
of nanographite will be shown. We will present a Raman study of nanographite
ribbons on HOPG, where the existence of quantum confinement of the electrons
in their 1D band structure is detected, and a study of step edges in graphite with
different atomic arrangements, showing that Raman spectroscopy can be used in
the structural analysis of these systems. These works were the first evidences for
the anisotropy of light absorption in 2D graphite.

A systematic analysis of the dependence of the Raman cross sections on the
in-plane crystallite size of nanographite (La) and on the excitation laser energy
will be also presented. These experimental data allow us to study the dependence
of the Raman scattering matrix elements on the excitation laser energy and on the
crystallite size of nanographite. We developed a very accurate determination of
La by Raman spectroscopy, and two relations for determination of the crystallite
thickness (Lc) and interlayer distance [d(002)] of nanographites by Raman spec-
troscopy.
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Single-wall carbon nanotubes (SWCNTs) possess outstanding electromecha-
nical properties and are thus good candidates to develop actuators with remarkable
performance features. For realization of such actuators with macroscopic length
changes and forces, a novel actuator concept has been developed. The core of this
concept is a microsystem (microelectrodes) with aligned metallic SWCNTs arran-
ged sequentially and in parallel. Furthermore, all tubes are connected electrically
and mechanically. In order to fabricate and commercialize such SWCNT-actuators
a process chain with industrial potential is needed. The main steps within this
chain are suspension and purification of SWCNT-materials, deposition, alignment
and contacting of individual metallic SWCNTs. For preparation of suspensions
containing individual SWCNTs a novel suspending process in combination with
an appropriate SWCNT-material is used resulting in suspensions with long (> 5
µm) SWCNTs. Aligned metallic SWCNTs are deposited via AC-dielectrophoresis
on microelectrodes patterned with state-of-the-art lithography. Electrodeposition
of nickel on the electrodes will be used to contact the deposited tubes. The diffe-
rent fluids (suspension, electrolyte, DI water) are handled with a miniature fluidic
system. The outlined process chain is also suitable for fabrication of other poten-
tial products containing metallic SWCNTs. Amongst others, these comprise data
memories, flow rate sensors, light sources and voltage generators.
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We report first-principles total-energy calculations that provide energetics and
electronic structures of adsorbed carbon nanotubes (CNTs) on stepped Si(001)
surfaces. We find that adsorption energies strongly depend on directions of CNT,
and that there are several metastable adsorption sites both on terraces and near step
edges. We also find that electronic structure of adsorbed metallic CNT becomes
semiconducting or remains metallic, depending on the adsorption site. Charge
redistribution upon adsorption is prominent mainly at CNT-surface interface.
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Using ab initio calculations, we examine effects of encapsulated metal atoms
inside a C60 molecule on the activation energy barrier for the Stone-Wales trans-
formation. The encapsulated metal atoms we study are K, Ca, and La which no-
minally donate one, two, and three electrons to the C60 cage, respectively. We find
that isomerization of the endohedral metallofullerene via the Stone-Wales trans-
formation can occur more easily than that of the empty fullerene owing to the
charge transfer. When K, Ca, and La atoms are encapsulated inside the fullerene,
the activation energy barriers are lowered by 0.30, 0.55, and 0.80 eV, respectively
compared with that of empty C60 (7.16eV). The lower activation energy barrier
of the Stone-Wales transformation implies the higher probability of isomerizati-
on and coalescence of metallofullerenes, which required a series of Stone-Wales
transformations.
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Intrinsic and irradiation-induced defects in carbon nanotubes dramatically af-
fect their mechanical and electronic properties. Despite a common believe, defects
not always play a detrimental role. In fact, defects in nanotubes can be useful, for
e.g., nanotube band engineering, improving mechanical properties of macroscopic
nanotube-based materials and nanotube functionalization.

As irradiation is a powerful tool to produce defects in a controllable manner,
we simulate collisions of energetic particles such as electrons and ions with na-
notubes and other carbon systems by atomistic computer simulations within the
Born-Oppenheimer approximation [1] and beyond [2] to understand the defect
production mechanisms. We also study the structure and properties of irradiation-
induced defects, their annealing and interaction with each other.

[1] A.V. Krasheninnikov, http://www.acclab.helsinki.fi/∼akrashen/publist.html

[2] Y. Miyamoto, A.V. Krasheninnikov, and D. Tomanek, to be published.
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Oxygen-based functional groups produced on surface of acid-treated carbon
nanofibers (CNFs) were characterized by UV-Vis absorption spectroscopy and
measurements of fluorescence spectra using 1-aminopyrene (1-AP) as a probe
molecule.

Non-treated, HNO3-treated, and HNO3 +H2SO4-treated CNFs are designated
as N-, A-, and AA-CNF, respectively. The N-, A-, and AA-CNF were dispersed in
1-AP solution containing water and ethanol (8:2) by ultrasonic irradiation. These
CNF samples were centrifuged to obtain the supernatant suspensions.

Both the adsorption and fluorescence spectra hardly changed in the N-CNF
suspension, indicating that 1-AP hardly interacted with the CNF surface. On the
other hand, in the A- and AA-CNF suspensions, the absorbance assigned to 1-AP
decreased with increasing in the amount of the 1-AP adsorbed on the CNFs. In the
fluorescence spectra for the A- and AA-CNF suspensions, the 1-AP cation-like
band was observed, indicating that 1-AP was tightly immobilized by the interac-
tion between its amino group and the oxidized groups on the CNF surface. The
fluorescence intensity observed in the AA-CNF suspensions was stronger than
that in A-CNF suspensions. Harder acid treatment caused the chemical modifica-
tion to generate the larger amounts of the oxygen-based functional groups on the
CNF surface.
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Multiwalled carbon nanotubes (MWNTs), graphitic-C3N4 (g-C3N4), and alpha-
C3N4 fine particles were successfully prepared by dc arc discharge evaporation of
pure carbon electrode in NH3 gas. This is the first report for the formation of
MWNTs without metal catalyst in the space, not in cathode deposit by dc arc
discharge. The diameter of hollows vary from 1 to 5 nm, and those of the outer
diameter of MWNT, are from 6 to 60 nm. G- and alpha-C3N4 fine particles we-
re also formed with MWNTs. The formation of g-C3N4, the ground state, is also
firstly reported. Synthesized nanotubes and particles were studied by transmission
electron microscopy. The g-C3N4 particles were observed on the graphite or inde-
pendently in a dispersed state on the collodion film, and alpha-C3N4 fine particles
were observed in a coagulated form. The lattice parameters of g- C3N4 area =

0.416 nm,b = 0.478 nm, andc = 0.295 nm, and those of alpha-C3N4 area =

0.647 nm, andc = 0.472 nm
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Structural, Electronic and Thermal
Properties of Diamond-basedStructural,

Electronic and Thermal Properties of
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Nanotubes by DFTB Calculations
Gotthard Seifert, Viktoria Ivanovskaya

Technische Universitaet Dresden

Contact e-mail:Gotthard.Seifert@chemie.tu-dresden.de

Recently much progress has been achieved in fabrication and investigation of
properties and potential applications of two main classes of quasi-one-dimensional
(1D) nanostructures. One of them represent the well-known nanotubes of cylin-
drical morphology related to cooresponding layered material (graphite, hexago-
nal phases of BN, BxCyNz, CNx, as well as metal chalcogenides, halides, some
oxides, hydroxides, etc). The extended monolytic nanostructures constitute a se-
cond important class of quasi-one-dimensional (1D) nanosystems; among them
the nanowires, nanorods and nanobelts are known. At present, a lot of inorganic
nanowires with a single crystalline structure have been successfully fabricated via
various synthetic routes. Meanwhile, in some cases the formation of both forms,
tubes and wires, for the same material was realized.

For example, the well-known graphite-like nanotubes with sp2 carbon confi-
gurations and the monolytic diamond-like carbon nanowires (DNW) with sp3 ato-
mic configurations have been synthesized. Very recently the novel type of single
crystalline diamond-like hollow nanostructures (nanotubes - DNT) were synthe-
sized on a polycrystalline diamond substrate using microwave plasma enhanced
CVD.

In this work we present the first results of comparative studies of electronic
and structural properties for these novel quasi-one-dimensional diamond-based
materials: the monolytic nanowires (DNW) and the hollow nanotubes (DNT). The
optimized geometries, energetics, stabilitiy and the electronic sturcture were cal-
culated and analyzed as a function of the morphology and size of these nanostruc-
tures, using the density functional-based tight binding (DFTB) method.
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Alignment of Carbon Nano-coils using
Dielectrophoresis

Ryota Tomokane1, Yukihiro Fujiyama2, Kenichoro Tanaka3,
Seiji Akita 1, Yugo Higashi4, Lujun Pan1, Toshikazu Nosaka3,

Yoshikazu Nakayama1

1 Department of Physics and Electronics, Graduate School of Engineering,
Osaka Prefecture University

2 Osaka Sience and Technology center
3 Technology Research Institute of Osaka Prefecture

4 Nissin Electric Co.Ltd

Contact e-mail:tomokane@dd.pe.osakafu-u.ac.jp

We have investigated the alignment of carbon nanocoils (CNCs) using dielec-
trophoresis. The cabon nanocoils synthesized by chemical vapor deposition were
suspended in iso-propyl-alcohol (IPA) using the ultrasonic dispersion. After the
suspension was dropped on a pair of coplanar electrodes formed on glass substra-
te, AC or DC electric field was applied to the electrodes. After the evaporation of
IPA, the surface between the electrodes was observed using a scanning electron
microscope (SEM). In the case of DC electric field, most of all CNCs were moved
toward the cathode. On the contrary, in case of AC electric field with the frequen-
cy higher than 100 Hz, CNCs were aligned along the electric field and connected
each other. It is noted that the CNCs made bridges between the electrodes, when
the CNC concentrations in IPA was high. At a higher electric field, the degree of
the alignment was improved. The Debye length around the colloidal CNCs was
estimated to be∼ 500 nm from the conductivity of the dispersion. This range is
comparable to the coil diameters. As a result, the CNCs act as rods with a diameter
of ∼ 500 nm during the dielectrophoresis.

This work was carried out for Osaka Prefecture Collaboration of Regional
Entities for the Advancement of Technological Excellence, JST.
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Preparation of twisted carbon nanotubes

Michiya Ota1, Masanori Saitoh2, Yuuki Yagi 2, Jun Kametani2

1 Department of Chemistry, Gunma College of Technology
2 Dept. of Chemistry, Gunma College of Technology

Contact e-mail:ota@chem.gunma-ct.ac.jp

We have already reported that maltiwalled carbon nanotubes (MWCNT) had
been prepared by very simple method. Solutions of ferrocene and some straight
chain alkanes such as hexane were directly injected into a silica reaction tube
preheated at 800 to 1000◦C. Array of MWCNTs formed a sheet with around 20
µm of thickness and the MWCNT-aligned sheets also deposited on the silica glass
substrate. Here, we are to report about the preparation of twisted carbon nanotubes
(TWCNTs) with less than 100 nm in diameter. They were prepared from mixture
of ferrocene and thermosetting resin called as COPNA resin, instead of straight
chain alkanes. The existance of iron particles formed by pyrolysis of ferrocene
was investigated from TEM images. Conditions for preparation of twisted carbon
nanotubes would be discussed.
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Characterising the dc and high
frequency properties of carbon nanotube

NEMS
Anders Eriksson1, Sang-Wook Lee2, Martin Jonsson2,

Baptiste Gindre2, Eleanor E. B. Campbell2

1 Göteborg University 1)
2 Göteborg University

Contact e-mail:anders.eriksson@physics.gu.se

Carbon nanotubes and nanofibres are very promising nanostructures for pro-
ducing nanoelectromechanical systems that can be integrated with silicon techno-
logy. Due to their small size and intrinsically high resonant frequencies, carbon
nanotubes may be expected to have interesting high frequency properties [1].

In this contribution we report results of the experimental investigations of the
power sensitivity, DC, low frequency and RF properties of individual metallic
carbon nanotubes or nanofibres in the double contacted regime as well as singly-
clamped two and three terminal relay structures [2].

Results of the growth of vertically and horizontally aligned MWCNTs for
three-terminal relay devices are given and the two geometries are compared from
the eventual device point of view.

References:
[1] High frequency properties of a CNT-based nanorelay, L M Jonsson, S

Axelsson, T Nord, S Viefers and J M Kinaret, Nanotechnology, Vol. 15, No. 11,
pp. 1497 - 1502, 2004

[2] A three-terminal carbon nanorelay, Sang Wook Lee, Dong Su Lee, Raluca
E. Morjan, Sung Ho Jhang, Martin Sveningsson, O. A. Nerushev, Yung Woo Park
and Eleanor E. B. Campbell, Nano Letters, Vol. 4, No. 10, pp. 2027-2030, 2004
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Defect-derived localized states in
semiconducting single-wall carbon

nanotubes
Byoungwook Jeong, Nguyen Manh Cuong, Changwon Park, Jisoon Ihm

School of Physics, Seoul National University

Contact e-mail:bung8@snu.ac.kr

We study the effect of defects on the electronic structure of semiconducting
single-wall carbon nanotubes based on the first-principles calculations. Monova-
cancy and vacancy-adatom structures are relaxed by the conjugate gradient me-
thod. For monovacancy cases, a deep level is present between the HOMO and
LUMO levels. Vacancy-adatom comlex defects result in two well-localized deep
levels in the energy gap. The stability of the vacancy-adatom complex structure
and the magnetic moment near the defect are also investigated.
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Contribution E.001 - Thursday, June 22

Alignment of MWCNT in polymer film
under low and high magnetic field
Takahiro Ookubo1, Takahiro Ookubo1, Kazuhito Suzuki1,

Yong-Joo Oh1, Hiroshi Awano1, Tatsuhiro Takahashi1,
Koichiro Yonetake1, Yoshiyuki Oishi2

1 Department of Polymer Science and Engineering, Yamagata University, Japan
2 Department of Chemical Engineering, Faculty of Engineering, Iwate University

Contact e-mail:ap01023@dipfr.dip.yz.yamagata-u.ac.jp

Multi-walled carbon nanotube (MWCNT) has outstanding mechanical, ther-
mal, and electric characteristics, and it has strong anisotropy. To take advantage of
the enhanced properties, the orientation control of MWCNT should be important.
We have performed the magnetic processing of polymer composite films inclu-
ding Vapor-grown carbon fiber (VGCF) by using magnetic processing apparatus
with permanent magnets (1T) and superconductive magnet (10T). In addition, ali-
gnment behavior of VGCF was examined and compared between under low (1T)
and high magnetic field (10T). We have studied the orientation of VGCF along
the thickness direction of the film. It was demonstrated that the oriented VGCF/

polymer composite films were successfully produced even by permanent magnets
(1T). Moreover, when treated under high magnetic field (10T), not only alignment
of VGCFs but also their aggregation was observed. The volume resistivity (Ω cm)
of the film (vertically oriented VGCF by using permanent magnets (1T), 1.0wt.%,
10µm thickness) showed 3.2×1012 and 2.1Ω cm along surface and thickness di-
rection, respectively. Vertically oriented VGCF/ polymer composite film could be
utilized as an alternative material having anisotropic electric conductive property.
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Aligning MWCNT in polymer using
magnetic or dc electric field

Tatsuhiro Takahashi1, Takahiro Ookubo2, Kazuhito Suzuki2,
Hiroshi Awano2, Koichiro Yonetake2

1 Yamagata University Dpt. Polymer Sci. & Eng.
2 Yamagata University Dpt. Polymer Sci. & Eng.

Contact e-mail:effort@yz.yamagata-u.ac.jp

Orientation control of MWCNT in polymer is important for producing func-
tional composites. Here, vapor-grown carbon fiber (VGCF) is used as MWCNT.
A trace amount of VGCF, which had aggregated lump form as received, was com-
pletely dispersed in polydimethylsiloxane, non-polar viscous liquid at room tem-
perature by mechanical stirring. By using the uniform dispersion as the starting
material, the application of dc electric or magnetic field was used to induce the
formation of aligned structure. In-situ transmission optical microscope observati-
on was carried out to observe structural development of VGCF in polydimethylsi-
loxane under dc electric or magnetic field, which was given parallel and perpendi-
cular to the observation direction. Aligned ramified network structure of VGCFs
was finally developed between electrodes. The network structure was formed by
connecting both ends of VGCFs one another, followed by rotation and orientati-
on. On the other hand, magnetic field only generated the orientation of VGCF by
rotation without networking. The rotation speed of VGCF under dc electric field
was compared with that under magnetic field. The electric resistivity of the net-
work structure under magnetic or dc electric field was evaluated. Additionally, the
influence of viscosity in polydimethylsiloxane matrix on the structural formation
process was examined.
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Characterization of DNA(RNA) - Carbon
Nanotube Nanocomposites

Hiromi Shinohara1, Ayumi Ishibashi1, Shingo Okuzono2,
Hiroto Murakami2, Naotoshi Nakashima1

1 Department of Applied Chemistry, Graduate School of Engineering, Kyushu
University

2 Department of Materials Science, Graduate School of Science and Technology,
Nagasaki University

Contact e-mail:shinoharatcm@mbox.nc.kyushu-u.ac.jp

The combination of carbon nanotubes and DNA is of interest to many che-
mical and biochemical areas in both fundamental and application [1-3]. We ha-
ve already reported that double-stranded DNA dissolves SWNTs in aqueous so-
lutions[2]. Here we report the detail about the preparation and characterizati-
on of DNA-solubilized SWNT aqueous solutions as well as the preparation of
RNA/SWNTs ultra thin films on solid substrates. RNA/carbon nanotube films we-
re successfully formed by the alternating adsorption of two different RNA/SWNTs
solutions onto a quartz substrate [3]. UV-vis-near IR and Raman spectroscopies,
TEM, SEM and AFM were used to characterize the solutions and thin films of
DNA (RNA)-SWNTs nanocomposites.

The effect of near-IR laser irradiation onto the SWNTs solutions dissolved by
DNA was examined. The laser irradiation acted as a trigger of flocculation of SW-
NTs.

References
1. N. Nakashima, Soluble Carbon Nanotubes, International J. Nanoscience,

2005, 4, 117.
2. N. Nakashima et al., Chem. Lett., 32, 456-457 (2003).
3. A. Ishibashi, N. Nakashima, Chem. Phys. Lett., in press.
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Individual dissolutionof carbon
nanotubes and gel formation using

totally aromatic polyimides
Masahiro shigeta, youhei hirayama, Masaharu Komatsu,

Naotoshi Nakashima

Kyushu University

Contact e-mail:m-sigetatcm@mbox.nc.kyushu-u.ac.jp

Carbon nanotubes (CNTs) have a high potential for applications in energy,
electronics, IT and materials. However, their insolubility in solvents has hinde-
red chemical approaches using CNTs. Our interest is focused on the fundamental
properties and applications of soluble carbon nanotubes in aqueous and organic
systems. Polymer wrapping is a powerful technique to construct CNTs-polymer
composite materials. Polyimides are based on stiff aromatic backbones, and total
aromatic polyimides are especially suitable polymers having unusual mechani-
cal strength and high resistanve to heat and chemical reactions. Combination of
carbon nanotubes and polyimides is expected to play an important role in the de-
velopment of novel nanocarbon composite polymers with high performance. We
found that some polyimide results in individually dissolved SWNT solutions. He-
re, we describe the individually dissolution of SWNT and the formation of a gel
of SWNTs/polyimide.

Higher concentrations of SWNTs in polyimide solutions form a gel compo-
sed of individually dissolved SWNTs. The visible-near IR spectra of SWNTs/the
polyimide showed characteristic features assignable to individually dissolved SW-
NTs. We also report fluorescence behaviors in the near-IR region, at the meeting.
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Optical Properties of Aligned Single Wall
Carbon Nanotubes

Idan Mandelbaum, Jeffrey A Fagan, Barry J Bauer, Matthew L Becker,
Jeffrey R Simpson, Erik K Hobbie, Angela R Hight Walker

NIST

Contact e-mail:idan.mandelbaum@nist.gov

In this work, stable suspensions of DNA wrapped SWCNTs were mechani-
cally aligned by dispersing them in amorphous polymer films, and their intrinsic
optical anisotropy measured through a combination of polarized light spectrosco-
py, polarized resonant Raman spectroscopy (RRS), and small-angle neutron scat-
tering (SANS).

Conventional measures of nematic alignment in the stretched polymer films
typically varied from 0.7 to 0.9. Nematic alignment was also investigated as a
function of tube chirality, using RRS.

We obtain the intrinsic optical anisotropy of the SWCNTs over a broad range
of photon energies, with a number of well-resolved absorption peaks correspon-
ding to specific SWCNT chiralities.
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Characterization of Reactive Carbon
Nanotube Solubilizers Carrying Anthryl

Groups
Kaori Narimatsu, Hiromi Shinohara, Yasuro Niidome,

Naotoshi Nakashima

Graduate School of Engineering, Kyushu University

Contact e-mail:narimatsutcm@mbox.nc.kyushu-u.ac.jp

We report a new carbon nanotube (CNTs) solubilizer based on a novel con-
cept, that is, reactive carbon nanotube solubilizers that are compounds carrying a
reactive moiety for the introduction of the desired functional groups. In this stu-
dy, the anthracene moiety-carrying poly(styrene-alt-maleic anhydride) copolymer
(Anth-P) was synthesized by a one-pot synthesis. It was found that the copolymer
acts as excellent CNT solubilizers. The vis-near spectrum of single-walled carbon
nanotubes (SWNTs)/Anth-P in solution showed characteristic structural spectral
features, suggesting the individual dissolution of the SWNTs and the atomic force
microscopic image showed a wrapping of SWNTs by Anth-P. To demonstrate the
concept of a reactive nanotube solubilizer, a SWNTs/Anth-P solution was reacted
with amino compound, and the introduction of the amide bonding was confirmed.
Fundamental properties of SWNTs/Anth-P solutions including near IR absorption
and photoluminescence behaviors will be reported.

References
1. N. Nakashima, International J. Nanoscience, 4, 119-137 (2005).
2. H. Murakami, N. Nakashima, J. Nanosci. Nanotechnol., 6, 16-27 (2006).
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Molecular design of nanotube-based
ultralow-k dielectrics

Gotthard Seifert1, Yuekui Wang1, Helmut Hermann2

1 Technische Universitaet Dresden
2 IFW Dresden

Contact e-mail:Gotthard.Seifert@chemie.tu-dresden.de

It is one of the urgent problems in microelectronics to develop insulating ma-
terials with dielectric constants of less than 2 for future applications in semicon-
ducting circuits.Here we predict a new class of interlayer dielectrics based on
fluorinated carbon nanotubes using density-functional theory based methods. A
chemical derivatization of single wall carbon nanotubes (SWNT) may open pos-
sibilities for tailoring the electronic properties of nanotubes. An ethylene like de-
coration pattern of carbon nanotubes can open a rather large gap and reduce also
the dielectric constant considerably. In this way it is proposed that fluorination of
carbon nanotube based material may be used for ultralow-k materials.
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C60-carbon nanotube composites - a
search for ultrahard, light materials

Agnieszka Iwasiewicz1, Shidan Yu2, Yonggang Zou2, Bingbing Liu2,
Bertil Sundqvist1

1 Department of Physics, Umeå University, S-901 87 Umeå, Sweden
2 National Lab of Superhard Materials, Jilin University, Changchun 130012,

China

Contact e-mail:agnieszka.iwasiewicz@physics.umu.se

Carbon nanotubes have excellent elastic properties and are already used as a
strengthening ingredient in various composite materials. In this work we present
the recent results on high pressure high temperature treatment of C60 mixed with
different types of carbon nanotubes (SWCNT, DWCNT, MWCNT). The raw mix-
tures and resulting carbon-only composite materials are characterized by means
of Raman spectroscopy.

C60-carbon nanotube composites benefit both from the fullerene ability to
create covalently bond polymers (hard but brittle) and nanotube elasticity and
strength. This study is a first step towards creation of ultrahard and at the same
time light materials, based on low density, hollow carbon nanostructures.
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High Strength Extra Super Duralumin
Reinforced by MWCNTs

Yasuo Shimizu1, Yoshitoshi Yamagiwa2, Isamu Itoh1,
Hiromitu Todoroki1, Morinobu Endo1

1 Shinshu University
2 Nissei Plastic industrial Co., Ltd

Contact e-mail:ysimizu@gipwc.shinshu-u.ac.jp

Carbon nanotubes (CNTs) are very attractive material for reinforcing me-
tal matrix composites due to their remarkable properties such as extremely high
strength, elastic modulus and high electric and thermal conductivity. However, due
to its intricate entanglement of long and fine CNTs uniform dispersion of CNTs
in Al alloy matrices is quite difficult. Further the poor wettability of CNTs for
Al alloy has been a great troublesome problem to produce the composite. Origi-
nal mechanical mixing technique to form the composite powders of extra super
duralumin and MWCNTs was introduced. Composite powder was hot pressed to
form a dense bulk piece. The bulk composite piece was deformed in a rod by ex-
trusion process. Consequently, composite rod specimen containing 1.0 mass % of
MWCNTs subjected to artificial aging of T6 was found to have a tensile strength
above 600MPa. The original procedure and other mechanical properties will be
reported.
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Growth of carbon nanotubes and
nanofilaments on fibrous fabric to

improve C/C composite tribological
properties

Sylvie BONNAMY 1, Yannick BRETON2, Pierre OLRY3,
Nathalie NICOLAUS3, Christian ROBIN-BROSSE4
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Carbon nanotubes or nanofilaments were directly grown on the surface of a
2D fabric made of PAN-based carbon fibers. It was performed by catalytic decom-
position of ethylene over catalytic particles, themselves deposited on the surface
of the fibers. Through judicious selection of transition-metal catalysts, amount
of catalyst, experimental conditions during catalytic decomposition of ethylene
and appropriate chemical treatment of the carbon fibers surface, it is possible to
grow either carbon nanotubes or carbon filaments which form a sheath surroun-
ding individually the carbon fibers of the fabric. The influence of the experimental
parameters on the yield (ranging from 15 to 150%), homogeneity and density of
the carbon sheath is reported, together with TEM investigation of the microtexture
of the nanotubes or filaments, which remain firmly anchored on the fibers.

The interest of such multiscale C/C composites lies in the change in reinforce-
ment scale of nanotubes and nanofilaments relative to carbon fibers, which offers
possibility to combine benefits of nanoscale reinforcement with well-efficient fi-
brous skeleton at the micrometric scale.

Then, the carbon nanotube/carbon fiber preforms were densified by chemical
vapour infiltration. The influence of this nanoscale reinforcement on the mechani-
cal and tribological properties of C/C composites is presented.
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Aluminum matrix composite containing
pitch-based carbon fiber (CF) and vapor

grown carbon fiber (VGCF)
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Contact e-mail:toshiyuki_ueno@shimane-iit.jp

Carbon fiber (CF)/ carbon nano fiber (CNF)/ aluminum (Al) matrix composi-
tes were synthesized using pulse current sintering method to modify the thermal
properties. Pitch based CF and vapor grown carbon fiber were used for the com-
posites as CF and CNF respectively. CFs were laid unidirectional in aluminum
matrix. CNFs were doped in aluminum matrix. The composites showed high ther-
mal conductivity over 700W/(mK) along CF direction and suppressed thermal
expansion around 15ppm/K (at RT to 373K) in perpendicular to CF direction.
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Numerical Simulation for Mold Press
Forming of CNF/Resin Composite
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1 Shinshu University
2 Citizen Miyota Co., LTD.

Contact e-mail:arai@shinshu-u.ac.jp

In the present study, press forming of the resin-based composite is investiga-
ted by numerical and experimental process. The composites are made by a twin
screw extruder for mixture process of resin pellets and CNF powder, and an in-
jection molding machine to obtain the test specimens, where vapor grown carbon
fiber VGCF and polycarbonate PC have been employed for the filer and matrix,
respectively.

One dimensional compression tests were applied to estimate creep functions
of the composites in the several temperature environment. The creep functions are
transformed into relaxation functions using Duhamels convolution integral law
according to the linear thermo-viscoelastic theory. The effect of the temperature
is converted to the reduced time which is estimated by shift factor defined by
Narayanaswamys equation.

Using thermo-viscoelastic modulus of the PC/CNF composites, finite element
analysis has been carried out to simulate the press forming process using a V-shape
die. The profiles of the press-formed specimens are compared with those obtained
by experimental pressing tests. The characteristics of press formed PC/CNF com-
posite are investigated from various perspectives.
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Carbon nanofibers as solid glue for the
elaboration of advanced carbon
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Carbon nanofibers (CNFs) were synthesized on both carbon cloth and felt :
CNFs synthesis was carried out at relatively low temperature by a catalytic route
(CVD) using transition-metal as growth particles and ethane as gaseous source of
carbon. Catalysts, metal loading and ethane/hydrogen ratio were changed in order
to investigate the impact of CNFs growth, with reported yields of up to 400%. The
formation of the CNFs layer generated numerous micro/nano-bridges, and acted
as a solid glue which allowed control of the macroscopic shape and significant
improvement of the mechanical strength of the final composites.

Further C/C/C composite elaboration from the previous micro/nanoscale com-
posite has also been reported : a carbonaceous matrix was generated via a phenolic
resin infiltration followed by a carbonization step. It has been demonstrated that
the previously synthesized CNFs heightened resin infiltration and gave a better
wrapping of the carbon precursor owing to numerous anchorage points. With mo-
derate weight increase but considerable improvement of the load transfer, it is
expected that CNFs will replace pyrolytic carbon in the elaboration of advanced
composites : low weight, high mechanical resistance at lower synthesis tempera-
ture and with complete control of the final shape.
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Electrically Conducting Composites of
Carbon Nanotubes and Poly(vinyl

chloride) Microspheres
Rira Jung, Hyoung-Joon Jin

Department of Polymer Science and Engineering, Inha University, Incheon
402-751, Korea

Contact e-mail:hjjin@inha.ac.kr

In this study, the electrically conducting polymeric microspheres were pre-
pared from composites of carbon nanotubes (CNTs) and suspension-polymerized
poly(vinyl chloride) (PVC) particles which have an average diameter of∼100
micrometer. Cetyl trimethylammonium bromide was selected as a surfactant to
stably disperse CNTs in water. Adsorbed CNTs on surfaces of the PVC micro-
spheres with strong adhesion were observed from images of field emission scan-
ning electron microscopy. The amount of adsorbed CNTs on microspheres was
approximately 0.5∼3 wt %, which was calculated from thermogravimetric ana-
lysis. Electrical conductivity of these microspheres was remarkably increased to
∼10−1 S/cm due to the CNTs on their surfaces, while that of the pure PVC micro-
spheres was∼10−8 S/cm.

Acknowledgements. The authors of this work would like to thank the Ko-
rea Science and Engineering Foundation (KOSEF) for sponsoring this research
through the SRC/ERC Program of MOST/KOSEF (R11-2005-065).
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Electrically Conducting
Nanofiber/Carbon Nanotube Composites

Minsung Kang, Hyoung-Joon Jin
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Contact e-mail:hjjin@inha.ac.kr

Recently, carbon nanotube(CNT)-filled nanofibrous membranes have been pro-
duced by electrospinning to improve their performance characteristics. Although
the nanofibrous membranes showed a significant enhancement in their mechanical
properties, their electrical properties were inferior to those of typical semiconduc-
tors or conductors. In this study, we demonstrate a new and simple processing
route which can be used to incorporate CNTs into a polymer matrix by adsorp-
tion. The CNTs were adsorbed on the surface of nanofibers electrospun from an
aqueous solution of silk fibroin with poly(ethylene oxide) by dip-coating the na-
nofibrous membranes in a bath containing CNT dispersion. The dispersion of the
CNTs was prepared by the sonication of the CNTs in an water containing a sur-
factant. The CNT adsorbed membranes not only have good electrical properties
(∼10−4 S/cm), but also retain the inherent characteristics of the nanofibrous mem-
branes, such as their high porosity and flexibility.

Acknowledgements. The authors of this work would like to thank the Ko-
rea Science and Engineering Foundation (KOSEF) for sponsoring this research
through the SRC/ERC Program of MOST/KOSEF (R11-2005-065).
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Seok Ho Yoon, Hyoung-Joon Jin
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402-751, Korea
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In this study, multilwalled carbon nanotubes (MWCNTs) were incorporated
uniformly into the microbial cellulose membranes using an aqueous MWCNT di-
spersion with a surfactant. Acetobacter xylinum bacteria are known to produce
cellulose extracellularly. This microbial cellulose is expected to become a new
industrial material, because of its unique structure and properties in terms of its
purity and high crystallinity. To minimize the damage to the inherent properties
of the individual MWCNTs induced by the chemical modification, we chose to
use a surfactant for the purpose of dispersing the MWNTs in water. We also in-
vestigated the morphology and electrical conductivity of the cellulose membranes
containing well-dispersed MWNTs. The composites films showed good electrical
conductivity (∼10−1 S/cm) and electromagnetic interference shielding efficiency,
when the content of MWCNTs was about 9.6 wt%.

Acknowledgements. The authors of this work would like to thank the Ko-
rea Science and Engineering Foundation (KOSEF) for sponsoring this research
through the SRC/ERC Program of MOST/KOSEF (R11-2005-065).
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We have been developed the alignment of signle-walled carbon nanotubes(SWNTs)
using SWNT/supramolecule composites. SWNT/supramolecule composite could
be prepared by mixing SWNT suspension with solutions of the supramolecules
and then evaporating the solvents. SWNTs are pretreated chemically to facilita-
te solubilization. By preparing well mixed composites, the behavior of SWNTs in
the composites and the effect of SWNTs to the composites have been investigated.
SWNTs can be aligned by the effect of oriented supramolecules. POM and SEM
were used to analyze the behavior of supramolecules and SWNTs.
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In this study, aluminum and carbon nanotube (CNT) composites are fabricated
using a process of high pressure torsion (HPT). Aluminum powders in 99.99% pu-
rity with an average powder size of 75 mm were mixed with 5 vol% of single wall
CNTs (SWCNTs) in ethanol while the solution in ultrasonic vibration. The soluti-
on was dried in air at room temperature. The dried mixture was then subjected to
a process of HPT with an applied pressure of 2.5 GPa, where the mixture was in-
serted between the upper and lower anvils with depressions of 10 mm in diameter
and 0.25 mm in depth on each anvil. While applying the pressure, the lower anvil
was rotated for up to 30 turns with respect to the upper anvil with a rotation speed
of 1 rpm. Microstructure observations were undertaken using scanning electron
microscopy (SEM). Vickers microhardness was measured across the diameter of
the sample. It is shown that the hardness of the sample containing SWCNTs is
twice as high as the sample without SWCNTs. SEM observation revealed that the
SWCNTs are uniformly dispersed in the aluminum matrix and the grain size is
smaller for the sample with SWCNTs than the sample without SWCNTs.
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Binder-free single-walled carbon nanotube (SWCNT) solids were evaluated
for solid lubrication applications. Carbon-derived materials such as diamond-like
carbon (DLC) and graphite have the outstanding lubrication properties, which ha-
ve been widely used as lubricants for many years. Here we report preliminary
results on the tribological properties of the binder-free SWCNT solids solidified
using a highly pure SWCNTs only. Tribological properties of the SWCNT solids
were investigated using a ball-on-plate tribometer which provided an unidirectio-
nal sliding friction motion under dry conditions. The silicon nitride ball of 7.1
mm in diameter was used as a counterpart. The steady-state friction coefficients
for the SWCNT solids were found to reach values as low as 0.18-0.22. In the most
of the sliding interface, a colored tribofilm that differ from the original SWCNT
structure was observed by the SEM observations. These experimental results may
imply that some part of SWCNTs that existed in the sliding interface was trans-
formed to SWCNTs-derived thin transfer film during sliding, which may be a
possible reason for the low friction coefficient of the SWCNT solids. The experi-
mental results obtained in this study may show a promise in application as a solid
lubricant.
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We present encapsulation dynamics and various ordered phases of fullerenes
in elastic carbon nanotubes by temperature-controlled molecular dynamics simu-
lation with covalent-bond and van der Waals interactions. Atomic relaxation of
circular edge to maximize van der Waals attraction energy is crucial to insert
fullerenes into open-ended carbon nanotubes. A peristaltic movement of elastic
nanotube assisted by finite temperature effect helps fullerenes form various orde-
red phases inside nanotubes that have been observed in experiments. As a result,
volume fraction of fullerenes in ordered phase in nanotube interior space remar-
kably increases by nanotube deformation. The results on fullerene doping into
double-walled and bundled nanotubes will also be presented. A conclusion ob-
tained through the simulation is that the van der Waals long-range attraction in
competition with the short-range covalent-bonding of carbon atoms not only ge-
nerates a variety of fullerene packing arrangement, but changes carbon nanotubes
into “nano-worms“.
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There has been a large body of work published over the last decade on the re-
inforcement of polymers with CNTs. However from this literature it is difficult to
make conclusions about the effect polymer polarity has on the interaction between
carbon nanotubes and a polymer. It is hard to compare the different studies as they
use CNTs of varying quality that are then purified and/or functionalised using a
diverse range of treatments. The composites are then produced using various pro-
cessing techniques and characterised using an assortment of testing procedures.

In this work, a selection of thermoplastics, of varying polarity, were blended
with MWCNTs. The mechanical properties of the composites were investigated
via tensile testing. In all cases MWCNTs provided a greater increase in stiffness
and tensile strength than either VGCFs (vapor grown carbon fibers) or carbon
black. The fracture surfaces were then analysed using SEM to asses the degree
of polymer/nanotube bonding. Differential Scanning Calorimetry (DSC) and Dy-
namic Mechanical Thermal Analysis (DMTA) were also used to investigate the
interactions between the polymer and the nanotubes.
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Carbon nanotubes (CNTs) have attracted great attention due to their exceptio-
nal mechanical, thermal and electrical properties. Since carbon nanotubes (CNTs)
are extremely small, direct measurement of their mechanical properties is quite
difficult. Especially, it is rather difficult to understand the effect of the chirality on
the mechanical properties of CNTs because of experimental error. Computational
simulation has been regarded as a powerful tool in view of the experimental diffi-
culties. In this study, we present a theoretical study on the mechanical properties
of CNTs based on the elastic continuum analysis incorporating interatomic poten-
tials. The mechanical properties of CNTs with different structures, such as strain,
tensile modulus and bulk modulus, are investigated as a function of nanotube dia-
meter.
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The main objective of this research is to coat single-walled carbon nanotube
(SWCNT) bundle surface with SiC nanoparticles in view of an alternative for tra-
ditional fibrous materials used as reinforcing components. The effective utilization
of SWCNTs in composites depends strongly on the ability to achieve strong inter-
facial bonding between the SWCNTs and the matrix in order to ensure load trans-
fer. Here we introduce a simple and effective method of homogeneous coverage
of SWCNTs with SiC nanoparticles using polycarbosilane (PCS) as the source
of SiC. Unlike conventional ceramics obtained by sintering powders, polymer-
derived ceramics are synthesized by direct thermal decomposition of polymeric
precursors, by which strong bonds may be realized between the SWCNTs and SiC
nanoparticles. Results obtained from XRD, TEM and EDS analyses indicated that
?-SiC nanoparticles with about 20 nm in diameter homogeneously distributed on
the sidewall of the SWCNT bundles. By adjusting the ratio of SWCNTs to PCS,
SWCNT/SiC nanocomposites with different density distribution of SiC nanopar-
ticles are obtained. The nanocomposites may have potential applications as ideal
reinforcements in composites and starting materials for sintered ceramics because
SiC is chemically stable and the SiC nanoparticles on the SWCNTs provide an
anchor effect.
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Effects of nano composites of nanotubes (CNTs) and polymer for mechanical,
electric and thermal properties depend on dispersion of the nanotubes in the po-
lymer. In general, study using high resolution microscopy and low resolution mi-
croscopy is carried out individually. In this study, in order to clarify the dispersion
of CNTs, the CNTs and the composite of CNTs and polymers were observed mi-
croscopically and macroscopically by transmission electron microscopy (TEM),
scanning electron microscopy (SEM) and optical microscopy (OM). The interac-
tion between CNTs and interface-boundary activator is important for dispersion
of CNTs. The structure of nanotubes and the interface boundary between carbon
nanotubes and activator were observed by high resolution transmission electron
microscopy (HRTEM). SEM was used for macro observation of CNTs and poly-
mer composite. The surface and fracture surface of the composites were observed
by SEM. In order to observe inside of the composite, the polished sections of them
were observed by polarization OM which could recognize orientation of texture of
carbon materials. That the orientation of CNTs reflects macro texture was shown
by the series of microscopy observations. The observation method of combination
of microscopes is useful for analysis of distribution of CNTs.
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Polymer and single wall carbon nanotube (SWNT)composites have been in-
spiring the development of new high performance materials due to the unique
combination of mechanical, electrical and thermal properties and density of SW-
NTs. The critical challenge of polymer/SWNT composites is how to control na-
notube dispersion and alignment in the matrix. In this study, homogenous, well-
aligned arrays of SWNTs were synthesized using alcohol catalytic chemical vapor
deposition (ACCVD)and a monomer was infiltrated into the arrays, followed by
in situ polymerization. This synthesis process is adaptable to various polymers.
The pre-aligned single-wall carbon nanotube arrays were infiltrated with methyl
methacrylate (MMA) and the MMA was then polymerized. Once polymerized,
the PMMA/SWNT composite had higher thermal stability. Mechanical, electri-
cal and thermal properties of SWNT- and MWNT-reinforced polymer composites
have been studied and compared.
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Platinum-ruthenium (Pt-Ru) nanoparticles were successfully electrodeposited
on dense carbon nanotubes (CNTs) directly grown on carbon cloths in ethyle-
ne glycol (EG) containing sulfuric acid solutions. EG enhanced dechlorination
of the Pt and Ru precursor salts to form the respective nanoparticles and acted
as a stabilizing surfactant to prevent the particles from agglomeration during the
electrodeposition processes. Relatively well dispersed Pt-Ru nanoparticles (2 to 5
nm) on CNTs (Pt-Ru/CNTs) were verified by transmission electron microscopy.
The electrochemical characteristics of methanol oxidation on the prepared speci-
mens were analyzed by cyclic voltammetry in mixed methanol and sulfuric acid
solutions. The physical chemistry performance of the Pt-Ru/CNTs electrode in
the aspects of mass activity (normalized current density of methanol oxidation vs.
Pt loading), 542.6 A/g.cm2, and i f /i b value (the ratio of forward peak current
density to reverse peak current density), 13.36, was superior to that of the com-
mercial Pt-Ru/C one with a mass activity of 168.3 A/g.cm2 and ani f /i b value
of 10.66. Furthermore, the power density of a direct methanol fuel cell (DMFC)
using Pt-Ru/CNTs as the anode was∼65% greater than that of another DMFC
with a commercial Pt-Ru/C anode, clearly indicating a significantly improved ca-
talytic activity of the new Pt-Ru/CNTs electrode.

Keywords: Ethylene Glycol, Anode, Cyclic Voltammetry, Methanol Oxidation

Acknowledgement: This work was financially supported by the Natioanl Science
Council of Taiwan under grant number NSC94-2218-E007-016.
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Carbon nanotube (CNT)/polymer composite materials are expected as useful
new functional materials. In this research, CNTs were directly mixed with va-
rious polymers using simple and easy mixing method. Predetermined quantities
of granulated polymer and CNTs were mixed by rapid rotating blade. The mixing
process was carried out under a condition of the blade rotated at 25,000 rpm and
120 sec. Mixed powder materials were observed by scanning electron microscopy
(SEM). Some of CNTs stuck or entered the polymer. The rise of temperature by
high speed collision of powder, about 70-90◦C during mixing, is thought to cause
the softening of the polymer, and accelerating the mixing. This simple and easy
method has possibility to mix up the powders uniformly which have different size
and properties. In order to make plate-shaped samples, The mixed powder was
heated under pressure. The electrical conductance and capacitance of the samples
measured by AC impedance meter increased with the increase of CNTs ratio in
the polymer. The DC resistivity measured by 4 probe method was in the order of
10Ω-m or lower.
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We have developed a simple and direct method for the preparation of CNT
mats with different thicknesses to be easily integrated in polymers. The nanotu-
bes were synthesised by an aerosol method based on the ferrocene vapour de-
composition in CO atmosphere and collected directly from the gas phase via the
filtering through silver and nitrocellulose filters. We proposed a simple thermo-
compression method for transferring the CNT layers from the filters to polyethy-
lene polymer films. As a result, we were able to manufacture transparent, con-
ductive, and flexible CNT containing polymer films. The optical and electrical
measurements demonstrated their excellent properties suitable for many electro-
nic applications.

References: [1] A. Moisala, A. G. Nasibulin, S. D. Shandakov, H. Jiang and
E. I. Kauppinen (2005) Carbon 43, 2066-2074.
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Transparent, electrically conductive layers based on indium-tin-oxides (ITO)
are currently used for electrode applications. Unfortunately the ITO layers are
brittle and cannot be deposit on flexible substrate such like plastics. Additional
difficulty lies in the preparation of the thin ITO films which requires a vacuum
sputtering technique. An alternative to ITO is offered by the transparent polymer
matrix filled with single wall carbon nanotubes. This contributions shows flexible,
transparent and conducting poly(methyl methacrylate) (PMMA) composites films
prepared using SOCl2 functionalized SWNTs. Optical absorption spectra measu-
red on composite films confirm that the composite preparation procedure conserve
the electronic properties (position of the Fermi level) of the p-doped nanotubes in
polymer matrix. Due to the doping effect of SOCl2 the electrical conductivity of
the composites is improved by factor of 5. The light transmission of the composite
films depends on the film thickness and the nanotube concentration. For the films
of about 20µm thick the transmission between 92 % for 0.1 wt % SWNT content
and 46 % for 0.5 wt % of SWNT is measured at 500 nm wavelength. The conduc-
tivity of the thin films measured by the four point method is 3.5×10−3 S/cm and
4.7×10−1 S/cm, respectively.
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A suspension of multi-walled carbon nanotubes (MWNTs) previously disper-
sed in a cationic surfactant using a microfluidizer has been prepared and added
in different concentrations to two organic-inorganic hybrid materials. In the first
case, 10g of MPTS or GPTS were hydrolysed using HCl under the presence of the
MWNT suspension and in the second case, the suspension has been added to a sol
made of antimony doped tin oxide (ATO) nanoparticles. Both new suspensions
have been deposited at RT on glass and polymeric substrates by spin coating and
cured at temperature ranged between 100 and 150◦C. Dispersions of MWNT in
ATO matrix lead to sheet resistance about 56 times lower than that of MPTS ma-
trix under polycarbonate substrates while dispersions of MWNT in ATO matrix
lead to sheet resistance 2.8 times lower than pure ATO films in borofloat substra-
tes. A minimum sheet resistance of 54 kΩ is obtained for layers on PC substrates
heated at 130◦C for 1h and 28 kΩ for layers on glass substrate heated at 250◦C.
The transmission in the visible range of all films is greater than 85%. The layers
have passed the tape test procedure for adhesion as well as the pencil test for
hardness.
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Purified and debundled single walled carbon nanotubes (SWNTs) were used
to prepare nanocomposites based on poly(3-octylthiophene) (P3OT), thermopla-
stic polyurethane (TPU) and a blend of them. Stable dispersions of SWNT in
solvent were obtained by non-covalently interaction with the polymers dissolved.
The blending of 10 wt% of P3OT with TPU allowed the preparation of a self
sustained membrane with separated domains of conjugated polymer. Composites
exhibited glass transitions, melting temperatures and heat of fusion which changed
in relation to pure polymers. This behavior is discussed as associated to interac-
tions between nanotubes and polymers. TPU interaction with carbon nanotube is
probably mainly through the functions introduced in the selective oxidation and
acid digestion. On the other hand, P3OT may interact with the graphene structure
of the tubes. In the heterogeneous polymer blend the SWNT behavior may be do-
minated by one type of interaction. Conductivity and spectroscopic studies are in
progress.

310



Contribution E.032 - Thursday, June 22

Organometallic compounds
encapsulated in single wall carbon

nanotubes
Hidetsugu Shiozawa1, Hendrik Rauf1, Martin Knupfer1,

Martin Kalbac1, Shangfeng Yang1, Lothar Dunsch1, Bernd Büchner1,
Thomas Pichler1, David Batchelor2, Hiromichi Kataura3

1 IFW Dresden
2 BESSY II

3 National Institute of Advanced Industrial Science and Technology

Contact e-mail:H.Shiozawa@ifw-dresden.de

One-dimensional nanostructure of single wall carbon nanotube (SWCNT) is
of great interest as it gives us an opportunity to testify issues of the fundamen-
tal physics in one dimension as well as for applications in nanoelectronic devi-
ces. Specifically, filling of the inner space with atoms and molecules is promising
means to modify the electronic properties of SWCNT. We report on our recent
study of the filling factor and the electronic structure of SWCNT filled with endo-
hesdral fullerenes and metallocenes using photoemission, x-ray absorption, elec-
tron energy-loss spectroscopy as probes. We demonstrate that x-ray and resonance
photoemissions are reliable means to evaluate the filling factor and Dysprosium
valency of Dy3 N@C80-filled SWCNT. From the valence-band photoemission of
high-purity SWCNT filled with metallocenes, we show direct evidence of a charge
transfer from the metallocene to SWCNT. The electronic structure of the metals
inside SWCNT is discussed with the results of the x-ray photoemission and elec-
tron energy-loss spectroscopies. A proof of the filling is given by a transformation
of the filled SWCNT to double wall carbon nanotubes using high-temperature
annealing.
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In the present work, mechanical properties of the carbon-nano-fiber reinfor-
ced plastics were investigated. Two kinds of carbon-nano-fiber are employed for
the filler of the composite, which are vapor grown carbon fiver (VGCF) and cups-
stacked type carbon nanofiver (CS). For the matrix of the composites, two kinds
of thermoplastic resin are used which are Acrylonitrile Butadiene Styrene (ABS)
possesses the different tensile strength. For the 5wt% VGCF and ABS composi-
tes, the tensile strength of the wire specimen in 0.5 mm diameter by the extrusion
molding has doubled compared with that of the sheet specimen in 0.5 mm thick-
ness.
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Electrical, thermal and morphological properties of the polycarbonate (PC)
/ multi-walled carbon nanotube (MWNT) composites were studied. The MW-
NT was functionalized by treating with the hydrogen peroxide (H2O2) under the
sonication process. And then, the mixture of the MWNT and hydrogen peroxi-
de was dried by thermal and freeze-drying methods. For the preparation of the
PC/MWNT composites, the PC/MWNT mixture, ranged from 1.0 to 7.0 wt%
MWNT, was dissolved in tetrahydrofuran (THF) under the sonication process.
The functionalization of the COOH and OH groups of the MWNT by treating
with the H2O2 were confirmed by the measurement of FT-IR spectra. The effect
of the MWNT functionalization by H2O2 was observed by SEM and TEM image.
For measuring the electrical conductivity, the four-probe method was used. From
the electrical properties of the PC/MWNT composites, the electrical conductivity
of the PC/MWNT (H2O2 untreated) showed the percolation threshold at about 5
wt% MWNT content. For the PC/MWNT (H2O2 treated and freeze dried) compo-
sites, the electrical conductivity showed the percolation threshold at about 2 wt%
MWNT content.
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Carbon nanotube/ aluminum matrix composites have been processed by pow-
der metallurgy. Blends of metal powder and CNTs have been prepared by ball mil-
ling. Both commercially pure aluminum and prealloyed powders were used. Com-
posite powders where obtained with nanotube embedded in the metallic matrix.
Disk shaped specimens where consolidated by hot compaction of the composite
powders. Appropriated sintering conditions allowed to obtain sound mechanical
properties. The main drawbacks are related with uniform dispersion of nanotubes
in the metal matrix and CNT-metal interface strength. Preliminary results show
that compared with unreinforced sintered aluminum (Al 99.5%), CNT-aluminum
composites exhibit fibrous fracture instead of fragile fracture, which suggests that
nanotubes can support load even after matrix failure.
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The major challenge in carbon nanotubes (CNT)-polymer composites is how
to gain control of CNT quality, dispersion, and alignment inside the composite.

Here we will investigate the effect of nanotube quality on the mechanical pro-
perties of CNT-epoxy composites, while keeping other factors (CNT alignment
and dispersion) unchanged. This was achieved using vertically aligned carbon na-
notube arrays (VANTAs) grown with chemical vapor deposition technique. The
alignment of CNT in VANTAs was preserved after infiltration of arrays with epo-
xy. Two samples of VANTAs with high and low concentration of defects were
used in this study, and the anisotropy of mechanical properties of nanocomposites
has been tested using nanoindentation technique.

The Youngs modulus of VANTAs-epoxy composite showed largest improve-
ment, 174% compared to epoxy, for VANTA-epoxy composite made from CNT
with the low density of defects, and CNT orientated parallel to indentation directi-
on. High-defect-density-VANTA-composite showed smaller, 120%, improvement
in Youngs modulus compared to epoxy. The anisotropy of mechanical properties
of is more pronounced for CNT with high density of defects. The hardness of
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the nanocomposites was improved moderately by 10-20% with higher values for
VANTA-epoxy composite made with high-defect-density of CNT.

The mechanism explaining changes in mechanical properties of nanocompo-
sites will be discussed.
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We present a simple and robust method of transferring and reinforcing car-
bon nanotube structures grown with CVD method. The process allows transfer of
pillars with a cross-section of as small as 50µm × 50µm. Columns of vertically
aligned multi-walled CNTs are grown from a catalyst layer of 1.2/10 nm Fe/Al2O3

film deposited by e-beam evaporation, which is then patterned using lift-off prior
to growth. C2H4 is used as hydrocarbon source for CVD. The epoxy and curing
process during the transfer process causes the columns, which have initially a ve-
ry low density due to the large spacing between individual nanotubes, to shrink
approximately to 80% of their original width. The cross-section of the reinforced
structures indicates strong densification which results in regions with highly dense
CNT bundles as well as hollow regions.

We also present electromechanical test data where columns are compressed
and electrical resistance is measured with a 4-point measurement configuration
along with force displacement and time. We observe reduction in electrical resi-
stance with compression and discuss possible reasons for the collective behavior
of CNTs. We also observe interesting mechanical behavior such as very large per-
manent deformation and force relaxation, and note that the columns reinforced
with epoxy are 100 times stronger than as grown columns.
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SWNT/PMMA nanocomposites prepared by a coagulation method exhibit
uniform dispersion at different length scales, as determined from optical micros-
copy, Raman imaging and SEM. The linear viscoelastic storage modulus beco-
mes almost independent of frequency as the SWNT loading is increased from 0
to 2 wt%, indicating the onset of terminal solidlike behavior. The data is well-
represented by power law, or critical behavior, with a rheological threshold of
0.12 wt %, well below the percolation threshold 0.39 wt %. This difference is a
manifestation of the requirement for smaller intertube separation to form a perco-
lated resistor network relative to that required to impede polymer coil mobility by
adding rigid rods.

Percolation through a network of conducting rods also depends on the degree
of rod alignment, or preferred orientation, as well as on concentration. SWNT ali-
gnment and concentration can be varied independently in this composite family,
and both dependences exhibit critical behavior. We used x-ray fiber diagrams to
study the orientational threshold in detail. Quite surprisingly, we find that the hig-
hest composite conductivity is obtained with slightly aligned, rather than comple-
tely isotropic, rods. The experimental results are fully borne out by Monte Carlo
simulations.
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The VGCF/MgO-Al2O3 spinel ceramic composites have been prepared by the
sintering of magnesia, alumina, mica-composition (KMg3AlSi3O10F2) glass and
VGCF powder mixtures. VGCF was dispersed in the polyvinylalcohol solution
and the tangled VGCF was removed by elutriation. Such dispersed VGCF was
used. The mixing ratio of the magnesia and alumina powders corresponded to
a stoichiometric spinel composition and the additions of the mica-composition
glass powder and VGCF were 40 mass% and 1-3 wt%, respectively. The powder
mixtures were compacted by a cold-isostatic pressing at 98 MPa. The green com-
pacts were embedded in SiC powder and fired in the air. The composite with the
content of 1.2 wt% VGCF became dense at 1550oC. However, as the content of
VGCF increased, the many pores appeared in the composites. As the result, the
bending strength was lowered. Then, in order to improve the mechanical proper-
ties, the composites were treated with HIP (hot-isostatic pressing) after firing in
the air. The HIP treatment decreased the volume and the size of pores in the com-
posites and increased the bending strength. However, it did not have any effects
on the fracture toughness. On the other hand, electrical resistance was decreased
drastically by HIP treatment.
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Carbon nanotubes have good potentials as fillers in their composites because
of their excellent physical properties. It is accepted that additions of small amounts
of nanotubes provide good improvements in mechanical, thermal and electrical
properties to composites. Especially, their polymer-based composites are suita-
ble for making micro-scale components by means of highly-established injection
molding techniques with ultra precisions. This paper reports several practices of
molding processes to produce micro components with cup stacked type carbon
nanotubes/ polymer composites. The research involves qualifications of rheolo-
gical parameters in nanotubes/ polymer melts to decide the molding conditions.
The results show additions of nanotubes require no significant modifications in
the molding parameters of polymer melts as long as the quantity of nanotubes is
less than 10wt%. After determining the blending and molding conditions, several
injection techniques are applied to produce nanotube components. The techniques
are based on micro-molds obtained from discharge machining and LIGA proces-
ses. Mechanical components such as micro-gears can be successfully produced
and assembled to show improved frictional, thermal and electrostatic properties
in a planetary-gear system. Fine products with higher aspect ratios can also be
produced with LIGA molds, and their size variations are effectively reduced by
increasing the nanotube quantity.
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Shape memory polymer (SMP) as one of smart materials is characterized with
its remarkable recoverability and shape memory effect, but its mechanical proper-
ty such as strength and elastic modulus is not high enough. In this study, Carbon
nanotube(CNT)/SMP nanocomposites were developed with the typical CNTs of
the vapor growth carbon fibers (VGCFs). A fine and homogeneous dispersion of
VGCF throughout the SMP matrix is obtained. The specimens with different VG-
CF weight fraction, such as SMP bulk, 0.5wt%, 1wt% and 1.5wt%, were prepared,
and their dynamic mechanical properties and shape recovery behavior were inve-
stigated. It was found that storage elastic modulus is improved obviously with
increment of VGCF weight fraction, and the CNT/SMP nanocomposites showed
a good shape memory effect. It is indicated that the recovery stress of CNT/SMP
nanocomposites with only 1 % weight fraction of carbon nanotubes will reach
almost twice of that in SMP bulk.
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In this work, the three-phase composites of CNF/NiTi /UPR, carbon nanofi-
ber (CNF), shape memory alloy particles (NiTi) and unsaturated polyester resin
(UPR), are innovated, and their electrical properties are investigated. It is found
that the CNF/NiTi /UPR composite materials are of very low electrical percolation
threshold due to CNF. Their electrical resistance increases with increasing NiTi
particles in spite of being significant percolation threshold. The effect of the filler
content on the electrical conductivity is discussed as a function of temperature.
Moreover, the three-phase composites express a positive temperature coefficient
(PTC), and its intensity increases around the percolation threshold because of the
contribution of NiTi particles of 5wt% and 10wt%. The electrical resistance re-
duces with the increment of thermal cycle number. For the time dependence of
electrical property, there exist the characteristics of a dynamic percolation and
overcurrent protective effect with current attenuation. It is shown that the relati-
on between current and voltage is linear and the electrical conductivity obeys an
Ohmic law for these three-phase composites

322



Contribution E.043 - Thursday, June 22

Novel Microcatheter from Carbon
Nanotube-Incorporated Nanocomposites

S. Koyama1, Y. A. Kim 2, T. Hayashi2, Morinobu Endo2

1 Department of Integrative Physiology and Bio-System Control, School of
Medicine, Shinshu University

2 Faculty of Engineering, Shinshu University

Contact e-mail:ipbsc_01@sch.md.shinshu-u.ac.jp

Carbon nanotubes can be visualized as rolled up graphene layers [1], and exhi-
bit excellent physical and chemical properties that make them potentially useful in
wide range of applications [2]. Among their versatile applications, they are expec-
ted to be promising as bio/medical devices due to their nano-sized diameter and
their expected good biocompatibility. Here we report one of the carbon nanotu-
be applications toward medical device: microcatheter. We successfully fabricated
black-colored, mechanically strong microcatheter by extruding molten nylon po-
lymer containing homogeneously dispersed high-purity (iron content< 20 ppm)
carbon nanotubes [3]. Interestingly, there were no exposed carbon nanotubes on
the outer surface of microcatheter. In addition, our novel microcatheter exhibited
highly reduced thrombogenicity and blood coagulability. Thus, it is expected that
these system will be widely utilized in various medical devices.
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Functionalization of 2,2:6,2-terpyridine (Terpy) on single walled carbon na-
notubes (SWNTs) via non-covalent interaction as well as their thermal stability
have been studied by UV-Vis spectroscopy. Terpy functionalized SWNTs (Terpy-
SWNTs) have reacted with transition metal ions, such as Ru(III), Cu(II), Zn(II),
and Sn(II) in solution phase to spontaneously create discrete nanoparticles on the
sidewalls of SWNTs. Electron transfer during the Terpy functionalization as well
as transition metal formation has been investigated by monitoring significant con-
ductance changes using SWNT -FET devices. Atomic force microscopy (AFM),
X-ray photoelectron spectroscopy (XPS) and conductance measurement studies
have suggested that the elevated Fermi level of SWNT after Terpy coating is re-
sponsible for the spontaneous electron transfer from Terpy-SWNT to transition
metal ions, resulting in the formation of nanoparticles containing electronically
reduced species.
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To manufacture the highly functional micro devices by plastic forming, me-
chanical properties and volume resistivity of polypropylene (pp)/ vapor grown
carbon nanofiber (VGCF) composite film with orientated VGCF in matrix by rol-
ling and extrusion methods were investigated. In composite film reinforced with
30wt% VGCF at 80% rolling reduction, high tensile strength equivalent to an
engineering plastic (PEEK) was obtained. This was due to the existence of orien-
tated VGCF and decreasing of defects, which exist on surface of composite film
and at the interface between VGCF and pp matrix. Also, volume resistivity was
decreased with increasing of VGCF content.
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In the recent years, composites of vapor grown carbon fiber (VGCF) have been
developed as high-strength structural material and high thermal conductive mate-
rials. In case of Al/VGCF composite, It is well known that we have some difficul-
ties on the disperse of nano-filler in the matrix. So we have employed VGCF/C
preforms composed of VGCF and AR-pitch, and the vacancy of the porous struc-
ture is infiltrated melting Al alloy. The preforms, which has high strength toughe-
ned by VGCF, are constructed of interconnected open cell network of VGCF and
graphitic ligaments with high degree of graphitization. It was exhibited that ther-
mal conductivity of Al/CNT/C composites reached about 130 W/mK which is
higher than that of Al alloy as a matrix (121 W/mK).
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This work is part of our continuous effort to produce advanced carbon mate-
rials based on biomass resources. Such application requires the creation of hybrid
multiscale material in order to control their organization and property at all scales.

To this end Japanese cedar was carbonized in electric furnace at 700◦C for
one hour, with initial heating rate of 4◦C /min under a flow of dry nitrogen. The
carbonized material was milled and soaked in 40 % isopropyl alcohol solution of
Al-triisopropoxide, dried and heated in a pulse current sintering device at 1300
◦C for 5 min. Subsequently, the samples were impregnated with ferri ions and
brought in a nitrogen/hydrogen or nitrogen/ethylene atmospheres at 650◦C.

These turned out to be the ideal conditions for carbon nanotubes or nano-
filaments to be produced by catalytic decomposition of ethylene or acetylene.
Such complex materials made of carbonized wood on which carbon nanotubes
are grown offer opportunity to combine two different types of microtexture at
different scales to create multiscale composites, and are now tested for potential
application in energy storage.
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In this paper, the structures and the properties of mesophase pitch-based nano-
carbon composite fibers were studied in detail. The multi-walled carbon nanotubes
as filler were pre-treated by nitric acid, and then were mixed with mesophase pitch
by two ways: melt method and ball miller method. Hydroxyl and carbonyl groups
were introduced on the sidewall of inert multi-walled carbon nanotubes after mo-
dified by nitric acid. The acid-treated multi-walled carbon nanotubes were mixed
with mesophase pitch to prepare the nanocarbon composite fibers through a fa-
brication procedure including melt spinning, stabilization and carbonization. The
results show that the ball miller method can homogeneously disperse carbon nano-
tube into mesophase pitch. The carbon fibers obtained from pure mesophase pitch
have a typical radical or open wedge texture, whereas the nanocarbon composite
fibers have a random texture. The mechanical properties of nanocarbon composite
fibers show good performance compared with those of carbon composite fibers
from pure mesophase pitch.
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Polyacrylonitrile (PAN) and PAN/MWCNTs composite parallel nanofibers
with a diameter distribution from 100nm to 300 nm were prepared by electrospin-
ning technology. Scanning electron microscope (SEM) and transmission electron
microscope (TEM) were used to determine the diameter and the morphologies of
nanofibers. The thermal properties of the nanofibers were analyzed with the help
of DSC and TG. The effect of MWCNT content on the mechanical properties of
nanofibers was investigated. SEM and TEM observation indicated that the MW-
CNTs were well-aligned along the axes of the nanofibers with the increase of the
MWCNT content. The nanofibers became rougher and the diameter distribution
got non-uniform because of the variety in MWCNTs shapes. DSC and TG results
showed that the addition of MWCNTs accelerated the thermall decomposition of
PAN-based nanofibers. The tensile properties of PAN nanofibers were promoted
by the addition of MWCNT fillers. However, as the MWCNT content is 10%, the
tensile strength of the composite nanofibers dramatically decreased.

329



Contribution E.050 - Thursday, June 22

Bending Tests of Tungsten Disulfide
Mulitwall Nanotubes

Reshef Tenne1, Ifat Kaplan-Ashiri2, Sidney R. Cohen3,
H. Daniel Wagner2

1 Materials and Interfaces Dept., Weizmann Institute of Science, Rehovot, Israel
2 Materials and Interfaces Dept., Weizmann Institute of Science

3 Chemical Research Support Dept., Weizmann Institute of Science

Contact e-mail:reshef.tenne@weizmann.ac.il

The mechanical properties of WS2 Nanotubes are of great interest from both
scientific and applicative point of view. Their perfect crystalline structure results
in superior mechanical properties compared to bulk materials. In former studies
we have shown that these nanotubes have Young’s modulus of 150GPa, tensile
strength of 16GPa, elongation of 14% and completely elastic behavior under axial
tension and compression. Bending tests of WS2 nanotubes with atomic force mi-
croscope (AFM) were conducted lately. Nanotubes were suspended on trenches
and then force was applied to a suspended nanotube by means of lateral deflec-
tion of the cantilever. Analysis of the bending by using Timoshenko’s equation
takes into account tension, compression and shear of the nanotube. Since the she-
ar stress is believed to facilitate sliding of the layers, the shear modulus which
is measured is probably the elastic constant c44. The average value of the c44 is
2.9±0.8 GPa, this value is in good agreement with the calculated and measured
c44 for bulk MoS2 which is 4GPa.
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Sensing of mechanical strain is one of the applications for which carbon nano-
tube (CNT) is investigated as a potential replacement of the existing technology
based on silicon piezo resistor. In this research, gauge factors of different types
of ideal CNTs were investigated by quantum mechanical calculations to get an
understanding of the maximum which could be achieved.

Current-voltage characteristics of the CNTs were calculated by using the soft-
ware Transiesta which incorporated first principle calculations based on DFT and
Non-Equilibrium Greens Function Method. The simulation model consisted of an
infinitely long CNT with a central region through which current was driven in
response to a voltage applied to left and right regions which were treated as elec-
trodes. The central region had a width equal to an integer number of unit cells of
the CNT. Left and right electrodes were defined as semi-infinite CNTs which had
the same unit cell as the central region. Strain was applied to the CNT by stret-
ching the unit cell in the axial direction. Resistance of the CNT was calculated as
a function of strain to obtain the gauge factor.

Resistance of three basic types of CNTs (14,14), (12,0), and (13,0) were cal-
culated as a function of axial strain. Resistance values of (12,0) and (13,0) CNTs
increased with increasing strain, whereas those of (14,14) CNT did not exhibit any
change. Variation of resistance as a function of strain was found to be greater for
(13,0) CNT than for (12,0) CNT. Gauge factor of (13,0) CNT was approximately
2 times greater than that of (12,0) CNT. Gauge factors of both CNTs increased
as a function of increasing strain. The gauge factor of (13,0) CNT ranged from a
value of about 400 at 0.01% strain to over 1000 at 0.5% strain.
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Low-energy (20 eV to 20 keV) electron and photon irradiation causes damage
to single-walled carbon nanotubes (SWNTs) and extinguishes their characteristic
optical, chemical, and electric properties [1]. In this study, the damage was found
to strongly depend on the diameter: thinner SWNTs were more severely damaged.
The activation energy for healing of the defects was evaluated to be of the order of
only several ten meV, so that there is competition between formation and healing
of the defects even at room temperature. The activation energy was also found to
strongly depend on the diameter. Our results show that the strain energy in the si-
dewall plays an essential role in stabilizing the defects. It is also suggested that the
damage is characteristic of thin nanotubes such as SWNTs and does not occur in
thick multi-walled nanotubes (MWNTs) or graphite, at least at room temperature.

[1] S. Suzuki et al., Jpn. J. Appl. Phys. 43 (2004) L1081. Jpn. J. Appl. Phys.
44 (2005) L133. Jpn. J. Appl. Phys. 44 (2005) L1498. Nano Lett 5 (2005) 1575.
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A three-dimensional finite element (FE) model for armchair, zigzag and chi-
ral single-walled carbon nanotubes (SWCNTs) is proposed. By considering the
covalent bonds as connecting elements between carbon atoms, a nanotube could
be simulated as a space frame-like structure. Here, the carbon atoms act as joints
of the connecting elements. To create the FE models, nodes are placed at the lo-
cations of carbon atoms and the bonds between them are modeled using three-
dimensional elastic beam elements. Using a linkage between molecular and con-
tinuum mechanics, and Morse atomic potential, we calculate the elastic moduli of
beam elements and a new wall thickness (=bond diameter) equal to 0.1296 nm.
In order to demonstrate performance of FE model and new wall thickness, the in-
fluence of tube wall thickness, diameter and chirality on the Youngs modulus of
SWCNTs is investigated. It is found that the choice of wall thickness significantly
affects the calculation of Youngs modulus. For the values of wall thickness used
in the literature, the Youngs moduli are estimated which agree very well with the
corresponding theoretical results and many experimental measurements. We also
obtain dependence of elastic moduli to diameter and chirality of the nanotubes.
The larger tube diameter, the higher Youngs modulus of SWCNT. The Youngs
modulus of chiral SWCNTs is found to be generally larger than that of armchair
and zigzag SWCNTs. The presented results demonstrate that the proposed FE mo-
del and wall thickness may provide a valuable tool for studying the mechanical
behavior of carbon nanotubes.
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We have investigated the axial buckling of a multiwall nanotube under the axi-
al compression by nanomanipulation experiments and molecular dynamics (MD)
simulations. Experimentally, Youngs moduli of nanotubes with different inner hol-
low diameters with the same outer diameters are consistent with the Eulers buck-
ling model based on the continuum analysis. The MD simulations for the buckling
behaviors of triple- and double-walled nanotubes are also consistent with the con-
tinuum analysis. This good agreement indicates that the Eulers buckling model is
applicable to the analysis of the axial buckling behaviors of the multiwall nanotu-
bes.
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SWNTs are expected to possess high thermal conductivity due to the quasi-
one-dimensional structure and strong carbon bonds. An important feature of the
SWNT thermal conductivity in terms of both physics and engineering is its length
dependence [1], which occurs because the length-scale of phonon quasi-ballistic
transport is usually longer than the tube-length in practical situations. In this stu-
dy, we calculate the length dependence of the thermal conductivity of SWNTs for
a range of nanotube-length up to 3.2µm using a non-equilibrium molecular dyna-
mics method. The simulation gives us access to detail pictures of phonon transport
such as the dispersion and relaxation [2]. The results indicate two length-regimes
with different trend of thermal conductivity; (1) the shorter tube-length regime
(<200 nm) with contribution of diffusive-ballistic phonon transports from a wide
range of phonon branches including optical phonons, and (2) the longer tube-
length regime (>200 nm) with dominant contribution from the key low frequency
phonons with mean free path well longer than the tube-length. In the latter re-
gime, the thermal conductivity exhibits exponential divergence on the length with
the exponent somewhat smaller than the available one-dimensional models. The
phenomena will be discussed in terms of detailed pictures of phonon transport.

References:
[1] S. Maruyama, Physica B, 2002, 323, 193-195.
[2] J. Shiomi and S. Maruyama, Non-Fourier heat conduction in a single-

walled carbon nanotube, submitted to Phys. Rev. B.
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A relation between mechanical strength and maximum allowable current (MAC)
for multiwall nanotubes has been investigated. Nanotubes examined were grown
by a thermal CVD process and annealed at a temperature over 2000oC. The me-
chanical strength of the nanotubes was measured from the resonant frequencies
of nanotube cantilever vibrations in a scanning electron microscope (SEM). The
Young’s moduli of the nanotubes were widely spread in a range of 0.1∼ 1.5 TPa.
The values of MAC of the same nanotubes were also measured inside the SEM.
The nanotubes with a higher MAC show a higher Young’s modulus. The value of
MAC saturates to 3µA/nm (circumferential density), when the Young’s modulus
is higher than 1 TPa. Whereas highly graphitized nanotubes synthesized by arc
discharge show similar Young’s modulus, the value of MAC is around 7µA/nm.
This indicates that the defects affecting the mechanical strength are different from
those affecting the electrical conduction. It is noted that the Young’s modulus was
measured in a small deflection limit. The molecular dynamics simulation in this
region predicted that pinhole defects in nanotubes do not affect the resonant fre-
quency.1) Therefore, the defects in the examined nanotubes might be mainly the
pinhole defects.
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Thermal conductivity of single-walled carbon nanotubes expected from mole-
cular dynamics simulations varies between 300∼3000 [W/mK]. The quasi-ballistic
phonon dominated length-dependence is also discussed [1]. Hence, the reliable ex-
perimental measurement of the finite length SWNTs is desired. By using the high-
purity vertically aligned single-walled carbon nanotubes [2], the reliable measu-
rement of thermal conductivity can be possible. The 3 omega method commonly
used for thin film thermal conductivity measurements, was employed.

References:
[1] S. Maruyama, Physica B, 2002, 323, 193-195.
[2] S. Maruyama, E. Einarsson, Y. Murakami, T. Edamura, Chem. Phys. Lett.

403 (2005) 320.
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Carbon materials like Diamond or Graphite(Gr) have been used for their su-
perior frictional characteristics. Carbon nano-tubes(CNTs) have also been expec-
ted to have good frictional characteristic. Therefore, we first compared the basic
frictional characteristics of CNTs as solid lubricants in powder form with those
of Gr and MoS2.[1,2] We then measured frictional characteristics of some res-
ins with and without CNTs. In experiment, powder samples of MWCNTs, Cup
Stack CNTs(CSCNT), Gr, and MoS2 were spread on horizontal plate and a slider
was slid one way on it. The sliding speed was 0.5mm/s. The lowest coefficient of
friction of MWCNT was about 0.1, while that of Gr was about 0.05.[3] We made
MWCNTs composite sliders with Epoxy(EP), POM, and PEEK resins. The coeffi-
cients of friction of pure EP, PEEK, and POM were 0.5, 0.2, and 0.12 respectively.
With the addition of a MWCNTs, COF of EP decreased, while those of PEEK and
POM changed little. We considered that EP is a thermohardening resin and that
its sliding surface did not melt by frictional heating. On the other hand, POM and
PEEK are thermoplastic resins and these resins covered up MWCNTs by frictio-
nal melting.

References
[1]Y.Kawakubo, M.Gotou, M.Toumatsu, and K.Miyazaki, Frictional Charac-

teristics of Carbon Nanotubes as Solid Powder Lubricants, Proc. ISNC 2004,
2004, 86

[2] Y.Kawakubo, M.Gotou, M.Toumatsu, and T.Ishida, Sliding Characteristics
of Carbon Nano-tube (CNT) Powders, Proc. Synopses of ITC KOBE 2005,2005,338

[3] Y.Kawakubo, M.Gotou, M.Toumatsu, and K.Miyazaki, Effects of Tube
Diameter on Frictional Characteristics of Carbon Nanotubes, Proceedings of WTC
2005, 2005, WTC 2005-63602
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The combustion of carbon nanotubes (CNT) has been a powerful tool for pu-
rifications and evaluations of CNT. However, the detailed combustion mechanism
such as dependence on the number of layers and bundles, have not been elucidated
yet. In this work we have succeeded in tracking of combustion processes of indi-
vidual single-walled carbon nanotubes (SWNT) by observing with atomic force
microscopy (AFM).

SWNTs (HiPco) were dispersed in 1,2-dichloroethane and were spin coated
on SiO2 substrates scratched with a diamond pen for eye markers. Those mm-
sized eye markers enable us to rescan the same positions after combustion in a
furnace outside the AFM. The structural changes of SWNTs were observed with a
tapping mode AFM (Nanoscope IV, Dimension 3100, Veeco Digital Instruments),
and then were oxidized in air at various temperatures. The observation and oxida-
tion steps were repeated alternately.

The results show that SWNTs burn mainly from sidewalls not from ends,
which have been believed to have higher reactivity than sidewalls. The results
also reveal the presence of very slow combustion processes, where a few carbon
atoms of SWNTs are removed every second.
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To create nano-sized devices with carbon nanotubes (CNTs), we have explo-
red the junction formation of CNTs. In this report we have measured the bonding
force between the two ends of CNTs at a very early stage for forming the junction.

An individual nanotube was manipulated using a nanomanipulator system in-
stalled in a transmission electron microscope. A double-walled or triple-walled
CNT was cut down to get the two protruded closed ends of inner single-walled
CNTs which had the same diameter. Then the both ends were manipulated to
contact together again and the current was flowed through the contact. We ha-
ve confirmed the carbon-carbon bond creation and obtained the threshold current
density for the bond creation.

The one side of the cut single walled CNT set on the cantilever was pulled
away against the other side which was fixed. We measured the tensile force acted
on between the two CNTs from the bending of the cantilever. We found out that
the measured force increases stepwise with increasing the current. The each step
of the measured force is corresponding to a number of the carbon-carbon bond
recreation.
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The equilibrium vibrational properties of single walled carbon nanotubes (SW-
NT) have been well studied and are known to exhibit unusual behaviour that arise
from the quasi-one-dimensional nature of the tubes, such as ballistic thermal trans-
port and negative thermal expansion. This work focuses on the non-equilibrium
vibrational behaviour of nanotube systems, that is, understanding the pathway by
which vibrational energy is redistributed towards thermal equilibrium.

In particular coupling and energy transfer between radial modes in adjacent
SWNTs is considered. Surprisingly it is found that energy can transfer from an
excited breathing mode in one tube to its resonant counterpart in the adjacent tu-
be before there is significant dissipation into other modes. The time-scale for this
energy transfer is set by a beat frequency that arises from the resonant modes in
each tube and the inter-tube oscillations. Several tube-tube orientations are con-
sidered, and we find that, although the amount of energy transferred depends on
orientation in all cases enhanced energy transfer occurs between modes in reso-
nance.

This work has significance for understanding the operational limits of nano-
mechanical devices, such as suspended nanotube resonators, and hints at the possi-
bility of new application for SWNTs based on the selectivity of resonant coupling.
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Carbon nanotubes, since their discovery in 1991, due to their mechanical and
electrical characteristics, are attractive to researchers and industries. Many appli-
cations have been found and nanotubes are nominated for many further applicati-
ons too. To find their characteristics’ to explain their mechanical behavior, many
models and methods have been introduced. One of the most important methods is
Molecular Dynamics (MD), which has great disadvantage; its restriction to small
models and expense. Therefore, many researches have attempted to develop con-
tinuum models which have equal effective characteristics. In this regard different
approaches have been hired like; elastic thin shell, truss, space frame, etc. One me-
thod which is able to show chemical characteristics of bonding and none bonding
interactions of carbon atoms and presents them as effective mechanical properties,
is space frame model which hires frame element with different mechanical pro-
perties, representing bonding and none bonding interactions. This model contains
extra six beam elements to consider none bonding interactions which makes it dif-
ficult to build 3D model in a Finite Element Analysis software. Also, some space
frame models are introduced which only consider bonding interactions. Introdu-
cing lower elastic modulus and other effective characteristics, are their essential
weak point.

In present study, a new space frame model is introduced, which combines pre-
cision of considering all bonding and none bonding interactions and simplicity of
usage of hexagonal frames. In other words, the introduce frame elements, which
make up the carbon nanotube lattices, have effective mechanical properties, which
considers none bonding interactions, too. In this way, carbon lattice force field
constants were used. The obtained model, yields results which have good agree-
ment with MD and other empirical results released through papers. Also, carbon
nanotube elastic modulus has been developed as a function of tube diameter and
length. Therefore when precision solution is needed, the presented space frame
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gives results with satisfactory expense and for other cases, the nanotube could be
considered as one structural element.

In the last part, single wall carbon nanotube structural behaviors, which intro-
duced model is able to present, has been reviewed, using Finite Element Analysis
software. In this review, in every stage, distinguished effects of loading type are
mentioned.
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Transport properties of single wall carbon nanotubes (SWCNTs) and GaAs
junctions have been studied. Both p-type and n-type GaAs were used to make SW-
CNT/GaAs devices and showed very different characteristics. P-type GaAs/SWCNT
junctions showed ohmic-contact behavior, however, strong rectifying current was
observed in n-type GaAs/SWCNT devices. To understand the details of the con-
tact of GaAs/SWCNT junctions, temperature-dependent measurement was app-
lied. Results showed the electronic transport through GaAs/SWCNT junction is
very sensitive to the difference of Fermi levels between carbon nanotubes and
GaAs.
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We investigate thermal transport in defective carbon nanotubes using a new
theoretical formalism based on the nonequilibrium phonon Green’s function tech-
nique. The universal quantization of low-temperature thermal conductance in car-
bon nanotubes can be observed even in the presence of local structural defects
such as vacancies and Stone-Wales defects, since the long wavelength acoustic
phonons are not scattered by local defects. At room temperature, however, ther-
mal conductance is critically affected by defect scattering since incident phon-
ons are scattered by localized phonons around the defects. We find a remarkable
change from quantum to classical features for the thermal transport through de-
fective CNTs with increasing temperature.
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In this talk, the role of electron-phonon coupling on quantum transport is ad-
dressed in clean and disordered carbon nanotubes. Defects and impurities are mo-
delled by a static short-range disorder, whereas the dynamical fluctuating potential
associated with phonon vibrations is encoded by a time-dependent coupling bet-
ween pi-pi nearest neighbour orbitals. On the basis of the Kubo framework in
the coherent regime, the conductance scaling properties in the weak localizati-
on regime are explored numerically, and the energy-dependent coherence length
and coherence times are derived from a phenomenological approach. The strong
disturbance of the electronic structure due to optic modes is also investigated con-
ductance scaling properties of both metallic and semiconducting nanotubes. An-
omalous magnetoresistance behaviour due to chemical impurities and applicabili-
ty range for simulation carbon nanotubes field effect transistors on the basis of the
Fermi golden rule are discussed.
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We measure the electronic transport properties of individual single-wall car-
bon nanotubes (SWNTs) and SWNT networks of varying thickness. The thin-
nest SWNT networks, like the individual semiconducting SWNTs, show nonli-
near current-voltage (I-V) characteristics at low temperatures with a current that
can be tuned by a gate voltage. The overall temperature dependence of conduc-
tance in the transparent networks changes systematically as the thickness of the
network increases and is consistent with hopping conduction. On the other hand,
the thickest SWNT networks (free-standing buckypaper) show more metallic be-
haviour: their I-V characteristics are linear with no gate-voltage effect, and a large
fraction of their conductivity retained at very low temperatures, consistent with
tunnelling through thin barriers separating metallic regions. For this thick net-
work, the conductance reaches a maximum value near room temperature with a
changeover to metallic temperature dependence at higher temperatures. We ob-
tain an excellent fit to the data taking the energy of the backscattering phonons as
160 meV, in good agreement with the energies of the zone boundary phonons in
SWNTs. We have also proposed another mechanism that could lead to reduction
of the conductance in SWNT networks at higher temperatures, namely the softe-
ning of the van der Waals intertubular interactions, which leads to a reduction in
intertube transfer of carriers.
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Doping of carbon nanotubes with nitrogen during growth strongly modifies
their electronic structure. The n-type doping by N within the lattice is expec-
ted to produce metallic behavior. To date, electrical measurements on individual
nitrogen-doped multi-walled nanotubes (CNx MWNTs) have reported low con-
ductances. Here we present high conductance (1.0±0.3G0) measurements at low
bias for individual CNx MWNTs, which show metallic behavior. The conductan-
ce increases linearly with voltage at a rate of 0.7±0.2G0/V until the threshold
for electrical breakdown is reached. Discrete current steps with a magnitude of 20
±10× 10−6A are observed during electrical breakdown.
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The need of devices able to produce utilizable currents with very hight preci-
sion lead to several solutions. These devices are based either on a single electron
transport through a static quantum dot, or on GaAs-2DEG where the electrons are
confined by the electrical potential of the applied surface acoustic wave (SAW).

Lately a new SAW-related effect has beeen predicted and investigated where
the function of the 1D conducting channel is taken over by a single-walled carbon
nanotube.

The aim of the work is to present an overview of theoretical predictions and
existing experimental work.

The device suitable for detecting the predicted effect will be presented and the
experimental progress will be reported.
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Due to their unique structural and electronic properties carbon nanotubes (CNs)
are promising candidates for future nanoelectronics. Recently, field-effect transi-
stors (FETs) from single-wall CNs have been a research focus. In particular, bal-
listic transport has been demonstrated and key transport parameters compare well
with state-of-the-art silicon FETs. Doping with alkali metals has been a main rou-
te to improve transistor performance. However, current-induced, electromigration,
forces on such alkali ions may lead to ion diffusion and alter the device properties.

Here, we report calculations of ballistic transport in carbon nanotube transi-
stors using the non-equilibrium Greens function formalism within a tight-binding
approximation. We use a cylindrically device setup [for details, see S. Heinze,
N.-P. Wang, and J. Tersoff, Phys. Rev. Lett. 95, 186802 (2005)] and calculate the
current-induced forces on ions located either inside or outside the CN. The forces
are largest in the turn-on regime of the transistor, and much smaller in the on- and
off-state. The electromigration forces are mainly due to momentum transfer from
the charge carriers, i.e., due to the wind force. The sign of the effective valence Z∗

is independent of the actual charge sign, but can be reversed with gate voltage.
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CNTs have been predicted to show extremely high electrical and thermal con-
ductivity and are expected to display a 1-dimensional (1D) phonon density of
states. The measurements reported here aim to investigate a number of issues re-
lating to the 1D band-structure of individual CNTs. An arc-grown bundle of mul-
tiwalled nanotubes (MWNTs) is mechanically attached to a thermal probe. Then
the bundle is advanced towards a graphite substrate until a single protruding tube
contacts. The heat flow down individual MWNTs is recorded as a function of the
temperature difference across them. We show that the current carrying capability
of single electrically conducting nanotubes is unusually large (with a breakdown
current density greater than 1013A/m2). The tube behaviour at breakdown has al-
so been measured and we attempt to explain this behaviour with a simple model.
As part of our study of the thermal properties of CNTs [1] we report the tube
thermo-electric properties over a wide temperature range. We will discuss our re-
sults in the light of the tube band-structure which is revealed by the observation
of van Hove singularities, even in the room temperature current-voltage behaviour.

[1] E. Brown, L. Hao, J. Gallop and J. Macfarlane, Appl. Phys. Lett. 87,
023107 (2005)
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We use a symmetry-adapted non-orthogonal tight-binding model to calculate
the intraband electron-phonon matrix elements of all single-walled carbon nanotu-
bes in the radius range from 3.5 Å to 12 Å. We considered only the massless bands
of metallic tubes and the lowest-energy massive bands in all nanotubes, as well as
all six phonons, allowed by selection rules. The calculations reveal that the matrix
elements for massless bands are non-zero either for forward or backward scatte-
ring, while the matrix elements for forward and backward scattering in massive
bands tend to the same value for final electronic states at the band bottom. The
obtained matrix elements show radius and chirality dependence. For tangential
optical phonons, they tend to 12.8 eV/Å (intravalley), 18.1 eV/Å (armchair, inter-
valley) for massless bands, and to 9.2 eV/Å (intravalley) and 13.4 eV/Å (armchair,
intervalley) for massive bands in the large-radius limit. For twist and longitudinal
acoustic phonons, the limiting matrix elements depend on the chiral angle as well.
By means of the matrix elements, we estimated the intraband scattering length
in the massless bands of medium-radius metallic tubes as 1.0-1.6×10−6 m (acou-
stic phonons), 0.16×10−6 m (tangential optical phonons), and 0.06×10−6 m (A1’
K-point phonons).
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Transport in suspended metallic single wall carbon nanotubes in the presence
of strong electron-electron interaction is investigated [1]. We consider a tube of
finite length and discuss the effects of the coupling of the electrons to the deforma-
tion potential associated to the acoustic stretching and breathing modes. Treating
the interacting electrons within the framework of the Luttinger liquid model, the
low-energy spectrum of the coupled electron-phonon system is evaluated. The
discreteness of the spectrum is reflected in the differential conductance which, as
a function of the applied bias voltage, exhibits three distinct families of peaks.
The height of the phonon-assisted peaks is very sensitive to the parameters. The
phonon peaks are best observed when the system is close to the Wentzel-Bardeen
singularity. The results are compared with the recent experiment [2].

[1] W. Izumida and M. Grifoni, New J. Phys. 7, 244 (2005).
[2] S. Sapmaz et al. Phys. Rev. Lett. 96, 026801 (2006).
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We have theoretically investigated electromechanical instabilities of suspen-
ded carbon nanotubes when using an STM-tip to probe the suspended part of the
tube. A coupling between the vibrational modes of the nanotube and tunneling
electrons may lead to a pumping of energy into the mechanical subsystem, resul-
ting in large amplitude vibrations of the CNT. This effect is related to the ”shuttle
instability” and changes the transport properties of the system. In the present stu-
dy, instability of different bending modes have been investigated.

We show that, with respect to the instability, different modes can be treated
independently in the limit of weak electromechanical coupling. Also, we show
that excitations of different modes are controlled by their vibration frequency and
tunneling rates. Tunneling rates of the order of the frequency are found optimal for
an instability to occur. Hence, a selective excitation of a single mode is possible.
We analyze the limit cycle behavior in this case. Another scenario is simultaneous
excitation of several modes, leading to a complex behavior in stationary regime.
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We report the suspension of an individual multi-walled carbon nanotube (MW-
NT) from the bottom substrate using deep trench electrodes that were fabricated
using optical lithography. By drying the solution during dielectrophoretic assemb-
ly, the capillary force pulls the MWNT toward the bottom substrate, and the MW-
NT then remains as a deformed structure adhering on the bottom substrate after
the solution has dried out. Thin electrodes with large gaps could not suspend small
diameter MWNT but thicker electrodes could. Thin MWNT could be suspended
only when the electrode gap was reduced. We present the statistical experimental
results for successful suspension as well as the feasible suspension condition of
MWNT based on theoretical approach.
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We propose a novel approach to fabricate LSI via interconnects from bundles
of multi-walled carbon nanotubes (MWNTs). The approach utilizes preformed
catalyst nanoparticles to grow MWNTs in a controlled manner. For this purpose,
a newly-designed impactor was employed for providing size-controlled Co par-
ticles, and a particle deposition system using differential pumping was developed
to inject the particles into via holes down to 40 nm in diameter. MWNTs were
grown from 4-nm Co particles at the via hole bottom by thermal chemical vapor
deposition at 510◦C using acetylene. The number density of the resultant MW-
NTs in the via holes was as high as 9× 1011 cm−2, being approximately one order
higher than that in the former studies using sputtered catalyst films. The CNT-via
resistance was 0.59Ω for 2-micrometer vias, which is the lowest ever reported,
improved from the previous studies using catalyst films. The resistance is of the
same order as that of W plugs, and is expected to improve further by enhancing the
growth probability of MWNTs from the catalyst particles. This work was partly
completed under JFCC management as part of an METI RD program (Advanced
Nanocarbon Application Project) supported by NEDO.
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We have studied the resistance of single-wall carbon nanotubes measured in
a four-point configuration with noninvasive voltage electrodes[1]. The voltage
drop is detected using multiwalled carbon nanotubes while the current is injec-
ted through nanofabricated Au electrodes. The resistance at room temperature is
shown to be linear with the length as expected for a classical resistor. This changes
at cryogenic temperature; the four-point resistance then depends on the transmis-
sion coefficients between the different electrodes and can even become negative
due to quantum-interference effects, as expected from the Laudauer-Buttiker theo-
ry.

[1]Phys. Rev. Lett. 95, 196802 (2005)
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Transparent and electrical conductive thin film electrodes can be applied for
lots of modern technologies such as flexible display devices, touch panels, sen-
sors, and solar cells. We describe single-walled carbon nanotube (SWNT) thin
films which show high optical transmittance in the visible light region and low
sheet resistance. SWNT conducting arrays were constructed via consecutive ami-
dation reactions with the aid of a linker molecule and a condensation agent on an
amine-terminated glass substrate[1]. Conducting nanoparticles were deposited on
the SWNT films by the electroless deposition method[2]. We discuss the optical
properties (the visible light transmittance of the films) as a function of immobi-
lization of the nanoparticles. The scanning electron microscope (SEM) and the
high-resolution transmission electron microscope (HRTEM) were used to obser-
ve the nanoparticles formed on SWNT surfaces.

[1] D.-H. Jung et al., Chem. Commun., (2004) 526-527.
[2] H.C. Choi et al., J. Am. Chem. Soc., 124, (2002) 9058-9059.
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We have investigated the current-induced improvement of contact resistance
between carbon nanotubes and electrodes. An individual double walled carbon
nanotube was suspended between a pair of Pt electrodes. Current-voltage (I-V)
characteristics were measured at temperatures from 4K to 295K with a limitation
of the maximum applying current. At a low current limitation less than 4µ A, the
two terminal resistance was almost constant around 4 MΩ at room temperature.
This resistance mainly comes from the contact resistance consisting of Schottky
barrier and Ohmic resistance at the interfaces. At a low temperature, the Fowler-
Nordeheim plot of the I-V characteristics well fell on a straight line in a high-
electric field region. This implies that the carriers mainly tunnel through the barrier
with the height of 0.26 eV. However, the barrier height is lowered to 0.17 eV at
the current limitation of 4µ A. When the current limitation increases to 5µ A, the
contact resistance was improved to 2.7MΩ at room temperature with the tunnel
barrier of 0.16 eV. Thus, at first, the Joule heating at the interface lowered the
barrier height. Further heating reduces the Ohmic resistance at the interface. The
origin of this change seems to be the de-hydration of a-C at the interface during
the Joule heating.
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Carbon nanotube (CNT) has been considered as a good electrical conductor,
because of its unique shape with one dimensional graphene tubular structure, bal-
listic transport property and strong stability. These properties enable CNT to be a
promising candidate for vertical interconnection material in a nano-scale feature
competing with copper for the future memory devices. In this work, vertical inter-
connection using multi-wall carbon nanotubes (MWCNTs) is implemented into
the full 6-inch Si wafer for semiconductor device integration. Integration proces-
ses are implemented by following sequential steps of conventional semiconductor
processes; (1) Formation of bottom electrode lines covered with ultra thin CNT
catalyst layer having sub 5 nm thickness (2) Patterning 240 nm diameter via hole
using conventional dry etch process (3) CNTs are grown on the exposed catalyst
surface at the bottom of the via hole by decomposing methane gas at 600 deg. C.
using remote type microwave-PECVD system. (4) Planarizing over-grown CNTs
using chemical mechanical polishing using capping layer (5) Ohmic contact layer
and top metal lines formation. The via resistance is measured at a single contact
of CNT via. The via resistance of several hundred Ohm with CNT density of∼
5×1010 /cm2 is obtained with small resistance variation within a wafer, which
corresponds to∼ 10 kOhm per one MWCNT of the diameter of 10 nm. This re-
sult demonstrates that CNT via-module can be implemented into the conventional
manufacturing process with compatibility. However research to improve the elec-
trical properties should be investigated intensively.
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Carbon nanotubes(CNTs) have inspired wide interests in current nanoscience
and nanotechnology because of their excellent properties. For an application of
CNTs growth in via contact, conventional direct via contact etching(without stop-
per layer for etching process) gives rise to several problems such as sidewall de-
position of catalyst material(Ni, Fe, CoFe, NiFe, etc.) byproduct and difficulty in
keeping catalysts thickness by low selectivity. In this work, silicon nitride was
used as a stopper layer for via contact etch. High selectivity(to catalyst material)
and low re-deposition(to via sidewall) rate were achieved by controlling etching
gas condition. Fluorine gas chemistry was helpful to enhance selectivity to cata-
lyst material. However, oxygen gas chemistry caused low selectivity and sidewall
re-deposition. The via hole diameter and depth was 240 nm and 3000 Å. And via
contact etching was done by following two steps; First, silicon dioxide layer et-
ching stopped on the silicon nitride layer. Second, etching of silicon nitride layer
stopped on the catalyst layer with minimum thickness loss of catalyst layer. The
effect of via contact etching process which has high selectivity to catalyst ma-
terial was confirmed by CNTs growth yield. CNTs synthesis was performed by
decomposing methane gas at 600◦C. using remote type microwave-PECVD sy-
stem. MWCNTs synthesized in our system had the diameter of 10nm with 6 to 8
walls.
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We have fabricated network-like carbon nanotubes with superconducting NbN
electrodes on SiO2/Si substrates. The carbon nanotubes were found to have the
characteristics of single-wall carbon nantubes by measuring Raman spectra and
scanning the diameter. We obtained sufficiently good contact between the single-
walled carbon nanotubes and the NbN electrodes by infrared annealing at heater
temperature of 700◦C for 15 min in vacuum. We observed dip structures in the
differential resistance due to multiple Andreev reflection processes at dc bias vol-
tages of 2Eg/e and Eg/e below 7 K, where the superconducting energy gap of
NbN, Eg/e, is about 6 meV. Moreover, reentrant behavior of nonequilibrium ef-
fects was observed below superconducting critical temperature Tc. The proximity
correction to the conductance disappears at low energies and reaches a maximum
conductance around temperature Tmax which was observed to be at 8K, and is
related to the correlation energy (Thouless energy). The magnetoconductance of
reproducible aperiodic oscillations was also observed to have the maximum am-
plitude around 8 K, and these oscillations are due to Andreev interference. This
variety of the amplitude of oscillations also demonstrates the reentrant behavior.
This reentrant behavior of the amplitude of the oscillations has been predicted
by nonequilibrium effect theory. These experimental results indicate that we can
further study Andreev interference in carbon nantubes by using crossed junction
structure and with superconducting and normal electrodes
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Understanding the nature of semiconducting carbon nanotube (CNT)-metal
electrode contacts represents a major difficulty toward CNT-based nanoelectronics
applications. Performing large-scale first-principles matrix Greens function cal-
culations, we investigated the coherent charge transport properties of finite (8,0)
CNTs (up to 8.4 nm) and (10,0) CNTs (up to 5.0 nm) end-contacted to Au (111)
electrodes at varying CNT-electrode gap distances. We find that the conductan-
ce of (8,0) and (10,0) CNTs show quite different behavior and conclude that the
diameter of CNTs is an important variable in controlling the characters of charge
transport across CNT-metal junctions.
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Superconductivity (SC) in carbon nanotubes (CNTs) is attracting a significant
attention from viewpoints of both SC in one-dimensional conductors and SC in
carbon-related materials. From the former viewpoint, only three groups have re-
ported SC in CNTs including our report [1]-[3]. From the latter one, it has been
found that highly B-doped diamond [4] and C6Ca [5] could exhibit SC, interestin-
gly.

Here, we report measurement results of magnetization in superconductive
multi-walled CNTs (MWNTs). We measured magnetization in arrays of MW-
NTs that exhibited a sign of SC, in which resistance gradually drops from Tc

with decreasing temperatures but does not saturate even at low temperatures. We
found that most of such samples exhibited gradual and unsaturated drops in ma-
gnetization as temperature decreases. We will discuss correlation of this drop with
Meissner effect.

[1] J.Haruyama et al., Phys. Rev. Lett. 96, 057001 (2006)
[2] M. Kociak, et al., Phys. Rev. Lett. 86, 2416 (2001)
[3] Z. K. Tang, et al., Science 292, 2462 (2001)
[4] E.A.Ekimov et al., Nature (London) 428, 542 (2004)
[5] T.E.Weller et al., Nature Physics 1, 39 (2005)
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We have calculated conductance of finite-length metallic carbon nanotubes
(CNs) containing randomly distributed long-range impurities under external strain.
The conductance quantization is realized under no strain reflecting the suppressi-
on of the backward scattering due to the impurities [1,2]. We have found that the
conductance is quite suppressed by the strain and shows exponential decay as the
tube length increases in twisted armchair CNs and stretched zigzag CNs. This is
because strain-induced modulation of electronic states around the Fermi energy
gives rise to the impurity scattering. The change in the conductance suggests that
the electronic conduction in metallic CNs is sensitive to external strain.

[1] T.Ando and T.Nakanishi: J.Phys.Soc.Jpn.67 (1998)1704. [2] T.Ando, T.Nakanishi
and R.Saito: J.Phys.Soc.Jpn. 67(1998)2857.
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We study the charge transport in carbon nanotubes on substrates using a com-
bined Boltzmann approach for the description of electron and phonon population
[1]. The scattering times involving electrons and phonons are deduced from expe-
riment and/or from density functional theory calculations. We reproduce, without
adjustable parameters, the experimental transport measurements. We find a huge
increase of the optical phonon population (hot phonons) at high bias that explains
the increase of differential resistance observed in the measurements.

[1] M. Lazzeri, F. Mauri, cond-mat/0603046 (2006)
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We have fabricated devices with single-wall carbon nanotubes dispersed and
contacted on a gallium arsenide HEMT heterostructure. A one-dimensional chan-
nel defined within the two-dimensional electron gas (2DEG) in the heterostructure
can be used to probe and detect local charge transport, such as in a quantum dot
[1]. We intend to use this to detect transport through the nanotubes, and similarly
1D conduction in the nanotubes may be used to detect transport within the 2DEG.
This will be a new tool for making new and more complex devices to investiga-
te low dimensional electron transport. We will report experimental progress and
present data from these devices, including observations on the dispersion of nano-
tubes onto GaAs.

[1] M. Field et al. Phys. Rev. Lett. 70(9), 1311 (1993)
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As the sensitivity of nanoelectromechanical devices approaches the limits set
by the laws of quantum mechanics it becomes increasingly important to consi-
der the coherent quantum mechanical behaviour of individual devices. Here we
present a theoretical study of a suspended single-wall nanotube in the fully quan-
tum coherent regime with respect to both mechanical and electronic degrees of
freedom. We show that coherent nanotube vibrations can induce an effectively
multi-connected electron path through the tube. In the presence of a transverse
magnetic field this gives rise to an Aharonov-Bohm type of effect and a negative
magnetoresistance that can be detected through its characteristic, slow (1/T) tem-
perature dependence. We propose that this is but one example of how employing
quantum coherence in both the electronic and mechanical degrees of freedom may
lead to new functionality and novel applications.

368



Contribution F.026 - Thursday, June 22

Modelling the effect of dispersed doping
agents in carbon nanotubes

Claudia Gomes Rocha1, Andrew Wall1, Pedro Venezuela2,
Mauro Ferreira1

1 Trinity College of Dublin
2 Universidade Federal Fluminense

Contact e-mail:gomesdac@tcd.ie

Theoretical studies of how the electronic properties of a nanotube are affected
by one isolated doping agent is commonly done by ab-initio electronic structure
calculations. Although these calculations are essential to understand how the sy-
stem responds to doping, they are by no means sufficient, since, in reality, a large
disordered array of doping agents must be considered. It is then necessary to com-
bine ab-initio techniques with less-computationally-demanding methods if one
wishes to describe the real effect of doping on the electronic properties of nanotu-
bes. Here we propose a method that makes use of ab-initio results for single impu-
rities as an input to generate the parameters of the less-demanding tight-binding
technique. The method is based on suitable sum rules for the Green functions of
the impurity-free nanotubes and does not rely on any fitting scheme. The resul-
ting parametrization allows us to describe disordered systems without losing the
important contributions due to charge transfer and screening. Transport properties
are subsequentially investigated.
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It is explained one of the carbon nanotube research progress in Indonesia. It is
being investigated the theoretical construction of nanometer size carbon nanotube
metal-semiconductor on-tube heterojunction. It is being modeled a heterojuncti-
on which consist of two Single-Walled Carbon Nanotube (SWNT) with different
chiralities and electronic properties, that are coaxially connected. It has been cho-
sen a CNT (10,10) as metallic CNT and pyridine-like n-doped CNT (17,0) as
the semiconductor CNT. By using universal density of states and the way how to
calculate the charge distribution in one-sided carbon nanotube p-n junction, it has
been calculated the charge distribution of the heterojunction as well as its potential
profile. The transmission coefficient calculation of the electron tunneling through
the heterojunction is being performed in order to obtain its current-voltage cha-
racteristics.
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Two terminal electrical measurements of freestanding multiwalled carbon na-
notubes employing tunnelling contacts have been made. Previous electrical cha-
racterisation on both single and multiwalled carbon nanotubes revealed a zero bias
anomaly, in which the current is characterized by a power law (Va+1 ). In the ca-
se of single wall nanotubes this was explained within Luttinger liquid theory, the
strong repulsive electron-electron interactions found in one dimension causing
Fermi Liquid theory to break down. The origin of the power law in the charac-
teristics of multiwalled nanotubes is less clear and is the subject of considerable
debate e.g. [1].

Our measurements employing free standing nanotubes are quantitatively very
different to all previous reports and are explained using environmental quantum
fluctuations, which can give rise to power law in single junction Coulomb blocka-
de. The size of the quantum fluctuations is strongly influenced by the high fre-
quency impedance of the nanotube. The unique high frequency impedance in the
freestanding geometry is caused by reflections, giving rise to the large quantitati-
ve difference in our results when compared with measurements made on-substrate.

[1] Kanda, A. et al. Phys. Rev. Lett. 92, 036801 (2004).
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Electron transport in multi-walled carbon nanotube (MWNT) is one of the re-
cent hot topics in the field of nanoelectronics. Most of previous experiments sho-
wed both ballistic and diffusive transport at room temperature, depending on the
conditions and environment of MWNT (e.g. synthetic, contact resistance and mea-
surement methods). Unfortunately, electron transport of a single MWNT has been
not clarified because of their complex factors. Here, we have measured both free-
standing and substrate-supported MWNT devices. The tungsten electrodes con-
tacts attached to a substrate-supported MWNT were prepared using focused-ion-
beam deposition technique. In case of freestanding device, we observed nonlinear
current-voltage curves, corresponding to ballistic regime. In contrast, substrate-
supported MWNT focuses on diffusive regime. We will discuss difference of resi-
stivity between individual MWNT (quasi-1D or 2D) and bulk (3D) in detail.
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The Boltzmann conductivity is calculated for carbon nanotubes in the pre-
sence of an Aharonov-Bohm magnetic flux with taking into impurity and electron-
phonon scatterings.[1] We show that effects of strains or curvature manifest them-
selves as a prominent conductivity peak as a function of the flux.

A small gap is induced in metallic carbon nanotubes by the strain or curvature
effects, which is incorporated in the effective mass theory as an effective flux. In
the presence of magnetic flux the band gap diminishes and linear bands are resto-
red, when the applied magnetic flux cancels with the effective flux.

A prominent peak appears in the calculated magneto-conductivity. The appea-
rance of the peak corresponds to the absence of backscattering in metallic linear
bands. The effective flux is so small that the peak can be observed easily using a
conventional magnet. Various information on the curvature and strain effects and
a relative amount of short-range scatterers can be obtained by careful measure-
ment of the conductivity in the presence of the magnetic flux and by changing the
electron density through a gate voltage.

Reference

[1] T. Nakanishi and T. Ando, J. Phys. Soc. Jpn. 74 (2005) 3027.
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We report a novel method of nano-lithography using electron emission of en-
capsulated nickel seeded carbon nano-tubes grown on Si substrate. The carbon
nanotubes are vertically grown on silicon substrates using a PECVD method. The
use of a plasma-enhanced chemical vapor deposition yields a well-aligned growth
of carbon nano-tubes. Carbon nano-tubes are grown from the Ni catalyst islands
at a pressure of 3.5 torr with a mixture of C2H2 and H2 gases with 5 and 30 sc-
cm flow, respectively. The growth occurs at temperatures ranging from 500oC to
650oC. The outer diameter of the tubes ranges from 50 to 100 nm in different
samples and the inner diameter ranges between 5 and 8 nm. At firtst, we use stan-
dard photolithography technique to pattern Ni for CNT spot growth. The CNTs
are encapsulated in a field emission transistor like structure [1]. At the next step
the current emitted from CNTs is used for patterning Ni on a silicon substrate.
The number of grown CNTs becomes less using electron emission from patterned
CNTs for Ni patterning. After a few iteration of this procedure we could go down
to the growth of only a single CNT. We then used this CNT as a tip for electron be-
am writing for submicron and nano lithography. For realization of emission from
tips we cut them by using of chemical-mechanical polishing.

Keywords: Carbon Nano-tubes, vertical growth, patterned growth, tip grow-
th, nano-lithigraphy

References;
[1] Y. Abdi, J. Koohsorkhi, A. Miri and S. Mohajerzadeh&quot; Carbon

Nano-tubes for the fabrication of high on-off ratio field-emission transistors &quot;
The 6th International Conference on Science and Application of Nanotubes 2005.
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Carbon nanotubes (CNTs) are known to have excellent properties for electron
field emission. However, the fundamental factors that contribute to the emission
stability have not been well studied. Here, we found that stability of emission cur-
rent from CNTs is directly related to their graphitic orders. We have tested various
types of CNTs grown by thermal Chemical Vapor Deposition (CVD) and plasma
enhanced CVD (PECVD). The field emission measurements were conducted in
planar diode configuration at a vacuum level of 2.0×10−7 mbar. We found that
the emitted currents from CNTs grown by PECVD degraded by as much as 70%
within 20 hours. In contrast, randomly distributed CNTs grown thermal CVD can
emit electrons at a threshold electric field as low as 1.3 V/micron. Furthermore,
the initial emitted current was maintained for at least 20 hours. Both Raman spec-
troscopy and transmission electron microscopy indicate that the graphitic order
of CNTs determines their emission stability. From these results, the upper perfor-
mance limits of these CNTs for stable electron emission are determined.

Y.K.Y acknowledges supports from the Dept. of the Army, Michigan Tech
Research Excellence Fund, and CNMS at ORNL.
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There is considerable interest in the use of multiwalled carbon nanotubes
(MWCNTs) as cathodes in field emission electron sources. However, the feasi-
bility of CNTs as field emitters requires the controlled growth of individual CNT
arrays, spaced at least twice their height, directly onto an electrode/surface. This
is currently achieved by means of dc-plasma CVD and electron-beam lithography
(EBL) methods. The problem with EBL commonly used is that it is not suitable
for mass production of the microcathodes on a wafer/large scale due to the high
cost of a high throughput EBL instrument. In this work, Nanoimprint Lithography
(NIL) is investigated as a simple low-cost alternative fabrication route. The resul-
ting array of individual spaced carbon nanotube field emitters exhibited a high
emission site density of 4×105 cm−2 which is well within the specification of the
cathode for a field emission display. Moreover, the measured field enhancement
values from the geometry of the CNTs were in reasonable agreement with the va-
lues obtained through electrical measurements. We also show that the distribution
of field enhancement factor is Gaussian which is indicative of the presence of well
ordered arrays of field emitters.
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Carbon nanotubes encapsulated with Fe (Meta-Carbo) dispersed on the sub-
strate show excellent field-emission properties than the conventional multiwalled
carbon nanotubes (MWNTs).[1] For investigating its mechanism, the field emissi-
on properties from standalone Meta-Carbo, double walled carbon nanotube (DW-
NT), MWNT have been studied by a field emission microscopy (FEM). The dia-
meters of examined DWNT, MWNT and Meta-carbo are approximately 3 nm, 10
nm and 20 nm, respectively. The turn-on voltage of Meta-Carbo is a little larger
than that of DWNT but lower than that of the conventional MWNT even though
the diameter of Meta-Carbo is lager. The FEM image also shows that many emis-
sion sites are distributed on the tip surface of the Meta-Carbon. The analysis of
the voltage-current curves suggests that the Meta-Carbo has a lower work functi-
on value than those of MWNT and DMNT, which seems to be resulted from the
formation of Fe-C in the surface layers of Meta-Carbo. It is also found that a cur-
rent of as large as 10−5 A can emitted from the Meta-Carbo without large changes
of the emission sites at the tip, suggesting a structural stability of Meta-Carbo.

[1] H. Nishinoet al ., Proc. NT’05, p89, 2005.
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A current saturation in current-voltage characteristics of field emission catho-
des cold be explained in consideration of a series resistance of the current path.
The voltage drop at the series resistance results in the rise of the electrical poten-
tial at the emission site. This causes the change in the field distribution around
the emission site, and results in the decrease in the field enhancement factorβ.
The decrease in the potential difference between the anode and the emission site
is negligible. The current increase is suppressed mainly by the change in the field
distribution around the emission site. The experimental results obtained in nano-
carbon emitters were well explained by this model using an appropriate value of
the series resistance. These results showed that the series resistance was one of the
serious limiting factors to obtaining the high current density in the field emission
cathode fabricated with nano-carbon materials.
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Three kinds of double-walled carbon nanotubes (DWCNTs) were synthesized
using a catalytic CVD and a hydrogen arc discharge method. In order to grow
DWCNTs by catalytic CVD, methane and THF were used as a carbon source.
To synthesize DWCNTs by arc discharge, Fe catalyst and FeS promoter were
used in hydrogen ambient. The as-synthesized DWCNTs were purified using a
thermal oxidation in air ambient at 400oC and acid treatment at room temperature.
After purification, some of DWCNTs was further treated using high temperature
annealing at 1300oC in the vacuum chamber of 10−5Torr in order to improve the
crystallinity of DWCNTs.

Field emitters were fabricated on planar silicon substrates using the purified
and the annealed DWCNT samples. The field emission properties showed that the
emission performance of the DWCNTs grown using CVD was improved signifi-
cantly after the high temperature annealing, while that of the DWCNTs synthesi-
zed using arc discharge was almost the same. The improvement of field emission
performance of the CVD DWCNTs can be explained by the fact that the crystal-
linity of CVD DWCNTs is enhanced after the high temperature annealing. On
the other hand, the emission properties of arc discharge DWCNTs reveals that the
change of crystallinity of DWCNTs is negligible after the high temperature anne-
aling because the arc discharge DWCNTs were synthesized at a high temperature.
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The bundles of single walled carbon nanotubes(SWCNTs) and double walled
carbon nanotubes (DWCNTs), which were synthesized by a hydrogen arc dischar-
ge, were attached on the tip of AFM probe using a dielectrophoresis method in
order to fabricate the SWCNT or the DWCNT emitter. To dielectrophoretically
attach the SWCNT or the DWCNT bundle on the AFM tip, alternating bias bet-
ween the AFM tip and the planar counter electrode was applied to a solution of
CNT bundles. After attaching a bundle of CNTs on the AFM tip, field emission
of an individual SWCNT or DWCNT bundle was measured and investigated. The
Fowler-Nordheim plot of the measured field emission current could be fitted to 2
lines with different slopes, which are corresponding to two kinds of CNT groups
with different field enhancement factors. The field enhancement factor of the SW-
CNT emitter was nearly the same as that of the DWCNT emitter, but the densi-
ty of emission site of the SWCNT emitter was higher than that of the DWCNT
emitter. This result indicates that the emission current per an operating SWCNT
emitter should be smaller than that of the DWCNT emitter when the same emis-
sion current is extracted from the SWCNT and DWCNT emitters. It reveals that
the lifetime of the SWCNT emitter fabricated on the AFM tip may be expected
to be longer than that of the DWCNT emitter. This expected behavior was obser-
ved experimentally from the lifetime measurement result of planar field emitters
fabricated using SWCNTs and DWCNTs.
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The field emission properties of multiwalled carbon nanotube (MWCNT) yarn
made by a thermal CVD method were demonstrated. The MWCNT yarn was
drawn from the super-aligned array of very long MWCNTs. The field emitter was
fabricated by cutting the MWCNT yarn into a small segment and attaching it on
a sharp metal tip. The gap between the anode and the MWCNT yarn was about 1
mm. The maximum field emission current, which can be extracted just before the
destruction of MWCNT yarn emitter, was in the range of mA per one MWCNT
yarn emitter. The emission current of 10µA could be extracted from the MWCNT
yarn emitter up to 20 hr without any significant degradation. The emission pro-
perties of the MWCNT yarn emitter were changed during the initial subsequent
voltage sweeps, and this change of emission properties can be explained by the
effect of the adsorption and desorption of adsorbates on the MWCNT yarn.
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Exfoliated carbon fibers (ExCFs) were prepared by rapid firing through car-
bon fiber-intercalation compounds. Applications of ExCFs have been studying,
and unique morphology of its ExCFs has derived interesting characteristics. One
of applications of its ExCFs was examined emitter. The ExCFs prepared from
mesophase-pitch- and PAN-based carbon fibers electrolyzed in a 13.0 mol dm−3

nitric, and sulfuric acid solution were used for electron emittion. Comparison in
I-V characteristics of the ExCFs and multi-wall carbon nano-tubes (MWNT) was
carried out. The I-V characteristics depended on the length of ExCFs as elec-
trodes. The results clearly indicate that the ExCFs have better current emission
characteristics than MWNT. This may be due to the concentration of electric field
at the tip of the ExCFs, leading to large currents.
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Sang Cheon Youn, Young Koan Ko, Dae-Hwan Jung, Youn Kyoung Baek,

Hee-Tae Jung
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Contact e-mail:sangcheon@kaist.ac.kr

SWNTs have emerged as one of the most promising electron field emitter due
to their high aspect ratio, high emission current and chemical stability. [1] For
such applications, it require that CNTs be aligned over large-scale. The assem-
bly of CNTs attached magnetic particles is one of the most challenging tasks in
alignment of CNTs attached magnetic particles by magnetic field, field effect tran-
sistors, and field emission devices. Here, we present a novel method for aligning
SWNTs by magnetic fields on the SWNTs-attached magnetic nanoparticles. The
magnetic particles were constructed via thermal decomposition in high boiling
solvent by metal chloride and sodium oleate. [2] The magnetic particles were at-
tached to the CNTs during termal reaction precess. Electron microscopic results
show that the magnetic particles functionalized SWNTs align perpendicular to the
surface. We discuss the emission properties of those materials as a function of
alignment. fabricated the CNTs attached magnetic particles and fixed the CNTs
attached magnetic particles to use metal, such as titanium, gold, and molybdenum.
Transmission electron microscope(TEM) certified that the magnetic particles are
attached to CNTs and Scanning electron microscope(SEM) revealed alignment of
MP-CNTs by magnetic field. We measured the field emission about alignment of
carbon nanotubes attached magnetic particles. We expect that the attachment of
metal particles to CNTs play an important role in the future devices applications.

[1] W. B. Choi et al., Applied physics letters, 75(20), 3129-3131, 1999
[2] J. N. Park et al., Nature Materials, 3, 891-895, 2004
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The capped carbon nanotubes with high chemical stabilities even under strong
external electric field are one of the most promising materials for making field
emission devices [1] and scanning probes [2]. The sharpness of tip of the capped
carbon nanotube is controlled by the number of the created pentagon rings and
their relative positions at the tip. According to Eulers rule, presence of 12 pen-
tagon rings is enough to make a carbon cage. Consequently, a carbon nanotube
can be closed by presence of six pentagon rings. Depending on the diameter of
the nanotubes, there are many different tip morphologies resulting from different
possibilities of the pentagon rings confinements. Theoretically, it is observed that
each cap structure has a specific electronic structure.

It means that the topology of the cap affects the strengths and positions of the
peaks observed in density of states spectra near the Fermi energy [3-5]. Due to
large curvature of the nanotubes at cap regions, in STM techniques using cone-
shaped probes, the experimentalists cannot achieve a resolved atomic configurati-
on of the cap precisely.

In our previous work, we introduced a general formalism to obtain field emis-
sion properties of any kind of nanostructures based on first principles local density
of states and effective potentials [1]. The method could excellently reproduce the
field emission patterns of capped carbon nanotubes observed in experiments [6,7].
It revealed that the experimental field emission images have the shape of the local
density of states at the structure-vacuum barrier weighted by probability of elec-
tron tunneling. There are many different experimental field emission patterns of
capped carbon nanotubes available in literatures. In present work, we explain that
different patterns results from different distribution of pentagon rings. It is worth
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mentioning that our method gives a possibility to predict the precise atomic coor-
dinates of the cap in the experiments by comparing the theoretical field emission
images of different cap geometries with the observed ones in experiments.

[1] M. Khazaei, A. A. Farajian, Y. Kawazoe, Phys. Rev. Lett. 95, 177602-1
(2005).

[2] M. Khazaei, A. A. Farajian, H. Mizuseki, Y. Kawazoe, Chem. Phys. Lett.
415, 34 (2005).

[3] D. L. Carroll, P. Redlich, and P. M. Ajayan, J. C. Charlier, X. Blase,§ A.
De Vita, and R. Car, Phys. Rev. Lett.78, 2811 (1997).

[4] Philip Kim, Teri W. Odom, Jin-Lin Huang, and Charles M. Lieber, Phys.
Rev. Lett 82, 1225 (1999).

[5] A. De Vita, J.-Ch. Charlier, X. Blase, R.Car, Appl. Phys. A 68, 283286
(1999).

[6] Y. Saito, K. Hata, and T. Murata, Jpn. J. Appl. Phys. 85, 3832 (1999).
[7] T. Kuzumaki, Y. Horiike, T. Kizuka, T. Kona, C. Oshima, Y. Mitsuda, Dim.

Relat. Mater. 13, 1907 (2004).
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Enhanced field emission characteristics
of carbon nanofibers on glass substrates

by plasma treatment and multi-stage
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Chuen-Horng Tsai, Keh-Chyang Leou

Department of Engineering and System Science, National Tsing Hua University,
Hsinchu, Taiwan 300, ROC

Contact e-mail:g933112@oz.nthu.edu.tw

In previous work, we have successfully synthesized vertically-aligned carbon
nanofibers (CNFs) on Si substrate in an inductively coupled plasma chemical va-
por deposition (ICP-CVD) system and demonstrated the improved field emission
(FE) characteristics via energetic argon (Ar) plasma post-treatment [1]. Such pro-
cess technique can be easily integrated with micro-fabrication process and can
be scaled up for large size substrates. In this study, this process is extended on
glass substrates, which are crucial for commercial applications. After plasma post-
treatment, we have found that the tip-encapsulated catalytic nanoparticles are size-
reduced and may re-deposit on CNFs surface through the co-sputtering/deposition
mechanism [1]. This makes it possible to use post-treated CNFs (PT-CNFs) as the
templates for subsequent re-growth of CNFs with smaller diameters; which en-
hanced FE characteristics, in the same reactor. In addition, dense CNF emitters
may exhibit poor FE characteristics due to the field screening effects, which can
be eliminated by decreasing the density via plasma pre-treatment. After the opti-
mization of plasma pre-treatment (CNF density), post-treatment (sharpened CNF
tips), and the multi-stage growth (re-grown CNFs of small diameters) conditi-
ons, CNFs based emitters with low turn-on field and high emission uniformity are
achieved on glass substrates by this approach, which are desired for display app-
lication.

Reference:
[1] C. H. Weng, K. C. Leou, H. W. Wei, Z. Y. Juang, M. T. Wei, C. H. Tung,

and C. H. Tsai, Appl. Phys. Lett.85 , 4732 (2005)
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1 Samsung Advanced Institute of Technology
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We fabricated 4.75 inches diagonal field emitter array with double-gated struc-
ture in which the carbon nanotubes were synthesized by chemical vapor deposition
using a gas mixture of CO and H2 at 420◦C. By using chemical vapor deposition,
we were able to prepare carbon nanotube emitters inside the small gate holes with
a size of 4 mm in diameter, resulting in a large number of gate holes in the pixel.
It was found from current-voltage measurements that neither anode voltage nor
focus gate voltage had a strong influence on the anode current. The pixel-to-pixel
uniformity of the fabricated structure was measured to be about 91 %. Considering
that the structure has only vertical resistive layer, it can be said that the fabricated
field emitter shows quite a good uniformity. It is believed that these advantageous
properties result from the small size and large number of gate holes. The fabrica-
tion of such small gate holes was possible through the use of self-aligned carbon
nanotubes grown by chemical vapor deposition.
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University, 220050, Minsk, Belarus.

Contact e-mail:f3amsv@fy.chalmers.se

We have calculated the electrical field enhancement factor for a metallic cy-
linder with a hemispherical endcap in a plane capacitor geometry. The numerical
results, which cover a range of different ratios of cylinder lengths and anode di-
stances, show an important dependence of the separation between the emitter tip
and the anode which is not accounted for in previous reports in the literature.

Our results can be fitted with simple functional expressions, which provide a
useful scaling for calculations of field emission currents from, for example, closed
cap carbon nanotubes. A comparison between the existing models in the literature
and our model indicates that our formula gives better values for the field enhan-
cement factor when the separation between the emitter tip and the anode is small
compared to the emitter length.
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Field Emission Properties of carbon
nanotubes and carbon fibers prepared
by thermal chemical vapor deposition

Tsung-Yen Tsai, Nyan-Hwa Tai

Department of Materials Science and Engineering, National Tsing Hua
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Carbon nanotubes (CNTs) and fibers (CNFs) with different microstructures
were adopted for field emitters which were fabricated through screen printing me-
thods. Carbon materials with different morphologies such as entangled, straight
and bundle structures were obtained from the floating catalyst method under dif-
ferent growth conditions and carbon sources. CNT paste for screen printing was
prepared by mixing the carbon materials with solvent and silver paste. The paste
was then screen printed onto the Ag electrode which was pre-patterned on an alu-
mina substrate. After sintering in H2+Ar atmosphere, the field emission properties
of the electrode were measured. The results revealed that the emission performan-
ce of the carbon materials is bundle CNTs> straight CNTs> entangled CNTs
> CNFs, which is corresponding to the crystallization of graphite layer of the te-
sted carbon materials. The microstructures of CNTs and CNFs were studied using
FE-SEM, TEM, and Raman spectroscopy, and the edge effect of cathode was in-
vestigated with different cathode configurations. In this work, a simple method to
achieve lower turn-on and threshold voltages was demonstrated.
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University, Seoul

2 Department of Electronics Engineering, Sejong University, Seoul
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We investigated the effect of NH3 upon the synthesis of CNTs using ther-
mal CVD, which has still been controversial. The CNTs were grown on an Invar
layer coated on Si 650oC using C2H2. The CNT synthesis seems to occur mainly
through two steps, clustering of catalyst during annealing and growth of CNTs.
Thus NH3 was introduced during either annealing or growth step. For NH3 fed
only during annealing, CNTs grew longer and more highly crystalline with dia-
meters unchanged. An addition of NH3 during growth, however, resulted in shor-
ter CNTs with lower crystallinity while increased their diameters. NH3 seems to
be beneficial to the synthesis of CNTs in the annealing step likely due to the et-
ching effect of catalyst, but not in the growth stage probably due to simultaneous
incorporation of N atoms into the CNT lattices. Vertically aligned, highly popula-
ted CNT samples showed poor field emission characteristics, leading us to apply
post-treatments onto the CNT surface. The CNTs were treated by adhesive tapes
or etched back by dc plasma of various gases to reduce the population density and
the radius of curvatures of CNTs. We will discuss the morphological changes of
CNTs and their field emission properties with surface treatments.
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Both multi-walled nanotubes (MWNTs) and single-walled nanotubes (SW-
NTs) are being employed in the development of high-frequency (tens of GHz to
a few THz) sensors and sources. For sources, vacuum micro-tube oscillators and
amplifiers are being developed using arrays of MWNT bundles as high-current-
density electron sources, and for sensors, detectors are being developed using high
cut-off frequency SWNT-Schottky diodes.

On the field emitter front, the previously reported high-current-density CNT
bundle arrays have been successfully integrated with extraction grids using either
molybdenum or conductive silicon-on-insulator substrates. The recent Mo-gate
samples have produced current densities> 4 A/cm2 at the anode with emission
efficiencies up to 95%. Further electron beam optics design and fabrication consi-
derations will be shown.

In the CNT-Schottky diode development, we have produced devices with Pt or
Pd Ohmic contacts and Ti Schottky contacts using angled evaporation technique.
After annealing the devices have exhibited ideality factors (n) of 1.3 to 1.5. They
still suffer from hundreds of kOhms series resistance and the aging effect when
tested after a prolonged storage. Again, annealing was seen to restore/improve
the device performance. Details of these results along with preliminary results on
alternate device fabrication schemes, and high frequency detection performance
will be presented.
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A simple and robust dip-coating method for fabricating the carbon-nanotube
(CNT) field-emitters has been proposed. The thin-multiwalled carbon-nanotubes
(t-MWCNTs) synthesized by chemical vapor deposition (CVD) were dispersed
in various solutions such as N,N-dimethylformamide (DMF), isopropanol (IPA),
N-methyl-2-pyrrolidinone (NMP), and dichloroethane (DCE). The weak adhesi-
on between CNTs and substrate, which was a serious drawback of the dip-coating
approach, was resolved by anchoring CNTs to the substrate via melting of indium-
layer. We found that uniformity and density of the CNTs could be optimized by
controlling the degree of dispersion of CNTs in solvents. The field-emission cha-
racteristics were also further discussed.
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Photoemission and field emission of polymer-coated carbon nanotubes (CNTs)
were observed. Single-walled CNTs were positioned on the substrate either by
dripping CNT-alcohol solution or coating CNT-containg paste and subsequent fi-
ring. On CNTs, MEH-PPV Photoemission was measured using visible light with
wavelength variation in a vacuum chamber. Photoemission current of polymer-
CNTs was greatly enhanced for the case of the single component, i.e., MEH-
PPV only or CNT only. The strong electric field around CNTs may cause electron
avalanche in the CNT-polymer composite resulting in high emission current. The
underlying mechanism for this large photoemission will be explained in the poster.
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We have developed the very low cost preparation technique of the field emis-
sion cathods from conducting polymer/ fuctionalized SWCNT composite by elec-
trophoresis. Positively charged functionalized SWCNTs and poly (3-octyl thio-
phene), which is denoted as P3OT, were successfully coated on the cathode with
the resolution of higher than 0.01mm. We investigated the field emission proper-
ties of the above mentioned composites and discussed the biasing conditions of
electrophoresis by either DC or AC coupled DC voltage. Higher current density
are obtained by AC coupled DC biasing technique during the electrophoresis re-
producebly. The turn-on field of the functionalized SWCNT/ P3OT composite is
about 2V/µm, whereas the current density exceeds 1mA/cm2 at about 6V/µm.

394



Contribution F.051 - Thursday, June 22
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We have fabricated an individual multi-walled carbon nanotube (CNT) field
emitter which can operate at low extraction voltages at a pressure of 10-3 Pa, and
have investigated its emission properties. Even though the emission current re-
ached 1.0µA at 70 V and indicated linear behavior in Fowler-Nordheim (F-N)
plots, its current fluctuation and lifetime were more than 30% and less than 5
hours, respectively. Changes in the CNT length were observed before and after
field emission experiments indicating CNT evaporation. This clearly demonstra-
ted that it is necessary to develop a new way to realize stable electron emission
over a long time period. Then we attempted inserting a high ohmic resistance
between the electron emitter and the power supply. As a result, the current fluc-
tuation decreased from 30% to 2% at 0.1µA, and the lifetime increased from 5
to 50 hours. The insertion of a high resistance was thus very effective for a long-
term stable CNT emitter. Finally, in order to demonstrate the effectiveness of this
procedure, we constructed an actual field emission scanning electron microscope
(FESEM) optimized for a CNT emitter, and obtained a stable FESEM image with
a resolution of 30 nm. We believe that a new electron microscope equipped with
a CNT emitter such as our CNT-FESEM will be developed in the near future.
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An X-ray source, which is based on the field emission electron source, is being
currently developed by using carbon nano-tubes (CNTs) for the applications to
biological, medical and material technology fields. In the design of triode type
X-ray sources, the fine beam focus is important to acquire high resolution X-
ray image. Therefore, the geometrical parameters such as electrode shapes and
distances between each part must be optimized. In this study, four different shapes
of triode structures were simulated and the beam focusing performances were
presented according to voltage conditions of the each triode parts. Results show
that the concave shape cathode structure shows the best spot size and structural
simplicity among the tested in this study.
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We present our results on experiments on carbon nanotubes (CNTs) with fer-
romagnetic contacts made from PdFe alloys.

The magnetic properties of the contacts has been studied by Lorentz-Microscopy
and Squid Magnetometry.

CVD-grown CNTs were characterized by nanodiffraction in a TEM: with this
technique we are able to identify singlewall and doublewall nanotube as well as
small bundles.

In addition, the chirality of the bubes can be determined.
Preliminary magnetransport measurements on individually contacted CNTs

were performed for different gate voltages.
The low field magnetoconductance showed a hysteretic switching. The ampli-

tude of the low field magnetoconductance was found to be gate dependent.
In the high field magnetoconductance of multiwall CNTs we observed weak

localization, from which a signature of the band structure can be extracted.
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Application of carbon nanotubes (CNTs) to electron emitters in field emissi-
on displays (FEDs) is now attracting considerable attention. Electron emitters in
FEDs are required to provide low threshold voltages for electron emission, emis-
sion stability and uniformity. In order to seek for CNTs those satisfy the above
requirements, we studied emission properties of individual CNTs by field emissi-
on microscopy and in situ transmission electron microscopy.
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The aim of this study is to provide home medical care facilities in distant
places; this system could assist in assessing the quality of life. This system that
provides medical care facilities in distant places is termed Personal QOL. Protein
sensing is the key technology required for the construction of the Personal QOL
system. A carbon nanotube field-effect transistor (CNT-FET) has potential for use
as the above mentioned biosensor.

There are several problems associated with the use of a CNT-FET biosensor
as an industrial product, namely, reliability, yield, and sensitivity.

The CNT-FET biosensor that was designed and made by us had a top-gate
structure that improved its sensitivity and reliability. Moreover, the top-gate struc-
ture can function as a nondisposable biosensor.

This CNT-FET biosensor was tested for real-time sensing of pig serum albu-
min (PSA). PSA was detected on the basis of an antigen-antibody reaction. For
PSA sensing, anti-PSA (a-PSA) was immobilized on the top-gate of the CNT-FET
by physical adsorption. PSA was dissolved in buffer (pH= 8.0) and then reacted
with the immobilized a-PSA. Our CNT-FET biosensor sensed PSA by a change
in the drain current. These results will be reported in our presentation.
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In this report, we demonstrate a conduction-type-tunable carbon nanotube
field effect transistor (CNT-FET) with double-gate structure (DG CNT-FET). In
this DG CNT-FET, a specially designed narrow top-gate is created to modulate
the energy band. In the proposed DG device structure, the top-gate and bottom-
gate biases exhibit independent modulation behaviors. Depending on whether a
positive or negative bias is applied to the top-gate, the CNT-FET can be operated
in either n- or p-type conduction. In order to understand the extra top-gate bias
effect, the FETs narrow top-gate is located at different positions, including the
middle region of a single CNT, CNT the drain electrode (bias terminal) interface
and the CNT-source electrode (ground terminal) interface. In these FETs, only the
part of conduction path is modulated by top-gate bias and the FETs show different
transfer characteristics. Based on above results, an energy band diagram conduci-
ve to the physical mechanisms of the proposed DG CNT-FET device structure is
proposed and the critical portion of CNT-FETs conduction path is found. Based
on the proposed model, ambipolar CNT-FETs can indeed be converted to n- or
p-type-like behaviors.
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A cross junction of carbon nanotubes (CNTs) separated by a thin oxide layer
has been fabricated in which the top CNT is used as a local gate to control the
electron transport through the lower CNT. Coulomb oscillation was observed on
the lower CNT at T= 1.9 K. The gating field from the upper CNT is seen to
modulate the band structure in the lower CNT, producing a double quantum dot.
The ability to modulate the electronic structure of CNTs in such a way opens up
many possibilities for novel electronic and logical nanodevices.
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Transfer characteristics of gate-modulated transport in single-wall carbon na-
notubes show significant hysteresis. This hysteresis has been previously attributed
to a screening of the gate voltage due to movement and trapping/de-trapping of
mobile charges/ions within the gate architecture. From a temperature dependence
study of the hysteresis behavior, we provide experimental evidenc of an alternate
mechanism, where the screening charges are injected from the nanotube itself into
the surrounding dielectric. Any trapping/de-trapping mechanism does not appear
to play a significant role and the experimental results can be understood in terms
of a capacitive charging of the surrounding dielectric. We present a simple yet
effective model to understand and analyze this phenomenon, wherein the charge
injection and its subsequent redistribution has been modeled as a series RC cir-
cuit. A set of experiments validates this model, and also fits previously published
data by other groups. Our work provides an in-depth picture of various parame-
ters, which play a crucial role in modifying the transfer characteristics in nanotube
FETs under different experimental conditions.
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Surface potential of carbon nanotube field effect transistors (CNT-FETs) was
measured using Kelvin probe force microscopy. A clear potential image of the
CNT channel with a diameter of about 1 nm was obtained by the measurement
in air. The measured potential image was dependent on the sequence of the gate
bias. For instance, the potential images at VGS=0 V were different from each
other depending on whether VGS was changed from negative side or positive side.
In addition to that, the potential showed transient behavior with a time constant
of several-tens minutes. These behaviors were consistent with the drain current
transient and the hysteresis of the current-voltage characteristic of the CNT-FETs.
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Single-walled carbon nanotubes (SWNTs) are expected to be applied to op-
tical and optoelectronic devices, because optical properties, e.g. photolumine-
scence, are clearly observed due to direct band gap. In addition, it was recently
reported that optical emission from SWNT field effect transistors (FETs) due to
the recombination of electrons and holes that are simultaneously injected at the
opposite contacts into a SWNT was observed. In this study, we fabricate SWNT
film FETs with large (Ni) and small work (Mg) function metal as source and drain
electrodes, respectively, and electrons and holes are injected from source and drain
electrodes. When the FETs with same kinds of metals as source and drain elec-
trodes, unipolar characteristic is obtained; i.e., p-type and n-type characteristics
are obtained for the devices with large (Ni) and small (Mg) work function metal,
respectively. On the other hand, for the devices with Ni and Mg metals as source
and drain electrodes, respectively, electrons and holes are injected at the opposi-
te contacts. There is possibility that this device can be applied to simultaneous
injection of electrons and holes into SWNTs.
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Aravind Vijayaraghavan, Yoshihiro Kobayashi
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Contact e-mail:ssuzuki@will.brl.ntt.co.jp

Our previous study showed that low-energy electron irradiation converts the
electric properties of metallic single-walled carbon nanotubes (SWNTs) to se-
miconducting [1]. That is, an off-region appears in the drain current-gate vol-
tage characteristic after irradiation, although initially the device shows an al-
most gate-independent characteristic. Moreover, the off-region width can be tu-
ned by controlling the irradiation dose. In this work, the mechanism of the metal-
semiconductor transition was studied.

Low-energy electron irradiation causes damage to SWNTs [2]. We found that
the defects act as an energy barrier of several ten meV for carriers. We also sho-
wed that gate-induced band bending of several ten meV can easily occur even in a
metallic SWNT, owing to the low density of states at the Fermi level. The metal-
semiconductor transition can be reasonably understood in terms of the formation
of the energy barriers and the barrier height control by the gate-induced band ben-
ding.

[1] A. Vijayaraghavan et al., Nano Lett 5 (2005) 1575.
[2] S. Suzuki et al., Jpn. J. Appl. Phys. 43 (2004) L1081. Jpn. J. Appl. Phys.

44 (2005) L133. Jpn. J. Appl. Phys. 44 (2005) L1498.
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Single-walled carbon nanotube field effect transistors (SWNT-FET) usual-
ly show only p-type characteristics in air. We found that a very simple amine-
treatment can convert them into n-type characteristics. The mechanism of the con-
version was also studied.

Twenty one SWNT-FETs with Ti/Au or Pd drain and source electrodes and
a back-gate electrode were fabricated by using conventional lithography techni-
ques. The Ti/Au and Pd electrodes form a medium and a high energy barrier for
electrons in the SWNTs, respectively. Initially, the devices showed p-type charac-
teristics in air, as usual.

The APTES (NH2(CH2)3Si(OEt)3) solution was dropped onto the devices and
then the sample was rinsed in toluene. After this simple treatment, all the devices
showed n-type or ambipolar characteristics in air. A shift of the threshold gate
voltage with increasing doping concentration was observed. On the other hand,
from the temperature dependence of the device characteristics, the barrier height
at the contact was found not to be significantly lowered. These results mean that
the conversion is mainly due to electron transfer from APTES molecules to the
SWNTs.
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We report the technique for assembly of carbon nanotube sensor using dielec-
trophoresis and characterization for gas detection at room temperature. The posi-
tion and number of multi-walled and single-walled carbon nanoatubes for device
were controlled by applied magnitude of frequency and voltage based on the solu-
tion density, and kinds of applied current. We compared sensing results with sulfur
dioxide and nitrogen dioxide gas under both N2 and clean air environment. This
sensors detected those gases to sub ppm level. The response time of the sensor
was generally about 50∼200s.
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Single-walled carbon nanotubes (SWNTs) were grown using grid-inserted
plasma-enhanced chemical vapor deposition (PECVD). The field effect transistors
(FETs) were fabricated using the PECVD-grown SWNTs. Many FETs showed
good pinch-off I -V characteristics even though they have many SWNT channels
bridging between the source and drain electrodes. This result suggests the prefe-
rential growth of the semiconducting SWNTs. Based on the electrical breakdown
of the metallic nanotubes and the SEM observation, the probability of growing the
semiconducting nanotubes has been estimated to be more than 90 %.
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Memory effect in carbon nanotube
based devices

Marcus K.O. Rinkiö, Andreas Johansson, Marina Zavodchikova,
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Nanoscience Center, Department of Physics, University of Jyväskylä, Finland

Contact e-mail:marcus.rinkio@phys.jyu.fi

The ongoing race to implement nano-scale materials such as single walled
carbon nanotubes into logic devices is steadily making progress. One of the inte-
resting applications of nanotubes would be to utilize their exceptional properties
to create high density memory elements. We are studying the possibilities to crea-
te such a memory element by placing charge traps in the vicinity of a nanotube
device. The aim is to place the charge traps at well calibrated distances from the
nanotubes, so that they can be addressed in a controlled way with high device re-
producibility. The project is made in collaboration with Esko Kauppinens group
at HUT.
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Contact e-mail:yfli@plasma.ecei.tohoku.ac.jp

Magnetic Fe particles with diameter less than 1 nm have successfully been
filled in single walled carbon nanotubes (SWNTs) by using ferrocene as the sta-
ring material. The encapsulation of Fe particles in SWNTs has been confirmed by
transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDX), X-ray photoelectron Spectroscopy (XPS) and Raman spectroscopy. Ma-
gnetic properties of Fe-filled SWNTs are characterized by means of a quantum
design MPMS-5 superconducting quantum interference devices (SQUID) magne-
tometer in the temperature range of 5∼300 K. Electrical properties of Fe-filled
SWNTs are studied by fabricating them as the channels of field-effect transistors
(FETs) devices. Our results reveal that Fe-filled SWNTs are found to exhibit high
performance unipolar n-type semiconducting characteristics with on/off ratio of
∼106. In contrast, ferrocene-filled SWNTs show an interesting ambipolar beha-
vior. Moreover, a Coulomb blockade phenomenon is significantly observed on
Fe-filled SWNTs when the temperature is cooled down below 120 K, which in-
dicates that they exhibit excellent single-electron transistor (SET) characteristics
due to the Fe particle encapsulation. Our current results demonstrate that it is pos-
sible to make ferromagnetic semiconducting SWNTs which are anticipated to be
a promising candidate for new spintronic devices.
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In this study, the synthesis of Cs-encapsulated double-walled carbon nanotu-
bes (DWNTs) is realized for the first time through a plasma irradiation method.
The formation of Cs-filled DWNTs is confirmed by transmission electron micros-
copy (TEM), energy dispersive X-ray spectroscopy (EDX), and Raman spectros-
copy. Electronic transport properties of both pristine and Cs-encapsulated double-
walled carbon nanotubes are investigated by fabricating them as the channels of
field-effect transistor (FET) devices. Our results indicate that Cs-filled DWNTs
can exhibit high performance n-type characteristics in contrast to ambipolar be-
havior of pristine DWNTs. Coulomb blockade oscillations are observed on the
Cs-encapsulated DWNTs at low temperatures. In addition, we have made a com-
parison between the electronic properties of Cs-encapsulated DWNTs with dif-
ferent filling level obtained by adjusting the plasma irradiation conditions, and
find high DC bias voltages applied during the plasma process can lead to forming
unipolar n-type semiconducting DWNTs.
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Single-walled carbon nanotubes (SWNTs) have strong potential in fabricating
novel nano electronic devices by combination with other foreign molecules and
atoms, owing to their unique one-dimensional structure and electronic properties.
Here, we present electronic transport properties of SWNTs modified by filling
(encapsulating) alkali-metals or alkali compounds, such as Cs, Li, Na, K, KCl and
CsI, via a plasma irradiation method. Our results indicate that the SWNTs electro-
nic properties are greatly modified by the alkali-metal encapsulation. Compared
with p-type pristine SWNTs, ambipolar or unipolar n-type SWNTs (even in air)
are obtained due to the charge transfer between these electron donors and SWNTs
at room temperature. The property conversion of SWNTs from p-type to n-type
can be controlled by adjusting the plasma irritation time. In addition, a Coulomb
oscillation phenomenon is clearly observed for the n-type SWNTs at low tempera-
tures, and the quantum dot size is estimated to be about 20 nm. More importantly,
in our case, p-n junctions in SWNTs tend to be created by means of selectively
doping electron donors (such as Cs) and electron acceptors (such as I) though the
alkali-halogen plasma irradiation method.
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Molecular Sensors
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Nanowire-based chemical sensors utilize a simple and effective sensing me-
chanism based on the change in conductance of a semiconducting nanowire (NW)
as a molecule attaches to the wire or a receptor bound to the NW. Here we report
on our work on nanowire chemical sensors utilizing carbon nanotubes (CNT) and
silicon nanowires in field effect transistor configurations. The nanotubes and Si
NWs were grown using CVD from patterned catalysts, followed by deposition of
Ti/Au electrodes. The nanotube and Si nanowire devices have been integrated with
a PDMS-based microfluidic sample handling system to enable controlled delivery
of microliter to nanoliter sample volumes to the sensors. Chemical functionaliza-
tion processes were developed using oxysilane APTES linker molecules to attach
amino acid oxidase (AAO) receptors to Si/SiO2 nanowire surfaces, as well as the
oxide surfaces adjacent to the CNTs. Microfluidic measurements show that both
bare and functionalized Si NWs operate as sensitive nanoscale pH sensors. The
AAO-functionalized Si nanowires have been used to measure amino acid levels
down to 1µM concentrations. The CNT devices with AAO receptors attached to
the adjacent oxide surface were also found to act as sensitive detectors of amino
acids.
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Nanoscale electronic devices using carbon-nanotubes are expected as future
sensing or computing applications. In this study, we describe the fabrication and
electrical characteristics of single-wall carbon nanotubes field effect transistors
(CNT-FETs) with ferroelectric thin films as gate insulators. The ferroelectric-gate
CNT-FETs were fabricated using single-wall CNTs synthesized from alcohol by
catalytic chemical vapor deposition and sol-gel derived PbZr0.5Ti0.5O3 thin films.
The ferroelectric-gate CNT-FETs showed modulation of the drain current with
the gate voltage and the threshold voltage shift (memory window) on the drain
current-gate voltage characteristics. This result indicates that carriers in CNTs are
controlled by spontaneous polarization of the ferroelectric films. Because ferro-
electrics exhibit complex couplings between their electrical, structural, mechani-
cal, thermal, and optical properties, and because CNTs have unique mechanical
and electrical properties, ferroelectric-gate CNT-FETs offer promise as potentially
useful nanoelectronics devices not only for nonvolatile memory elements but also
for high-sensitivity sensors.
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WEI-YANG LEE, Cheng-Hui Weng, Keh-Chyang Leou,

Chuen-Horng Tsai

Department of Engineering and System Science, National Tsing Hua University,
Hsinchu, Taiwan 300, ROC

Contact e-mail:weiyang@ess.nthu.edu.tw

The double-layered catalytic configuration1 including of nickel (Ni) and sili-
con dioxide (SiO2) was used to grow single-walled carbon nanotubes (SWNTs)
lying on substrate in a thermal pyrolysis CVD system at 800-900oC fed with a
mixed gas flow of methane (CH4) and hydrogen (H2) [1]. The SiO2, as the upper
layer on Ni pads, was observed not only to play a role as a barrier to prevent ver-
tical growth, but also to serve as a porous medium for Ni catalyst nanoparticles
to be embedded. Using the conventional photolithography technique followed by
a thin film evaporation and lift off, three kinds of device structures with as grown
SWNTs were fabricated to be back-gated carbon nanotube field-effect-transistors
(CNTFETs). The CNTFET structure with a thin oxide shows ambipolar transport.
However, the undesirable ambipolar transport can convert to unipolar transport by
using the other symmetric and asymmetric field-effect-free-on source and drain
structures [2]. These unipolar characteristics were consequently resulted from the
structure electrostatic engineering. Recently, the selective diameter distribution
of as-grown SWNTs by changing the condition of upper oxide layer of double-
layered catalytic configuration was also observed [3]. The variability of the dia-
meter distributions of SWNTs and its mechanism as well as its impact in the
SWNTs-based nanoelectronics will be also important.

Reference:
[1] W. Y. Lee, C. H. Weng, Z. Y. Juang, J. F. Lai, K. C. Leou, and C. H.

Tsai,Diamond Relat. Mater.14 , 1852 (2005)
[2] W. Y. Lee, C. Y. Lai, C. H. Weng, Z. Y. Juang, K. C. Leou, K. S. Chang-

Liao, and C. H. Tsai, submitted.
[3] W. Y. Lee, H. Lin, C. H. Weng, K. C. Leou, and C. H. Tsai, conference

Diamond 2006.
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In our previous work, we have developed a new method to directly synthesize
suspended carbon nanotubes (su-SWNTs) crossing the tips of vertically-aligned
carbon nanofibers (CNFs) which were sharpened by energetic argon plasma [1].
Via this approach, here we demonstrate the fabrication of electronic devices of
novel su-SWNTs-on-CNFs structure and investigate the nano-sized contact bet-
ween su-SWNT and CNFs as well as the electrical characteristics. Highly n-doped
(phosphorous) poly-Si, due to its similarity to p-type single-crystalline Si sub-
strate we used before, is demonstrated a good choice of under-layered electrodes
for the fabrication of su-SWNTs-on-CNFs electronic devices. The electrical cha-
racteristics, including two (source/drain), three (source/drain/bulk-gate), and four
(source/drain/bulk-gate/local-gate) terminal measurements reveal the electronic
device features, such as hysteresis-free electrical transport, negative differential
conductance, etc. Furthermore, we use multiple nano-probes to exert electrostatic
forces, and in-situ observe the deformation of su-SWNTs in a scanning electron
microscope to investigate the contact between su-SWNT and CNFs.

Reference:
[1] C. H. Weng, W. Y. Lee, Z. Y. Juang, K. C. Leou, and C. H. Tsai, Nano-

technology17 , 1 (2006)
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Carbon nanotube field-effect-transistors are expected to operate at extremely
high frequencies up to the THz. Yet, their high impedance makes difficult the eva-
luation of their dynamic behaviour. Using a dedicated wet self-assembling tech-
nique we prepared Field-Effect Transistors consisting of a number of carbon na-
notubes in parallel in a back-gate configuration using a very thin gate insulator.
We succeeded in measuring the scattering parameters of those CNTFET with a
good accuracy up to a few GHz. The active AC properties of CNT-FETs are in-
deed demonstrated up to at least 8-10GHz establishing a new state of the art. We
demonstrate in particular a ft above 8GHz and a Maximum Stable Gain of 10dB at
1GHz. From these measurements, a small signal equivalent circuit is established
for the first time for the CNTFET in the dynamic regime. The extraction procedu-
re and the determination of the intrinsic AC elements of CNT-FETs are detailed1
and routes for improving practically the frequency range of active operation of the
CNTFET are proposed.

1 J.M. Bethoux et al IEEE trans. Nano 2006 in press.
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We present temperature and tip-nanotube overlap area dependence of I-V cha-
racteristics of scanning tunneling microscope tip (metal)-carbon nanotube (semi-
conductor) junction by developing an algorithm for its I-V characteristics. The
temperature and tip-overlap area parameters are varied within experimental range
and their specific effects are described. The results reveal that the forward thres-
hold voltage increases with decrease in temperature and decreases with large tip-
nanotube overlap area. The current increases with increase in tip nanotube area,
and is pronounced at high temperatures. The dependence of I-V characteristics
on temperature is mere and the increase in current is more pronounced at large
surface overlap area between tip- and nanotube.
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Since the electrical characteristics of carbon nanotube field effect transistors
(CN-FETs) are dominated by the electronic states at the interface between the SW-
NTs and the metal electrodes, the analysis of these states are essentially important.
We fabricated back-gate type CN-FETs by use of a dielectrophoresis method. The
SWNTs connected two different metal electrodes (titanium and gold), between
which the difference in work function is relatively large. The CN-FETs showed a
rectifying property and ambipolar behavior. We also investigated the surface po-
tential of the working CN-FETs in vacuum by Kelvin probe Force Microscopy.
The potential profiles along the SWNT channel obtained from the measurements
with various bias voltages revealed the Schottky barrier model.
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High electron densities and proper Fermi energy levels of carbon nanotubes
readily permit spontaneous charge transfers to specific organic and inorganic guest
molecules, resulting in the formation of chemically grafted molecular layers or
nanoclusters. Glycine, the simplest amino acid, has been spontaneously adsorbed
on single walled carbon nanotubes (SWNTs) to form self-assembled nanoclusers.
Self-clustering of glycine is believed to be initiated by specific interactions bet-
ween carbon nanotubes and amine groups of glycines. Therefore, the size of na-
nocluster is linearly proportional to the concentration of glycine and the reaction
time. Glycine is known to interact with alcohols strongly since it plays an import-
ant role in alcohol digestion in a stomach as well as in signal transduction in a
brain.

Combining self-assembled glycine nanoclusters together with carbon nanotu-
be field effect transistors (SWNT-FETs), selective bindings of alcohols have been
monitored. Upon the exposure of isopropanol (IPA) to the glycine coated SWNT-
FETs, the devices show unusual transport characteristics, i.e. they loose gate de-
pendency, as confirmed by IDS-VGS characteristic curves. The devices are then
completely recovered from anesthesia by natural evaporation in air or under pres-
surized Ar flow. The modulation of electrical properties of SWNT-FETs upon
alcohol adsorption and desorption can be repeated multiple times without loosing
the original transport characteristics. The simulation results about the mechanism
of the modulation of gate dependency also will be introduced.
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We describe a flow rate detecting ability of SWCNT nanoelectrode in micro-
channel. It will be a kind of nano flow sensors. We injected the DI water and 0.5M
and 1M HCl solution into the microchannel with changing the flow rate. The in-
creased flow rate of each solution induced the voltage. The induced voltages were
increased gradually in high flow rate and high ion concentration fluid. Original
data made the ratchet shape and showed that the relatively higher peak depends
on the increasing liquid velocity.

The flow sensor using SWCNT bundle in glass tube of diameter such as the
several cm had been reported. But we detected flow rates by the single SWCNT in
the microchannel. The electric trend of both systems showed very similar results.

REFERENCES
[1] S. Ghosh, A.K. Sood and N. Kumar: Science 299, 1042 (2003).
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Exciton Effects in Boron-Nitride
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Optical studies in carbon and boron-nitride (BN) nanotubes are being in pro-
gress intensively. The investigations are on the experimental side as well as on
the theoretical side. In this talk, we will discuss exciton effects in single-wall BN
nanotubes. Linear absorption spectra are calculated with changing the (n,m) geo-
metries of the nanotubes. We consider the model used in [1]. Exciton effects are
calculated using the CI technique [2]. The Coulomb interaction dependence of the
band gap, the lowest exciton energy, and the binding energy of the exciton are dis-
cussed for the zigzag nanotubes. The optical gap of the (5,0) nanotube is about 6
eV at the onsite interaction U=2t with the hopping integral t=1.2 eV. The binding
energy of the exciton is 0.50 eV for the same parameters. This energy agrees well
with that of other theoretical investigations. We find that the energy gap and the
binding energy are almost independent of the (n,m) geometries of the nanotubes.
This novel property contrasts with that of the carbon nanotubes which show me-
tallic and semiconducting properties depending on the geometries. Comparison
with recent experiments will be discussed in the talk.

References:
1. K. Harigaya: Calculations of Electric Capacitance in Carbon and BN Nano-

tubes, and Zigzag Nanographite (BN, BCN) Ribbons, Physica E 29 (2005) 628.
2. K. Harigaya and S. Abe: Optical-absorption spectra in fullerenes C60 and

C70: Effects of Coulomb interactions, lattice fluctuations, and anisotropy, Phys.
Rev. B 49 (1994) 16746.
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An intriguing electromagnetic problem of nanoscience is the realization of
nanoscale antennas for infrared and visible light. Such an antenna would allow a
very desirable modality of communications between nanoelectronic devices and
the macroscopic world. The idea of CNT nanoantennas is definitely attractive [1].
A theory of antenna effect in a finite-length isolated SWCNT is developed over
a wide frequency range from terahertz to ultraviolet. The theory is based on a
quantum-mechanical microscopic model of the conductivity and the rigorous for-
mulation of electrodynamic boundary value problem for a finite-length CNT (the
Leontivich-Levin equation for the induced surface current density). The polari-
zability scalar of an isolated finite-length CNT in the low-frequency regime is
evaluated analytically and analyzed. The resonances of strongly retarded surface
waves caused by the edge effects are revealed. The theory describes qualitatively
recent measurements of constitutive parameters of CNT-based composites. The
radiation pattern of a CNT antenna is calculated and some possibilities for pattern
control are examined along with practical methods of exciting CNT nanoantennas.
The analysis forms a basis for the design and development of CNT nanoantennas
in different frequency ranges and to estimate the effective constitutive properties
of CNT-based composites.

[1] M.S. Dresselhaus, Nature 432, 959 (2004).
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We report experimental evidence for transfer between bright and dark exciton
states in SWCNTs from a detailed study of the temperature dependence (1.5K to
250K) of the photoluminescence (PL) emission at both zero and high magnetic
fields (19.5T). At zerofield PL emission is found to peak at temperatures between
20 and 100K, depending on the chiral indicies of the tube. At high temperatures
the PL emission change is dominated by the temperature dependence of the radia-
tive lifetime for a parabolic 1-D exciton (T1/2), thus showing that dark excitons
do not play a significant role in high temperature PL. At lower temperatures the
emission falls due to an enhanced probability for excitons to populate the dark-
exciton states. Analysis of the temperature dependence of the emission intensity
suggest that the dark-light exciton splitting is strongly tube diameter dependent
and is much smaller than has previously been suggested, with values in the range
1-5meV. This small splitting suggests that the majority of transfer to the dark ex-
citon states takes place within the spin-singlet bands. When a high magnetic field
is applied the PL is no longer suppressed at low temperatures, suggesting that the
magnetic field acts to lower the probability of excitons populating the dark states.
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We report a detailed study of the magneto photoluminescence (PL) of SW-
CNTs at low temperatures in fields perpendicular and parallel to the axis of the
tubes using photoluminescence excitation (PLE) maps. We give findings on both
PL emission intensity changes and band gap shifts. The PL intensities were found
to be strongly enhanced by magnetic field at 4.2K, the magnitude of which was
strongly diameter dependent with the largest enhancements (by factors of up to
2.5 in 19.5T) observed for tubes aligned perpendicular to the field. We attribute
these enhancements to the lowering of the probability that excitons populate the
dark states as we observe the opposite effect - a suppression of PL emission from
tubes at zerofield. Red shifts of the band gap of tubes parallel to the applied field
were observed at 4.2K and are consistent in magnitude with those predicted by
the Aharanov-Bohm (A-B) effect. The use of PLE mapping also allows us to con-
firm the diameter2 behaviour of these shifts. For tubes aligned perpendicular to the
applied field we also observe distinct red shifts of the band gaps at 4.2K, which
cannot be explained by the A-B effect.
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We have studied the excitation properties in single-wall carbon nanotubes by
solving the Bethe-Salpeter equation [1,2] within the simple and extended tight-
binding models [3]. The quasiparticle energies are treated within the conventional
screened Hartree-Fock approximation [4]. The2n+m =constant family behavior
is found in the excitation energy, binding energy, wave function length, and the
environment induced excitation energy shift. This family behavior is understood
by the trigonal warping effect around the K point of graphite [5]. The screening
effect from the electrons of carbon nanotubes is found to be essential in explaining
the small energy shift by environment. The large family spread in the excitation
energy Kataura plot is found to be mainly from the single-particle energy. Using
the exciton wave functions, we will discuss exciton effects in resonance Raman
spectroscopy intensities [6].

References:
[1] C. D. Spataru et al., Phys. Rev. Lett.92 , 077402 (2004).
[2] V. Perebeinos et al., Phys. Rev. Lett.92 , 257402 (2004).
[3] Ge. G. Samsonidze et al. Appl. Phys. Lett.85 5703 (2004).
[4] T. Ando, J. Phys. Soc. Jpn.66 , 1066 (1997).
[5] R. Saito et al. Phys. Rev. B61 , 2981 (2000).
[6] J. Jiang et al. Phys. Rev. B71 , 205420 (2005); J. Jiang et al. Phys. Rev. B

72 , 235408 (2005).
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Resonance Raman intensity has recently been calculated by considering electron-
phonon interaction [1]. In the previous calculation, resonance window parame-
ter appeared in the energy denominator, igamma, was considered to be constant.
However, when we see resonance Raman profile, the resonance window values
(gamma hereafter) show strong chirality dependence. By calculating the life time
of carriers [2], we calculated gamma value as a function of (n, m). When we com-
pare the calculated results with experimental one, we found that while gamma
values for semiconducting carbon nanotubes show good agreement, gamma va-
lues for metallic carbon nanotubes observed in the experiment are larger than the
calculated ones. We expect an additional decaying process, e.g. interaction with
plasmon, in metallic carbon nanotubes.

References:
1)J. Jiang, R. Saito, A. Gruneis, S. G. Chou, Ge. G. Samsonidze, A. Jorio, G.

Dresselhaus, and M. S. Dresselhaus, Phys. Rev. B, 71, 205420-1-13 (2005).
2)Y. Oyama, R. Saito, K. Sato, J. Jiang, Ge. G. Samsonidze, A. Gruneis, Y.

Miyauchi, S. Maruyama, A. Jorio, G. Dresselhaus, and M.S. Dresselhause, Car-
bon, 44, 873-879 (2006).
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We have found that the electronic structures of semiconducting single-wall
carbon nanotubes (s-SWNTs) can be substantially altered by a quite simple me-
thod [1]. Under relatively weak UV illumination (<4 mW/cm2), their photolu-
minescence (PL) spectrum undergoes a dramatic change: the original PL peaks
assigned to S11 transitions considerably decrease, while new and broader peaks
emerge at the lower energy. This phenomenon occurs only for s-SWNTs that are
well dispersed either in solution or in solid film using surfactants or polymers. The
coincidence of the threshold in the action spectrum of this UV-induced change
with the absorption edge of the dispersant demonstrates that the UV excitation
of the dispersants triggers this phenomenal change. Hence the creation of these
mid-gap luminescent states is attributed to chemical reaction between s-SWNTs
and the UV-excited dispersant. This study clearly demonstrates that even mild UV
illumination can strongly alter the electronic properties of dispersed SWNTs. The
thus developed method may find applications in SWNT semiconductor techno-
logies, especially for the design and control of their optoelectronic and electric
functionalities.

[1] K. Iakoubovskii et al., The 30th Fullerene-Nanotube General Symposium
(January 7-9, 2006, Nagoya, Japan), Abstract No. 1-5, p.11.
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Single wall carbon nanotube (SWCNT) is an attractive platform for optoelec-
tronic device applications. Development of a technique to harvest light energy in
the spectral region where semiconducting SWCNTs have a low extinction coef-
ficient will lift the limitation of their optoelectronic properties. Carotenoids do
exhibit a light-harvesting function in photosynthesis. In this studyβ-carotene was
encapsulated in SWCNT, and we found that encapsulatedβ-carotene can harvest
light energy to SWCNT. The detailed structure of encapsulatedβ-carotene has be-
en clarified by X-ray diffraction and polarization dependence of absorption spec-
tra. Photoluminescence spectra revealed the energy transfer from the excited state
of β-carotene to SWCNT. The observed excited energy transfer from encapsulated
molecules to SWCNT will stimulate the development of dye-encapsulating SW-
CNTs as novel optoelectronic materials.

Reference: K. Yanagi, Y. Miyata, and H. Kataura, Adv. Mater. 18 (2006) 437-
441.
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Single-walled carbon nanotubes (SWCNT) with few nm diameters are the im-
portant new nano-scale functional materials due to their stable chemical structure,
yet relatively strong interaction with irradiated optical field or applied electric
field. To be realized as an actual device, the effective nonlinear optical response to
intense laser light is needed to be studied for understanding the basic physics and
electronic/optical functionalities. Using the intense femtosecond laser pulses in
near infrared, we observed relatively strong third harmonic generation (THG) in
visible region. Our THG signal were strong enough to be measured with a simple
portable spectrometer without using a complicate gated lock-in amplifier techni-
que as reported in literature. The SWCNT sample was prepared in bulk especially
without using a substrate in order to completely remove the effect of the even
stronger THG from the substrate. We expect the nonlinear optical characteristics
of SWCNT would be one of the key elements in developing CNT based nano
devices such as optical display, sensors, detectors, etc.
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We have calculated the optical absorption spectra of carbon nanotubes within
the density matrix formalism using the full tight-binding expression for the single-
particle wave functions. This approach allows us to include many-particle interac-
tions like excitonic effects and relaxation processes in a consistent way. First, we
discuss the absorption coefficient for arbitrary nanotubes within the single-particle
picture. For the special case of zig-zag nanotubes the absorption coefficient can be
given analytically. We discuss the nanotube family behavior and the effects of tri-
gonal warping on the transition energies and matrix elements. It can be shown that
the widely-used approximation of constant matrix elements leads to a reduction of
the optical absorption at small energies (approx. E< 6eV). The ratio between the
absorption intensity of the first two transition energies changes with increasing
chiral angle; it increases for -1 tubes, but decreases for+1 tubes. Zig-zag (n,0)
nanotubes with n even have a characteristic optical peak at 5.4 eV that dominates
in intensity over the other transitions. Within the tight-binding model these zig-
zag nanotubes have a subband that is free of dispersion, which gives rise to the
intense peak at 5.4 eV. Finally, we show how to extend our approach to include
the Coulomb interaction (excitonic effects) and give some first results.
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A simple and efficient technique has been developed for measuring photolu-
minescence excitation (PLE) maps from carbon nanotubes (CNTs) in the extended
IR range (900-2300 nm). It consists of preparing a CNT/surfactant/gelatin film and
measuring PLE spectra using a tunable Ti-sapphire laser (695-1050 nm excitation
range) and a FTIR spectrometer, equipped with an IR-enhanced InGaAs detector.
The proposed sample preparation procedure allows to avoid undesirable IR ab-
sorption due to the solvent, yet preserving well-dispersed CNTs in an optically
homogeneous film. This procedure has been applied to a wide range of commer-
cial (HiPCO, CoMoCAT, Carbolex, Nanoledge, etc) and home-made single- and
double-wall CNTs yielding chirality and diameters distributions. Note that those
parameters are rather important both for synthesis and applications, but they are
very difficult to obtain by existing methods. The reliability of the obtained results
has been further supported by optical absorption and X-ray diffraction measure-
ments. The advantages of the applied macroscopic techniques over the commonly
used microscopic measurements (Raman, TEM), as well as the concomitant pro-
blems associated with deducing the CNT diameter and chirality distributions, will
be discussed. In particular, strong dependence of PLE diameter distribution on the
sample preparation will be demonstrated.
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Photoluminescence excitation (PLE) spectroscopy of single-walled carbon na-
notubes (SWNTs) have been extensively studied for characterization of their un-
ique electronic properties. In this report, we have studied polarized PLE spectra
of various (n, m) nanotubes in surfactant suspension. Using a simple theory for
PL anisotropy, we have obtained decomposed PL maps for parallel and perpen-
dicular polarization from two PL maps measured by so-called L-format method
[1]. Distinct absorption peaks corresponding to E12 and E21 transitions for per-
pendicular polarization were observed. Observed E12 and E21 energies compared
to E11 and E22 were considerably blue-shifted than the single-particle expectati-
on within tight-binding calculation of SWNT considering geometry optimization
and curvature effect [2]. This qualitative discrepancy between measurement and
single-particle calculation is attributed to smaller exciton binding energy for cross-
polarized excitation.

References:
[1] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Plenum Pub. Corp.,

New York, 1999.
[2] M. Oba, S. Okada, T. Miyake, S. Maruyama, the 30th Fullerene Nanotubes

General Symposium, Nagoya (2006).
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Carbon nanotube transistors can emit or detect photons at wavelengths defi-
ned by the nanotube chirality. To extend their capabilities in optoelectronics, it
is important to be able to tune these wavelengths independently of the nanotube
structure. A way to achieve such a goal is to chemically functionalize the nanotu-
be with molecules that bring their optical properties to the device. In the present
study, we demonstrate that drastic photo-induced modifications of the electrical
characteristics of self-assembled nanotube transistors functionalized by photoac-
tive polymers can be achieved. We show that the polymer film acts as a wavelength
dependent ’optical gate’, which is significantly more efficient than a conventional
electrostatic gate. The process impacts both the on- and the off-states of the tran-
sistor with a maximum change of conductance reaching four orders of magnitude
between the dark and illuminated states. Depending on the applied biases and po-
lymer characteristics the device can be optimized as a memory element or as a
fast optical switch. The switching mechanism involves the creation and separati-
on of photo-excited charges in the polymer, the spatial distribution and relaxation
rates of which are studied, taking advantage of the very high charge sensitivity of
nanotube transistors. The possible applications of these optically gated transistor
will be discussed.
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The optical properties of single-walled carbon nanotubes (SWNTs) grown
over trench are sensitive to environmental atmosphere [1, 2]. We have compa-
red E11 and E22 of the SWNTs over trench with those of SDS-wrapped SWNTs
reported by Weisman et al. [3] for 20 chiralities of semiconducting SWNTs with
branch index 23-32. The energy difference depends on the chirality, in particular,
on the chiral angle. This can be explained by the chiral angle dependence of ef-
fective mass. We have also investigated the time evolution of E11 and E22 after the
growth of SWNTs, which showed step-like shifts after several days.

[1] J. Lefebvreet al . Appl. Phys. A78 (2004) 1107.
[2] P. Finnieet al . Phys. Rev. Lett. 94 (2005) 247401.
[3] R. B. Weismanet al . Nano Lett. 3 (2003) 1235.

435



Contribution G.038 - Friday, June 23

Magnetic Brightening of Dark Excitons in
Carbon Nanotubes

Jonah Shaver1, Sasa Zaric1, Erik H. Haroz1, Junichiro Kono1,
Oliver Portugall2, Vojislav Krstic2, Geert Rikken2, Xing Wei 3,
Yuhei Miyauchi4, Shigeo Maruyama4, Vasili Perebeinos5

1 Department of Electrical and Computer Engineering, Rice University
2 LNCMP, Toulouse, France

3 NHMFL, Florida State University
4 Department of Mechanical Engineering, University of Tokyo
5 IBM Research Division, Thomas J. Watson Research Center

Contact e-mail:shaverj@rice.edu

To gain insight into the internal energy structure and radiative properties of
excitons in single-walled carbon nanotubes, we have studied photoluminescence
from individualized HiPco and CoMoCAT samples as a function of magnetic field
(B) and temperature (T). In pulsed-field experiments (<60 T), we used film samp-
les and varied T from 4.2 K to room temperature; photoluminescence intensity
increased, or “brightened,“ with B and the amount of brightening decreased with
T. In steady-field experiments (<45 T), we used micelle-suspended nanotubes at
room temperature; photoluminescence peaks showed B-induced splitting with B-
dependent relative intensities. These results are consistent with the existence of a
dark state below the first bright state [1]. Magnetic flux removes K-K valley dege-
neracy, producing two equally-bright states at high B [2,3]. We calculate photolu-
minescence spectra through B-dependent effective masses, populations of finite-k
states, and acoustic phonon scattering.

References: [1] See, e.g., H. Zhao and S. Mazumdar, Phys. Rev. Lett. 93,
157402 (2004); V. Perebeinos et al., Nano Lett. 5, 2495 (2005); C. D. Spataru et
al., Phys. Rev. Lett. 95, 247402 (2005). [2] T. Ando, J. Phys. Soc. Jpn. 75, 024707
(2006). [3] S. Zaric et al., Science 304, 1129 (2004); Phys. Rev. Lett. 96, 016406
(2006).
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Photo luminescence of carbon nanotubes has been a powerful tool to inve-
stigate electronic structure and chirality assignment. This measurement has been
applied to mainly SWNTs revealing that the electronic structures are greatly per-
turbed by the outer environment. For example, the emission of SWNTs shows a
red shift when the dispersion surfactant is changed from SDS to cholate, which
has been explained by enhancement of interaction between the SWNTs and the
surfactant. In terms of this perturbation, DWNTs is one of the most interesting
systems, inner layers of which are perfectly surrounded by their outer layers. The
inner layer could be isolated from the environment or could be strongly modified
by the outer layers. Furthermore, the inner layer of DWNTs is one of the fascina-
ting candidates for nano electronic devices with perfectly surrounded FET channel
by the outer gate layer. To investigate these problems and the electronic structures,
we present here the photo emission spectra of the inner layer of DWNTs produ-
ced and purified by a high-temperature pulsed arc discharge with higher purity
and narrow diameter distribution [1]. The results show that inner layer is strongly
affected by the outer environment as if the outer layer did not exist.

References
[1] T. Sugai et al. Nano Lett. 3, 769 (2003).
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Photoluminescence (PL) behavior of peapods-derived double-walled carbon
nanotubes (DWNTs) as the simplest form among multi-walled carbon nanotubes
(MWNTs) is investigated. Even though the optical absorption and the resonant Ra-
man spectra show the characteristic features of DWNTs, the PL signals originated
form DWNTs are severely suppressed. This feature is resultant from effective in-
teraction between the inner and the outer tubes that efficiently quenches the PL
signals of the DWNTs.
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Resonance Raman and photoluminescence excitation (PLE) spectroscopies
are used to study the optical properties of different types of carbon nanostruc-
tures such as single-wall and double-wall carbon nanotubes and nanographites.
The Raman measurements were performed using a quasi-continuous set of exci-
tation laser lines between 1.6 and 2.7eV. We will discuss the (n,m) dependence of
the optical transitions and the influence of the dispersion and the different wrap-
ping agents. We will also report PLE measurements in different samples of carbon
nanotubes, where both direct and phonon-assisted optical transitions are obser-
ved. The results give new evidences that the optical transitions in nanotubes are
associated with excitons and coupled exciton-phonons. We show that the excito-
nic effects are weaker for the E33 and E44 transitions, the energies being blue-
shifted when compared to earlier predictions. We also analyze the intensity of the
disorder-induced D band in nanographites, an important tool for defect characteri-
zation in graphitic materials, as a function of the nanographite in-plane crystallite
size (La) and the laser excitation energy.
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Single walled carbon nanotubes (SWNTs) suspended over trenches are imaged
using their intrinsic near-infrared (NIR) photoluminescence (1.0 to 1.6µm). Emis-
sion is observed from extended suspended lengths (∼50 µm) with micron scale
spatial resolution. The images are in addition spectrally resolved, combining na-
nometer scale spectral resolution with micron scale axial spatial resolution. SW-
NTs are classified based on the spatial uniformity of their emission intensity and
emission wavelength. Chirality changes with preserving nanotube diameter are
shown in two cases. Most SWNTs imaged on millisecond timescales show stea-
dy emission, but a few fluctuate and suffer a reduction of intensity. The internal
quantum efficiency is estimated at 8%, which is dramatically higher than previous
reports.
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Photoluminescence (PL) from purified double-wall carbon nanotubes (DW-
NTs) is reported, which have been synthesized by zeolite catalyst-supported che-
mical vapor deposition (Zeolite-CCVD). The PL contour mappings for various
ratios (1-90 %) of double- versus single-wall carbon nanotubes by thermal oxi-
dation have enabled us to identify the PL from inner tubes. PL from inner tubes
of DWNTs was observed separately from that of SWNTs during the purification
process.
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Large non-linearity and high-speed response for incident light are highly re-
quired for optical switching devices. Recently, it has been proved that carbon na-
notubes are a promising optical material due to their absorption ability in a very
wide range of wavelength from the ultraviolet to the infrared. In this study, we
have investigated the non-linear transmission and non-linear reflection of single
wall carbon nanotubes by using the z-scan technique.
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Covalent functionalization is an important strategy to improve both solubility
and processibility of single-wall carbon nanotubes (SWNT). In addition, it allows
the unique properties of SWNTs to be coupled to those of other types of materials.
The post-synthesis chemical processing could be also used to separate individu-
al tubes according their diameter and chirality [1] by taking advantage of their
differential reactivities. In chemically modified carbon nanotubes characterizati-
on, infrared spectroscopy is often used to determine the introduction of functional
groups. However, since most of the chemical processing introduces around 5 wt%
of functional groups on the SWNT surface, only the groups with strong IR activity
will be detected in the IR spectra [2]. In this work, we present how X ray photo-
electron spectroscopy (XPS) can been very useful in helping the characterization
of functionalized SWNT samples [3].

We focus on the decarboxylation of SWNTs produced by arc discharge me-
thod, which were oxidized during a purification/cutting process using strongly
oxidant agents, such as hydrogen peroxide and nitric and sulfuric acids. The de-
carboxylation was conducted in the presence of copper(I) oxide dissolved in a
50:50 solution of N-methylpyrrolidone and quinoline [4].

The SWNT-COOH and SWNT-CH derivatives were systematically characte-
rized by X ray photoelectron spectroscopy (XPS) aided by FTIR and potencio-
metric titration studies. The TGA and Raman scattering analysis also provided
supporting evidence for the assignment of the functional groups attached to the
SWNT surfaces.

References

443



[1] S. Banerjee, T. Hemraj-Benny, and S. S. Wong, Adv. Mater. 2005, 1, 17.
[2] U. J. Kim, C. A. Furtado, X. Liu, G. Chen, and P. C. Eklund, JACS 2005,

127, 15437.
[3] T.I.T. Okpalugo, P. Papakonstantinou, H; Murphy, J. Mclaughlin and N.M.D.

Brown, Carbon 2005, 43, 2951.
[4] T. Cohen, R. W. Berninger and J. T. Wood, J.Org. Chem. 1978, 43, 837.

444



Contribution G.046 - Friday, June 23

Determination of carbon nanotubes
concentration in solvent by using optical

absorption spectroscopy
Seok Ho Jeong1, Ki Kang Kim 2, Kay Hyeok An2, Sang Youn Jeon3,

Seung Hee Lee3, Young Hee Lee2

1 Sung Kyun Kwan University
2 Sungkyunkwan University

3 Chonbuk National University

Contact e-mail:psycho-jsh@hanmail.net

In numerous applications of carbon nanotubes, dispersion in various solvents
is an important step to enhance the performance of carbon nanotubes or host ma-
terials in composites, which usually involves ultrasonication and centrifuge steps.
Information for nominal concentration of nanotubes at early stage is usually lost
during the process, making the useful results ambiguous. In this paper we find a
method of determining concentration of carbon nanotubes by using optical absorp-
tion spectroscopy. According to Beers law (A= log P0/P = a l c), the measured
absorbance A is expressed in terms of extinction coefficient a, the light path length
l, and the concentration of nanotubes c. The extinction coefficient was obtained by
measuring the absorbance as a function of nanotube concentrations. The measu-
red extinction coefficient of singlewalled nanotubes was in excellent agreement
with theoretically predicted values. We have also tried to obtain the extinction co-
efficient for thin multiwalled carbon nanotubes. This work demonstrates that the
concentration of un-known carbon nanotubes dispersed in aqueous solution can
be easily determined by simply measuring the absorbance, once the extinction
coefficient is determined.
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Carbon nanotubes (CNTs) are efficient saturable absorbers, i.e. they are pass-
high filters for light, becoming transparent for sufficiently high incident power
[1,2]. This makes them ideal components for a wide range of photonic systems,
such as all-optical switches, pulse compressors, noise regenerative filters, etc. Na-
notubes can be processed into device by simple wet chemistry. Here we report
a simple way to fabricate CNT-polymer films, combining polyvinyl alcohol or
polycarbonate with CNT solutions. We show that these composites are promising
passive mode-lockers [3]. Their absorption maximum can be easily tuned by using
CNTs of different average diameter [3]. Saturable absorption is characterized by
Z-scan. This confirms that these composites show the highest saturable absorp-
tion when the absorbance band of CNTs coincides with the Z-scan wavelength.
Detuning from resonance leads to increase in non-saturable losses. We use these
films to fabricate an ultra-fast (∼600 fs) erbium doped fibre laser. We demonstra-
te wide spectral tunability of the output laser pulse (from 1560 to 1530 nm), by
adding a dispersion control element in the cavity [3]. We report several hundred
hours operation with no performance degradation. We also demonstrate passive
mode-locking in ion-exchanged wave-guides and laser-written wave-guides [4].
This allows us to build compact ultrafast waveguide lasers [4].

1. Y.C. Chen et al., Appl. Phys. Lett. 81, 975 (2002)
2. A.G. Rozhin et al. Chem. Phys. Lett. 405, 288 (2005)
3. A. G. Rozhin et al. submitted (2006).
4. R. Osellame et al. submitted (2006)

446



Contribution G.048 - Friday, June 23

Prominent exciton effects on absorption
of perpendicularly polarized light in

carbon nanotubes
Seiji Uryu, Tsuneya Ando

Department of Physics, Tokyo Institute of Technology

Contact e-mail:uryu@stat.phys.titech.ac.jp

Optical absorption spectra of carbon nanotubes are strongly dependent on the
polarization of light. Analysis of inter-band transition revealed that for an electric
field parallel to a tube axis, sharp peaks appear in optical absorption spectra due
to van Hove singularity of joint density of states, while for perpendicular field,
there is no peak because of a depolarization effect. On the other hand, it was
theoretically predicted that exciton effects are extremely important because of the
one-dimensional nature of the electronic states. Strong exciton effects were obser-
ved in experiments also. It is shown in this paper that a weaker but sharp exciton
peak can be observed for perpendicularly polarized light in carbon nanotubes.

Exciton energy levels are calculated in an effective-mass approximation and
the dynamical conductivity describing the optical absorption is calculated. It is re-
vealed that a prominent peak due to an exciton appears in an absorption spectrum
even when the depolarization effect is taken into account. However, the peak in-
tensity is almost an order-of-magnitude smaller than that for parallel polarization.
The peak position is shifted toward higher energy to be close or almost equal to
the second lowest exciton peak for parallel polarization depending on the Cou-
lomb interaction.
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We were able to show the quantization conductance unit,2e^2/h, from the un-
certainty principle and ascertain that it is the maximum conduction unit for a
single electron. It is therefore not surprising to have conductivity at fractional
quantization unit since the transmission probability would be reduced by many
mechanisms such as Coulomb blockade, spin (Pauli) blockade, bond dissociation,
impedance mismatch and oscillations.

Within the tight-binding model, we were able to derive the transmission and
reflection coefficients for a 1d lattice wire embedded with a heterogeneous re-
gion. The resonance tunneling, impedance mismatch, and length dependence of
oscillatory transmission were verified. The transmission at an electrical contact is
modeled with two semi-infinite lattice wires. It is found to be greatly reduced by
the disparity of the material properties. Similar equations were also derived from
the Greens function method.

Molecular structures were studied with use of molecular orbitals (MO), va-
lence bond (VB) model, Weibaum model, and configuration interaction (CI). An
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improved CI model by assigning two orbitals its own pair correlation function was
able to get the best agreement with experiment at the least number of variational
parameters. Taking helium atom as the example, the 1s trial wave function without
the correlation effect gives the two electron ground state energy 77.5eV versus the
79.01eV of the experiment. With the correlation effect, the value is 78.63eV. This
correlated configuration interaction (CCI) model with 1s, 2s orbitals and r12 and
r12^2 terms gives 78.94eV, while extending to 3s and 4s orbitals gives 78.96eV
with an error to the experimental by only 0.05eV. Similar calculation on hydro-
gen molecule gives 4.5eV bond energy versus the experimental 4.75eV. The code
is being extended to include more terms to reach accuracy beyond 0.1eV, and is
being applied to carbon nano tube study.
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While the electron-phonon (e-ph) scattering at low bias regimes is usually ne-
gligible in calculating quantum conductance of carbon nanotubes, resulting in a
ballistic behavior1, it turns out to play an important role in the electronic transport
of carbon nanotubes at higher bias voltages, leading to an inelastic current. In the
present work, the microscopic e-ph coupling is computed for a nanotube junc-
tion2. The obtained couplings will be used in calculations of inelastic transport
through nanotubes and investigation of the effect of external bias and temperature
in transport.

Within tight binding formalism, a general method is developed to calculate
the e-ph interaction from electronic band structure and phonon spectrum of the
systems of interest. Here, the e-ph interaction is described as a coupling matrix
determined by the product of the derivative of Hamiltonian with respect to atomic
displacements and phonon eigenvectors.3 Phonon spectrum used in the calculati-
ons is derived from the dynamical matrix computed by finite difference method.
Finally, the inelastic conductance is calculated taking into account the e-ph coup-
ling.4
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We investigate the equilibrium geometry and electronic structure of Mo12S9I9

nanowires usingab initio Density Functional calculations [1]. The skeleton of
these unusually stable nanowires consists of rigid, functionalized Mo octahedra,
connected by flexible, bi-stable sulphur bridges. This structural flexibility transla-
tes into a capability to stretch up to about 20% at almost no energy cost. The nano-
wires are conducting and acquire a net magnetic moment in one of their structural
isomers.

[1] Teng Yang, Shinya Okano, Savas Berber, and David Tomanek, Interplay
between structure and magnetism in Mo12S9I9 nanowires, Phys. Rev. Lett.96 ,
125502 (2006).
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We have synthesized Co nanorods encapsulated inside multiwalled carbon na-
notubes (MWCNTs) by microwave plasma enhanced chemical vapor deposition.

The transmission electron microscopy (TEM) bright-field images revealed
that the Co was fully encapsulated inside MWCNTs. The face-centered cubic
(FCC) structure of Co nanorods was confirmed by selected area diffraction pat-
tern and often polycrystalline.

The magnetic properties of Co nanorods were carefully characterized using
off-axis electron holography technique by a Philips CM200 TEM operating at 200
keV with an electrostatic biprism. An electrostatic potential of 130 V was app-
lied to the biprism wire for hologram recording. The component of the magnetic
induction was quantitatively determined to be 1.2±0.1 T based on an established
cylindrical magnet model, and was independent of size of nanorods. This value is
lower than the expected saturation magnetization of FCC bulk Co of 1.7 T. The
X-ray microanalysis indicated that the oxidation of Co nanorod may degrade the
magnetizing resonance. Moreover, the HR-TEM result revealed that Co (200) pla-
nes tend to be parallel to graphite (002) planes, therefore, the easy direction is not
parallel to the actual magnetization direction.

Owing to the unique properties of the Co encapsulated MWCNTs, they have
potential application for magnetic sensing.
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Nano-peapods have attracted wide scientific attention owing to their unusual
structural and electric properties, as well as commercial interests due to their po-
tential applications in field effect transistors. In contrast to bulk-fullerene crystals,
fullerene molecules encapsulated into hollow space of CNTs form linear chains
in which each fullerene molecule has only two nearest neighbors (12 neighbors
in a hexagonal or a face-centered cubic close pack arrangement of bulk-fullerene
crystal). Further, intermolecular distances of encapsulated fullerene molecules are
shorter than that of bulk crystal. Consequently, intermolecular interactions and
dynamic behavior of the fullerene-pea are expected to be very different, and this
would affect magnetic properties greatly. However, the investigation of magnetic
properties of encapsulated metallofullerenes is very difficult due to ferromagne-
tic impurities such as Co and Ni particles, which are used as carbon nanotube
synthesis catalyst. Here we report element specific magnetization of encapsula-
ted endohedral metallofullerenes by using soft x-ray magnetic circular dichroism
at SPring-8 BL25SU. A high brilliance synchrotron soft x-ray radiation source
enables us to obtain MCD signals from very small amounts of samples (several
micrograms).
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We have developed a technique to probe the dynamics of micelle-suspended
single-walled carbon nanotubes (SWNT) in water through dynamic magnetic line-
ar dichroism. Due to their anisotropic magnetic susceptibility SWNTs align with
magnetic fields. Pulsed magnetic fields up to 58 T were utilized to induce absorp-
tion anisotropy, and the decay was used to determine the rotational relaxation time
of the nanotubes. This new form of magnetic pump and optical probe spectrosco-
py was used to investigate nanotube length, degree of bundling, and suspension
surfactant dependence. These results shed light on the Brownian motion of SWNT
suspensions and deconvolution of alignment dynamics in previous investigations
of the Aharonov-Bohm splitting in SWNT suspensions [1].

References
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Nanographene, defined as nano-sized flat hexagon network having open ed-
ges, has edge-shape-dependent electronic structure, where, according to theoreti-
cal prediction, nonbonding pai-electron state (edge state) created around zigzag
edges causes unconventional magnetism in nanographene or nanographite. We
investigated the electronic structure of graphene edges in atomic resolution, and
the magnetic features of activated carbon fibers (ACFs) which consist of disor-
dered network of nanographite domains. UHV-STM/STS observations for zigzag
edges with their edge carbon atoms hydrogen-terminated prove the presence of
large local density of states populated in the edge region and a sharp density-of-
states peak around the Fermi energy, in contrast to the absence of these features
in the armchair edges. This importantly imparts experimental evidence of edge
state as the origin of spin magnetism, which appears as unconventional magnetic
features in nanographene or nanographite. Magnetic investigations demonstrate
spin glass state of edge-state spins in the metal-insulator threshold in disordered
network of nanographite domains. Host-guest interaction modifies the magnetic
features of nanographite domains. Water adsorption in nanopores of ACFs shows
a high-spin/low-spin magnetic switching phenomenon, in which a discontinuous
reduction takes place in the magnetic moment at a threshold water vapor pressure
when the nanopores are filled with water molecules.
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