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Abstract: Nanotubes, the last in the focus of scientists in a series of “all carbon”
materials discovered over the last several decades are the most interesting and
have the greatest potential. This review aims at presenting in a concise manner
the considerable amount of knowledge accumulated since the discovery of this
amazing form of solid carbon, particularly during the last 15 years. The topics
include methods of synthesis, mathematical description, characterization by
Raman spectroscopy, most important properties and applications. Problems re-
lated to the determination of CNT properties, as well as difficulties regarding
their applications, in particular scaling, which would lead to their utilization,
are outlined.
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1. INTRODUCTION

Carbon is a versatile element and it can form various allotropes, including
graphite, diamond and fullerene-like structures. In the well-known layered struc-
ture of graphite, there is a large difference in chemical bonding within the layers and
between them. The o-bonds connecting each C atom with its three neighbours
within the layers are created by sp? hybridization. They are possibly the strongest
existing chemical bonds. The remaining fourth, delocalized electron in graphite is
responsible for the very weak m-bonds acting between the layers. It also determi-
nes the “semimetallic” character of graphite. The difference in the bond strength
is reflected in the different bond distances: 0.142 nm between the neighbouring C
atoms within the layers, as opposed to 0.335 nm between the layers. Due to the
large difference in the bond strength, the layers behave in a rather “independent”
way and are termed “graphene” layers.

With the study of Cgg and C7g, it was soon realized that an infinite variety of
closed graphitic structures could be formed, each with unique properties. All that
was necessary to create such a structure was to have 12 pentagons present to
close the hexagonal network (as explained by the Euler theorem). Since C7o was
already slightly elongated, tubular fullerenes were imagined.

However, carbon nanotubes were discovered long before researchers even
imagined that carbon may exist in such a form. It was in 1952 when Radush-
kevich and Lukyanovich reported the discovery of “worm-like” carbon forma-
tions.! These were observed during their study of the soot formed by decom-
position of CO on iron particles at 600 °C. On the basis of many experiments and
TEM images, the authors conclude that the formed product consisted of long fila-
mentary or needle-like carbon crystals with diameters of about 50 nm (the nar-
rowest seen in their TEM images were about 30 nm), probably hollow, growing
from iron compound (probably carbide) particles. In other words, the products
were carbon nanotubes. The discovered carbon nanotubes (CNTs), as we know
today, were in fact multi-walled (MWNTSs), but the resolution of their TEM was
too low (5—6 nm) to enable the authors to see the arrangement of graphenes in the
nanotube walls. It is interesting that the authors also found couples of intertwined
nanotubes, resembling at the first sight the DNA double helix structure.

The discovery of nanotubes passed almost unnoticed, like a number of other
studies before and after it.2

In 1991, researchers at the Naval Research Laboratory first predicted that by
simply turning a graphene sheet into a small tube, the structure would at room
temperature have a carrier density similar to that of metals and zero band gap,
unlike graphite.3

Simultaneously, the experimental work of lijima# led to what is wrongly
thought today by a majority of researchers to be the first discovery of carbon na-
notubes (CNTs), more specifically multiwalled nanotubes (MWNTs). When exa-
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mining fullerene soot, lijima also examined parts of the graphite electrodes of the
arc generator and the graphite rod that served as a cathode and found surprisingly
regular needle-like structures. A closer examination revealed that each needle
consisted of several concentrically arranged seamless graphene tubes, regularly
separated by about 0.34 nm spaces, the distance between layers in graphite (Fig. 1).
Electron diffraction performed by TEM on individual needles revealed that the
tubules seem to consist of rolled up graphene layers. Each tubule appeared to be
rolled up in a different fashion, i.e., it exhibited different helicity (instead of “he-
licity”, the term “chirality” is preferred by a number of authors). The different
degrees of helicity in each shell are necessary to obtain the best fit between the
successive shells in a tube and minimize the interlayer distance.5 The nanotubes,
which could extend in length up to many micrometers, were closed at the end by
a half-spherical or faceted cap (the caps consisted of both hexagons and penta-
gons) and thus resembled extremely elongated, large diameter fullerenes. This
paper was the first unambiguous evidence for the possibility of growing carbon
nanotubes without the need of any catalyst. It was the work of lijima that
produced a worldwide explosion of research on carbon nanotubes.

The formation of single-wall nanotubes (SWNTSs) was first reported in 1993
by two papers submitted independently.®7 A sketch of a SWNT with caps at both
ends is shown in Fig. 2.

Fig. 1. Electron micrographs of carbon nanotubes.
Parallel dark lines correspond to the (002) lattice
images of graphite. A cross-section of each nano-
tube is illustrated: a) a tube consisting of five gra-
phitic sheets, diameter 6.7 nm, b) A two-sheet tube,
diameter 5.5 nm and c) A seven-sheet tube, dia-
meter 6.5 nm, which has the smallest hollow dia-
meter (2.2 nm).* (Reprinted with permission from
Macmillan Publishers Ltd.).

Fig. 2. Sketch of the structure of a single-wall na-
notube with caps at both ends. The tube has he-
licity as indicated by the black coloured carbon
atoms forming a screw-like array of hexagons.®
(Reused with permission. Copyright 2000, Ameri-
can Institute of Physics).
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Since the diameter of SWNTSs can be as small as 0.4 nm with only 10 atoms
around the circumference and the tubes can be only one atom in thickness, the
aspect ratio (length-to-diameter) can be very large (>10%), thus leading to a proto-
type one-dimensional (1D) system. In addition, depending on their diameter and
helicity, CNTs are either one-dimensional metals or semiconductors. Therefore,
they can be used to form metal-semiconductor, semiconductor-semiconductor, or
metal-metal junctions.

The prospects of using CNTs in electronics and other fields led many resear-
chers to study them, both experimentally and theoretically. In this review, the
current knowledge on both pure and doped carbon nanotubes will be presented

2. SYNTHESIS OF CARBON NANOTUBES

Pure carbon nanotubes (CNTs), as well as B- or N-doped CNTs, can be syn-
thesized using conditions far from equilibrium. Other dopants have been far less
studied. The effect of substitutional Si atoms has recently been calculated. A
number of authors deal with intercalation (insertion between neighbouring gra-
phene layers in MWNTs, or between SWNTs in a bundle) of alkali metals,
mainly K,10-15 1j10,16,17 3nd Rb,13 but other dopants (FeCls,12 Bal8), as well as
Lall and halogens (I,19-23 Br!9) as endohedral dopants (within the nanotube) have
also been considered. Monthioux2#4 gives an overview of intercalation into SWNTs.

Although there are now several methods for making nanotubes, the carbon
arc method remains the most practical for scientific purposes and yields the most
highly graphitized tubes, simply because the process uses a very high tempera-
ture (4000 K). The significance of properly graphitized CNTs is that only with
such materials can one expect to find any correlation between theory and experi-
ment.

2.1. Arc method

CNTs can be grown on the carbon cathode used in the d.c. arc discharge
evaporation of carbon in an argon-filled vessel (100 torr).# The deposit generated
has a hierarchical structure, with nanotubes organized in small bundles, which
are themselves organized into 50 um fibres visible to the eye. The alignment of
the nanotubes along the axis of the arc current, the yield of the nanotubes and
their structural quality all depend on the conditions of the arc. The most critical
parameters are the inert gas pressure, the growth rate, the cooling rate, the sta-
bility of the plasma and some other variables difficult to quantify. Nanotube yields
of about 60 % of the core material are obtainable under optimal conditions.2

The growth mechanism of nanotubes is a complex and fascinating subject.
One of the first questions is why elongated structures such as nanotubes (and not
balls) form although they are not thermodynamically stable. This seems to be the
result of a competition between two types of carbon species present near the
cathode surface, namely the anisotropic unidirectional carbon ions accelerated
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across the gap, and the thermally evaporated carbon from the cathode with an
isotropic velocity distribution. In other words, the introduction of an axis of sym-
metry in the reaction zone due to the unidirectional carbon species results in
elongated structures. Analysis shows that an axis of symmetry always exists in
all the methods used to generate nanotubes. For instance, in the catalytic growth
of SWNTs, the catalytic particles provide this asymmetry in three dimensions.>

The early structures were all multi-wall nanotubes. Single-wall nanotubes with
small (= 1 nm) and uniform diameters were synthesized simultaneously in 1993
by two research teams using arc-discharge methods with transition metal cata-
lysts.67 Crystalline ropes of SWNTSs, with each rope containing tens to hundreds
of tubes of approximately the same diameter, were synthesized in this early work.
Subsequently, SWNTSs have been synthesized by a number of researchers using
the arc-discharge method.

The double-walled NT (DWNTSs) occupy a somewhat special position be-
cause the interactions between the inner and the outer tube are very weak, thus
making the possibility of performing studies of the individual constituents of the
DWNTs at the single nanotube level. In addition, while retaining very similar
morphology and properties as SWNTSs, chemical reactivity of DWNTs is signi-
ficantly different. This is particularly important when functionalization (i.e., graf-
ting of chemical functions at the CNT surface) is required to modify properties of
the CNT.

B-doped MWNTs can be produced by arcing either BN/graphite or B/gra-
phite electrodes in an inert atmosphere (e.g., He, N»). Large quantities of crystal-
line and long (< 100 um) MWNTs are obtained. They contain 20-30 sheets and
usually have ill-formed caps. It has proved difficult to produce B-doped SWNTs
using this technique because B may obstruct the growth of the tubules under the
extreme conditions.26

Arc experiments using pure graphite electrodes in NH3 indicate that it is dif-
ficult to produce N-doped SWNTs and MWNTs, possibly because N> molecules
are easily created and do not react with carbon. However, Glerup et al.27 have re-
cently demonstrated that it is possible to grow N-doped SWNTs by arcing com-
posite anodes containing graphite, melamine, Ni and Y. The tubes exhibit a low
(21 %) N concentration, and are sometimes corrugated.

2.2. Laser ablation

Pure SWNTs were produced in yields of more than 70 % by condensation of
a laser-vaporized carbon-nickel-cobalt mixture.28

Zhang et al.?° reported that sandwich-like C-BN nanotubes could be produ-
ced by laser vaporization of graphite-BN targets. Evidence for the existence of
BC7N layers within the MWNTSs was reported. More recently, Gai et al.30 de-
monstrated that B-doped SWNTs could be generated using laser vaporization of
B-graphite—Co—Ni targets. The authors performed laser ablation experiments in-
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side a silica tube placed in a furnace operating at 1100 °C under an Ar atmos-
phere at = 500 torr. A laser beam (1064 nm, 10 Hz) was used to ablate a target
composed of a carbon paste mixed with a Co:Ni catalyst and elemental B. SWNTs
were found in the products when the B content in the target material was <3 at. %,
but with no detectable boron was present in the SWNTs. Higher B concentration
resulted mostly in a mixture of graphite and metal encapsulated particles, the
quantity of SWNTs being low.

Recently, Borowiak-Palen and co-workers3! reported the production of
B-doped SWNTs with higher concentrations of B, in which 15 % of the C atoms
were replaced by B. These experiments were conducted by heating B,O3 in the
presence of pure carbon SWNTs and NHj3 at 1150 °C. Further studies on these
samples should be performed because the reported amount of B is too high com-
pared to the solubility of B in graphite and MWNTs (< 2 wt % B).

2.3. Chemical vapour deposition (CVD)

CVD Synthesis of undoped CNTs is relatively easy. Both SWNTs and MWNTs
can be grown by decomposing an organic gas over a substrate covered with metal
catalyst particles. Nanotubes grow at the sites of the metal catalyst. Their syn-
thesis on a relatively large scale was reported by the catalytic decomposition of
hydrocarbons at 1200 °C using a floating catalyst method. The SWNTs were
self-organized in rope-like bundles. Thiophene addition was found to promote
the growth of the SWNTs and increase the yields of both SWNTs and
MWNTs.32 In a recent work,33 the activity and lifetime of the catalysts were en-
hanced by water, thus allowing massive growth of super dense and vertically
aligned nanotube “forests” with heights up to 2.5 mm, which could be easily se-
parated from the catalysts, providing nanotube material with carbon purity above
99.98 %. The approach is applicable to other synthesis methods developed for the
mass production of SWNTs.

Another approach considered to offer potential for the synthesis of carbon
nanotubes (SWNTs in particular) in large quantities at significantly lower cost
than that of other methods is the use flames, such as a premixed oxygen—ace-
tylene—argon flame, with Fe(CO)s5 vapour as the source of the metallic catalyst.34

Various CVD methods have been used to synthesize N-containing CNTs.
N-doped MWNTs were produced by: the thermal decomposition of N-containing
hydrocarbons over Fe, Co and Ni; the pyrolysis of aminodichlorotriazine over la-
ser-etched Co films at 1050 °C; the pyrolysis of melamine, which resulted in an
increased N content (< 7 %) within corrugated tubular structures; the pyrolysis of
melamine over laser-etched Fe, resulting in high yields of aligned Ci3N, (x < 1)
nanotubes/nanofibres (< 100 nm outer diameter, < 60 pm long); the pyrolysis of
pyridine and methylpyrimidine, resulting in CN,, nanotubes with low N concen-
trations, which were easily oxidized compared to pure CNTs.26
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The results showed that it is extremely difficult to generate crystalline and
highly ordered structures containing large concentrations of N within a hexagonal
carbon network. The degree of perfection strongly depends on the N concen-
tration, the lower the N concentration, the more graphitic and the straighter are
the nanotubes.

Of the various means for nanotube synthesis, CVD shows the most promise
for industrial scale deposition in terms of its price/unit ratio. In addition, CVD is
capable of growing nanotubes directly on a desired substrate, unlike the other
mentioned methods. The growth sites are controllable by careful deposition of
the catalyst. The CVD technique has the potential for enabling the large-scale
production of nanotubes, as well as the growth of nanotubes at specific sites on
microfabricated chips or at the tips of scanning probe microscopes. However, a
lot of work remains to be done in this area in order to control the B or N content,
as well as the nanotube structure.

3. MATHEMATICAL DESCRIPTION OF CARBON NANOTUBES

A SWNT can be mathematically described as a single graphene layer rolled
up into a seamless cylinder, one atom thick, usually with a small number (per-
haps 10—40) of C atoms around the circumference, and a great length (microns)
along the cylinder axis. A carbon nanotube is specified by the chiral vector Cy:

Ch, = nay + may (1)

where (n,m) are the pair of indices that denote the number of unit vectors na; and
may. As shown in Fig. 3, the chiral vector C}, makes an angle 6, the chiral angle,
with the so-called zigzag or a; direction. The vector C}, connects two crystallo-
graphically equivalent sites O and A on a two-dimensional graphene sheet where
a carbon atom is located on each vertex of the honeycomb structure. The axis of
the zigzag nanotube (m = 0) corresponds to 8 = 0°, whereas the so-called arm-
chair nanotube (for n = m) corresponds to § = 30° and the nanotube axis for
so-called chiral nanotubes (all other CNTs) corresponds to 0 < 8 < 30°. The seam-
less cylinder joint of the nanotube is made by joining the line AB’ to the parallel
line OB in Fig. 3. The nanotube diameter d; can be written in terms of the in-
tegers (n,m) as:

di= Cp/n = a(m? +nm + n2)12/n 2)

where a = 1.42x\3 A and corresponds to the lattice constant of the graphite sheet
(the C—C distance is 1.42 A).

The chiral angle 8 is defined as 6 = tan~![V3m/(m + 2n)]. Thus, a nanotube
can be specified by either its (n,m) indices or equivalently by d; and 6.

To define the unit cell for a one-dimensional nanotube, the vector OB in Fig. 3
is defined as the shortest repeat distance along the nanotube axis, thereby
defining the translation vector 7:
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T=ta1+tva (3)
where the coefficients #; and #, are related to (n,m) by:
1= (2m+ n)/dr
tr =—(2n + m)/dr 4)

where dR is the greatest common divisor of (2m + n, 2n + m) and is given by:

)

_Jd if n—misnota multiple of 3d
RV 34 if n-misa multiple 3d,

where d is the greatest common divisor of (n,m). The magnitude of the trans-
lation vector T = |T| = V3L/dg, where L is the length of the chiral vector C}, = nd;
and d; is the nanotube diameter. The unit cell of the nanotube is defined as the
area delineated by the vectors T and Cy,. The number of hexagons, N, contained
within the one-dimensional unit cell of a nanotube is determined by the integers
(n,m) and is given by:
N=2(m?+ n? + nm)/dR (6)
Thus, assuming 0.142 nm as the value of the C—C distance, d¢ = 1.36 nm and
N = 20 are obtained for a (10,10) nanotube.

Fig. 3. a) The unrolled honeycomb lattice of a
nanotube. When sites O and A, and sites B and
B’ are connected, a nanotube can be construc-
ted. The vectors OA and OB define the chiral
vector C,, and the translational vector T of the
nanotube, respectively. The rectangle OAB’B
defines the unit cell of the nanotube. The fi-
gure is constructed for an (n,m) = (4,2) nano-
tube.3 (Reprinted with permission from au-
thors and publisher. Copyright 2004 by Annual
Reviews, http://www.annnualreviews.org).

4. CHARACTERIZATION AND PROPERTIES OF CARBON NANOTUBES

The most important methods used to characterize CNTs are Raman spectros-
copy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), in particular High Resolution TEM (HRTEM), and scanning tunnelling
microscopy (STM). Raman spectroscopy is capable of characterizing CNT sam-
ples, but it also provides detailed information on the vibrational modes of SWNTs
and reveals a variety of unique phenomena in one-dimensional systems. Only
Raman spectroscopy will be considered in this review.
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4.1. Raman spectroscopy

The Raman spectra were taken with laser excitation energy Ej, = 2.41 eV
(514.5 nm wavelength) for a SWNT bundle with diameter distribution of 1.36+0.20
nm (Fig. 4). They exhibit only two dominant features, namely, the radial breath-
ing mode (RBM) out-of-plane vibrations, at 186 cm™!, and the tangential (in-pla-
ne vibrations) band in the range from 1520-1620 cm™! (Fig. 4, inset). Because of
the strong connection of this tangential band to the corresponding mode in two-di-
mensional graphite, this higher frequency band for SWNTs is commonly called
the G-band. Other lower intensity features, discussed below, also provide impor-
tant and unique information about SWNTs.

The Raman spectra of SWNTs strongly and non-monotonously depend on
the laser excitation energy, Elaqer, and are associated with a resonance process for
this energy with the optical transition energy between van Hove singularities in
the valence and conduction bands.36

The results of Raman scattering studies on SWNTs3° reveal not only many
of the characteristic normal vibrational modes of a carbon nanotube, but also show
that the Raman excitation frequency can be chosen to excite preferentially nano-
tubes of a particular diameter.

1593
= g #IL
§ 2 155?1 1.
-1 ~, \
£ 5| s ] e
c AT\ 1593 | )
E 1528 /1 AL\ Fig. 4. The Raman spectrum taken
© oo rtecrmscens - with 514.5 nm (2.41 eV) laser
i 1864 1500 1600 1700 \ 1 excitation of a SWNT bundle sam-
Fesqincy /oy s 7 \ ple with a diameter distribution
— 1347 152§Jl \ | d,=1.36£0.20 nm. The inset shows
Y 755 855 X WL .
— I £ e an expanded view of the spectra
T T T in the 1480-1700 cm! range.3°
500 1000 1500 (Reprinted with permission from
Frequency / cm-1 AAAS)).

Figure 4 indicates that the G-band for SWNTs consists of two features: one
peaking at 1593 cm! (G*) and the other at 1567 cm™! (G-). The G* feature is
associated with carbon atom in-plane vibrations along the nanotube axis and its
frequency, wg+, is sensitive to charge transfer from dopant additions to the
SWNTs (up-shifts in wg+ for acceptors and downshifts for donors). In contrast,
the G~ feature is associated with in-plane vibrations of carbon atoms along the
circumferential direction of the nanotube and its line-shape is highly sensitive to
whether the SWNT is metallic or semiconducting.2® Also the D-band feature in
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Fig. 4 with wp at 1347 cm™! is commonly found in the Raman spectra of SWNT
bundles, stemming from the disorder-induced mode in graphite. Its second har-
monic, the G’-band (not shown), occurring at = 2wp, is associated with a double
resonance process.3> Both the D-band and the G’-band are sensitive to the
diameter and helicity of a nanotube.

Jorio37 stated that the Raman scattering technique could provide complete
structural information for 1-D systems, such as carbon nanotubes. Due to the sharp
van Hove singularities occurring in carbon nanotubes with diameters less than 2 nm
(see Fig. 7), the Raman intensities for the resonance Raman process can be so
large that it is possible to observe the Raman spectra from one individual SWNT.
The isolated SWNTs were prepared by a chemical vapour deposition method on
an oxidized Si substrate containing nanometre-sized iron catalyst particles. The
helicity of an (n,m) individual single-wall nanotube can be assigned uniquely by
measuring one radial breathing mode frequency wrpm and using the theory of
resonant transitions. A unique helicity assignment can be made for both metallic
and semiconducting nanotubes.3” The differences in the G-band spectra between
semiconducting and metallic SWNTs are shown in Fig. 5.

™ T ™ rTT T =TT

rem | * — Si/SiO;

Fig. 5. Raman spectra from a metal-
G lic (top) and a semiconducting (bot-
tom) SWNT at the single nanotube
level, showing the radial breathing
mode (RBM), D-band, G-band, and
G’-band features, in addition to weak
double resonance features (785 nm
(1.58 eV) laser).The silicon substrate
| provides contributions to the Raman
ITOLA 785nm | spectra, denoted by *3° (Reprinted with
(PRI P B A I ST A S TS SN S | permissionfromauthorsandpublic-
0 500 1000 1500 2000 2500 3000 gpop Copyright 2004 by Annual Re-
Frequency / cm’ views, http:/www.annnualreviews.org).

Metallic

Intensity / a.u.

Semiconducting

Measurements on the G-band at the single nanotube level show that this
feature is a first-order process, with the frequency wg+ essentially independent of
dy or chiral angle 8, while wg- is only dependent of d; and not on 6. Such dia-
meter dependent measurements can be done only at the single nanotube level.”’

Raman spectra of carbon nanotubes, particularly at the single nanotube level,
have been particularly rich in information. Due to the simplicity of the geometri-
cal structure of nanotubes, detailed analysis of the Raman spectra has yielded a
lot of information about phonon dispersion relations, such as information about
their trigonal warping. This information was, in fact, not yet available for two-di-
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mensional graphite but could be studied in nanotubes because of their one-di-
mensionality.3® Thus, studies on carbon nanotubes are revealing a lot of impor-
tant information about the electrons and phonons in 2-D graphite through studies
at the single nanotube level, where the orientation of the wave vector can be ex-
plicitly probed, in contrast to the situation in 2-D graphite, which only allows
measurements to be made as a function of the magnitude of the wave vector.38

4.2. Electronic properties

The nanometre dimensions of carbon nanotubes together with the unique
electronic structure of a two-dimensional graphene sheet make the electronic pro-
perties of these one-dimensional carbon nanotube structures highly unusual.

The theory was ahead of experiment as far as the electronic properties of
CNTs are concerned. Early theoretical calculations showed that the electronic
properties of the carbon nanotubes are very sensitive to their geometric struc-
ture.26 While graphene sheet is a zero-gap semiconductor in which the m-elec-
trons propagate in all directions (2-dimensionally), theory has predicted that car-
bon nanotubes, where the electrons propagate only along the tube axis, can be
either metals or semiconductors with different size energy gaps, depending very
sensitively on the diameter and helicity of the tubes, i.e., on the indices (n,m).
The physics behind this sensitivity of the electronic properties of carbon nano-
tubes to their structure can be understood within the zone-folding picture.

If n—m = 3j, where j is an integer, the SWNTs are metallic*. On the other
hand, all SWNTs with n—m = 3j£1 are large-gap (< 1.0 eV for d; < 0.7 nm) semi-
conductors. Thus, for a uniform distribution of (n,m,) values, there is a one-in-three
chance of a SWNT being a metal and a two-in-three chance of it being a semi-
conductor.

These unique electronic properties arise from the quantum confinement of
the electrons normal to the nanotube axis. In the radial direction, the electrons are
confined by the monolayer thickness of the graphene sheet (= 0.350 nm).

Sufficiently strong hybridization effects between the ¢ and & states can occur
through tube curvature effects in small-diameter nanotubes and these hybridiza-
tion effects significantly alter their electronic structure. For example, a (5,0) tube,
which is predicted to be semiconducting (see above), has been shown to be me-
tallic by ab initio calculations.35 Unusual properties have also been found in
ultra-small diameter SWNTs (d;~ 0.4 nm), produced by confining their synthesis
to occur inside zeolite channels.39 This nanotube is the narrowest attainable that
can still remain energetically stable, as predicted by theory. These ultra-small

* Strictly speaking, due to tube curvature effects, a tiny band gap opens up when j is not 0.
However, for most experimentally observed carbon nanotubes, the gap would be so small that,
for most practical purposes, all the n—m = 3;j tubes can be considered as metallic at room tem-
perature because their thermal energy is sufficient to excite electrons from the valence to the
conduction band.
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diameter SWNTs have been reported to exhibit a variety of unusual properties for
an all-carbon system, such as superconductivity.*0 The unit cell for such ultra-small
diameter SWNTs is small enough to permit detailed and accurate ab initio calcu-
lations of their electronic structures.

Carbon nanotubes often have defects, such as pentagons, heptagons, vacan-
cies or dopants, that drastically modify their electronic properties, which are, of
course, more complex than those for infinitely long, perfect nanotubes. On the
other hand, the introduction of defects into the carbon network is an interesting
way to tailor its intrinsic properties to create new potential nanodevices and to
propose new potential applications for nanotubes in nano-electronics.

The differences between the doped graphene sheet and CNT have been cal-
culated.#! Doping of a graphene sheet with 0.5 % B or N provokes a slight in-
crease and shift in the electronic states close to the Fermi level (Ef), B (electron
acceptor) in the valence band and N (electron donor) in the conduction band.
Thus, density of states (DOS) vs. energy curves for a pure (undoped) and doped
graphene sheets are quite similar to each other (Fig. 6). However, corresponding
curves for doped and undoped nanotubes are quite different (Fig. 7). Because of
the quantum confinement in the CNTs, being a consequence of their nanometer
dimensions, the resulting number of 1-D conduction and valence bands effecti-
vely depends on the standing waves set-up around the circumerence of the nano-
tube. The spikes are called “van Hove” singularities and are typical of 1-D quan-
tum conduction, which is not present in an infinite graphite crystal.

I ' I } T I L I P I

graphene sheet graphene sheet
B:0.5% N: 0.5 %

Density of states
Density of states

Fig. 6. DOS for doped and un-
doped graphene sheets (solid and
dotted curves, respectively) (Ter-
rones et al.?° on the basis of re-
sults of Latil et al*!) (Reprinted
; with permission. Copyright Else-
Enery 7, Ensray /v, vier (2004).).

Little work has been performed on doping SWNTs with either B or N.
However, it is believed that these systems should exhibit unusual quantum effects
and it should be possible to tailor the band gaps of semiconducting SWNTs when
doping at very low concentration levels. It should be pointed out that, in order to
observe genuine quantum effects in doped CNTs, the dopants must be present
within SWNTs of narrow diameter (< 1-2 nm).26
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In N-doped SWNTs, N could be present substitutionally (N coordinated to
three C atoms in an sp2-like fashion), or as a pyridine-type N (two coordinated
N), which can be incorporated into the SWNT, provided that a C atom is re-
moved from the framework. This type of defect induces localized states below
and above the Fermi level. Therefore, substitutional N doping in SWNTs should
result in n-type conducting behaviour, whereas pyridine-type N may produce
either a p- or n-type conductor, depending on the doping level, the number of N
atoms, and the number of removed C atoms within the hexagonal sheet.

In experiments on simultaneous doping of SWNTs, bundles of B- and N-do-
ped single-walled carbon nanotubes (SWNTs) containing up to = 10 at. % B and
up to = 2 at. % N were synthesized at high yields under thermochemical treat-
ment of pure carbon SWNT bundles and B,0j3 in a flowing nitrogen atmosphere.*2

[ ¥ T Ll | 1 1 1 X |
10,10} nanotube (10,10} nanotube
- BO2% « ND2%

Fig. 7. DOS for doped and un-
doped metallic CNTs (solid and
dotted lines, respectively). Note
the peaks in the curves for the
doped CNTs (arrows) in the va-
lence band (B) and conduction
band (N) (Terrones et al.2® on the
basis of results of Latil et al.*!).
: ) (Reprinted with permission. Copy-
Ensray fy, Energy /1, right Elsevier (2004).).

Density of states
Density of states

The amphoteric character of SWNTSs, i.e., their ability to exchange electrons with
a dopant atom (or molecule) to form the corresponding positively or negatively
charged counterion, has been shown also for the SWNTs exposed to typical elec-
tron-donor (potassium, rubidium) and electron-acceptor (iodine, bromine) dopants.!9

Intercalation of single-wall carbon nanotubes (SWNTSs) provides an impor-
tant tool to modify their electronic band structure. In a particular case of the
relatively large iodine ions, the size of SWNTs and the size of iodine are compa-
rable. A commercial material used in the work of Grigorian et al.20 comprised
predominantly (6,5) and (7,5) nanotubes with diameters d; = 0.757 and 0.829 nm,
respectively. Taking into account the thickness of the nanotube wall (= 0.350 nm),
the inner diameters dj, were 0.407 and 0.479 nm, respectively. The diameter of
the iodine ions (df = 0.432 nm) is between these two values. Therefore, larger
SWNTs with iodine-filled interiors were found to carry significantly higher char-
ge density as compared to smaller empty ones.20
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According to recent calculations,? silicon substitutional doping of SWNTs
can dramatically change the local atomic and electronic structures of the SWNT
at the doping site, which results in its preference to form sp3 bonding, and the
band structure of the doped SWNT exhibits a very different characteristic from
that of the pristine SWNT. For the (5,5) tube, the metallic band structure can be
changed into a doped degenerated semiconducting band structure with a distinct
band gap and an unoccupied impurity band above the Fermi level. In addition,
due to the formation of sp3 bonds, the doping silicon atom can improve the local
reaction activity of the tube.

4.3. Mechanical properties

Since the carbon—carbon chemical bond in a graphene layer is probably the
strongest chemical bond known in nature (the sp? bond in graphite is stronger
than the sp3 bond in diamond), carbon nanotubes are expected to have excep-
tionally good mechanical properties, with significant potential for applications in
the reinforcement of composite materials.

Some of the important parameters characterizing the mechanical properties
of carbon nanotubes include their elastic constants, Young’s modulus, Poisson
ratio, response to deformation in the elastic regime, tensile and compressive
strains, yield mechanism and strength at failure, toughness, and buckling when
bent. One of the unusual features of nanotubes is that they simultaneously com-
bine widely varying length scales: their length can be macroscopic, up to milli-
metres, whereas their diameters are on the nanoscale.

The manipulation of nanoscale objects is a difficult and challenging task.
Nevertheless, a number of direct experimental measurements of the Young’s mo-
dulus, Y, of nanotubes have appeared in the literature. Calculations show that the
Young’s modulus of isolated SWNTs does not depend greatly on the nanotube
diameter or chiral angle and has a value of approximately 1 TPa, corresponding
to the asymptotic limit reported for carbon fibres,35 whereas Y for MWNTs de-
creases somewhat with increasing d;. Despite the very high Young’s modulus for
carbon nanotubes, atomic force microscopy (AFM) measurements*3 indicate that
nanotubes can bend into loops without breaking, testifying to their flexibility,
toughness, and capacity for reversible deformation. Small-diameter SWNTSs can
be elongated by = 30 % before breaking,! and values for the breaking strength
of 55 GPa have been reported.#4 Tensile strength experiments performed on
MWNTs showed that they break at the outermost layer, with the inner layers
being pulled out like a sword from its sheath, and somewhat smaller values for
the tensile strength were found for MWNTs. 44

Under bending stress, MWNTs bend by stretching in the outer arc and by
compression in the inner arc. For nanotubes with diameters d; < 12 nm, the ef-
fective bending modulus was found to have a value of approximately 1 TPa.4>
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However, for MWNTs of larger diameters, the effective bending modulus drops
dramatically to values of approximately 100 GPa. From these experiments, it was
concluded that MWNTs, although difficult to stretch axially, are easy to bend
laterally and they could reversibly withstand large lateral distortions.

Determining the actual strength of nanotubes from simulation is a challen-
ging task. Atomistic calculations indicate that chiral tubes have a lower yield strain
than either zigzag or armchair nanotubes,33 which lowers their mechanical strength.

Concerning doped CNTs, the mechanical properties should not be substan-
tially altered if the dopant concentration is low (e.g., < 0.5 % N).26

Hernéndez and co-workers have calculated the mechanical properties of CN,
and CB, nanotubes. Their results predict that of all the types of nanotubes consi-
dered (pure and doped), pure carbon nanotubes have the highest Young’s modu-
lus, approaching those of flat graphene-like sheets. They demonstrated that, al-
though high concentrations of B and/or N within SWNTs lower the Young’s
modulus, the values still remain in the order of 0.5-0.8 TPa.46-47

However, the experimental values are quite different from the theoretical
ones. For example, the Young’s moduli for pristine and N-doped MWNTs are
0.8-1 TPa and =~ 30 GPa, respectively. The low values observed for N-doped na-
notubes are probably the result of the relatively high N concentration (e.g., 2-5 %)
within the tubes, which introduces defects and lowers the mechanical strength.26

Recent results showed that CNTs exhibit virtually no fatigue.4¥ A 2 mm
square block of vertically aligned, multi-walled nanotubes still retains its original
structural integrity and properties after being compressed and released more than
500,000 times. The results show that the ability of CNTs to resist wear and tear is
similar to the behaviour of muscles, stomach lining, and other soft tissues. This
ability, coupled with the strong electrical conductivity of CNTs, suggests that
they could be used to create artificial muscles.

4.4. Thermal properties

Although the thermal properties of carbon nanotubes, including their specific
heat, thermal conductivity, and thermopower, are quite special, the thermal pro-
perties of SWNTs have not been as extensively studied as the electronic, mecha-
nical, or phonon properties of SWNTs, in part because the techniques for making
such studies are still under development. The thermal properties of carbon nano-
tubes display a wide range of behaviours that stem from their relation to the cor-
responding properties of a two-dimensional graphene layer and from their unique
structure and tiny size.33

At high temperatures, the specific heat of individual nanotubes should be
similar to that of two-dimensional graphene, with the effects of phonon quanti-
zation becoming apparent at lower temperatures for SWNTs of small diameter
(< 2 nm), where a linear 7-dependence of the specific heat is expected. To study
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the intrinsic thermal conductivity and thermoelectric power of nanotubes, measu-
rements must be made at the single nanotube level. Such measurements are te-
chnically very difficult to realise. Therefore, work in this area is just beginning to
appear in the literature.

The thermal conductivity of graphite is generally dominated by phonons and
is limited by the small crystallite size within a sample. The apparent long-range
crystallinity of nanotubes and the long phonon mean free path led to the spe-
culation that their longitudinal thermal conductivity could possibly exceed the
in-plane thermal conductivity of graphite, which, together with diamond, has the
highest thermal conductivity of known materials. The reason for the very high ther-
mal conductivity follows from the very high velocity of sound based on kinetic
theory arguments and relates to the very high Young’s modulus of carbon nano-
tubes. From the viewpoint of application, it is important that nanotubes have a
high thermal conductivity and can conduct heat efficiently, which would prevent
structural damage while used as current-carrying wires in micro/nano devices.

Measurements of the temperature-dependent thermal conductivity #(7) for
an individual MWNT (14 nm diameter)4® show very high values of x (more than
3000 W m K1), comparable to graphite (in-plane). It is believed that smaller dia-
meter tubes (probably individual SWNTs) will be needed to exhibit thermal
conductivities greater than that of graphite. The small diameter of SWNTs causes
phonon quantization, which should be observable in the heat capacity and in the
thermal conductivity at low 7.

The thermal expansion of a SWNT bundle was measured using X-ray dif-
fraction techniques,30 and the results are consistent with expectations based on
graphite. The measurements showed a very small negative thermal expansion
along the nanotube axis direction (—0.15+0.20x10-> K-1) but a value of 0.75+
+£0.25x1075 K-! was found for the expansion along the of the diameter direction
of the SWNT in the temperature range 300-950 K.

Thermopower (TEP) measurements have been of substantial interest in nano-
tube research. However, most TEP measurements were performed on SWNT bun-
dles with random orientations leading to phenomena dominated by intertube in-
teractions, rather than the intrinsic behaviour of individual SWNTs.

Thermal measurements at the individual nanotube level are expected to have
a major impact on the direction of future studies on the thermal properties of
nanotubes.

5. APPLICATIONS OF CARBON NANOTUBES

The ultimate electronic device miniaturization would be to use individual
molecules as functional devices. Single-wall carbon nanotubes are promising
candidates for achieving this. Depending on their diameter and helicity, they are
either one-dimensional metals or semiconductors. As already mentioned, they can
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therefore be used to form metal-semiconductor, semiconductor—semiconductor,
or metal-metal junctions.

Several major steps toward nanotube-based circuitry have been achieved:
single-electron transistors employing metallic nanotubes have been demonstra-
ted. An array of field-effect transistors has been made by selectively burning-off
metallic nanotubes in SWNT ropes, and several research groups have assembled
field-effect transistors based on single nanotubes into logic circuits, which are the
building blocks of computers, showing promise for future developments in nano-
circuitry.33

Intramolecular devices have also been proposed which should display a range
of other device functions. For example, by introducing a pentagon and a hepta-
gon into the hexagonal carbon lattice, two tube segments with different atomic
and electronic structures can be seamlessly fused together to create intramole-
cular metal-metal, metal-semiconductor, or semiconductor—semiconductor junc-
tions. Both the existence of such atomic-level structures and investigations of their
respective electronic properties have already been carried out experimentally.5!-52

Joining a semiconducting nanotube to a metallic one, using a pentagon—hep-
tagon pair incorporated in the hexagonal network can be the basis of a nanodiode
(or molecular diode) for nano-electronics. An example of such a diode structure
is the junction of a semiconducting (8,0) nanotube, which has a 1.2 eV gap in the
tight-binding approximation, and a metallic (7,1) tube (although a small curva-
ture-induced gap is present close to the Fermi energy). Nanotube junctions can
thus behave as nanoscale metal-metal junctions, metal-semiconductor Schottky
barrier junctions, or semiconductor heterojunctions with novel properties, and
these different types of junctions can serve as building blocks for nanoscale elec-
tronic devices.33

A SWNT p-n junction diode device has recently been demonstrated.53 The
p—n junction was formed along a single nanotube by electrostatic doping using a
pair of split gate electrodes. The device can function either as a diode or as an
ambipolar field-effect transistor.

An interesting recent development is the employment of the electron beam
of a transmission electron microscope to covalently connect crossed SWNTs,
which can be useful for device applications. Electron beam welding at elevated
temperatures was used to produce molecular junctions of various geometries
(“X,” “Y,” and “T” junctions) and these junctions were found to be stable after
the irradiation process. To study the relevance of some of these nanostructures,
various models of ideal molecular junctions were generated. The presence of
heptagons plays a key role in the topology of nanotube-based molecular junc-
tions. The flexibility of the nanoscale design and the availability of both semi-
conducting and metallic nanotubes enable a wide variety of configurations. Junc-
tions between semiconducting and metallic nanotubes can act as diodes. Junc-
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tions between two crossed nanotubes can act as rectifiers and Y-, T-, or X-junc-
tions and provide more exotic configurations for nanoscale devices.>*

Another recent publication®> describes the fabrication of ultrathin, transpa-
rent, optically homogeneous, electrically conducting films of pure single-walled
carbon nanotubes and the transfer of these films to various substrates, in order to
extend the application of CNTs in electronics.

A number of potential applications arise if, instead of undoped CNTs, B- or
N-doped nanotubes are used. Theoretical calculations and experimental results>®
have shown that B-doped MWNTs could exhibit enhanced field emission (turn-on
voltages of = 1.4 V um~!) when compared to pristine carbon MWNTs (turn-on
voltages of = 3 V um~!). This phenomenon arises from the preferential presence
of B atoms at the nanotube tips, which results in an increased density of states
close to the Fermi level. Similarly, Golberg et al.>7 demonstrated that N-doped
MWNTs are able to emit electrons at relatively low turn-on voltages (2 V pm1)
and high current densities (0.2-0.4 A cm~2). More recently, it was found26 that
individual N-doped MWNTs exhibit excellent field emission properties at 800 K:
experimental work functions of 5 eV and emission currents of =~ 100 nA were
obtained at +£10 V. One of the first demonstrated applications was intense elec-
tron emitters for large displays, with the metal tips replaced by CNTs. The im-
provements were a clearer picture, longer life of the emitter and a simpler device,
which need neither ultrahigh vacuum nor high temperature (the CNTs emit
electrons at room temperature).

Thus, both B- and N-doped CNTs may have great potential as building blocks
for stable and intense field-emission sources.

The next application involves the well-known Lit batteries (with the Lit
ions intercalated between the layers in graphite) used for portable computers,
mobile telephones, digital cameras, efc. If instead of graphite, N-doped CNTs are
used, much higher energy storage (480 mA h g1) will be achieved than in com-
mercial carbon materials used for Li* batteries (330 mA h g1). Interestingly,
such nanotubes consist of many short segments with one end closed and the other
one open. Upon Li* intercalation into the N-doped MWNTs, the graphene layers
(the number of which is several tens) expanded and become partly disordered,
while after deintercalation, they reorder to a certain degree.>8

An important application from the ecological viewpoint is for sensors detec-
ting hazardous gases. The N-doped MWNTs have proved more efficient than
pure SWNTs or MWNTs, displaying a fast response in the order of milliseconds
when exposed to toxic gases and organic solvents, reaching saturation within 2-3 s.
Furthermore, while CO and H>O molecules apparently do not react with the sur-
face of pure carbon SWNTs, if the surface of the tube was doped with a donor or
an acceptor, drastic changes in the electronic properties were observed as a result
of the binding of the molecules to the doped locations.26
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An obvious potential application of the CNTs is to reinforce plastic-based
composites. The huge strength and modulus values found (see 4.3. Mechanical
properties) indicate that composites with CNT reinforcement should have much
higher mechanical properties than any other material known. In principle, the
preference is to use single-walled tubes for making composites, because the inner
layers of multi-walled tubes probably contribute little to the carrying load.

Standard composites with continuous-carbon-fibre reinforcement have ex-
cellent stiffness and strength combined with low density, but are expensive to
process and are limited to simple shapes, such as sheets and tubes. Short fibre
composites, on the other hand, can be moulded, but the fibres become chopped
down to a maximum length of about 1 mm during the processing. At this length,
the aspect ratio is only about 100, which is not enough to make an extremely
strong material. Nanotubes can have aspect ratios of 1,000 or more, and hence, in
theory, they should make excellent composites.

However, experiments intended to make strong composites with CNTs have
been unsuccessful.>® The main reason is that highly crystalline CNTs tend to be
similar to graphite, and chemically “inert”, and it is, therefore, necessary to modi-
fy their surface so that efficient tube—matrix interactions can be achieved. The
doping with silicon seems to offer a possible solution to this problem,” because
Si tends to form sp3 bonds, thus increasing the reactivity of the CNT surface.
This, however, remains to be experimentally verified.

The creation of nanotubes containing a few foreign atoms, such as N or B, in
the hexagonal network could also circumvent the problem of the non-reactivity
of the surface of CNTs. The mechanical properties of the CNTs would not be
significantly changed if the dopant concentration were low. Nevertheless, not
many experiments have been made so far and much further work is required to
solve the problem of fabricating CNT-reinforced plastic matrix composites in a
way suitable for commercial production.26

Other possible mentioned usages of nanotubes>® are STM and AFM tips, gas
storage devices, actuators, high power electrochemical capacitors, nanothermo-
meters, Fe-filled nanotubes as magnetic storage devices, efc. Thus, although a
number of early nanotube-based devices have already been demonstrated, the
production and integration of nanotube components into reproducible device
structures still present many challenges.

Of particular interest is research aimed at merging biotechnology with ma-
terials (especially nanomaterials) science. This will allow not only the advantage
of improved evolutionary biological components to be taken to generate new
smart materials but also to apply today’s characterization and fabrication techni-
ques of advanced materials to solving biological problems. Carbon nanotubes
functionalized with biological molecules (such as protein peptides and nucleic
acids) show great potential for application in bioengineering and nanotechnology.
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A fundamental understanding, description, and regulation of such bio-nanosys-
tems will ultimately lead to a new generation of integrated systems combining
the unique properties of the carbon nanotube with biological recognition capabili-
ties.%0 A recent article®! describes a developed multi-step method to covalently
link DNA with functionalized MWNTs.

The considerable progress in research concerned with CNTs has further
increased their potential in biological and biomedical applications.®2 The recent
expansion and availability of chemical modification and bio-functionalization
methods have enabled the generation of a new class of bioactive carbon nano-
tubes which are conjugated with proteins, carbohydrates, or nucleic acids. The
final aim is to target and to alter the behaviour of cells at the subcellular or
molecular level. Current research topics aim at translating biotechnology modi-
fied nanotubes into potential novel therapeutic approaches.

Although the list of potential applications of CNTs is rather impressive, the
actual practice restrains it to a few issues. The electronic applications seem to be
the most important, but numerous problems must be solved. These involve con-
trol of helicity, structure and length, but more fundamental studies are also re-
quired, such as growth mechanisms of CNTs. According to some predictions,%3
the scaling of microelectronic devices could lead to the utilization of carbon
nanotubes in about ten years. Among the applications already developing are
field emission displays, field-effect transistors, atomic-force microscope probe
tips, interconnects in advanced CMOS manufacture. Some encouraging data are
that a process for fabricating CNTs at room temperature has been developed, and
its first commercial appearance has already occurred (in 2007).64

6. CONCLUDING REMARKS

With diameters of down to 0.4 nm, only one atom in thickness, and length of
up to many microns, carbon nanotubes (CNTs) represent a prototype of a one-di-
mensional (1-D) system. In addition, depending on their diameter and helicity,
CNTs are either 1-D metals or large-gap semiconductors. Due to the unique pro-
perties of CNTs, there are great expectations that their practical applications will
eventually be developed. In addition, they will be used for further theoretical and
experimental studies.

The original difficulties in the synthesis of sufficient quantities of pure and
well-characterized CNTs for detailed, systematic experimental investigations have
largely been overcome. However, due to experimental difficulties, much remains
to be performed in the study of their properties.

B- or N-doped CNTs, SWNTs in particular, should exhibit novel electronic,
chemical, and mechanical properties that are not found in their pure carbon coun-
terparts, and are likely to become more useful than undoped material. This is par-
ticularly true for low concentrations of the dopants (e.g., < 0.5 %), because in this
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case the conductance should be significantly enhanced and the mechanical
properties would not be significantly altered. In addition, because of the presence
of holes (B-doped tubes) or donors (N-doped tubes), their surface should become
more reactive, which would be extremely useful in the development of field-emis-
sion sources, nanoelectronics, sensors, and strong composite materials. Unfortu-
nately, efficient routes to dope SWNTs are still awaiting development.

It is worth mentioning that substitutional dopants other than B and N also
deserve attention. This is true not only for P (donor), but also for Si, in view of
their respective effects in pyrolytic carbon (see for example Ref. 65).
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Hncituinyi 3a nykaeapre Hayke “Bunya’, ii. iip. 522, 11000 Beozpao

Wako OTKpUBEHE Ipe BHILIE O[] I0Jia BeKa, YIJbCHUYHE HAHOLICBH Cy JIOCIIENe Y XKUKY HHTE-
pecoBarma Hay4yHe jaBHOCTH TeK rocie moHoBHOr “otkpuha” 1991. romune. OBaj 10 ckopa Hemo-
3HAT, BAHPEAHO 3aHMMJbUBU OOJIMK €JIEMEHTapHOI' YIJbEHHKA, HAloBE3yje ce Ha HU3 JPYTUX YIibe-
HUYHHX MaTepujajia OTKPUBEHHX TOKOM IOCIEIHUX ICICHH]a, KOjH Cy y 3HATHO] MEepH oMOryhuiiu
Pa3Boj BUCOKE TEXHOJIOTH]E, ali U W3MCHUIIM HAIlll CBAKOJHEBHH JKHBOT. Y OBOM IIperiiesy je ca-
JKETO MPUKa3aHO OOMMHO, MaJia jOII HEJOBOJLHO 3HAE O YIJbCHHYHUM HAHOLICBUMA, CTEYCHO Y TOKY
MOCIIEABMX NeTHaecTak roauHa. O0yxBaheHe Cy METo/e CHHTE3€, MATEMaTHUYKH OIHC, KapaKTepH-
3anuja Pamanckom cnekrpockonujom. HajBaxxHuja cBojcTBa u npumene. HaBenenu cy npobnemu y
Be3H ca oapeljBameM cBojcTaBa HAaHOLIEBH, Kao U Telkohe Be3aHe 3a IbHXOBY IPUMEHY, HAPOYUTO
MPEHOIICHE TEXHOJIOTH]E MPOU3BO/IEE Ha (TIOJY)UHIYCTPHjCKH HUBO.

(ITpumsbeHo 14. mapra, peuaupano 17. maja 2008)

REFERENCES

L. V. Radushkevich, V. M. Lukyanovich, Zhurn. Fizich. Khim. 26 (1952) 88 (in Russian)
M. Monthioux, V. L. Kuznetsov, Carbon 44 (2006) 1621
J. W. Mintmire, B. I. Dunlap, C. T. White, Phys. Rev. Lett. 68 (1992) 631
S. lijima, Nature 354 (1991) 56
. T. W. Ebbesen, Phys. Today 49 (1996) 26
S. lijima, T. Ichihashi, Nature 363 (1993) 603
D.S. Bethune, C.H. Klang, M.S. deVries, G. Gorman, R. Savoy, J. Vazquez, R. Beyers,
Nature 363 (1993) 605
8. W. Kritschmer, in Fullerenes and Nanotubes — An Introduction, Hans Kuzmany, Ed.,
Conference Proceeding 544 (2000) 3, American Institute of Physics, Melville, NY, USA
9. C. X. Song, Z. Yueyuan, L. Mingwen, L. Xiangdong, H. Feng, Z. Boda, B. Hongyu
Zhang, Phys. Lett. A 358 (2006) 166
10. P. Chen, X. Wu, J. Lin, K. L. Tan, Science 285 (1999) 91

No LR



912

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

MARINKOVIC

S. Eisebitt, A. Karl, A. Zimina, R. Scherer, M. Freiwald, W. Eberhardt, F. Hauke, A.
Hirsch, Y. Achiba, AIP Conf. Proc. 544 (2000) 380

X. Liu, T. Pichler, M. Knupfer, M. S. Golden, J. Fink, H. Kataura, AIP Conf. Proc. 633
(2002) 267

N. M. Nemes, J. E. Fischer, K. Kamaras, D. B. Tanner, A. G. Rinzler, AIP Conf. Proc.
633 (2002) 259

H. Rauf, T. Pichler, F. Simon, H. Kuzmany, AIP Conf. Proc. 723 (2004) 213

T. Pichler, H. Rauf, M. Knupfer, J. Fink, H. Kataura, Synth. Met. 153 (2005) 333

P. Petit, E. Jouguelet, C. Mathis, P. Bernier, AIP Conf. Proc. 544 (2000) 395

L. Petaccia, A. Goldoni, S. Lizzit, R. Larciprete, J. El. Spectr. Relat. Phenom. 144-147
(2005) 793

X. Liu, T. Pichler, M. Knupfer, J. Fink, AIP Conf. Proc. 723 (2004) 205

A. M. Rao, P. C. Eklund, S. Bandow, A. Thess, R. E. Smalley, Nature 388 (1997) 257

L. Grigorian,, S. Colbern, I. O. Maciel, M. A. Pimenta, F. Plentz, A. Jorio, Nanotechno-
logy 18 (2007) 435705

X. Fan, E. C. Dickey, P. C. Eklund, K. A. Williams, L. Grigorian, R. Buczko, S. T.
Pantelides, S. J. Pennycook, Phys. Rev. Lett. 84 (2000) 4621

L. Grigorian, K. A. Williams, S. Fang, G. U. Sumanasekera, A. L. Loper, E. C. Dickey, S.
J. Pennycook, P. C. Eklund, Phys. Rev. Lett. 80 (1998) 5560

N. Bendiab, R. Almairac, S. Rols, R. Aznar, J.-L. Sauvajol, I. Mirebeau, Phys. Rev. B 69
(2004) 195415

M. Monthioux, Carbon 40 (2002) 1809

T. W. Ebbesen, P. M. Ajayan, Nature 358 (1992) 220

M. Terrones, A. Jorio, M. Endo, A. M. Rao, Y. A. Kim, T. Hayashi, H. Terrones, J.-C.
Charlier, G. Dresselhaus, M. S. Dresselhaus, Mater. Today 7(10) (2004) 30

M. Glerup, J. Steinmetz, D. Samaille, O. Stephan, S. Enouz, A. Loiseau, S. Roth, P.
Bernier, Chem. Phys. Lett. 387 (2004) 193

A. Thess, R. Lee, Science 273 (1996) 483

Y. Zhang, H. Gu, K. Suenaga, S. lijima, Chem. Phys. Lett. 279 (1997) 264

P. L. Gai, O. Stephan, K. McGuire, A. M. Rao, M. S. Dresselhaus, G. Dresselhaus, C.
Colliex, J. Mater. Chem. 14 (2004) 669

E. Borowiak-Palen, T. Pichler, G. G. Fuentes, A. Graff, R. J. Kalenczuk, M. Knupfer, J.
Fink, Chem. Phys. Lett. 378 (2003) 516

R. Saito, M. Fujita, G. Dresselhaus, M. S. Dresselhaus, Appl. Phys. Lett. 60 (1992) 2204
K. Hata, D. N. Futaba, K. Mizuno, T. Namai, M. Yumura, S. lijima, Science 306 (2004) 1362
M. J. Height, J. B. Howard, J. W. Tester, J. B. Vander Sande, Carbon 42 (2004) 2295

M. S. Dresselhaus, G. Dresselhaus, A. Jorio, Annu. Rev. Mater. Res. 34 (2004) 247

A. M. Rao, E. Richter, S. Bandow, B. Chase, P. C. Eklund, K. A. Williams, S. Fang, K.
R. Subbaswamy, M. Menon, A. Thess, R. E. Smalley, G. Dresselhaus, M. S. Dresselhaus,
Science 275 (1997) 187

A. Jorio, R. Saito, J. H. Hafner, C. M. Lieber, M. Hunter, T. McClure, G. Dresselhaus, M.
S. Dresselhaus, Phys. Rev. Lett. 86 (2001) 1118

Ge. G. Samsonidze, R. Saito, A. Jorio, A. G. Souza Filho, A. Griineis, M. A. Pimenta, G.
Dresselhaus, M. S. Dresselhaus, Phys. Rev. Lett. 90 (2003) 027403

N. Wang, Z. K. Tang, G. D. Li, J. S. Chen, Nature 408 (2000) 50



40.

41.
42.
43.

44.
45.
46.
47.
48.
49.
50.

51.
52.
53.
54.

55.
56.
57.
58.
59.
60.
6l.
62.
63.

64.
65.

CARBON NANOTUBES 9 1 3

Z. K. Tang, L. Zhang, N. Wang, X. X. Zhang, G. H. Wen, G. D. Li, J. N. Wang, C. T.
Chan, P. Sheng, Science 292 (2001) 2462

S. Latil, S. Roche, D. Mayou, J.-C. Charlier, Phys. Rev. Lett. 92 (2004) 256805

D. Golberg, Y. Bando, L. Bourgeois, K. Kurashima, T. Sato, Carbon 38 (2000) 2017

M. R. Falvo, G. J. Clary, R. M. Taylor, V. Chi, F. P. Brooks Jr., S. Washburn, R.
Superfine, Nature 389 (1997) 582

M.-F. Yu, B. S. Files, S. Arepalli, R. S. Ruoff, Phys. Rev. Lett. 84 (2000) 5552

P. Poncharal, Z. L. Wang, D. Ugarte, W. A. de Heer, Science 283 (1999) 1513

E. Hernandez, C. Goze, P. Bernier, A. Rubio, Phys. Rev. Lett. 80 (1998) 4502

E. Hernandez, C. Goze, P. Bernier, A. Rubio, Appl. Phys. A 68 (1999) 287

C. Reinhold, Mater. Today 10(9) (2007) 10

J. P. Small, L. Shi, P. Kim, Solid State Commun. 127 (2003) 181

Y. Maniwa, R. Fujiwara, H. Kira, H. Tou, H. Kataura, S. Suzuki, Y. Achiba, E. Nishibori,
M. Takata, M. Sakata, A. Fujiwara, H. Suematsu, Phys. Rev. B 64 (2001) 241402

Z.Yao, H. W. Ch. Postma, L. Balents, C. Dekker, Nature 402 (1999) 273

M. Ouyang, J.-L. Huang, C. L. Cheung, C. M. Lieber, Science 292 (2001) 702

J. U. Lee, P. P. Gipp, C. M. Heller, Appl. Phys. Lett. 85 (2004) 145

M. Terrones, F. Banhart, N. Grobert, J.-C. Charlier, H. Terrones, P. M. Ajayan, Phys.
Rev. Lett. 89 (2002) 075505

Z. Wu, Z. Chen, X. Du, J. M. Logan, J. Sippel, M. Nikolou, K. Kamaras, J. R. Reynolds,
D. B. Tanner, A. F. Hebard, A. G. Rinzler, Science 305 (2004) 1273

J.-C. Charlier, M. Terrones, M. Baxendale, V. Meunier, T. Zacharia, N. L. Rupesinghe,
W. K. Hsu, N. Grobert, H. Terrones, G. A. J. Amaratunga, Nano Lett. 2 (2002) 1191

D. Golberg, P. S. Dorozhkin, Y. Bando, Z.-C. Dong, C. C. Tang, Y. Nemura, N. Grobert,
M. Reyes-Reyes, H. Terrones, M. Terrones, Appl. Phys., A 76 (2003) 499

D.Y. Zhong, G. Y. Zhang, S. Liu, E. G. Wang, Q. Wang, H. Li, X. J. Huang, Appl. Phys.
Lett. 79 (2001) 3500

P. Calvert, Nature 399 (1999) 210

H. Gao, Y. Kong, Annu. Rev. Mater. Res. 34 (2004) 123

W. Chen, C. H. Tzang, J. Tang, M. Yang, S. T. Lee, Appl. Phys. Lett. 86 (2005) 103114
W. Yang, P. Thordarson, J. J. Gooding, S. P. Ringer, F. Braet, Nanotechnology 18 (2007)
412001

J. Robertson, Mater. Today 10(1-2) (2007) 36

T. Cheyney, Small Times, September 2007

S. N. Marinkovi¢, in Chemistry and Physics of Carbon, Vol. 19, P. A. Thrower, Ed.,
Marcel Dekker, N.Y., 1984, pp. 1-64.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


