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1 INTRODUCTION

Carbon is special among the elements. Its unique electronic structure, which makes
hybridization possible, leads to the known variety in organic chemistry and biology. The
2s22p2 electrons can assume different configurations and form various multiple bonds. This
variety appears not only in compounds, but also in the allotropes of elemental carbon.
Carbon atoms in the sp3 hybrid state appear in diamond, and sp2 hybridized carbon
is contained in graphite, graphene, fullerenes and carbon nanotubes. In graphene, the
three sp2 electrons per carbon form planar structures of σ bonds with 120◦ bond angles.
The remaining 2p electrons on each atom combine into a delocalized π-electron system
(with electron densities concentrated in two planes above and below the atomic plane),
which is responsible for many interesting physical and chemical properties. In fullerenes
and nanotubes, the electron system is similar, but perturbed by the curvature. These
perturbations cause the additional manifold of possibilities leading to special properties
and applications.

Electric properties vary in a very wide range in carbon allotropes: from insulators



(as diamond and fullerenes) to semimetals and metals. Carbon nanotubes exhibit the
whole range among themselves, depending on geometry: they can be narrow- or wide-gap
semiconductors, semimetals or metals. This wide range of properties is of huge advantage
in applications; however, it can cause substantial difficulties when it comes to working
with ”real-life” macroscopic samples, which most of the time contain an uncontrollable
amount of each type. Therefore, one of the most heavily pursued directions in nanotube
research has been the identification and separation of nanotubes according to their electric
properties. This chapter summarizes the methods used for both.

We begin with an overview of the electronic structure of nanotubes, explaining how
the metallic and semiconducting properties come about. Then we present the most widely
used characterization techniques to determine metallic or semiconducting behavior. We
focus on macroscopic samples, but throughout the whole chapter, ”metallic” or ”semi-
conducting” character will be used to describe individual nanotubes within the sample.
Therefore, we will not cover direct resistivity measurements on macroscopic samples whose
interpretation is still problematic because the measured resistivity is influenced by tube-
tube contacts besides the individual properties; we will also exclude the vast literature
on individual nanotube devices. We will focus instead on optical methods: optical trans-
mission, Raman and photoluminescence, the most succesful characterization techniques
employed for nanotube networks. We continue with the methods of selective growth of
specific nanotubes, and subsequently with separation methods based on different physical
properties of tubes with different chirality. The next section describes the chemical reac-
tivity differences of various types of nanotubes and how these can be used for separation;
finally, we present a method of changing the transport properties of tubes of any chirality
by doping or dedoping. Numerous excellent review articles have appeared in many of the
topics mentioned above; we will refer the reader to those where appropriate and will go
into more detail where, to our knowledge, such reports do not yet exist.

2 BASIC PROPERTIES DETERMINING METALLIC OR SEMICONDUCTING BE-
HAVIOR OF CARBON NANOTUBES

The introduction to the properties of carbon nanotubes in the language of solid-state
physics is contained in (Dresselhaus et al. 2001) and is summarized in a separate chapter
by Saito et al. appearing in the present Handbook. An alternative explanation from a
chemistry point of view has been presented in (Joselevich 2004). Since the topic is such
that at least a fundamental understanding of both physics and chemistry is required, we
will try to relate to the latter as well throughout this section.

2.1 The structure of CNTs

Carbon nanotubes can be derived from the single graphite layer called graphene. Car-
bon atoms in graphene are arranged in a honeycomb structure1 (Fig. 1). We can consider

1a triangular lattice with two atoms in the unit cell



the nanotubes as a rolled up piece of this graphene sheet. To do this theoretical deriva-
tion we introduce the chiral vector (c). This vector connects two unit cells and can be
described by the base vectors (a1, a2),

c = na1 + ma2, (1)

where n and m are integers. Cutting the graphene sheet perpendicular to the chiral
vector through its endpoints, we get a stripe of graphene. Its sides match each other
if we form a tube. The circumference of this tube is equal to the length of the chiral
vector. In addition to the chiral vector we introduce the chiral angle (θc), which is the
angle between the chiral vector and the base vector a1. All of the nanotube structural
properties: chiral angle, diameter, translational period can be expressed by the (n,m)
integers. The diameter, which determines important optical parameters, is:

d =
|c|
π

=
a0

π

√
n2 + nm + m2, (2)

where a0 is the length of the base vector of the graphene lattice.

We are free to choose the (n,m) pairs, but due to the sixfold symmetry of the graphene
we get structurally different nanotubes only in the (0◦, 30◦) chiral angle range.2 Although
there exists an infinite number of nanotubes in this region, we can sort them into three
groups. Most of them are chiral tubes, but there are two types of achiral tubes: the ones
with indexes (n, 0) and θc = 0◦ are called zig-zag tubes, and those with index (n, n) and
θc = 30◦are called armchair tubes.

2.2 The Brillouin zone of nanotubes

The simplest model to construct the nanotube’s Brillouin zone is the zone-folding
method. This method takes into account only the confinement effect, and neglects the
contribution of curvature. The aforementioned rolling-up process is equal to the introduc-
tion of a periodic boundary condition along the circumference. The hexagonal Brillouin
zone of graphene is shown in Fig. 2a. Deriving of the nanotube from the graphene sheet
has two main consequences. First, the size of the first Brillouin zone in the direction
related to the tube axis is determined by the translational period t (Fig. 1):

k‖ =
2π

t
. (3)

Due to the nearly infinite size of the nanotube in this direction the wave vector is
continuous. The second consequence is that the wave vector is quantized in the direction
related to the circumference (k⊥) as a result of the periodic boundary condition:

k · c = 2πl, k⊥ =
2π

|c| l =
2

d
l, (4)

2Due to the sixfold symmetry we get unique nanotubes in the (0◦, 60◦) range, but the nanotubes
in the (0◦, 30◦) and (30◦, 60◦) ranges differ only in the handedness of their helicity. Here we restrict
ourselves to the (0◦, 30◦) range.



Figure 1: Honeycomb structure of the graphene sheet. The chiral vector is constructed
by the lattice vectors a1, a2 and the (n,m) indices. c = na1 + ma2. Achiral nanotubes
correspond to the (n, n) armchair and (n, 0) zig-zag directions. The nanotube unit cell
(gray rectangle) is defined by the translational vector t and the chiral vector c.

where l has integer values : l = −q/2 + 1, . . . ,−1, 0, 1, . . . , q/2, where q is the number of
graphene unit cells in the nanotube unit cell,

q =
2 (n2 + nm + m2)

NR . (5)

Thus the zone-folding method reduces the two-dimensional Brillouin zone of graphene
to q equidistantly separated parallel lines. These lines are perpendicular to the direction
related to the nanotube axis, and their lengths are determined by the translational period
(Fig. 2b).

2.3 Tight-binding model of graphene

While the zone folding method modifies only the Brillouin zone, we can use the
graphene electronic structure to produce the nanotube band structure. The simplest
model is the first order tight-binding calculation. The pz electrons form the π-bonds of
graphene. We concentrate on these electrons because from the point of view of optical
spectroscopy the σ electrons deeply below the Fermi energy are irrelevant. The π band
structure of graphene is shown in Fig. 3a. We can see that at the K-point (1/3k1,−1/3k2)
the valence and conductance bands are connected. This gives graphene its semi-metallic
behavior.

In organic chemistry, molecular orbitals are more often represented in real space,
combined from atomic orbitals (Linear Combination of Atomic Orbitals, or LCAO repre-
sentations). Fig. 4 shows the graphene orbitals corresponding to the special points in the
graphene Brillouin zone (Fig. 3a). These pictures represent the top view of the pz orbitals



Figure 2: a) Hexagonal Brillouin zone of graphene with the special points. b) The con-
sequence of zone folding. The Brillouin zone is quantized in the direction related to the
tube circumference (k⊥) and continuous in the direction related to the tube axis (k‖).

Figure 3: a) Tight-binding band structure of graphene. The conductance and valence
band cross at the K points. b) Contour plot of the graphene electronic band structure
with the allowed lines in case of the (12,3) chiral tube.

according to their coefficients in the combination: dark points are positive, and light ones
are negative. If the coefficient changes sign between two atoms, that means that there is
no charge density and thus no chemical bond present. The low-energy (filled) states in
the valence band form a continous charge density over the whole or a large part of the
graphene plane; these are called bonding orbitals. The high-energy (empty) states in the
conduction band contain mostly localized charge density and are called antibonding. The
two degenerate orbitals at the K points are called nonbonding, because they lie exactly
at the Fermi level and represent no energy gain with respect to carbon atoms without a
π bond (Joselevich 2004). These orbitals will determine the conducting properties when
a nanotube is formed from the graphene sheet.



Figure 4: Real-space LCAO representation of selected graphene orbitals built of atomic
pz functions. Dark spots represent pz orbitals with positive coefficients, light spots those
with negative coefficients. Adapted from (Joselevich 2004). Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

2.4 Metallic and semiconducting nanotubes

As we have seen in Sect. 2.2, the allowed k-points in the Brillouin zone are confined
to parallel lines in the zone-folding approximation. The idea of the model is that the
band structure of the nanotube is given by the graphene electronic energies along the
allowed lines (Fig. 3b). The length and orientation of these lines are determined by the
(n,m) pair of integers. Although this approximation is rather rough, it provides us with
many useful details about the electrical properties of nanotubes. Likewise, the picture
of localized orbitals in real space provides us with more insight to connect the nanotube
properties with those of conjugated aromatic systems.

The most interesting property of nanotubes is that they can be metallic or semicon-
ducting merely due to the way the carbon atoms are arranged on their surface. In the
zone-folding picture this essentially different behavior depends on wether any of the al-
lowed k-lines cross the K point. The allowed lines fulfil condition (4). Their properties
are governed by the (n,m) indices through the chiral vector c. The coordinate of the K



Figure 5: Schematic band structure and density of states of different nanotubes. a)
Metallic nanotube: the crossing bands at the Fermi level result in finite density of states
and metallic behavior. The other non-crossing bands cause Van Hove singularities. b)
Semiconducting nanotube: there are no allowed states at the Fermi energy, the tube
behaves as a semiconductor. Van Hove singularities appear at the band minima and
maxima as a result of the 1D electronic system.

point is
(

1
3
k1,−1

3
k2

)
. The condition for a nanotube to be metallic is:

K · c = 2πl =
1

3
(k1 − k2) (na1 + ma2) =

2π

3
(n−m) , (6)

3l = (n−m) . (7)

This means that one-third of the nanotubes are metallic in an ensemble which contains
all possible chiralities. (This is not the case with all growth methods, as we will see later.)
In the tubes for which the (n,m) pair does not fulfil condition (7), the K-point is not
allowed, therefore we have no valence and conduction band crossing in the nanotube band
structure. These tubes have finite energy gaps and behave as semiconductors (Fig. 5).

Rolling up the graphene sheet can be also represented using the real-space LCAO
orbitals introduced above (Fig. 6). If 3l = (n−m), the atoms with similar LCAO coef-
ficients will overlap (Fig. 6a), and the structure shown in Fig. 4 will be preserved. This
means allowed states at the Fermi level and consequently metallic behavior. If, on the
other hand, the overlap occurs between atoms with different coefficients (Fig. 6b), the
electronic structure is not preserved because the orbital symmetry is not conserved, and
a gap will open with the lower orbital filled. Such a tube will exhibit semiconducting
properties.



Figure 6: Schematic of rolling up a nonbonding orbital of graphene corresponding to the
Fermi level. a) Orbital symmetry is preserved, resulting in a metallic nanotube; b) Orbital
symmetry is not preserved, resulting in opening of a gap and forming a semiconducting
nanotube. Adapted from (Joselevich 2004). Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.

This representation is not only helpful to illustrate the electronic structure of nan-
otubes to those trained in chemistry, but it also helps to understand why metallic and
semiconducting nanotubes exhibit different chemical affinity to certain types of reagents.
Following (Joselevich 2004) we can extend the concept of aromaticity from the strictly
taken Hückel rules to a situation where an aromatic system is one where the nonbonding
orbitals are not preserved but the electrons are fully occupying the lower-lying bonding
orbitals, thereby stabilizing the conjugated π-electron system. This condition is fulfilled
in the case of semiconducting tubes. In contrast, the system where the nonbonding or-
bitals are occupied (metallic tubes) is antiaromatic. Organic chemistry has several rules
for typical reactions involving aromatic systems and we will see in Section 6 that indeed
semiconducting nanotubes are more readily participating in those type of reactions. On
the other hand, when the reactions involve charge transfer, the decisive factor is the
accessibility of electronic states, which is usually more favorable in the case of metallic
nanotubes.

Representation of the electronic structure through the density of states is very com-
mon because it is equally understandable for scientists coming from either a physics or
chemistry background. The density of states connects the macroscopic and microscopic
properties of the system: the band structure and the possible energy levels (Fig. 5). De-
picted in this way, the analogy to chemical energy level diagrams is obvious. The vertical
axis is the energy of the electronic states and the horizontal axis on the DOS figures
on the right is the number of allowed states having that energy. At the flat maxima



and minima in the band structure, many k values correspond to the same energy and
the number of allowed states shows an abrupt increase; these spikes are called Van Hove
singularities and are analogous to discrete molecular energy levels. This structure is the
consequence of quantum confinement of the electrons within the graphene sheet in the
radial direction. At the same time, there is a continous background in almost the whole
energy range, corresponding to the electronic states on the surface of even one single
nanotube, which behaves as a solid. This continous background is finite at the Fermi
level for metallic tubes, where the bands cross, but the number of states is less due to the
steeper dispersion; for semiconducting tubes, there are no allowed states at the Fermi level
and the highest occupied and lowest unoccupied states are those of the first Van Hove
singularities. The distance between these two levels depends inversely on the diameter
(Mintmire and White 1998).

2.5 Optical transitions in nanotubes

In macroscopic systems the interaction of light with the material can be described by
the polarization (P) induced by the external electric field. The response of the system
can be described by the dielectric function which connects the external field (E) and the
dielectric displacement (D).3

D = ε0E + P = εE = (ε1 + iε2)E (8)

With optical techniques we can measure different properties like reflectivity or transmis-
sion. These functions are related to the dielectric function but always depend on the
measurement geometry. To rule out this geometry we can use simple approximations or
rigorous calculations.

The final goal is to find a simple relation between the measured data and the imag-
inary part of the dielectric function. The imaginary part is in close connection with the
microscopic properties of the system. It has maxima at the energies of allowed optical
transitions, which are defined by selection rules. It is connected to the joint density of
states, the density of pairs of states with the same k value and given energy separation.

Nanotubes placed in an electromagnetic field absorb photons with energy correspond-
ing to the peaks in the joint density of states. The allowed states involved in the tran-
sition are defined by selection rules. The symmetry of nanotubes can be described by
one-dimensional line groups (Damnjanović et al. 1999) and are therefore dependent on
the polarization of the exciting light. For light polarized along the tube axis, the transi-
tions between states are allowed which lie symmetrically with respect to the Fermi energy.
These transitions are commonly labeled v1 → c1, v2 → c2 etc. (for ”1st valence band
level to 1st conduction band level”), or S11, S22... for semiconductors and M11, M22...
for metals. The energy sequence of the first three transitions seen in optical spectra of
most nanotubes is S11 < S22 < M11. Perpendicular to the tube axis, selection rules are

3we consider the system non-magnetic



Figure 7: Transition energies versus nanotube diameter. Full circles represents semi-
conducting tubes. Open circles represents metallic tubes. (From the homepage of
S. Maruyama: http://www.photon.t-u-tokyo.ac.jp/∼maruyama/kataura/katauran.pdf,
with permission from the author)

different, but because of preferential absorption (antenna effect), their oscillator strength
is negligible compared to the parallel intensity.

If we plot the transition energies versus the diameter of the tubes we get the so called
Kataura plot (Fig. 7) (Kataura et al. 1999). Due to development in single-nanotube in-
vestigation methods and theoretical models taking excitonic effects into account, Kataura
plots have undergone tremendous improvement in the last few years (see the chapter by
Saito et al. in this Handbook). The simple plot shown here, however, is still used to gain
an intuitive picture about the excitation profile of our sample if we know the diameter
distribution.

2.6 Corrections to the zone-folding picture

2.6.1 Curvature effects

In the zone folding picture the nanotube is nothing else than a stripe of graphene
concerning electronic states.4 Obviously this model cannot predict all physical properties
of nanotubes. The main difference between the nanotubes and the zone folding model

4apart from the edge states



system is the curvature. The simplest method to introduce the curvature into the nearest-
neighbor tight-binding calculation is to allow changes in the nearest neighbor distances.

2.6.1.2 Secondary gap

The condition for metallic behavior (an allowed line crosses the K point of the graphene
band structure) is sensitive to changes in the electronic structure. Therefore we expect
fundamental differences in the case of metallic tubes due to the curvature. The different
bond lengths invoke the shift of the Fermi point with respect to the graphene K-point.
Since the allowed k-lines of the nanotubes are unchanged, we expect that it might not
cross the new Fermi point. If we use the linear approximation of the dispersion relation
in the vicinity of the Fermi point, we get a simple relation between the energy of the gap
and the (n,m) indices (Kleiner and Eggert 2001):

Eg =
γ0π

2

8c5
(n−m)(2n2 + 5nm + 2m2) =

γ0a
2
0

4d4
cos Θ (9)

We can see that only the armchair nanotubes (n = m) remain metallic, in this case the
shift of the Fermi point occurs along the allowed k-line. In zig-zag and chiral ’metallic’
tubes a secondary gap opens at the Fermi level. The energy of this gap is predicted of
the order of 10 meV. The presence of this gap was verified by STM measurements, and it
is also observed that armchair nanotubes preserve their metallic behavior (Ouyang et al.
2001).

2.6.1.3 Rehybridization

Another consequence of the curvature is the rehybridization of the π and σ states.
It can change dramatically the electronic structure of nanotubes, especially the small
diameter ones. Without curvature the π and σ states are orthogonal and thus cannot be
mixed (Haddon 1988). In the curved system the overlap is nonzero and the mixed states
repel each other: the σ∗ state shifts upward and the π∗ downward in energy. This shift
increases with decreasing diameter. In the case of small diameter (<1nm) semiconducting
nanotubes the π∗ band can slide into the bandgap and in some cases it can even overlap
with the valence band and make the nanotube metallic (Blase et al. 1994; Zólyomi and
Kürti 2004).

The chemical picture for the distortion of nanotubes is based on the geometrical strain
on the sp2 carbon atoms: pyramidalization and π-orbital misalignment (Niyogi et al.
2002). These concepts are thoroughly discussed by Graupner and Hauke in a separate
chapter of the present Handbook because they have far-reaching effects on the chemical
reactivity of nanotubes. Briefly, pyramidalization is the deviation of the σ-bonds from
planar, whereas π-orbital misalignment is the deviation of the pz electrons from paral-
lel, and therefore the π-electron system from planar. In fullerenes, pyramidalization is
the main driving force for chemical reactions, but on the sidewalls of nanotubes where



curvature occurs only in one direction, both effects are substantial.

2.6.2 Effects of bundling

The nanotubes usually form bundles which are hexagonal packs of tubes with similar
diameters. The bundle is kept together by weak interactions between the tubes. To
investigate the properties of isolated tubes these bundles have to be exfoliated. This can
be done by ultrasonication in solvent in the presence of surfactant (Bachilo et al. 2002;
O’Connell et al. 2002). Nanotubes in bundles show different properties than the individual
ones due to tube-tube interactions.

2.6.2.1 Pseudogap

We saw in the previous paragraph that because of curvature effects only armchair
nanotubes remain metallic. These nanotubes with (n, n) indices have n mirror planes
containing the tube axes. If these tubes are part of a bundle their symmetry is reduced
because we lost some (or all) of the aforementioned mirror planes. Calculations showed
that the density of states for the whole rope remains finite with a buckling at EF (Delaney
et al. 1998, Reich et al. 2002, Maarouf et al. 2000, Kwon et al. 1998). STM measurements
verify this buckling of the Fermi surface for nanotube bundles (Ouyang et al. 2001). The
joint density of states constructed for the rope was found to be zero at small energies,
therefore we expect a gaplike behaviour in the optical properties (Delaney et al. 1998).
An energy gap of the order of 0.1 eV was seen for metallic tubes in a bundle by STM,
but optical spectroscopy (Ugawa et al. 1999; Borondics et al. 2006) failed to detect a gap
or pseudogap of this magnitude.

2.6.2.2 Electronic transitions

Besides the above discussed pseudogap in armchair nanotubes bundling modifies the
band structure of all types of nanotubes. The reduced symmetry invokes band repulsion
and shifting, and intertube interactions broaden the Van Hove singularities. Calculations
predict the shifting of the Van Hove singularities toward the Fermi level and the broad-
ening of the electronic transition energies (Reich et al. 2002). Fluorescence and resonant
Raman measurements verify these predictions (O’Connell et al. 2002, 2004).

2.7 Excitons in nanotubes

Excitons are photoexcited electron-hole pairs bound by Coulomb interaction. They
are common in semiconducting materials. In the case of metals the Coulomb interaction
is screened by the conduction electrons. The exciton binding energy can be calculated
by a hydrogen-like model with reduced effective mass and dielectric constant. In 3D
materials the binding energy is on the order of 10 meV, therefore it is observable only
at low temperatures. In nanotubes, due to the 1D electronic structure, the electron-hole



interaction becomes significant, thus the binding energy can be on the order of 0.1eV
and consequently detectable at room temperature. The exciton state and binding energy
cannot be treated in a single-particle picture. A detailed discussion is presented in this
Handbook in the chapter by Saito et al.

Excitons in the optics of nanotubes plays an important role. The transition energies
observed with optical techniques correspond to excitonic states. The transition energies
are overestimated by the single-particle model calculations. For more accurate data the
calculations have to take into account many-body interactions. The excitonic picture also
plays an important role in the interpretation of Raman and photoluminescence measure-
ments. For optical studies of networks and when comparing measurements done under
controlled conditions for purposes of assessing separation efficiency, the single-particle
picture often suffices.

3 CHARACTERIZATION TECHNIQUES SENSITIVE TO METALLIC OR SEMI-
CONDUCTING TYPE

3.1 Optical characterization

Nanotube characterization techniques can be classified into two main types. Micro-
scopic techniques determine the properties of a single nanotube or a microscopic part of
the sample (SEM, TEM, STM, AFM). The other type collects information from a macro-
scopic sample, therefore provides average properties. The latter is usually based on optical
techniques as transmission, Raman or photoluminescence spectroscopy and suitable for
controlling modification processes like functionalization, purification or sorting. The goal
of the optical characterization is to determine microscopic properties from the measured
spectra.

3.1.1 Transmission spectroscopy

Transmission spectroscopy is a widely used method for probing the electron and
phonon system of the materials. The energy range used in this technique is spread over
several orders of magnitude from the far-infrared to the ultraviolet (15 cm−1 - 55000
cm−1). In the case of transmission spectroscopy we measure the transmitted light inten-
sity compared to some reference. This reference can be the free optical path or if our
sample is on a substrate, the bare substrate. The transmission (T) is the ratio of the two
intensities:

T =
Is

Ir

(10)

where Is and Ir are the intensity measured with the sample and the reference in the
light path, respectively. The reduced transmission at certain frequencies corresponds to
absorption processes. We note here that the absence of transmitted intensity can also be
due to reflection, especially in the far-infrared range.



3.1.1.1 Beer’s law

The following approximation is widely used to calculate the optical density which is
often denoted as absorption. This equivalence is true only for nonreflecting and weakly
absorbing media. The basic equation for light transmitted through a sample at normal
incidence is:

I0 = IR + IA + IT = RI0 + IA + (1−R)e−αd (11)

Using the approximation for a transparent sample (R ∼= 0, αd ¿ 1), we obtain Beer’s
law, the well-known relation between extinction coefficient and transmittance:

D = − log T = εcd (12)

where T = IT /I0 is the transmittance, ε the specific (molar) extinction coefficient, c
the concentration (for mixtures) and d the thickness of the sample. D = εcd is called
optical density. The optical density is proportional to the power absorption coefficient
α only when reflection can be neglected and the sample is sufficiently transparent. The
absorption coefficient is related to the imaginary part of the dielectric function and thus
to the microscopic properties of the material:

α =
2κω

c
=

ε2ω

nc
(13)

where c is the speed of light, n and κ are the refractive index and the extinction coefficient
(the real and imaginary part of the complex index of refraction N = n+ iκ), respectively.
This approximation is valid if the refractive index is a slowly varying function of ω, or its
absolute value is much smaller than the extinction coefficient. In this case the absorption
coefficient is proportional to the imaginary part of the dielectric function. For nanotubes,
the assumptions of the approximation are true for the near infrared and visible range
(Pekker et al. 2006).

3.1.1.2 Finite thickness layer model

The application of Beer’s law in not accurate in spectral ranges where reflection or
absorption are not negligible. In this case we have to take into account the reflections
at the surfaces. Using freestanding samples we can circumvent the effects at the sample-
substrate interface. The spectrum is a composition of the information from the sample
material and the geometry. We have to use some model considerations to rule out the
geometry part. The simplest model is if we consider the sample as a homogeneous layer
with finite thickness and parallel surfaces. The transmission coefficient (t) of such a layer
can be determined by the Fresnel equations:

t =
√

TeiΘ =
4N

(N + 1)2 e−iδ − (N − 1)2 eiδ
, δ =

ωNd

c
. (14)



Here T denotes the measured transmission, Θ the phase of the transmission coefficient,
N the complex index of refraction, d the thickness of the sample, c the velocity of the
light in vacuum. In order to calculate the complex index of refraction first we have to
determine the phase of the transmission coefficient. If wide range transmission spectra
are available Kramers-Kronig relations can be used to get Θ.

Θ (ω) = 2πωd− 2ω

π

∫ ∞

0

ln (|t (s)| / |t (ω)|)
s2 − ω2

ds (15)

Having obtained the phase information we can solve (14) numerically for N. From the
complex index of refraction the optical functions can be calculated. We use the optical
conductivity instead of the dielectric function, because it is visually more comprehensible
and because its low-frequency value is directly comparable to the dc conductivity. Be-
sides the wide range transmission data the thickness of the sample is required for the
calculations. The thickness can be measured by atomic force microscopy (AFM).

3.1.1.3 Sample preparation

Transmission measurements require transparent samples in some frequency range. In
the case of nanotubes, due to their strong absorption, the sample thickness must be less
than a micron to ensure transparency throughout the whole spectral range. Different pro-
cedures are available to produce such thin samples (dripping, spraying, filtering). The first
step of these methods is to make homogeneous suspensions from the material. Nanotubes
are insoluble due to their high aspect ratio but can be suspended by ultrasonication in
some solvents like ethanol and dimethylformamide. To make aqueous suspensions, in-
troduction of a surfactant is required. Due to the vertical sample holding configuration
of most instruments, the nanotubes must be supported by a substrate or attached to a
holder to keep them in place. The substrate has several disadvantages in transmission
measurements. Its finite transmission window restricts us to a certain frequency range.
For wide-range measurements we have to use multiple substrates. The other problem is
the reflections that occur at the sample-substrate interface which is neglected if we use
(10) to calculate the transmission. To treat these reflections properly we have to know
the substrate’s optical parameters and use a model for the sample-substrate system.

Dripping method: To make transparent samples, one method is to drip nanotube
suspension drops onto some substrate and dry it to remove the solvent. The thickness of
the sample can be roughly controlled by the number of the drops and the concentration
of the suspension. The disadvantage of this method is the spatial inhomogeneity of the
produced nanotube layer and the need for a substrate.

Spraying method: We can spray nanotube suspension onto the substrate with an
airbrush. It is advised to heat the substrate near the solvent boiling temperature to
prevent the flow of the suspension. The thickness can be controlled by the sprayed volume
and the concentration of the suspension. The nanotube layer made by this method is much
more homogeneous compared to the dripping method. The thickness of the layer can be



varied in a wide range. It is often used for transport measurements because it is possible
to make thin samples around the percolation limit. The disadvantage of this method is
the need for a substrate.

Vacuum filtration method:We use aqueous suspensions with surfactants for this method.
The suspension is decanted and the topmost part is filtered through a soluble filter. The
filter can be dissolved in acetone and the remaining nanotube thin film can be put on
a substrate or stretched over a hole to make free-standing films. At the end mild heat
treatment (200◦C) should be used in dynamic vacuum to remove the solvent from the
samples. This method produces homogeneous nanotube layers. The thickness can be
controlled by the amount of the filtered suspension but has to be above the percolation
limit. Freestanding samples are ideal for transmission measurements. The absence of sub-
strate makes it possible to use the same sample in every frequency range without using
complicated multilayer optical models.

3.1.1.4 Nanotube spectrum

Spectra of nanotubes contain a wealth of information in almost every spectral range
(Fig. 8). The far-infrared (20-700 cm−1) part is dominated by the Drude peak of the free
carriers related to metallic and doped semiconducting tubes. In most materials, molecular
vibrations occur in the mid-infrared part (400-4000 cm−1) but in the case of nanotubes
the carbon-carbon vibrations are too weak to be detected in the infrared spectrum. The
possible peaks in this region are related to impurities, functional groups and adsorbed
molecules. The near-infrared and visible part contains the peaks caused by electronic
transitions between the Van Hove singularities. As already mentioned, these peaks are
labeled according to the metallic or semiconducting character of the tubes and the index
of the respective Van Hove singularities. By analogy, the metallic Drude peak is often
labeled M00. The peak in the ultraviolet part corresponds to the π − π∗ transition.

Using the calculated joint density of states and the model of the freestanding sample
geometry, we can calculate the transmission of a theoretical sample. In case of a real
sample we usually have a mixture of nanotubes with a diameter and chirality distribution.
The width of the spectral features is determined by the composition and aggregation state
of the sample.

Obviously, the ideal situation would be to be able to calibrate the optical absorption
of all possible kinds of nanotubes and using those, to determine the composition of a
nanotube ensemble by simple numerical decomposition. Such calculations have appeared
recently and they show that absorption coefficients depend on (n,m) indices of nanotubes,
environment and aggregation (Malić et al. 2006; Jorio et al. 2008). The first steps had
been taken towards quantitative determination (Hagen and Hertel 2003; Nair et al. 2006),
but the problem is far from solved. What can be done, though, is to compare similar
ensembles after various treatments to determine the changes in composition. Such a
thorough treatment was conducted by Nair et al. (Nair et al. 2006) who also published



Figure 8: Illustration of the spectrum of a nanotube ensemble consisting of both semi-
conducting and metallic tubes and the corresponding densities of states. Reprinted with
permission from (Bekyarova et al. 2007). Copyright (2007) American Chemical Society.

their computer code, an important step toward unification of data treatment in this area.

Besides the intrinsic variation of absorption coefficients, there are also technical prob-
lems arising partly from the large π − π∗ transition, and partly from the unavoidable
presence of other carbonaceous impurities and catalyst particles. To get rid of those, usu-
ally several baseline-correction protocols are used (Itkis et al. 2003). These work very well
for the first two semiconducting transitions, but introduce more and more error starting
from the M11 transition where the oscillator strength becomes weaker compared to the
background. An alternative solution is to use the far-infrared absorption to characterize
metallic samples, but care has to be taken because the difference between optical density
and absorption can distort the spectra and render Beer’s law not applicable (Pekker et al.
2006). Fig. 9 illustrates the simulated thickness dependence of a laser-deposited nanotube
film and shows that for the first three interband transitions the baseline-corrected optical
density is proportional to thickness, but the linearity does not hold for the far-infrared
absorption. In this case, the optical conductivity has to be extracted according to the
procedure described above (Borondics et al. 2006). Doping effects can also distort the
M00 peak, which can be avoided by careful sample preparation.

Unfortunately, because of the variation in absorption coefficients, the metallic/semi-
conducting ratio cannot be directly determined by comparing the respective oscillator
strengths. What can be done is to measure samples treated in an identical way and
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Figure 9: Calculated thickness dependence of individual interband transitions for trans-
parent nanotube films. Adapted from (Pekker et al. 2006. Copyright Wiley-VCH Verlag
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compare their spectral intensities in the various regions. Fig. 10 shows such a comparison
of nanotubes from various sources. Smaller diameter tubes exhibit a definite gap at
finite frequencies in the far infrared range, which can be expected for a curvature-induced
feature. The reduced metallic content of CoMoCat Scientific Grade tubes is apparent
from the reduction of the far infrared absorption. This type of sample deviates from the
general 1/3 metallic content, whereas the CG grade sample is rather similar to the HiPco
composition.

3.2 Raman spectroscopy

This subject is covered extensively by Saito et al. in a separate chapter of the present
Handbook. A recent review by one of the pioneering groups of nanotube Raman spec-
troscopy (Dresselhaus et al. 2007) summarizes the main milestones of the research in the
last ten years. Instead of a detailed description, we concentrate on the issues of identi-
fication by Raman spectroscopy. Since this method is one of the essentials in nanotube
characterization, but is by no means straightforward to interpret, many extrinsic factors
contribute to Raman spectra in nanotubes and can occasionally falsify the information
about the change in nanotube spatial or electronic structure. Raman spectroscopy has the
advantage over photoluminescence that it is not restricted to semiconducting nanotubes;
moreover, with careful control of the measurement parameters, information specific to
metallic or semiconducting tubes can be gained directly.

Raman spectroscopy is based on an inelastic scattering process. The system is ex-
cited by light (usually lasers in the near infrared-visible range). The electrons absorb
the photons and an electron-hole pair is created. The excited state of the electron is not
necessarily an eigenstate of the system, but if the excitation energy matches a real elec-
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tronic transition, the scattered intensity improves by several orders of magnitude. Most
of the excited electrons recombine with the hole and emit a photon with the same energy
as the excitation. This is called Rayleigh scattering. Raman scattering occurs when the
excited electron scatters on a phonon. This process involves just a small fraction of the
electrons because the cross section of Raman scattering is several orders of magnitude
lower than that of Rayleigh scattering. The excitation energy plays a crucial role in Ra-
man spectroscopy of nanotubes, since multiple electronic transitions of nanotubes occur
in the infrared-visible range. Looking at the Kataura plot, it is apparent that for every
exciting laser line there will be some nanotubes for which the resonance condition is ful-
filled. The resonance amplifies the Raman scattering intensities for these tubes by several
orders of magnitude and therefore the contributions from the non-resonating nanotubes
are not visible in the spectrum. To investigate all types of nanotubes in the sample one
has to use multiple or tunable lasers. The resonance profile of a given Raman peak is
analogous to an optical spectrum, but the Raman spectrum itself contains information
about vibrations. These can be separated into three parts (Fig. 11).



Figure 11: Raman spectra of an individual metallic and a semiconducting nanotube.
Reprinted with permission from (Dresselhaus et al. 2007). Copyright (2007) American
Chemical Society.

3.2.1 RBM mode

The low frequency part contains the peaks of the radial breathing mode of the tubes.
This phonon mode refers to synchronous oscillation of the carbon atoms perpendicular to
the nanotube surface. The frequency of this mode is related to the diameter of the tube
in a very simple way (Jishi et al. 1993):

ωRBM =
C1

dκ
+ C2(d) (16)

From the measured spectra we can define the diameter of the nanotubes which are in
resonance with the laser. This mode is unique to the nanotubes, therefore it can be used
to verify the nanotube content of our sample. Knowing the diameter and the calculated
or experimentally determined Kataura plot, we can assign the tubes in resonance by
chirality, thus indirectly we can identify metallic and semiconducting tubes separately.

3.2.2 D mode

The D mode around 1350 cm−1 is the defect induced mode which is well known from
the graphite Raman spectrum. The frequency of this peak depends on excitation energy.
In nanotubes this mode is related to a double resonance process. The resonantly excited
electron scatters on a phonon to another electronic state. This is followed by elastic
scattering on a defect and the recombination with the hole. This mode is not present in



every type of nanotube. The double-resonant condition is fulfilled if the electron scatters
from the K point through the Γ point to the same band. The coordinate of the K point
depends on the chiral angle. In the case of R = 3 the K point is at kF = 2π/3a and for
R = 1 the K point corresponds to the Γ point. In the latter case the double resonance is
not allowed. Therefore, if we find a small peak at 1350 cm−1, it does not imply definitely
that our sample is of high quality. It could be due to the fact that we are in resonance
with mainly R = 1 type nanotubes. The nanotubes with R = 3 are always metallic,5

therefore if we observe a strong D mode with the expected excitation energy dependence,
it confirms the presence of metallic tubes. For correct assumption of the defect content
we can use the G’ mode around 2600 cm−1 for reference. This peak is created by a
two-phonon process and its intensity is independent of the chiral angle.

3.2.3 G mode

The G (graphitic) mode is related to the in-plane oscillation of the carbon atoms in
graphite. In the case of nanotubes these vibrations are parallel to the nanotube wall. The
multiple G-mode is another typical feature of carbon nanotubes besides the RBM mode.

A force-constant softening is induced in the circumferential direction by the curvature
because this weakens the contribution of the π electron system to the bonding. Group
theory predicts six modes in this region which originate from the vibration in graphene
split by the confinement along the circumference. These six modes can be grouped into
higher (G+) and lower energy (G−) groups. The softening affects the modes which are
related to the vibrations along the circumference. In the case of metallic nanotubes a rad-
ical downshift and an asymmetric broadening of the G− mode is observed. Calculations
showed than whereas in semiconducting tubes the G− mode consists of softened circum-
ferential modes, in metallic tubes the assignment is reversed (Dubay et al. 2002; Lazzeri
et al. 2006). The downshift affects the modes related to the vibration along the axial
direction. The origin of this phenomenon is the strong electron-phonon coupling between
this axial mode and the conduction electrons of the metallic tubes. Besides the downshift
the G mode exhibits an asymmetric lineshape. This is due to the Fano resonance which
occurs when a discrete energy excitation couples to a continuum. The metallic G mode
is usually fitted with the Breit-Wigner-Fano lineshape: (Brown et al. 2001)

I(ω) = I0
[1 + (ω − ωBWF )/qΓ]2

1 + [(ω − ωBWF )/Γ]2
(17)

where 1/q represents the strength of the coupling, Γ is the full width at half maximum
and ωBWF is the frequency at the peak maximum I0.

As seen in Fig. 12, metallic and semiconducting nanotubes can be distinctly identified
based on the shape of the G mode.

5small fraction of the R = 1 tubes are also metallic
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and semiconducting nanotubes. Reprinted from (Jorio et al. 2003).

3.3 Photoluminescence

Photoluminescence measurements have been made possible by the groundbreaking
result of the Rice group (Bachilo et al. 2002; O’Connell et al. 2002 who combined the ap-
plication of surfactants in aqueous media with centrifugation to obtain individual micelles
of wrapped nanotubes. The surfactant shell shields the individual tubes from other tubes
which in the ropes act as decay channels for luminescence, and ensures excited states with
long enough lifetime to observe the emitted light. The incoming light typically excites
the second semiconducting transition S22 and induces fluorescence from excited states
of the first semiconducting transition S11. Measurements of this type made it possible
to construct two-dimensional ”maps” correlating the excitation and emission wavelength
(Fig. 13). From these studies, important refinements to the tight-binding Kataura plot
resulted, where the nanotubes are ordered according to ”families” based on the chiral
indices: (2n + m) and (n−m)mod3. (Members of the same (2n + m) family have similar
diameter and different chiral angle, whereas members of the same (n − m) family have
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Figure 13: Excitation-emission map of HiPco nanotubes. Lines represent the (2n + m)
and (n−m) ”families”. From (Bachilo et al. 2002), reprinted with permission of AAAS.

similar chiral angle and different diameter.) Fluorescence measurements, although they
cannot be used for solid samples, are very useful in analyzing the products of chemical re-
actions in solution, since many of these reactions are conducted under these circumstances.
One has to keep in mind, though, that fluorescence only occurs for semiconducting tubes,
thus the metallic content has to be measured by other means. For this purpose, Strano
has developed a resonance Raman procedure (Strano et al. 2003a) from which the (n,m)
indices of metallic tubes can be determined. When analyzing the product composition of
chemical reactions, a typical procedure consists of measuring the Raman spectrum in the
RBM region to determine the diameter distribution, and combine this information with
fluorescence data before and after the reaction to estimate selective functionalization.

3.4 Characterization of individual nanotubes

Besides solution studies, single-tube spectroscopy can now be performed on individual
nanotubes (e.g. deposited by CVD on a substrate) using tunable lasers. It is possible
to estimate the diameter from the RBM mode, determine the optical transitions from
Rayleigh scattering and resonance Raman profiles, measure photoluminescence excitation
and emission spectra, and combining all this information, arrive at the correct (n,m)
assignment (Dresselhaus et al. 2007; Fantini et al. 2004).



4 SPECIFIC CHIRALITY-SELECTIVE GROWTH TECHNIQUES

The general aspects of nanotube growth are presented in detail in an excellent recent
review (Joselevich et al. 2008); we focus on the chirality-specific techniques.

Growth of nanotubes started with a mixture of double- and multiwalled tubes (Iijima
1991) in an arc discharge. Soon after, controllable growth of single-walled nanotubes was
achieved by using metal catalysts in arc discharge (Iijima and Ichihashi 1993; Bethune
et al. 1993; Ajayan et al. 1993) followed by the laser vaporization method of the Rice group
(Guo et al. 1995; Thess et al. 1996; Rinzler et al. 1998). Chemical vapor deposition was
the next major advancement in carbon nanotube production and proved to be extremely
flexible and variable to produce several kinds of nanotubes varying in diameter, diameter
distribution, orientation and chirality. CVD is a deposition technique where gaseous
starting materials undergo chemical reactions resulting in solid products on a substrate.
The reaction is often helped by a catalyst in which case it is termed catalytic chemical
vapor deposition (CCVD). By varying the concentration of the initial gas, the method can
be used either to precipitate very few nanotubes to be used for individual observation or
single-nanotube devices (Dai 2002) or to scale up production to industry scale (Nikolaev
et al. 1999). The latter method, called HiPco for high-pressure catalytic decomposition of
carbon monoxide, is still the most popular one yielding the highest amounts of nanotubes.

The modification of the carbon monoxide CVD process using cobalt-molybdenum
bimetallic catalysts and therefore termed CoMoCat has been developed at the University
of Oklahoma and is currently produced by the company SouthWest NanoTechnologies.
The distinctive feature of this type of nanotubes is the extremely narrow diameter and
chirality distribution. The distribution can be influenced by the reaction parameters (Lolli
et al. 2006).

A highly selective method starting from methane and using FeRu catalyst has been
reported recently (Li et al. 2007). When combined with ion-exchange chromatography,
the distribution could be narrowed down to the semiconducting part containing almost
exclusively (8,4) tubes and a few metallic tubes.

A special case are the extreme narrow diameter nanotubes, where the electrical prop-
erties cannot be simply predicted by small perturbations of a graphene sheet (Tang et al.
2003). These tubes were grown in the channels of AlPO4 single crystals and are most
probably not stable outside the channel. Comparing calculations and measured optical
and Raman spectra, it was assumed that the tubes comprise three chiralities, (5,0), (3,3)
and (4,2), of which the (5,0) is predicted to be metallic.

5 PHYSICAL POST-GROWTH SELECTION METHODS

One possible route to eliminate nanotubes of unwanted chirality is to destroy them
completely. On small scale, this was demonstrated in nanotube circuits containing bundles
(Collins et al. 2001; Zhou et al. 2004 where semiconducting SWNT’s were depleted of



carriers by tuning the gate voltage and subsequently the metallic tubes were burnt by
high current densities sent through the bundle. Several other methods have been used for
selective destruction: reactions with nitronium ions (An et al. 2005), with fluorine (Yang
et al. 2006), and with methane plasma (Zhang et al. 2006b), UV irradiation (Zhang et al.
2008b). All these methods eliminated metallic nanotubes. Miyata et al. (Miyata et al.
2006) observed preferential oxidation of semiconducting tubes by hydrogen peroxide in
solution. They claim 80 per cent metallic content in the product based on estimations
from optical spectra, but with very low yield, about 1 wt per cent.

Separation methods rely on some physical or chemical property which is chirality-
dependent and while they preserve all components, attempt spatial separation by chirality.
In the following sections, we present some of these methods.

5.1 Dielectrophoresis

This method (Krupke et al. 2003; Krupke and Hennrich 2005) is based on the difference
between polarizability of metallic and semiconducting nanotubes. When exposed to high
ac electric field in a drop of suspension, the metallic tubes (which have much higher
polarizability than the semiconducting ones) move towards the high field region (i.e. the
electrodes) whereas the semiconducting tubes migrate towards low field and therefore
remain in the liquid phase. A nanotube layer is deposited on the electrodes which was
proven by Raman spectroscopy to contain mostly metallic tubes. Because of the very low
length scale of the effect, the method yields only tens of picograms of enriched sample.
Peng et al. (Peng et al. 2006) reported similar results, and in addition found the liquid
phase depleted of metallic tubes after deposition. They also observed diameter selectivity.
Lee et al. (Lee et al. 2005) used the method for selectively extract semiconductors from
the liquid phase. Improvement of the method lead to the deposition of films with up to 100
nm thickness (Blatt et al. 2007) containing aligned metallic and randomly oriented tubes.
The difference is explained by the highly anisotropic polarizability of metallic tubes and
presents a much more detailed model where the deposition is strongly frequency and field
dependent. As these parameters are not standardized yet, it is not possible to compare
results from different groups, which at times have been controversial (Baik et al. 2004;
Ericson and Pehrsson 2005; Mureau et al. 2006).

5.2 Density Gradient Centrifugation

A very recent development which forecasts the possibility of large-scale separation is
density gradient ultracentrifugation (Arnold et al. 2005). When nanotube suspensions are
treated with bile salts, the resulting encapsulated species differ in their buoyant density.
The encapsulated tubes are added to a density gradient medium and dispersed via ultra-
centrifugation into several fractions which are of different density and differenc chirality.
The procedure can be repeated many times and thereby the separation is refined. The
separation can be made so effective that it results in narrow fractions which differ by



color (Green and Hersam 2008; Yanagi et al. 2008). Colored fractions of nanotubes have
been reported before (Zheng et al. 2005; Maeda et al. 2005), but the broad spectrum pro-
duced by this method is spectacular. The method is scalable, although the price is still
prohibitive because of the costs of ultracentrifugation. It has been suggested that it can
be used for the separation of selectively functionalized nanotubes because their densities
change upon functionalization (Kim et al. 2008).

6 ENRICHMENT BY CHIRALITY-SENSITIVE CHEMICAL REACTIONS

Chemical functionalization reactions are covered in general by Graupner and Hauke
in a separate chapter of the present Handbook. The basic principles governing reactivity
of nanotubes have been summarized in an excellent article (Joselevich 2004), where the
frontier orbital picture from chemistry and the band structure approach from solid state
physics are explained and combined. A recent review (Campidelli et al. 2007) covers
specifically selective functionalization reactions.

In terms of chiral selectivity, we deal with sidewall functionalization. Defect func-
tionalization does not depend on the π-electron structure (which determines metallic or
semiconducting behavior), since it does not involve sp2 electrons. Functionalization in-
volving sidewalls can be covalent or non-covalent. Non-covalent processes do not create
chemical bonds, but otherwise, both in the driving force (ionic or electronic) and the
ease of defunctionalization, the effect of other factors can override that of the type of
interaction. Tables 1, 2 and 3 summarize results on these two reaction types.

The first report on a selective chemical reaction was that on protonation in aqueous
solution with surfactant (Strano et al. 2003c). The reaction was characterized as the
formation of a weak charge transfer complex on the nanotube surface, and from various
spectroscopic results it was concluded that the reaction favors metals the most, followed
by semiconductors in order of increasing band gap (i.e. in reverse order of diameter). This
obvious deviation from what would be expected on the basis of π-orbital misalignment
indicates that electrostatic forces play a more decisive role in this case than chemical
interactions.

By far the most extensively studied reactions are those with aryl diazonium salts,
mainly in the group of Tour and Strano. The data contained in these publications have
by now reached the ”critical mass” to make it possible to draw more or less generalized
conclusions; furthermore, they take into account many possible competing effects when
deciding on the selectivity of these reactions and therefore present valuable contributions
to the knowledge about separation by chemistry. These results are compiled in Table 1.

The mechanism of the reaction is illustrated in Fig. 14. The positively charged dia-
zonium ion forms an ionic adduct with the nanotube followed by N2 evolution and the
forming of a covalent bond which transforms a carbon atom from the sp2 hybrid state
to sp3 (Usrey et al. 2005; Nair et al. 2007). As the ionic step favors electron-rich sites,
metals where the bands are filled up to a higher level with electrons, will react first. How-



Table 1: Chemical reactions of carbon nanotubes with phenyldiazonium salts. Except
where marked, all reactions were performed on HiPco type tubes.

Reference Detection Note

Strano et al. 2003b Raman, NIR/VIS

Strano 2003 Raman using experimental
Kataura plot

Fantini et al. 2007 resonance Raman, corrected for diameter
NIR/VIS effects

Kim et al. 2007 Raman, NIR/VIS further separation by
free solution
electrophoresis;
also large diameter

semiconductors

Kim et al. 2008 Raman, NIR/VIS further separation by
density gradient
centrifugation

Dyke et al. 2005 Raman, XPS, NIR/VIS filtration through
silica gel

Doyle et al. 2008 NIR/VIS, also large gap
fluorescence semiconductors (pH 10)

small gap
semiconductors (pH 5.5)

An et al. 2004 network FET effect is concentration
dependent;

characteristics CVD tubes
Balasubramanian et al. 2004 Raman, resistivity electrochemical

modification

ever, once the majority of the metallic tubes are depleted, the reaction proceeds further
with the semiconducting tubes. The degree of functionalization within an ensemble can
be controlled with the relative concentration, and the variety of side chains on the aryl
diazonium salts makes it possible to study the selectivity with regard to the chemical
properties of the reagent.
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Figure 14: Mechanism of nanotube functionalization by aryl diazonium salts. From
(Strano et al. 2003b), reprinted with permission of AAAS.

Fantini et al. (Fantini et al. 2007) studied HiPco tubes at low functionalization level
by resonance Raman and optical spectroscopy. They did not restrict the investigation to
the solution phase, but isolated several products with nitrophenyl and chlorophenyl side
chains with varying concentration as transparent films and measured their optical and
Raman spectra. They found enhanced sensitivity of metallic nanotubes to the reaction
with both chlorophenyl and nitrophenyl diazonium salts. They also showed that since
their semiconducting tubes had smaller diameter, the selectivity by diameter (in this
case, smaller nanotubes react more readily because of enhanced π-orbital misalignment
(Niyogi et al. 2002)) partly masks the selectivity by tube type. However, in two recent
publications using 4-hydroxyphenyl diazonium reagents (Kim et al. 2007, 2008) it was
found that for semiconductors, larger diameter species react faster, the reason being that
the electronic effects (smaller band gap, higher Fermi level) override the chemical factors.
Further detailed investigations (Doyle et al. 2008) revealed that the selectivity is influenced
by the medium: if the pH of the solution is adjusted to the alkaline regime, the larger
bandgap tubes react preferentially. The variation was explained to be due to a different
reaction mechanism. This angle will probably be investigated further in the near future.

A careful study has been carried out in (Dyke et al. 2005). HiPco nanotubes were func-
tionalized with different (polar and nonpolar) aryl diazonium salts in surfactant solution



and the resulting material was filtered through silica gel. This method yielded several
enriched fractions, but none of them contained exclusively metallic or semiconducting
tubes. Another important result is that the material can undergo further functionaliza-
tion to a considerable degree after the VIS/NIR spectra show total disappearance of all
peaks. They also showed that the intensity ratios of Raman peaks of different nanotubes
can vary with extrinsic factors like sample morphology and treatment, therefore extreme
caution is warranted when drawing conclusions about enrichment based on such Raman
spectra alone.

2. Absorption spectra in dimethylformamide s

Figure 15: VIS/NIR spectra of nanotubes before (a) and after (b) functionalization with
methyl benzoate. Reprinted with permission from (Bahr and Tour 2001). Copyright
(2001) American Chemical Society.

The sensitivity of the optical features to functionalization varies considerably with the
sidegroup. The concentration of the methyl benzoate group in Fig. 15 is estimated as
approximately 3 per cent. (Dyke and Tour 2003) found that about 11 per cent functional-
ization with chlorophenyl suppressed all features in the spectrum. Similar suppression was
seen in (Bahr et al. 2001) for 4 per cent bromophenyl. Fantini et al. (Fantini et al. 2007)
reported almost complete disappearance of the VIS/NIR structure for less than 1 per cent
nitrophenyl functionalization. They also gave an explanation relating the differences to
the dipole moment of the sidegroup and the resulting ionic character of the bond. Larger
dipole moment induces larger charge transfer and therefore depletes the valence band of
the nanotube more (in band structure language, it shifts the Fermi level) and with less
initial states, the intensity of the transitions decreases. On the low-concentration end,
fluorescence spectroscopy was successfully applied (Doyle et al. 2008) to show that semi-
conducting tubes are involved already in the initial steps of the diazonium salt reactions.

Balasubramanian et al. (Balasubramanian et al. 2004) applied the diazonium route
combined with electrochemistry to a nanotube field-effect transistor. They rendered the
semiconducting tubes in the device nonconductive by tuning the gate voltage, and intro-
duced nitrophenyl groups from solution of a diazonium salt to metallic nanotubes. This



T
ab

le
2:

S
el

ec
ti

ve
ch

em
ic

al
re

ac
ti

on
s

fa
vo

ri
n
g

m
et

al
li
c

tu
b
es

R
ea

ge
n
t

R
ef

er
en

ce
D

et
ec

ti
on

N
ot

e

p
ro

to
n

S
tr

an
o

et
al

.
20

03
c

R
am

an
,
fl
u
or

es
ce

n
ce

,
b
an

d
ga

p
(n

ot
d
ia

m
et

er
)

se
n
si

ti
ve

V
IS

/N
IR

ab
so

rp
ti

on

O
sO

4
B

an
er

je
e

an
d

W
on

g
20

04
R

am
an

el
ec

tr
op

h
il
ic

fi
rs

t
st

ep
(O

s
re

d
u
ct

io
n
)

U
V

/V
IS

/N
IR

N
T

+
O

sO
− 4

in
te

rm
ed

ie
r

al
k
y
ll
it

h
iu

m
G

ra
u
p
n
er

et
al

.
20

06
X

P
S
,
U

P
S
,
R

am
an

,
ox

id
at

io
n

af
te

r
re

ac
ti

on
co

m
p
ou

n
d
s

W
u
n
d
er

li
ch

et
al

.
20

08
N

IR
/V

IS
,
fl
u
or

es
ce

n
ce

re
ac

ti
on

sh
or

t
am

in
es

M
ae

d
a

et
al

.
20

05
,
20

06
R

am
an

,
co

n
d
u
ct

iv
it
y,

so
lv

en
t:

T
H

F
,
h
ex

an
e

N
IR

/V
IS

u
lt

ra
ce

n
tr

if
u
ga

ti
on

ch
lo

ri
n
e

ox
oa

n
io

n
s

Y
o
on

et
al

.
20

08
R

am
an

,
X

P
S
,

co
n
d
u
ct

iv
it
y



treatment resulted in marked improvement of device performance. An et al. (An et al.
2004) performed concentration-dependent studies of treating nanotube devices by diazo-
nium salts and found that at low concentration the metals could be eliminated, but at
higher diazonium content, in accordance with the above, semiconducting tubes were also
sacrificed.

Nucleophilic addition with organolithium compounds, followed by reoxidation (Graup-
ner et al. 2006; Wunderlich et al. 2008) also favors metallic tubes because the first step,
reduction by Li, requires low-lying empty electronic states, more abundant in metals than
in semiconductors. With degrees of functionalization up to 3 per cent, they proved the
preference by Raman spectroscopy. They also found a diameter selectivity for both metal-
lic and semiconducting tubes, in accordance with π-orbital misalignment (smaller tubes
first). Metal/semiconductor selectivity depends on the reagent, t-BuLi being the least
selective.

An interesting case is that of osmylation (Banerjee and Wong 2004), where the byprod-
uct OsO2 covers the nanotube bundles, thereby preventing further reaction. Thus, the
selectively functionalized metallic tubes coexist with non-reacted semiconducting ones.
Reversible osmylation of an individual metallic tube was also performed (Cui et al. 2003,
resulting in marked increase in resistivity.

In the case of amines, Maeda et al. (Maeda et al. 2005) find preferential solubilization
of metallic nanotubes by short amines (methyl, propyl and octylamine) whereas for ODA
the reverse was reported (Chattopadhyay et al. 2003). A recent report (Fernando et al.
2007) found the selectivity with poly(ethylene)glycol to be exclusively by diameter and
therefore suggested reconsidering earlier results on long-chain amines where the diameter
selectivity might mask that by tube type.

In Table 3, those reactions are listed which favor semiconductors over metals. Three
of those are non-covalent supramolecular attachments by π-π stacking: using porphyrin-
(Li et al. 2004), pyrene- (Wang et al. 2008) or azomethine ylide-based (Ménard-Moyon
et al. 2006) reagents. The mechanism is illustrated for the last case in Fig. 16). The
selectivity can be explained if we evoke Joselevich’s picture of the chemical structure of
carbon nanotubes (Joselevich 2004): semiconductors being aromatic, are more prone to
π-π interactions than antiaromatic metallic tubes. In this light, one might reconsider the
interesting case of bromine (Chen et al. 2003). A succesful enrichment in the sediment of
centrifugation after adding bromine to a Triton-X stabilized aqueous solution prompted
an explanation of bromine stabilizing semiconducting tubes in the solution through charge
transfer. Since the effect was not reproducible in ionic surfactants, it was speculated that
it is connected to interactions with the surfactant-nanotube interface. An alternative ex-
planation may be the complex formation between halogens and aromatic semiconducting
tubes similar to the benzene-halogen complexes studied a long time ago.

(Shin et al. 2008) found that solvents with an electron acceptor character affected only
metallic tubes, whereas electron donors entered into interaction with both metallic and



Table 3: Selective chemical reactions favoring semiconducting tubes

Reagent Reference Detection

ODA Chattopadhyay et al. 2003 Raman, conductivity

porphyrin Li et al. 2004 Raman, conductivity,
NIR/VIS absorption

pyrene Wang et al. 2008 NIR/VIS absorption
conductivity

azomethine ylide Ménard-Moyon et al. 2006 Raman, NIR/VIS

Br2 Chen et al. 2003 NIR/VIS absorption
conductivity

semiconducting tubes. In both cases, solvents with an aromatic backbone had a more
pronounced effect. The authors explained this finding by π-π stacking, but in view of
the above, it is more probable that the main factor is the dipole moment or electron
withdrawing or -donating ability.

Summarizing the above, a more and more consistent picture seems to evolve: if the
decisive step of the reaction is of ionic nature, then 1. the reaction will favor metallic
tubes and 2. the order of functionalization of semiconductors will follow the band gap,
i.e. inverse diameter. If, on the other hand, π-π stacking is dominant in the interaction,
then 1. semiconductors will be attacked preferentially and 2. these will react in order
of increasing diameter. Since the distinction of diameter and tube type is often blurred,
special care has to be taken to distinguish these two in Raman spectra. However, with
the continously improving Kataura plots, this task is made easier.

A relatively early and succesful separation method (Zheng et al. 2005 was wrapping
by DNA and subsequent application of chromatographic methods. Here, although the
principal interaction is π-π stacking, the interaction is strong enough to wrap both metal-
lic and semiconducting tubes. Metallic tubes will have less surface charge due to the
image charge induced by the phosphate groups (phosphate groups, in fact, may stabilize
bonding to metallic nanotubes by an ionic mechanism). Ion-exchange chromatography
will then separate the fractions according to surface charge. Indeed, earlier fractions were
found to be enriched in metals. Systematic studies (Zheng et al. 2003) found that the
separation efficiency depended on the DNA sequence and can be optimized to yield both
metal/semiconductor and diameter selectivity: early fractions contain metals and small-
diameter semiconductors, whereas later fractions are enriched in large-diameter semicon-



Figure 16: Functionalization of SWNT’s using supramolecularly templated addition of
azomethine ylides (Ménard-Moyon et al. 2006, figure reproduced from Campidelli et al.
2007). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

ductors. Application of this method to CoMoCat tubes resulted in a fraction enriched in
(6,5) tubes by more than 90 per cent (Zheng and Diner 2004).

Post-reaction separation of nanotubes is an equally challenging task comparable to
carrying out the reactions. For nanoelectronics, though, often it is enough to eliminate
metallic conductivity from the ensemble; in this respect, it is considered fortunate that
most reactions prefer metallic nanotubes. Zheng et al. (Zheng et al. 2007) demonstrated
reversible conversion of metallic into semiconducting tubes in field-effect transistors on hy-
drogen plasma treatment. A direct proof for eliminating metallic conductivity in heavily
functionalized nanotubes has been provided in dichlorocarbene functionalized HiPco nan-
otubes by wide-range spectroscopy (Hu et al. 2003; Kamarás et al. 2003). Low-frequency
optical conductivity, related to dc conductivity caused by metallic nanotubes, decreases
rapidly and reaches a 10 per cent ”saturation” value at 16 per cent functionalized carbon
atoms (Fig. 17). Unlike the diazonium derivatives, pristine nanotubes cannot be recovered
from this product. Raman spectra on annealing show a decrease in both C-Cl vibrations
and the D-band, and practically no change occurs in the optical absorption (Fig. 17).
These changes can be explained by formation of intertube bonds via sp2 carbons (Hu
et al. 2003; Kamarás et al. 2004), and open the way to possible metal-free nanotube net-
works for electronic applications. Real applications, however, are still some steps away,
as a recent study of devices fabricated from separated nanotubes showed (Zhang et al.
2008a).
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Figure 17: Left panel: Wide-range optical spectra of dichlorocarbene-functionalized HiPco
nanotubes. The lowest frequency peak, typical of metallic tubes, decreases in intensity
with the degree of functionalization. Right panel: spectrum of the highest functional-
ization dichlorocarbene product before and after annealing at 450 ◦C. Reprinted with
permission from (Kamarás et al. 2004), copyright 2004, American Institute of Physics.

7 MODIFICATION OF TRANSPORT PROPERTIES WITHOUT CHANGE IN CHI-
RALITY

7.1 Doping and Dedoping Studies

In the preceding section, we have shown efforts in order to exclude metallic nanotubes
from a nanotube ensemble containing both metallic and semiconducting tubes. The re-
verse can be achieved more easily: semiconducting tubes can be converted to metals (and
thus, a whole ensemble into metallic tubes) by doping.

As conventional semiconductors can be doped into metals, the same can happen to
semiconducting carbon nanotubes. Because of the continous density of states above the
first Van Hove singularity, electrons or holes can form a partially filled band and the
carriers can behave as free. This effect increases the conductivity (Lee et al. 1997) and
renormalizes the Raman spectra (Rao et al. 1997). The first detailed optical studies of this
effect were those by Kazaoui et al. (Kazaoui et al. 1999) who studied the changes on both
electron (with alkali metals or organometallic compounds) and hole doping (by halogens).
Their most important result was to show that the interband transitions disappear in order
of increasing frequency, as the van Hove singularities fill up with electrons or holes in this
sequence.



Alkali metal doped nanotubes are extremely air sensitive and their optical properties
are therefore difficult to determine. Reflectance spectra of buckypaper doped to various
levels could nevertheless be measured (Nemes et al. 2002) and illustrate the above pro-
cesses perfectly. In Fig. 18 the plasma frequency increases with increasing doping, as
more electrons are added to the conduction band. At the same time, as the Van Hove
singularities fill up, the interband transitions disappear in the near infrared and visible
region.

Figure 18: Reflectivity of Rb doped nanotubes on doping with Rb. The plasma fre-
quency increases with doping level and the interband transitions disappear. Reprinted
with permission from (Nemes et al. 2002), copyright 2002, American Institute of Physics.

Hole doping (which is easier achieved because most products are stable in air) has been
discussed in a recent review (Claves 2007). Initial studies used halogens as dopants and
showed that the process is analogous to alkali metal treatment (Petit et al. 1999; Kazaoui
et al. 1999; Grigorian et al. 1998). The frequency range of these studies did not reach
down to the far infrared, but later studies revealed that the depletion of the interband
transitions is accompanied by increase in the far-infrared conductivity, as shown in Fig. 19
(Hu et al. 2003).

Introduction of holes can also happen by oxidizing acids. In the latter case, in addition
to defect functionalization, extra carriers can be generated in the π-electron system and,
although the electrons remain delocalized, their number will be different from 2 electrons
per carbon. As a consequence, either electrons will appear in the conduction band or
holes in the valence band. The reaction with nitric acid is assumed to be similar to that
in intercalated graphite:

xC + yHNO3 → (Cx)
+NO−

3 + (y − 2)HNO3 + NO2 + H2O (18)



Figure 19: Wide-range absorption spectra of an SWNT thin film doped by bromine.
Decrease in the NIR/visible interband transition intensity is accompanied by increased
absorption in the far infrared. Reprinted with permission from (Hu et al. 2003). Copyright
(2003) American Chemical Society.

For stronger non-oxidizing acids, e.g. 100% H2SO4 and chlorosulfonic acid, a different
reaction was proposed (Ramesh et al. 2004):

xC + yAH → (CxHy)
y+ + yA− (19)

The difference between the two reactions is that in the former, NO2 gas evolves and
therefore the reaction is irreversible; however, pristine nanotubes can be restored by heat-
ing above 1000 ◦C in vacuum or inert gas atmosphere through decomposition of the nitrate
anion. In the latter case the charge transfer can be moved away from equilibrium by e.g.
diluting the suspension by water. In both cases, however, the final state of the nanotubes
is one where positive charges (holes) are delocalized on the π-electron system. The low-
frequency free-carrier (Drude) absorption in the far infrared is the typical signature of
delocalized electrons. Therefore, delocalization is proven if the intensity of the Drude
part increases upon acid treatment.

These reactions have general significance as acid treatment is part of the usual protocol
to purify nanotubes (Rinzler et al. 1998): catalyst residues are usually removed this way.
If the last step of annealing in vacuum or inert atmosphere (”baking”) is omitted, the
spectra may show distorted features because of unintentional hole doping. In Fig. 20
the effect of such baking is depicted (Itkis et al. 2002). The connection with nitric acid
treatment has been unambigously proven by Hennrich et al. (Hennrich et al. 2003) who
found bleaching of the NIR/VIS spectral features after exposing laser deposited nanotubes



to nitric acid vapor. They also showed that the effect is reversible and the original optical
spectrum can be restored upon vacuum annealing or laser heating.

Figure 20: Absorption spectra of laser SWNT’s before and after baking. The inset shows
the blue shift of the first interband transition. Reprinted with permission from (Itkis et al.
2002). Copyright (2002) American Chemical Society.

From the analysis of the optical functions of doped and undoped freestanding films,
a quantitative estimate of the redistributed electrons, 0.005 e/carbon atom, could be
given. The extra free-electron density appeared dominantly in the semiconducting and
semimetallic tubes, with less effect on the metals (Borondics et al. 2006). A significantly
higher hole concentration, 0.07 e/carbon, was estimated for nanotubes doped to saturation
with chlorosulfonic acid from the shift of the Raman G-band (Ramesh et al. 2004). The
group of Pichler used the spectral weight difference between pristine and doped samples
in the C 1s photoelectron spectra to estimate the charge transfer and arrived at values
0.12 e/carbon for FeCl3 (Liu et al. 2004) and up to 0.16 e/carbon for potassium (Liu et al.
2003).

Much lower doping levels can be reached and therefore the kinetics can be studied much
better with organic acceptors (O’Connell et al. 2005). These kinetic studied revealed that
the tubes are oxidized by azobenzene in order of their bandgap, i.e. in inverse order of
diameter. This method can also assure fine-tuning of spectral features as a function of
added acceptor (Fig. 21).

Electrochemical doping is not only the smoothest way to vary added charge but it
can also achieve the highest doping levels. The method and the results up to 2007 are
summarized in the review of Kavan and Dunsch (Kavan and Dunsch 2007). An intriguing
possibility has been put forward recently: at high enough applied potential, enough chem-



Figure 21: Absorbance spectra of HiPco nanotubes suspended in SDS and change upon ad-
dition of azobenzene. Adapted from (O’Connell et al. 2005), by permission from Macmil-
lan Publishers Ltd., copyright 2005.

ically active ingredients are produced in the electrochemical cell to form covalent bonds
and thereby lower the conductivity (Rafailov et al. 2008). The transition was monitored
by reflectivity and XPS measurements. Such studies could be used to mimic chemical re-
actions with an ionic first step, as is the case with the functionalization methods involving
alkali metals.

8 APPLICATIONS AS TRANSPARENT CONDUCTIVE COATINGS

One specific application where metallic conductivity is not a handicap, on the con-
trary, even desirable, is that of transparent conductive coating. Up to now, such coatings
are mass manufactured almost exclusively from indium tin oxide (ITO). However, scarcity
and fluctuating prices of indium have increased the demand for substitutes. In addition,
applications in biological systems require more neutral substances like carbon, instead of
heavy metals, in order to reduce possible contamination. The possibilities of carbon nan-
otube film applications have been reviewed by Gruner (Gruner 2006). The development
of manufacturing reliable and uniform thin films has accelerated the activity in this area
(Lee et al. 2004; Saran et al. 2004; Barnes et al. 2007; Hu et al. 2004; Zhang et al. 2006a;
Hu et al. 2007; Li et al. 2007; Ma et al. 2007; Parekh et al. 2007).

Requirements towards effective coating layers include high transmission and low sheet
resistance, which is connected to high dc conductivity. To establish a conduction path
for the current to flow uninhibited through the layer, a percolation threshold has to



be reached, which implies a certain threshold on coverage and thickness. On the other
hand, thicker layers will exhibit lower transmission. Therefore, measurements to establish
percolation thresholds are a prerequisite for any application and have been reported in
large numbers (Bekyarova et al. 2005; Hu et al. 2004).

Fig. 22 compares the transmission of several carbon nanotube films (100 - 300 nm
thick) with the transmission window of ITO. The window is somewhat shifted towards
the infrared, and in single-walled nanotubes the NIR/visible transitions present an ad-
ditional complication. These can be eliminated by either using double-walled nanotubes
or by doping, as shown in the previous section. DWNT’s show a somewhat reduced dc
conductivity, but doped tubes increase the conductivity while at the same time increasing
the visible transmission as well. The problem with the latter is the hitherto unexplored
stability over time.
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Figure 22: Transmission spectra of various carbon nanotubes in a wide frequency range.
Note the logarithmic frequency scale. The transparency window of ITO is indicated by
the shaded area.

It is evident from Fig. 22 that the low-frequency behavior of the metallic nanotubes
determines the dc conductivity. Assuming a simple Drude model, the difference between
ordinary metals and metallic nanotubes is that in the latter, both the plasma frequency
and the relaxation rate are much lower. This leads to an exhaustion of oscillator strength
already in the infrared, and there are no other optical processes causing absorption until
the semiconducting interband transitions in the NIR and the π → π∗ excitation. Thus,
the far infrared and visible processes are decoupled. Nevertheless, there is a common
misconception in the literature relating these two. Hu, Hecht and Grüner (Hu et al. 2004)
introduced a correlation between the transmittance measured at 550 nm and the measured
dc conductivity (or sheet resistance), which they used to derive the ratio σac/σdc. Once



this number is established, it is used for deriving the visible transmission value from the
dc conductivity, implying that these two quantities are somehow interconnected.
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Figure 23: Optical conductivity of a laser-deposited nanotube film. The region of the
free-carrier conductivity of metallic tubes is indicated by the shaded area. The commonly
used 550 nm value lies well outside that region.

The equation used is that for a very thin metallic film in air (Dressel and Grüner 2002)

T =
1

(1 + 2π
c
σacd)2

=
1

(1 + 2π
cRsq,dc

σac

σdc
)2

(20)

This equation can only be used within strict frequency limits. As illustrated in Fig. 23,
the conductivity of the metallic tubes which contribute to the sheet resistance disappears
around 2000 cm−1 (corresponding to a wavelength of 5000 nm). Thus, Eqn. 20 is only valid
in the shaded area. At higher frequency, σac = 0 and therefore the transmission should be
1 if no other optical excitations occur; of course, in the visible the interband transitions
and the π → π∗ excitations lead to absorption and therefore decreased transmittance.
The reason why carbon nanotube films are conducting and transparent is that the width
of the free-carrier absorption is very small compared to ordinary metals, yet the plasma
frequency is high enough to yield a high dc conductivity. The transparency window is
limited by the free-carrier absorption of the metallic tubes from below and by the π → π∗

excitation from above. Fig. 23 depicts the conductivity of a laser-deposited nanotube
ensemble (Borondics et al. 2006). It is obvious that at 550 nm there is no contribution
from metallic tubes anymore; the absorption of electromagnetic fields of that wavelength
is decoupled from metallic tubes and therefore is not influenced by the dc conductivity.
In rare cases, when the M11 transition coincides with the chosen wavelength, there may



be a correlation but even then, it is not described by Eqn. 20 because the absorption
coefficient for that transition is different from the low-frequency one. The ratio of the
visible and dc conductivity depends strongly on the metallic content of the sample, and
therefore cannot be predicted in a universal way.

The important result of Hu, Hecht and Grüner is the comparison of the dc and 550 nm
conductivities as a function of network density. They found that the conductivity in the
visible is proportional to the amount of material in the network, but the dc conductivity
shows a percolation threshold. Therefore, the now widely used graphs of dc conductivity
vs. 550 nm absorption can be taken as a thickness dependence and used accurately to
investigate percolation behavior without knowing the actual thickness (Wang et al. 2008).
They should, however, not be used for quantitative estimates of dc conductivity or sheet
resistance from optical data.

The latest development in transparent conductive coatings is the manufacturing of thin
films from density-gradient separated samples. This way, several colored semitransparent
coatings could be produced (Green and Hersam 2008; Yanagi et al. 2008). It was also
shown that films consisting of pure metallic fractions are more stable against doping
because of the constant (and small) density of states around the Fermi level, which means
that for identical Fermi level shift, much less extra states are introduced than in the case
of semiconductors. These new discoveries are expected to accelerate the scope of thin film
applications once the price of separation can be brought down.

9 SUMMARY/CONCLUDING REMARKS

We hope we made it clear in the above chapter that the significance of carbon nan-
otubes goes way beyond just another form of carbon: the rich variety these materials
represent is unprecedented within one chemical element. Especially, the chirality depen-
dence of electronic properties is both intellectually challenging and practically promising.
Producing nanotubes by chirality on demand is at the moment every materials scientist’s
dream and in the last years, the community has come reasonably close to the fulfilment
of that dream. While homogeneous single-chirality samples cannot be grown yet, there
are materials with narrow chirality range whose exact composition can be determined.
The latter is due to the development in characterization tools, especially Raman and flu-
orescence spectroscopy. Chemistry is progressing in rapid steps and is now at the point
where systematic comparisons are possible. Although the topic of individual nanotubes
and their investigation by local probes is out of the scope of the present chapter, we have
to acknowledge the vast improvement in that area, which led to the determination of the
structure and spectroscopic properties on the same individual nanotube. A database is
slowly building up containing the results of all these measurements, and will prove very
useful once we arrive at the long-sought after point of producing macroscopic quantities
of nanotubes of the same electronic structure.

Before that moment arrives, though, there is a lot to be done. Conducting properties of



networks are still not completely understood; tube-tube contacts have to be investigated
both on the theoretical and experimental side. We know that nanotubes are extremely
sensitive to the environment, be it other tubes, surrounding solvent, surfactant or reagent
molecules, or even atmospheric gases; these environmental effects have to be explored
further. On the engineering side, mechanical and electronic coupling has to be solved in
a reproducible and reliable way in order to manufacture practical devices.

Fortunately, for a true scientist, the intellectual pleasure gained on the road leading to
a potentially useful product is at least as precious as attaining it. In the last few years, the
knowledge of colleagues coming from the most widely varied fields, from band-structure
calculations to organic chemistry and engineering, converged to understand, characterize
and hopefully produce materials that have never been. We are confident that in the
future, we will continue to learn about more novel properties and applications of these
fascinating forms of the element carbon.

ACKNOWLEDGMENT
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