105

Single-Walle
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walled nanotubes. Single-walled carbon nanotubes, the subject of this chapter, are especially
interesting. They are ideal materials in which
to explore one-dimensional physics and strong
Coulomb correlations. In addition, their cylindrical topology allows them to exhibit nonintuitive
quantum phenomena when placed in a parallel magnetic field, due to the Aharonov–Bohm
effect. A number of research groups have found
exotic many-body effects through a variety of
transport, optical, magnetic, and photoemission
experiments.
Their electronic properties are very sensitive to
their microscopic atomic arrangements and symmetry, covering a wide spectrum of energy scales.
They can be either metallic or semiconducting with
varying band gaps, depending on their diameter and chirality. Semiconducting nanotubes are
particularly promising for photonic device applications with their diameter-dependent, direct band
gaps, while metallic tubes are considered to be
ideal candidates for a variety of electronic applications such as nanocircuit components and power
transmission cables.
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Single-walled carbon nanotubes (SWCNTs) are hollow, long cylinders with extremely large aspect
ratios, made of one atomic sheet of carbon atoms
in a honeycomb lattice. They possess extraordinary
thermal, mechanical, and electrical properties and
are considered as one of the most promising nanomaterials for applications and basic research. This
chapter describes the structural, electronic, vibrational, optical, transport, mechanical, and thermal
properties of these unusual one-dimensional (1-D)
nanomaterials. The crystallographic (Sect. 4.2.1),
electronic (Sect. 4.2.2), vibrational (Sect. 4.2.3),
optical (Sect. 4.4), transport (Sect. 4.5), thermal
(Sect. 4.6.1), and mechanical (Sect. 4.6.2) properties of these unusual 1-D nanomaterials will be
outlined. In addition, we will provide an overview
of the various methods developed for synthesizing
SWCNTs in Sect. 4.3.
Even after more than two decades of extensive basic studies since their discovery, carbon
nanotubes continue to surprise researchers with
potential new applications and interesting discoveries of novel phenomena and properties. Because
of an enormous thrust towards finding practical
applications, carbon nanotube research is actively being pursued in diverse areas including
energy storage, molecular electronics, nanomechanical devices, composites, and chemical and
bio-sensing.
Structurally, carbon nanotubes are made up
of sp2 -bonded carbon atoms, like graphite, and
can be conceptually viewed as rolled-up sheets of
single-layer graphite, or graphene. Their diameter typically lies in the nanometer range while
their length often exceeds microns, sometimes
centimeters, thus making them 1-D nanostructures. Depending on the number of tubes that
are arranged concentrically, carbon nanotubes are
further classified into single-walled and multi-
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This chapter summarizes some of the basic properties
of carbon nanotubes (CNTs), one of the most ideal realizations of one-dimensional (1-D) systems available
today. Since their discovery [4.1], much attention has
been given to their unique structure and properties that
are promising for a wide range of applications and fundamental physical and chemical studies [4.2–5]. These
hollow crystals of sp2 -bonded carbon atoms have exhibited a variety of extraordinary thermal, mechanical, and
electrical properties and phenomena, fascinating scientists and engineers in diverse disciplines. Even after
more than two decades of extensive basic studies since
their discovery, they continue to surprise researchers
through exciting discoveries of phenomena and properties as well as novel potential applications, including
energy storage, molecular electronics, nanomechanical
devices, composites, and chemical and bio-sensing.
The diameters of carbon nanotubes are in the
nanometer range while their lengths are typically microns and often millimeters, corresponding to aspect
ratios of millions, especially in single-walled carbon
nanotubes (SWCNTs), the most prominent member of
the carbon nanotube family. A typical SWCNT has
a diameter of ≈ 1 nm and consists of just one atomic
sheet, which can be pictured as a rolled-up version

of graphene, i. e., a honey-comb lattice of sp2 -bonded
carbon atoms. The one-dimensionality of SWCNTs is
attractive, allowing researchers to explore exotic 1-D
physics in the quantum regime [4.6] and new functionalities in optoelectronic devices [4.7, 8]. The strong
1-D confinement of electrons and phonons results in
unique anisotropic effects in various properties, e.g.,
polarization-dependent Raman scattering [4.9] and optical absorption [4.10–12], large magnetic susceptibility
anisotropies [4.13–17], and anisotropic terahertz dynamic conductivities [4.18–21].
One of the most striking properties of SWCNTs
is their chirality-dependent metallicity. Namely, depending on their microscopic atomic arrangements and
symmetry, a SWCNT can be either metallic or semiconducting. A subtle structural difference leads to opening
or closing of a band gap, which is also tunable by
a magnetic field applied parallel to the tube axis via the
Aharonov–Bohm effect [4.10, 22–25]. Semiconducting
nanotubes are particularly promising for photonic device applications with their diameter-dependent, direct
band gaps, while metallic tubes are considered to be
ideal candidates for a variety of electronic and electrical
applications ranging from nano-circuit wires to power
transmission cables.

4.2 Crystallographic and Electronic Structure
A SWCNT can be viewed as a graphene sheet rolled
into a cylinder which is terminated by two half-fullerene
caps. The diameter of these species typically ranges
from 0.7 to 2.5 nm, and their aspect ratio can be as high
as 104 –105 . This very strong confinement along their
circumference make them behave like 1-D materials.
The purpose of this section is to describe the crystallographic and electronic structure of SWCNTs, which
will be used throughout the text. For a more detailed

study we refer the reader to some of the many published
books [4.2, 5, 26–28].

4.2.1 Crystallographic Structure
To give a formal description of the crystal structure
of a SWCNT, it is easiest to first consider its parent material, graphene. Graphene is a monolayer of
sp2 -hybridized carbon atoms arranged in a honeycomb
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lattice. Its unit cell is defined by the primitive vectors a1
and a2 (bottom right of Fig. 4.1, for a review see [4.29]).
Each SWCNT is then indicated by a chiral vector C h ,
which specifies the two atoms of the graphene sheet
which are identified upon formation of the tube (see the
points O and A in Fig. 4.1). The chiral vector is defined
with respect to the graphene primitive vectors as
C h ≡ na1 + ma2 ≡ (n, m) ,

a)

y

where aC−C ≈ 1.44 Å is the nearest neighbor distance
between carbon atoms in graphene.
SWCNTs can be classified into three main types:

1. Armchair nanotubes for which n = m (i. e. C h =
(n, n))
2. Zig-zag nanotubes for which m = 0 (i. e. C h =
(n, 0))
3. Chiral nanotubes (n &= m &= 0) whose mirror images
have a different structure and display different properties, for example in circular dichroism.
Armchair and zigzag nanotubes (having the highest symmetry) (Fig. 4.1b) are named after the shape of
their cross section along C h . All three of these different structures will display various physical properties
and their distinction will be of prime importance for
their electronic structure, phonon dispersion and optical
properties.

4.2.2 Electronic Dispersion
Single-walled carbon nanotubes can be either metals or semiconductors depending on their chirality
(Sect. 4.2.1). Their metallicity can be deduced from
purely geometrical considerations related to their chiral angle. Similar conclusions can be drawn from

x

B

θ

T
R

A
a1

Ch

O

a2

b)
Zigzag
(0,0)

(1,0)

(2,0)

(1,1)

(3,0)

(2,1)

(4,0)

(3,1)

(2,2)

(5,0)

(4,1)

(3,2)

(5,1)

(4,2)

(3,3)

(6,0)

(6,1)

(5,2)

(4,3)

a1

(8,0)

(7,1)

(6,2)

(5,3)

(4,4)

y

(7,0)

(5,4)

(8,1)

(7,2)

(6,3)

(9,1) (10,1)

(8,2)

(7,3)

(6,4)

(5,5)

(9,0) (10,0) (11,0)

(7,4)

(6,5)

x

(9,3)

(8,4)

(7,5)

(6,6)

a2

(9,2) (10,2)

(8,3)

(9,4)

(8,5)

(7,6)

(8,6)

(7,7)

Armchair

Fig. 4.1 (a) The unrolled hexagonal lattice of a nanotube.
When we connect sites O–A, and B–B' , a nanotube can
be constructed. OA and OB define the chiral vector C h
and the translational vector T of the nanotube, respectively.
The rectangle OAB' B defines the unit cell for the nanotube.
The vector R denotes a symmetry vector. (b) The hexagonal lattice of all possible (n, m) species formed by rolling
the (0, 0) point onto (n, m). The empty circles are semiconducting (n, m), (ν = ±1). The filled circles represent
metallic, ν = 0 (n, m) species. (After [4.26])

tight-binding models of graphene [4.30, 31] or k · p
formalism for low energy bands [4.32], although the
precise band structure of (very) small diameter nanotubes necessitates more complex calculations which
include curvature effects, second neighbor interactions,
or the use of ab initio methods [4.33].
The electronic properties of graphene have been
studied extensively [4.29], so here we will only describe
the properties useful for deducing the nanotube band
structure. The graphene reciprocal lattice is hexagonal
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2n + m
C h · a1
.
(4.2)
= √
|C h | |a1 | 2 n 2 + m 2 + nm
The nanotube diameter can be computed from the chiral
vector by
aC−C !
3(m 2 + mn + n 2 ) ,
(4.3)
dt = |C h | /π =
π
cos θ =
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B'

(4.1)

where n and m are integers such that 0 ≤ m ≤ n. When
we express the chiral vector C h in the form (n, m), we
call it the chiral index. These two terms should be regarded as synonymous. The angle θ formed between C h
and a1 is a quantity of great importance for determining
the electronic properties of the SWCNT; it is called the
chiral angle, and is defined through
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Fig. 4.2a,b First Brillouin zone and quantized vectors of (a) an armchair nanotube (5,5) and (b) a zigzag nanotube (8,0)
with rotational indices q corresponding to the zone folding method indices. PZB = 1st Brillouin zone (After [4.35])

and the (nonequivalent) points K and K' at the corners of the first Brillouin zone (called Dirac points)
are of particular importance for its electronic properties. The valence and conduction band meet only at the
Dirac points [4.34], making graphene a zero bandgap
semiconductor. Moreover, its dispersion is linear close
to these points and hence low energy carriers behave
like massless, chiral Dirac fermions. As a consequence,
its electronic dispersion near the Dirac points is well
described by
(4.4)
E(δk) = ±!vF δk ,
√
where vF = 3γ0 a/2! ≈ 9.5 × 105 m/s is the electron
Fermi velocity, γ0 = 2.9 eV is the nearest neighbor hopping energy, a = |a1 | = |a2 | = 2.49 Å and δk is the
wavevector with origin at either the K or K' point.
The periodicity condition introduced on the wavefunctions along the circumference of carbon nanotubes
induces a quantization along their axes. As a consequence, they are quasi-1-D systems with only specific
k vectors allowed along the circumference and the base
vector parallel to the axis, as illustrated in Fig. 4.2.
The mono-electronic dispersion relation can be directly deduced from graphene by using the zone folding
method, which imposes the periodic boundary condition ψ(x + nC h ) = ψ(x) on graphene. The continuous
graphene wavevector is replaced by a half-quantized
new vector (continuous along the nanotube axis and
quantized along the circumference). As can be seen
from Fig. 4.2, a specific (n, m) nanotube will be metallic if an authorized subband crosses the K point or
semiconducting otherwise. Simple geometric considerations related the chiral vector C h allows one to deduce

that the condition for a nanotube to be metallic is
n − m = 3'(' ∈ N) [4.30,31,33]. If we define ν ≡ n − m
mod 3, we can see that ν = 0 if the nanotube is metallic
and ν = ±1 if it is a semiconductor. Hence one-third of
all possible carbon nanotube species are expected to be
metallic.
Using (4.4), one can deduce the band structures
close to the K points through the k · p formalism [4.32]
"
%
&
#
kdt 2
ν $2
+
.
(4.5)
E q (k) = ±γ0 q −
3
2
Noticeably:

•
•

Metallic nanotubes have a linear dispersion and
massless charge carriers, just as their parent material
graphene
Semiconducting nanotubes have a band gap E g =
2γ0 aC−C /dt ≈ 0.839 eV · nm/dt .

A complete band structure can be deduced by folding
the tight-binding dispersion of graphene [4.30, 31, 33].
This is shown for a representative metallic armchair
nanotube and a semiconducting zigzag nanotube of similar diameters in Fig. 4.3. Due to symmetries of the K
and K' points, all subbands are doubly degenerate. The
corresponding density of states (Fig. 4.4) is constant
in the metallic bands and presents van Hove singularities typical of 1-D systems at the onset of each new
subband.
These considerations are sufficient for nanotubes
with large diameter. However, for small diameter nanotubes, one has to consider the distortions of the
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Fig. 4.3a,b Electronic dispersion of (a) a metallic (9,9)
armchair nanotube and (b) a semiconducting (16,0)
zigzag nanotube. Both nanotubes have similar diameter
dt ≈ 1.2 nm
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Armchair (n, n) nanotubes are the only truly metallic nanotubes.
Other nanotubes satisfying n − m mod 3 = 0 but
n &= m develop a small band gap (typically on the
order of some tens of meV) and the degeneracy between higher energy subbands is lifted.
Semiconducting nanotubes develop a chirality dependent band gap (with a term proportional to
cos(3θ)).

–2

–1

0

1

2

3
E (eV)

Fig. 4.4 Density of states (DOS) of the same SWCNTs
as above; a metallic (9,9) armchair nanotube (black curve)
and a semiconducting (16,0) zigzag nanotube (dark-brown
curve)

Atomic vibrational motions of carbon nanotubes are
very similar to those of graphene but due to their cylindrical symmetry they are separated into radial breathing
modes (along the radial axis), transverse modes (along
the azimuth angle axis), and longitudinal modes (along
the length axis) [4.37]. The phonon band structure has
been calculated by various methods including zone
folding [4.38, 39], constant force [4.40, 41], tightbinding [4.42, 43] and ab initio methods [4.44–46].
Similar to the electronic structure, the phonon dispersion in SWCNTs is quantized and exhibits singularities
specific to their 1-D nature.
Due to its honeycomb lattice containing two atoms
in each unit cell, graphene phonon dispersion contains six modes, with two types of transverse and one
type of longitudinal motions; hence three acoustic and
three optical modes. There are two main consequences
when wrapping a graphene sheet into an SWCNT.
First, it introduces a periodic boundary condition along
the circumference, which quantizes the corresponding wavevector. As a result, the 2-D graphene phonon
modes are further split into a large number of subbands.
If the SWCNT contains 2N atoms per unit cell, there
are 6N phonon modes in total, many of which are degenerated (Fig. 4.5b,c [4.45]). The second consequence
is that the curvature makes its three fundamental atomic
motions different from those of graphene. Hence, the
SWCNT phonon modes can be viewed as a mixture of
2-D graphene phonon modes [4.37]. The effect of such
symmetry difference is significant for lower frequency
modes. For instance, there are four acoustic modes in-
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hexagonal lattice due to curvature [4.31, 36] and that
graphene dispersion is not linear at the high energies
where new subbands appear (i. e., (4.4) and (4.5) are no
longer valid, due to trigonal warping effects). These become of particular importance for optical experiments
and low temperature transport measurements. Important
considerations are:

a) E (eV)
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Fig. 4.5 (a). Ab initio dispersion
relations for the (4,4) (b), and the
(10,10) (c) nanotubes. In (c) and (d),
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Ab initio
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ab-initio calculation
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thicker lines are used to mark two
special branches: the acoustic band
is a twiston mode (torsional shape
vibrations), the other (with finite frequency γ ) is the breathing mode.
(d) Phonon density of states of an isolated (10,10) SWCNT (solid line),
compared to a 2-D graphene sheet.
((a–c) after [4.45], (d) after [4.48])
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stead of three (Fig. 4.5b,c [4.47]; also see Fig. 4.25a for
a larger view):

•
•
•

A longitudinal acoustic (LA) mode, corresponding
to motion of the atoms along the tube axis (similar
to the LA mode in graphene).
Two degenerate transverse acoustic (TA) modes,
corresponding to atomic displacements perpendicular to the nanotube axis (a combination of in-plane
and out-of plane TA modes in graphene).
A twist mode, corresponding to a torsion of the tube
around its axis (similar to the in-plane TA modes in
graphene).

200
E (meV)

The radial breathing mode (RBM) is another important low-frequency mode, corresponding to radial
expansion-contraction of the nanotube. It is similar to
the out-of plane TA mode in graphene with zero energy at the center of the Brillouin zone, but becomes
a mode with a finite energy due to the curvature. To
first order, the energy of the RBM mode is inversely
proportional to the diameter of the tube and presents
chiral angle dependencies similar to electronic subbands [4.44].
Figure 4.5d shows the calculated phonon density
of states of a (10, 10) tube and a graphene sheet side
by side [4.49]. One of the main features is that the
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Fig. 4.6 Calculated low-energy phonon band structure of

a SWNT bundle, for the case of graphite-like (strong)
coupling

ΘD and their contributions are only significant at very
low temperature. The intratube modes are also different
from those for SWCNT showing a shift in frequency,
which mostly affects low frequency modes or small
diameter SWCNTs [4.37, 51].

4.3 Synthesis
Over 20 years after the first batches of carbon nanotubes
(CNTs) were synthesized and documented as such [4.1],
CNTs continue on a steady trajectory toward industrial
applications while many of the remaining challenges
of growth continued to be ironed out. Whereas CNT
growth has been a dynamic topical area for the past few
decades, the gap between readily available products incorporating CNTs and the progression of studies in this
area remains significant. In recent years, it has been estimated that the capacity for production of multi-walled
CNTs could be as high as 300 to/yr, whereas that of
single-walled CNTs could be as high as 7 to/yr [4.52].
However, the challenge required to further push production levels is to build a global market for CNT-based
products that will instigate further scale-up production
based on cost, safety, and material performance, and
to develop understanding of CNT growth that will aid
in the design of cheaper, more efficient synthesis techniques. One drawback to industry is that many of the
largest potential CNT markets require specific homogenous properties, even though most large-scale CNT
synthesis techniques yield mixtures of CNTs with dif-
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ferent diameters and physical properties. This motivates
research efforts continuing in the area of CNT growth to
understand how to tighten the CNT diameter and property distribution by building a strong understanding of
the growth processes and mechanisms. However, there
is still a market even for wide-distribution multi-walled
CNTs that can be produced at low cost in bulk quantities
for their use as structural enhancers in materials.
The purpose of this section is to introduce the reader
to the different techniques utilized to synthesize carbon
nanotubes in addition to the different types of carbon
nanotubes that can be produced using these methods.
The caveat to this section is that the sheer breadth of
techniques utilized in CNT growth makes it challenging
to present a unified picture of CNT growth processes
explaining every observation made thus far. A myriad
of unique processes and systems have been utilized to
grow CNTs, often reporting conflicting mechanistic results. Therefore, this section will focus on the ideas
that have been accepted and have the capability to apply broadly to the vast majority of growth techniques
discussed.
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SWCNT phonon density of states has a number of sharp
peaks (van Hove singularities) due to its 1-D structure.
Such a difference is more profound at lower frequencies
than higher frequencies, because low frequency phonon
modes are more reflective of the symmetry of carbon
nanotubes, while higher frequency modes are more reflective of carbon–carbon bonding. For this nanotube
the calculated energy of RBM mode is 21.7 meV while
the first van Hove singularity appears at about 2.5 meV.
Van Hove singularities have been observed by neutron
scattering experiments [4.48], thus confirming theoretical calculation.
When carbon nanotubes are bundled together, the
intertube interaction will introduce dispersion along
the transverse (intertube) direction. This will reduce
the density of phonon states at low frequency, which
has profound effect on the thermal properties of
SWCNTs [4.49]. However, the heterogeneous nature of
carbon nanotube bundles make theoretical calculation
difficult. Figure 4.6 shows a tight-binding calculation
for the case of graphite-like SWCNT bundles [4.50]. It
can be seen that the intertube acoustic modes have fairly
flat dispersion and the overall phonon frequencies are
much less than those of intratube modes. Consequently,
these modes should have very low Debye temperature

4.3 Synthesis

112

Part A

NanoCarbons

4.3.1 Substrate-Free Growth Techniques
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In general, one can separate the growth of CNTs into
two different categories: substrate-free CNT growth
and substrate-bound CNT growth. By far, substrate-free
CNT growth processes make up the majority of the
large-scale industrial efforts due to the ease of scaling
such techniques to implement continuous processes as
opposed to operating using batch processes. From a historical perspective, two primary techniques have built
the foundation of substrate-free CNT growth processes,
which are (i) arc discharge [4.55, 56] and (ii) laser
ablation [4.57]. In an arc discharge growth process,
illustrated in Fig. 4.7a, two graphite electrodes are utilized in a chamber with an inert gas. A DC power supply
is connected across the two electrodes (or rods) that
passes electric current through the electrode configuration. This creates a discharge that consumes one of the
electrodes and leaves a deposit on the other electrode
that contains carbon nanomaterials that can vary in composition depending on the specific conditions utilized.
One can tune the process to produce primarily multiwalled CNTs using two standard graphite electrodes
to a process that produces single-walled CNTs using
metal catalysts such as Ni, Fe, Mo, or Co doped into
the electrode. Arc discharge is the most straightforward
approach to synthesize carbon nanotubes, but its application as a large-scale production technique suffers due
to the moderate yield of CNTs (often between 30–50%)
amidst a variety of other carbons that requires one to
employ post-process separation techniques to achieve
well-defined samples. However, arc discharge processes
predate carbon nanotubes and were readily employed in
the synthesis of carbon whiskers and C60 decades before the report by Iijima in 1991 [4.58]. It is suggested
that processes to form carbon materials using arc discharge date back to the 1960s, and closer analysis of
a)

the soot in these materials would have revealed carbon
nanotubes.
Laser ablation growth of CNTs (Fig. 4.7b), on the
other hand, is a process whereby the energy is supplied
to the graphite target using either a continuous wave or
pulsed laser, in comparison to a DC power supply in arc
discharge. In laser ablation growth, the laser hits a hot
target, which typically involves graphite with a catalytic
metal (Ni, Fe, Co, etc.) doped into it, and vaporizes the
target. Downstream of the target, a water-cooled condenser collects the product of the vaporized carbon/
metal mixture that is carried using a flow of inert gas,
such as Ar. Laser ablation processes can also be tuned to
yield either single-walled CNTs or multi-walled CNTs
based on the variation of parameters in the growth process such as the laser wavelength, laser power, laser
pulse duration, furnace temperature, and graphite target
composition. In particular, a low metal : graphite ratio
in the target and a high furnace temperature (typically ≈
1200 ◦ C) is generally associated with good quality crystalline single-walled CNTs, whereas greater amounts
of metal yields multi-walled CNTs, and lower furnace
temperatures compromise crystallinity of the CNT tube
walls. Today, laser ablation and arc discharge processes
are still employed readily in the research lab, although
industry scale-up efforts have typically not incorporated
these techniques due to the batch-by-batch nature of
these processes and the common difficulty of getting
mixtures of CNTs and amorphous carbons, metals, or
fullerenes. However, significant progress has been made
in utilizing processes such as laser ablation to yield controllable double-walled CNTs with moderately small
diameters (2–3 nm) compared to other techniques.
Aside from these techniques, there are a myriad of
other processes that have been developed and adopted
for substrate-free CNT synthesis. Many of these techniques represent a form of chemical vapor deposition

b)
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Cathode
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Nanotubes
Plasma

Sheath

Water cooled
Cu collector
Ar gas

Sheath
Ni + C + Y
1200 °C furnace

Anode

Helium filled
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Graphite
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Fig. 4.7a,b Illustration of (a) an arcdischarge apparatus and (b) a laser
ablation apparatus for growing carbon nanotubes. ((a) After [4.53]. (b)
After [4.54])
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4.3.2 Substrate-Bound Growth Technique
Whereas substrate-free growth techniques have been the
medium for bridging the CNT synthesis effort to the
industrial marketplace, substrate-bound CNT growth
represents a growth form that is more tailored to

Temperature recorder
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Fig. 4.8 Schematic diagram of a fluidized bed chemical vapor deposition system. (After [4.60])
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Fig. 4.9 (a,b) TEM images of catalyst particles that grow CNTs
supported on Ta and SiO2 . (c) Schematic showing how the substrate
supporting the particles dictate whether tip growth (SiO2 ) or base
growth (Ta) is achieved. (After [4.61])

electronics or specialized fields. Substrate-based CNT
growth is almost always based on variations of the CVD
growth technique and involves a substrate that usually
supports both the CNTs formed during growth in addition to the catalyst material that grows the CNTs.
In substrate-bound CVD growth, there are two types
of growth modes that are well-accepted, which are
(i) base-growth where growth of CNTs occurs while the
layer of catalyst nanoparticles remains at the interface
with the growth substrate, and (ii) tip-growth, where the
catalyst nanoparticles lift off the substrate and are supported by the growing CNT during the growth process
(Fig. 4.9). In a typical substrate-bound CNT growth ex-
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(CVD) that can be scalable to large areas or can
produce bulk quantities using cost-effective continuous processing. Generally, CVD techniques for CNT
growth involve the reaction of a feedstock gas that
contains carbon with nanoscale metal catalyst particles
inside a heated reaction zone. For substrate-free synthesis processes, the metal is typically supplied during
the process. Two notable processes that have proved
capable of industrial-scale production are the HiPco
process and fluidized bed CVD. The HiPco process was
first designed at Rice University, with reports as early
as 2001 documenting lab-scale SWNT production at
0.45 g/day [4.59]. The HiPco process is a form of CVD
where an organometallic compound, such as Fe(CO)5 ,
is fed into a reaction zone at high pressures (up to
50 atm) and high temperatures (900–1100 ◦ C). This
process causes the organometallic compound to decompose into small, nanoscale metal clusters that catalyze
the CO disproportionation reaction to form by-products
of CO2 and single-walled CNTs. Although additional
processes for synthesizing single-walled CNTs have
been developed on an industrial front in recent years,
much of the widespread CNT research efforts over the
past decade can be attributed to the HiPco process.
In addition to HiPco, another key CVD-based process that has demonstrated significant potential for
large-scale production is the fluidized bed CVD (FBCVD) process [4.62]. In this process, illustrated in
Fig. 4.8, feedstock gases and catalyst material are fed
into the reaction zone forming CNTs that are then
collected in a continuous fashion. In some cases, the
FB-CVD process involves two distinct reaction zones
whereby a catalyst precursor reacts in the first zone
forming the catalytic material, and this then flows downstream to the reaction zone where the CNTs form
through reaction with this catalytic material. The benefit
of this process is that the catalyst source is continuous,
enabling the development of highly scalable CNTs with
controllable properties in many cases. However, the
drawback to FB-CVD is often the excess metal present
in the CNTs that can be difficult to remove, and the
difficulty achieving the level of precision in growth processes that can be comparable to fixed substrate-based
CNT growth techniques.
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Fig. 4.10 Schematic of thermal CVD system setup generally utilized in aligned CNT growth (courtesy Atomic Physics, Göteborg
University)

periment using thermal CVD, the substrate containing
the catalyst is placed into a heated zone, and a flow of
carbon feedstock initiates the nucleation and growth of
the CNTs. Variations of this process include plasmaenhanced CVD [4.63] and hot-filament CVD [4.64],
where the plasma or hot filament act as energy sources
to form reactive species for catalytic growth that would
otherwise not form in a thermal CVD environment.
A general illustration of a thermal CVD system utilized
in these sort of experiments in shown in Fig. 4.10.
One of the most remarkable observations for the
substrate-based growth of CNTs was the notion that
a thin, uniform layer of catalytic material can be deposited onto the surface of a substrate, and the growth
from this catalytic layer can result in self-oriented,
aligned arrays of CNTs. Whereas this was initially
shown for multi-walled CNTs in 1999 [4.66], by 2004
a few groups had demonstrated this for single-walled
CNTs as well [4.67, 68]. One of the most notable observations early-on was that the addition of a small
amount of H2 O during the catalytic reaction in addition to the carbon feedstock can accelerate the growth
process dramatically, yielding millimeter-scale singlewalled CNT arrays that grow in 10 min or less. Since
the CNTs produced in this novel synthetic approach –
which themselves are only a few nanometers in diameter – can be greater than a centimeter [4.69] in length
and grown in structures where alignment is inherent
from the stage of growth, these materials drew excitement from researchers. Figure 4.11 shows an SEM
image of a short CNT forest where the individual CNT
bundles are visible. In particular, substrate-free growth
techniques such as arc discharge, laser ablation, or
HiPco yield tangled CNTs that have submicron lengths.
The challenge that remains for these materials is that

1 µm

Fig. 4.11 SEM image of a vertically aligned carbon nano-

tube array (after [4.65])

substrate-based aligned CNTs are produced in a batch
process using high temperatures that is not amenable
to scalable production. Additionally, the limitations of
many growth processes to specific substrates, such as
alumina, have created roadblocks to the diverse applications envisioned for these materials. Recent efforts have
made progress in growth of CNTs on conductive Cu
substrates and at low temperatures [4.70], but a better
understanding of the mechanisms behind CNT growth
needs to be elucidated prior to large-scale advances
in these areas. Fortunately, aligned CNT arrays have
emerged as excellent test-beds to analyze the mechanistic aspects of CNT growth. Unlike most substrate-free
CNT growth processes, aligned CNTs nucleate at virtually the same time and are uninhibited in many cases by
significant steric hindrances that can alter the catalytic
properties of randomly aligned materials. Therefore,
one can use aligned CNT growth to probe quantitative
and bulk-scale characteristics of the CNT growth and
termination mechanisms that are relevant to all CNT
growth processes.

4.3.3 Growth Mechanisms
The identification of specific mechanisms related to
CNT growth remains controversial due to the wide variety of observations in growth processes that a single,
unified mechanism would have to explain. However, it
has been most readily accepted that CNT growth occurs
via a vapor–solid–solid (VSS) model or a vapor–liquid–
solid (VLS) model that has been readily employed for
catalyst-based synthetic processes of other nanomaterials. In some cases for high temperature (> 900 ◦ C)
CNT growth, it is expected that the catalyst particles
are in liquid phase whereas in lower temperature processes (< 700 ◦ C) it is expected that catalyst particles
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Fig. 4.12 Schematic showing the complex processes occurring during the catalytic growth of CNTs based on
a model from Puretzky et al. (After [4.73])

is incident on the particle [4.71]. In a carbon starved
environment (where the carbon flux is smaller than the
diffusion rate), the result will be the nucleation of CNTs
with only one wall whose outer diameter matches the
particle size. Greater flux of carbon will result in the
formation of multiple walls in the CNT. Whereas these
ideas may oversimplify the challenges in understanding
CNT synthetic processes, it is hoped that some unified model will emerge in the future that can establish
a connection between the variable processes and systems used in CNT growth and the mechanisms that are
at play in dictating nucleation, growth, and termination
of CNTs.

4.4 Optical Properties
Because of their diameter-dependent direct band gaps,
SWCNTs are promising for next-generation optoelectronic components. At the same time, their onedimensionality is ideal for the study of 1-D excitons,
whose properties remain largely unexplored despite
predictions that they should behave very differently
from excitons in higher dimensions [4.74, 75]. However, intrinsic optical properties of individual SWCNTs
were difficult to probe for many years because of
the effects of bundling and resulting tube-tube interactions in typical ensemble samples. During the
past decade, much progress has been made in optical studies of SWCNTs, stimulated in part by the
2002 discovery of band gap photoluminescence (PL)
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from individually suspended SWCNTs in aqueous
solution [4.76]. These samples have created opportunities to perform spectroscopy of individual nanotubes
of specific chiralities, allowing exploration of their
intrinsic optical properties. PL excitation (PLE) spectroscopy [4.77–88], Raman spectroscopy [4.89–110],
ultrafast optical spectroscopy [4.111–140], micro- and
nano-spectroscopy [4.141–163], and magneto-optical
spectroscopy [4.11, 15, 17, 156, 157, 164–170] of individualized SWCNTs are currently under investigation,
revealing fundamental properties of 1-D excitons and
phonons.
Due to the strong 1-D quantum confinement, photocreated electron–hole pairs form excitons, i. e., hydro-
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exist as a solid. It should be noted that the fast growth
rates observed in CNT array growth can be modeled
using diffusion parameters relevant to solids [4.71].
In these simple models, the hydrocarbon feedstock reacts with the catalyst particle and provides carbon that
diffuses to the catalyst particle. In the initial phases
of growth, a carbon cap precipitates on the surface
of the particle and lifts off to result in CNT nucleation. Following nucleation, a constant carbon flux to
the particle leads to the diffusion of carbon through
the particle and to the edges of the growing CNT. In
the simplest theoretical case, this becomes a steadystate system where a constant flux of carbon is supplied
to the particle and the nanotube grows at a constant
rate. However, from an experimental perspective, carbon nanotube synthetic processes terminate at some
point, which is still not completely understood. This
is believed to be a function of a process of carbon
overcoating where amorphous carbon builds up on the
catalyst particle and, over time, renders it inactive in
growing CNTs. TEM studies have identified that morphology changes of the catalyst in the form of Ostwald
ripening or other kinetic processes that occur due to
the high free energy of catalyst nanoparticles and their
exposure to the high temperature growth conditions
may play a key role in termination processes as well,
especially when the catalyst is supported by a solid surface [4.72].
Theoretical models of this process, one which is
illustrated in Fig. 4.12, have been able to unify the interplay between multi-walled and single-walled CNT
growth through the simple concept of carbon flux that
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genic, Coulomb-bound electron–hole pairs [4.171]. In
fact, in an ideal 1-D system, the binding energy of excitons has long been known to be infinite [4.172, 173].
Later, the binding energies of excitons in SWCNTs
were experimentally determined to be hundreds of
meV [4.174, 175], a significant fraction of their bare
band gap, making SWCNTs one of the first systems in
which to investigate excitons in the 1-D quantum limit.

4.4.1 Optical Absorption
and Photoluminescence
Interband optical properties of SWCNTs arise from their
structure-dependent attributes such as diameter and chiral angle as well as their electronic type (i. e., metallic or
semiconducting). Therefore, optical spectroscopy provides a powerful tool for determining these attributes
and their distributions in a given macroscopic sample.
First we will summarize the selection rules for interband absorption and emission in SWCNTs. If the
photon momenta are small compared to the crystal
momentum of the Bloch electrons, then approximate
conservation of total linear momentum disallows horizontal transitions. Hence only vertical transitions are
observed.
As in any solid, only vertical transitions are possible due to conservation of total linear momentum.
This is because the photon momenta are small compared to the crystal momentum of the Bloch electrons.
In the case of 1-D systems like SWCNTs, only transitions between states with nearly equal linear momenta
along the tube axis are allowed. Since valence and
conduction subbands in SWCNTs can be indexed by

n = +1
n=0
n=0
n = +1

ized parallel to SWCNT axis for
a metallic SWCNT and a semiconducting SWCNT with allowed
transitions indicated (∆n = 0). (d–f)
Incident light polarized perpendicular
to SWCNT axis for a metallic and semiconducting SWCNT
with allowed transitions indicated
(∆n = ±1). (After [4.23])

k

n = –1
v = +1

their angular momentum along the tube axis [4.23]
(Fig. 4.13), angular momentum conservation must be
considered for optical absorption and emission. Light
polarized parallel to the tube axis does not have any
angular momentum, and thus only transitions between
states having equal angular momentum (i. e., the same
subband index) are allowed for this polarization. In
contrast, light polarized perpendicular to the tube axis
can impart angular momentum to the circumference of
the tube. This is visualized by thinking of the equal
mixture of right- and left-handed circularly polarized
light that comprises this polarization configuration; lefthanded (σ− ) light changes angular momentum by −1
and right-handed (σ+ ) by +1. The perpendicular polarization, therefore, allows for transitions between states
with a change in angular momentum of ±1. However,
there is a strong depolarization effect for a perpendicular optical field [4.10, 176, 177], which suppresses
absorption, making these optical transitions difficult to
observe.
Experimentally, absorption spectroscopy is the simplest way to understand the basic characteristics of
interband optical transitions in SWCNTs [4.76, 178–
180]. Optical transitions occur between the valence
and conduction bands, following the selection rules
described before. The transitions are illustrated in
Fig. 4.14. Because the transitions between states in the
valence band vary in a precise way with the tube
diameter in the optical regime, nanotubes were quickly
identified as excellent candidates for optoelectronic applications. The interband transitions in SWCNTs reflect
the underlying crystal symmetry of the nanotube. Since
most synthesized SWCNTs have diameters ranging
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Fig. 4.15 Typical PLE map for HiPco nanotubes sus0.2
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Fig. 4.14 Energy band diagram and density of states for
(a) the E 11 , E 22 , and E 33 transitions for semiconducting
nanotubes, and (b) the E 11 and E 22 transitions for metallic

nanotubes. The occupied states are expressed by the gray
color. (c) Optical absorption spectrum of HiPco SWCNTs
in a wide energy range from UV to IR. (Note that the first
(second) of the subscripts of E ii refers to the conduction
(valence) subband index.) (After [4.8])

from 0.5 to 1.5 nm, the E 11 and E 22 transitions range
from 800 meV to 3 eV. With increasing purity and individualization, higher-order transitions (up to E 66 ) have
been observed, as well as phonon side-bands.
Figure 4.14c shows an optical absorption spectrum
for HiPco SWCNTs, displaying four absorption bands:
1.
2.
3.
4.

E 11
E 22
E 11
E 33

transition in semiconducting tubes
transition in semiconducting tubes
transition in metallic tubes
transition in metallic tubes.

Within each band, there are multiple absorption
peaks, coming from different (n, m) species present in
the sample. It is therefore difficult to determine the
(n, m) distribution quantitatively, unless the sample is
highly enriched in a single (n, m) species. However,
the intensity ratio between absorption peaks of metallic tubes and absorption peaks of semiconducting tubes

allows a qualitative estimate of the population ratio between these two types.
In the process of photoluminescence (PL), a high
energy photon is absorbed by the medium and then
a lower-energy photon is emitted. The excited state in
a SWCNT can, in principle, be any high energy state
or anywhere in the continuum, but due to enhanced absorption, a resonance appears when the E 22 transition
is excited and emission comes from E 11 transitions.
This effect was first observed in SWCNTs by O’Connel
et al., and it quickly became one of the most common
characterization tools for nanotube materials. In a typical PL experiment, the sample is excited by a range
of visible wavelengths, and the luminescence is measured over a range of near-infrared wavelengths. Plotting
the measured light intensity against the emission and
excitation wavelengths creates a photoluminescence excitation (PLE) map (Fig. 4.15). Contrary to absorption
spectroscopy, this technique is not useful for probing
metallic (and small band gap) nanotubes but has the advantage of being sensitive enough to assign chiralities
of semiconducting nanotubes, as illustrated in Fig. 4.15.
It has proven to be ideal for measuring large quantities of materials, especially when combined with other
spectroscopic tools (e.g., resonant Raman and absorption), and provides statistical information which cannot
be obtained with electron microscopy. In addition, PL
experiments have been used to obtain an understanding
of excitonic states associated with the 1-D nature and
the fourfold degeneracy of the electronic band structure
of these semiconductors.
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4.4.2 Raman Spectroscopy
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As a consequence of their unique 1-D band structure, resonant Raman scattering spectroscopy serves as
a powerful technique for the characterization and study
of carbon nanotubes. A variant of normal Raman scattering, resonant Raman scattering (RRS) measures the
intensity and energy of incident photons that are inelastically scattered off matter. The change in energy of the
scattered photon relative to the energy of the incident
photon corresponds to a quantum of the material under
investigation, in this case a vibrational or phonon mode
of an SWCNT. The resonant aspect of the technique
comes from the use of excitation laser energies that
coincide with real optical transitions of the SWCNT, resulting in a resonant enhancement effect that increases
the Raman scattering probability from about 1 in 107
to approximately 1 in 103 . The unique combination of
the resonant nature of this technique with the highly
anisotropic structure of carbon nanotubes allows for unconventional uses of vibrational Raman scattering to
provide information on bulk and individual mechanical,
electronic, and solution properties of these materials.
One specific advantage of RRS over other optical methods is its ability to examine both semiconducting and
metallic types of SWCNTs, regardless of aggregation
state, doping, or number of defects.
The most widely used and intense Raman-active vibrational modes used for studying and characterizing
Raman intensity
G-band
Metallic G-band
G–
G+
G+

G–
RBM: ωRBM 1/dt
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G'-band
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Fig. 4.16 A typical resonant Raman spectrum of a bulk SWCNT
sample, taken at 785 nm excitation, for SWCNTs produced at Rice
University. The spectrum illustrates the primary vibrational modes
observed for SWCNTs, namely the RBM, D-band, G-band and G' band

carbon nanotubes are shown in Fig. 4.16. The lowest frequency mode (≈ 100–400 cm−1 ) appears only
in carbon nanotubes and fullerene structures and is
known as the radial breathing mode (RBM) [4.181,182]
(Sect. 4.2.3). It is an isotropic stretching vibration occurring in the radial direction perpendicular to the tube
axis. Since its frequency varies inversely with nanotube
diameter [4.181], it serves as one of the most common
methods for optically determining the tube diameter of
a particular SWCNT species.
When such data is taken using a tunable laser
source, the excitation energy dependence of specific
RBMs can be determined. The energy at which the
RBM Raman intensity reaches a maximum corresponds
to the incident and scattered photon resonances with the
SWCNT optical transition. As a result both diameter
and optical transition energy can be determined from
RBM Raman measurements allowing for assignment of
RBM Raman features to specific (n, m) SWCNT structures [4.90–93, 97]. Once the optical transition energies
are known for individualized SWCNTs, RBM intensity excitation profile data can be used to determine
aggregation state [4.183] and even relative (n, m) abundance [4.109, 184–186].
The G-band vibration, centered at 1550–1600 cm−1 ,
is another very intense vibration and is common to
all sp2 -hybridized carbon [1,2]. It is an in-plane, C−C
stretching mode which is isotropic in graphene but
anisotropic in carbon nanotubes due to the curvatureinduced inequality of the two bond-displacement directions which causes the phonon to split into two,
the G+ and G− peaks. Because of the splitting of the
G-band into two separate but related modes, the overall line shape and intensity of the G-band can identify
whether the tubes undergoing resonance with the excitation laser are metallic or semiconducting, as shown
in Fig. 4.16 [4.103, 181, 187–190]. Furthermore, shifts
in the G-band frequency can be observed due to doping via charge transfer resulting in the so-called Eklund
shift [4.191]. With the application of uniaxial mechanical strain, the effective spring constants in each bond
displacement direction can be further modified causing
shifts in both G+ and G− frequencies as well as shifts in
the observed optical transition energies, making the Gband a sensitive monitor of mechanical strain [4.192].
Another important mode is the D-band phonon, an
out-of-plane bending mode with frequency 1300 cm−1
[4.181, 182]. This mode is normally Raman-inactive in
pristine or perfect sp2 -carbon due to symmetry considerations, however, when the translational symmetry of
the extended structure of graphene, graphite, or a car-
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4.4.3 Resonant Rayleigh Spectroscopy
Resonant Rayleigh scattering or resonant elastic light
scattering has recently become a popular tool for the
optical study and rapid characterization of nanotube
samples [4.195–197]. This technique can rapidly identify excited states in both metallic and semiconducting
SWCNTs due to its high scattering intensity when combined with a broadband, tunable excitation source. Sfeir
et al. [4.195] made initial observations of scattering
peaks in the excitation spectra consistent with expected
optical transitions for both semiconducting and metallic
species. In particular, the excitation spectra of metallic
SWCNTs exhibited peak splitting which were attributed
to trigonal warping of the graphene Brillouin zone. In
subsequent studies by Sfeir et al. [4.196] and Berciaud
et al. [4.193], individual nanotubes were structurally
identified using electron beam diffraction via transmission electron microscopy prior to Rayleigh scattering
measurements, allowing a direct assignment of optical
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Fig. 4.17a,b Rayleigh scattering excitation spectra of (a) specific
semiconducting and (b) metallic single-walled carbon nanotube chiralities. Vertical dashed lines indicate the energy position at which
phonon sidebands are expected. Insets (b) are magnifications of the
energy regions where phonon sidebands are expected, revealing no
apparent feature. (After [4.193])

spectra obtained via resonant Rayleigh scattering to individual (n, m) species, as shown in Fig. 4.17. SemiconS and E S excitonic
ducting features were assigned to E 33
44
optical transitions, while those of metallic SWCNTs
M . In addition, spectra of
were attributed to those of E 11
semiconducting SWCNTs show smaller, higher-energy
features, located ≈ 200 meV above the main excitonic
optical transition peak, attributed to phonon sidebands.
More recently, Liu et al. [4.197] combined electron beam diffraction with in situ Rayleigh scattering
to measure 206 optical transitions of (n, m)-identified
nanotubes. In particular, for nanotubes spanning diameters 1.4–4.7 nm, optical transitions were measured
S up
for semiconducting species ranging from E 33
S , and for metallic species ranging from E M
to E 77
11
M . From this broad range of data collected
up to E 33
via Rayleigh scattering spectroscopy along with existS and E S data collected via photoluminescence
ing E 11
22
excitation spectroscopy, an empirical equation was
produced to predict optical transition energies with
appropriate (n, m)- and E ii -dependent parameters, providing a predictive tool for assigning measured optical
spectra to specific SWCNT chiralities over a broad
range of experimentally relevant energies.
One particularly useful application of Rayleigh scattering spectroscopy is the wide-scale characterization of
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bon nanotube is broken by some sort of disorder, the
D-band becomes Raman active and its intensity generally increases with the degree of disorder. This is why
the D-band is often referred to as the disorder or defect peak in graphitic-like materials. This disorder can
be actual bond dislocation defects, chemical functional
groups, physisorbed molecular species, charge transfer
complexes, etc., i. e., anything that can cause a localization of electron density in the otherwise delocalized
π-bonding network.
Lastly, the G' -band (2600–2700 cm−1 ), also common to all sp2 -hybridized carbon, is a dispersive,
second-order Raman mode highly sensitive to small
changes in electronic and vibrational structure [4.182].
Specifically, the excitation dependence of the G' -band
can be used to measure the dispersion of the optical
transition under resonance, an important characteristic
for understanding electronic band structure. Such mapping of the G' -band excitation profile allowed the first
experimental confirmation of the trigonal warping effect
in the electronic density-of-states [4.194].
Raman scattering provides information only about
the crystal structure of carbon nanotubes. However,
when combined with the resonance effect, the intensity
of the scattered photons can provide quantitative information about the electronic, aggregation, chemical, and
mechanical states of carbon nanotubes. Such information is invaluable to future research tasked with turning
these molecules into macroscopic materials with tailormade properties.
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many nanotubes simultaneously [4.198]. Using a widefield laser illumination in a dark-field microscope
geometry and refractive-index-matching, Joh et al. were
able to Rayleigh image entire chips containing many
different SWCNT species as a function of laser excitation energy. Combined with atomic force microscopy
(AFM), this improvement in experimental setup allows
not only the identification of nanotube growth but also
the rapid determination of optical spectrum and diameter from Rayleigh scattering and AFM measurements,
respectively, facilitating assignment to specific (n, m)
structures [4.198].
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4.4.4 Ultrafast Spectroscopy
Ultrafast spectroscopy allows the interrogation of carrier and phonon dynamics in condensed matter systems.
As the rise and relaxation times of these ultrafast phenomena are on the order of 1 ps, they can be observed
by using femtosecond laser pulses. One of the most
popular tools for this is time-resolved pump-probe measurements. When a strong optical pump pulse from
a femtosecond laser generates electron–hole pairs, the
∆T/T0
2

0.1

SDS-suspended SWNT in D2O
Room temperature

8
6
4
2

0.01

8
6

τ2

τ1

4
2

0.001

hv = 0.89 eV (E11)

8
6

hv = 1.60 eV (E22)

4

0

5

10

15
Time delay (ps)

Fig. 4.18 Ultrafast pump-probe data at two wavelengths, corresponding to first and second subband transitions. A very fast single
decay is seen in the second subband case while two decay components (τ1 ≈ 770 fs and τ2 ≈ 10 ps) are clearly seen in the first
subband case. Solid lines show Gaussian and exponential fits in the
appropriate delay regimes. (After [4.113])

concomitant changes in the properties of the material
(e.g., Raman scattering, absorption, and reflectivity) are
detected by a weaker probe pulse, and the delay is controlled by the experimenter.
Time-resolved pump-probe spectroscopy is a suitable method for measuring carrier dynamics, such
as distribution functions and relaxation mechanisms.
Using this method, one can explore carrier dephasing processes, carrier–carrier scattering, carrier–phonon
scattering, and radiative and nonradiative recombination processes [4.111, 113, 115, 123, 199–202].
Figure 4.18 shows typical differential transmission
(∆T/T0 ) signals as a function of delay between pump
and probe pulse. Two traces taken at 0.89 eV (1393 nm)
and 1.60 eV (775 nm) correspond to E 11 and E 22 ranges,
respectively. In both cases, a positive differential transmission is consistent with band filling, and the shorter
decay time is explained by a nonradiative intraband relaxation process [4.203]. The slower decay time only
found in the E 11 range (hν = 0.89 eV in Fig. 4.18) can
be explained as a radiative interband recombination,
because the signal is resonantly enhanced when the photon energy is consistent with an interband absorption
peak [4.111, 113, 200].
Coherent phonon (CP) spectroscopy is a powerful
characterization tool, especially for SWCNTs. It allows
direct measurement of excited state phonon dynamics
in the time domain, including phase information and
dephasing time. This information cannot be directly
obtained via Raman spectroscopy. CP spectroscopy
has several more advantages over Raman spectroscopy,
including high resolution and narrow linewidths, no
Rayleigh scattering, and no photoluminescence. Hence
it allows characterization of metallic as well as semiconducting nanotubes, whereas PLE is incapable of
characterizing metallic nanotubes.
Since the observation of coherent phonons in
SWCNTs by Gambetta et al., many studies of the RBM
and G-mode coherent phonons in SWCNTs have been
published [4.129, 130, 134, 135, 137, 204, 205]. Figure 4.19a shows a coherent phonon oscillation signal
in the time-domain [4.137]. To determine the frequencies of the excited lattice vibrations, one can perform
a fast Fourier transformation (FFT) of the time-domain
oscillations, such as is shown in Fig. 4.19b. The multiple peaks in the lower frequencies correspond to the
RBM, which indicates that the SWCNT sample contains several chiralities that are resonantly excited at
840 nm (1.48 eV) [4.130]. Since the CP spectrum has
high resolution, the peaks can be used to accurately
determine the chiral index of the SWCNTs [4.206].
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Fig. 4.19 (a) Transmitted intensity modulations due to
coherent phonon oscillations in SWCNTs, which were extracted from the pump-probe signal for pump and probe
energies of 1.55 eV (800 nm, E pu ) and 1.48 eV (840 nm,
E pr ), respectively. The beating pattern arises from superposition of the CP oscillations from the RBM and
G-mode. (b) Corresponding Fourier-transformed spectrum
showing radial-breathing modes (RBMs) at 6.0–7.5 THz
(200–250 cm−1 ) and G-mode phonons at 47.69 THz
(1590.8 cm−1 ). (After [4.137])

The peak at 47.69 THz (1590.8 cm−1 ) corresponds to
G-mode phonons of SWCNTs. With regard to the Gmode, Kim et al. recently presented a clear picture for
the dephasing of G-band phonons by random frequency
modulation via interaction with the RBM through anharmonicity [4.136, 137].
Using a pulse-shaping technique [4.207], chiralselective excitation has been achieved for studying the
physical properties of single-chirality SWCNTs [4.134].
Figure 4.20a shows typical CP oscillations (Fig. 4.20a,
left) and their Fourier transformed spectrum (Fig. 4.20a,
right). By introducing multiple pulse trains with different repetition rates (7.07–6.15 THz), a coherent
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Fig. 4.20 (a) Left: time-domain transmission modulations of the
probe due to coherent RBM vibrations in ensemble SWCNT solution generated using standard pump-probe techniques without
pulse shaping. (a) Right: Fourier transformation of time-domain oscillations with chirality-assigned peaks. (b–e) Left: time-domain
coherent RBM oscillations selectively excited by multiple pulse
trains via pulse shaping with corresponding repetition rates of 6.15,
6.55, 6.69, and 7.07 THz. (b–e) Right: Fourier transformations of
corresponding oscillations, with their dominant nanotube chirality
(n, m) indicated. (After [4.134])

RBM oscillation is selectively excited, as shown in
Fig. 4.20b–e, respectively. For instance, by choosing
a pump repetition rate of 7.07 THz, the (11,3) nanotubes
can be excited selectively, as shown in Fig. 4.20b. Note
that the accuracy of selectivity depends on the number
of pulses in the tailored pulse train.

4.4.5 Excitonic Effects
1-D Coulomb interaction differs significantly from
systems with other dimensions. For example, the ex-
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citon binding energy becomes infinite in an ideal 1-D
electron–hole system [4.172, 173, 208]. In addition,
the Sommerfeld factor, the ratio of the exciton continuum to the free electron–hole pair above the band
edge, has been shown to be less than 1 in 1-D systems [4.74, 75]. 1-D excitons in SWCNTs [4.209] seem
to be even more peculiar. Early experimental PLE results (e.g., [4.80]) indicated that interband excitation
energies are higher than those expected from band
structure calculations based on simple tight-binding
models. This blue shift is totally against our conventional wisdom that excitonic binding should red shift
the excitation energy from the band edge. Ando’s pioneering theoretical work [4.210, 211] indicates that
there is a significant blue shift from the single-particle
band gap (which is what tight-binding calculations
yield) due to quasi-particle corrections. This blue shift
is expected to exceed the excitonic binding energy,
and thus, the net effect is a blue shift. A number of
more recent theoretical studies [4.177, 212–229] not
only confirmed these predictions and provided estimates for the exciton binding energies but also raised
an array of new issues, questions, and predictions, including the intrinsic radiative lifetimes, the existence
of dark excitons, and the stability of excitons in metallic carbon nanotubes. Two-photon PLE studies [4.174,
175] have successfully determined the exciton binding energies to be very large (300–500 meV). Excitonic
signatures have also been detected in absorption spectra of metallic nanotubes [4.180]. Furthermore, recent
temperature-dependent magneto-optical studies have
provided new insight into the excitonic fine structure
in SWCNTs [4.165–169], including the direct measurement of dark-bright splitting values in individual
SWCNTs [4.156, 157].
The existence of two equivalent valleys in momentum space, K and K ' valleys, combined with strong
short-range Coulomb interactions (intervalley mixing
and exchange), produces an intriguing excitonic fine
structure in SWCNTs [4.223, 231]. There are four combinations of lowest-energy excitons: two are direct
excitons formed by linear combinations of KK and
K ' K ' electron–hole pairs and two are indirect excitons
that are created by indirect K ' K and KK' electron–hole
pairs. The latter are finite momentum exciton states that
require a phonon-assisted transition to be optically created. Direct excitons are zero momentum states, which
facilitates optical absorption and emission. However,
the mixing of the KK and K ' K ' transitions produces two
wavefunctions that have opposite parity under transformations about the axis perpendicular to the tube

(sometimes referred to as the U symmetry axis). The
lower (s-like, often called the 1g state) exciton state
has even symmetry, while the upper state ( p-like, 1u
state) has odd symmetry. Since a photon will only couple with a state with odd parity (system overall has even
parity), the upper state is optically active (bright) and
the lower state is inactive (dark), which is a unique
scenario whereby the lowest state is not the emissive
one [4.214, 217, 219, 221–223, 231]. The n = 2 orbitals
of the E 11 exciton reverse the ordering of even and odd
symmetry, such that the 2u (odd symmetry) has a lower
energy than the 2g (even) state.
Experimentalists have exploited these symmetrybased transition rules to investigate SWCNT excitons.
Since only the 1u exciton state couples to the light
field by way of one photon, and 2g couples only using
two photons, one can excite one-photon dark states and
monitor the 1u luminescence (Fig. 4.21) [4.174, 175].
Using the difference between the excitation energy for
2g
1u and assuming
E 11 and the emission energy of E 11
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Fig. 4.21 (a) One photon can couple to the 1u state both
as an excitation and emission. (b) Two photons can access

even parity states, like 1g or 2g. In two-photon spectroscopy, two photons excite a dark state while the bright,
luminescent 1u state is monitored. (c) Experimental contour map of the PL intensity as a function of two-photon
excitation (y-axis) versus one-photon emission (x-axis).
(After [4.230])
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metallic nanotube (red symbols) and a (16,15)
semiconducting SWCNT (blue symbols), after
a slight shift in energy and adjustment in
strength. In the armchair nanotube, absorption
from the continuum transitions is apparent in
the high-energy wing. From the threshold of
the continuum absorption (dashed line), we
estimate an exciton binding energy of 50 meV.
(b) Comparison of the theory (black solid
line) for the optical transition in a metallic
nanotube. The absorption can be decomposed
into the dominant exciton contribution and
a continuum contribution (green dashed lines).
(After [4.233])

electrons. Unlike conventional 1-D metals, the lowest
van Hove singularity (VHS) peak in the conductionband is unoccupied in metallic SWCNT, allowing one
to create excitons into an interacting 1-D electron system by resonantly pumping the lowest 1-D VHS peak.
The created excitons should show unique dephasing
and energy relaxation dynamics, the correct understanding of which should provide significant new insight
into many-body dynamics in femtosecond time scales.
Screening does takes place in metallic SWCNTs, but
only weakly, allowing for exciton binding energies
to reach 50 meV, as measured by direct optical absorption of a single metallic SWCNT [4.233], shown
in Fig. 4.22. Unlike graphene, transitions in metallic
SWCNTs cannot occur between the linear bands that
form the Dirac cone at K and K ' , as discussed earlier. Instead, like semiconducting SWCNTs, the lowest
allowed transition occurs between the highest valence
van Hove singularity the lowest conduction one. This
transition is heavily modified by the large exciton binding energy creating Lorentzian-like transitions that are
similar to the semiconducting SWCNTs. Since the
absorption is from excitons and not a free plasmon resonance like most metals, metallic SWCNTs scatter the
visible light that they do not absorb [4.234].

4.5 Transport Properties
Electronic transport properties of carbon nanotubes
were studied intensively very soon after their discovery. A wide variety of CNT systems have been studied,
including ropes, networks, and films. Numerous effects
typical of polymer matrices, classical crystals, and disordered materials have been observed in these bulk

systems. Some of the key parameters governing transport are the sample quality and the nature and number of
nanotube-nanotube and nanotube-electrode junctions.
In this section, a brief presentation of nanotube films is
given to illustrate the complexity induced by the combination of these parameters; the main part is dedicated
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a hydrogenic model, the exciton binding energy was estimated to be ∼ 300 to 400 meV for 0.6 < dt < 0.9 nm
SWCNTs and showed a linear dependence on the inverse of the diameter [4.232]. Furthermore, the tubular
nature of SWCNT crystal structure allows a magnetic
field applied parallel to the tube axis to induce nonintuitive quantum phenomena. Such a magnetic field
breaks time reversal symmetry and adds an Aharonov–
Bohm phase to the electronic wavefunction, which
mixes the lowest-energy bright and dark exciton states.
In particular, a series of recent experiments [4.156,
157, 165–169] demonstrated that such a symmetrybreaking magnetic field can dramatically brighten the
dark state. Namely, the PL intensity increases, or
brightens, with magnetic field and the amount of brightening decreases with temperature. This phenomenon,
magnetic brightening, can be understood as a consequence of interplay between the strong intervalley
Coulomb mixing and field-induced lifting of valley
degeneracy.
Contrary to the situation of semiconducting
SWCNTs, excitonic properties of metallic SWCNTs
have been poorly explored [4.186], although they are
expected to provide a novel system for the study of
electron–hole pairs in the presence of degenerate 1-D
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Fig. 4.22 (a) Absorption spectrum of a (21,21)
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to individual nanotubes, where a better understanding
has been achieved, to illustrate the strong distinction between metallic and semiconducting nanotubes and some
of the most important parameters to describe their device operation.
SWCNT films or mats are formed by randomly or
partially oriented SWCNT bundles. In some respects,
such a network is similar to an amorphous metal system
with conductive tubes or bundles as the metallic islands
separated by energy or spacial barriers. As a result, the
DC transport is primarily determined by intertube transport within bundles or interbundle transport, while the
1-D intratube transport nature is buried [4.235].
The DC conductivity of SWCNTs is metallic at
high temperatures, increasing linearly with decreasing
temperature [4.236]. However, at lower temperatures,
the DC conductivity reaches a maximum and starts
to decrease with decreasing temperature. Such nonmetallic behavior is usually explained by either variable
range hopping (VRH) [4.237, 238] or fluctuationinduced tunneling (FIT) [4.239, 240]. But it is still
not clear whether such behavior is mainly due to
weak interbundle connections, localization by impurities, defects, or frozen semiconducting tubes within
bundles [4.235]. Other experimental techniques such
as magnetoresistance measurements [4.237, 238] and
AC conductivity measurements [4.241, 242] are also
used to explore the transport mechanism in SWNT
films.
Studied as individual nano-objects, both metallic
and semiconducting nanotubes have provided much
insight and are still explored as both ideal onedimensional mesoscopic systems [4.243–246] and
potential building blocks for electronic applications [4.247–251]. Metallic nanotubes have charge
carriers with very high mobilities near the Dirac point,
and current densities as high as 25 µA can be carried
by a single nanotube [4.252], making them much larger
than copper for the same cross-section. Moreover, due
to the strong Coulomb interaction in one-dimensional
metals, electron–electron correlations become important and their properties become described by the
Tommonaga–Lüttinger liquid model [4.253]. On the
other end, the chirality dependence of semiconducting nanotube band gaps have allowed to study many
device properties ranging from single-electron transistors [4.254] to Schottky [4.255] and p-n diodes [4.251]
and are showing a very high sensitivity to the environment or external excitations (optical, magnetic)
expected to give rise, combined with their mechanical
strength, to highly robust detectors.

In most of the numerous reports in the literature, individual nanotubes are directly contacted by
two metallic electrodes and a third nearby electrode is
used to apply an electrostatic field (Fig. 4.23), as proposed since the first transport measurements in 1997
and 1998 [4.243, 247–249]. This three-terminal (transistor) configuration allows the direct determination of
the metallicity of the nanotubes (Sect. 4.2.2) by measuring the resistance or current-voltage characteristics
of the device as a function of the potential applied
through the third electrode (called gate). The detailed
fabrication procedure varies a lot depending on the
expected outcomes: devices are obtained by either depositing nanotubes from dispersions or directly growing
them on a substrate; electrodes can be deposited on
top of the nanotubes, or they can lie on top of them;
typically the substrate is highly-doped silicon (which
will be used as the gate electrode) over which a thermal oxide is grown (Fig. 4.23); as a consequence, the
SWCNT can be suspended or directly in contact with
the substrate.
Most basic electronic properties can be clarified by
considering the effect of an external potential to the
doping level of the nanotube, and the transport characteristics of a 1-D system. This second aspect can be
given by the Landauer formula of the two terminal resistance [4.256]. The two-terminal conductance of a 1-D
system, is given by
%
&
(
∂ f [(E − E F )/kB T ]
4e2 '
T i (E) −
dE ,
G=
h
∂E
i

(4.6)

where the total conductance is given by the sum at the
Fermi energy E F of all subbands with index i of transmission T i (E), and f (E) is the Fermi distribution. The
prefactor 4 is due to the subband spin and orbital degeneracies.
The modulation of the nanotube doping by the
gate voltage can be obtained by considering the electrostatic equilibrium at a given gate potential. The
carbon nanotube is capacitively coupled to the gate
electrode and charges are injected in both of them.
This charge injection will induce a change in the
electrochemical potential of the nanotube through
a density-of-states term [4.257, 258] and can be expressed as (for low source–drain voltage and neglecting
temperature broadening)
) EF
ρ(E) dE
,
(4.7)
E F = eVg − e2 0
Cg
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Fig. 4.23 (a) Schematic of the typical transistor configuration used to measure individual carbon nanotube transport
properties. (b) I (V ) characteristic at high voltage of a long carbon nanotube device with comparison between a nanotube
on substrate and suspended. (After [4.252]). (c) Conductance G (at low source-drain bias Vds ) versus gate voltage Vgs for
a 3 µm long SWCNT device recorded at various temperatures. (d) G versus Vgs for a 300 nm long tube section on the
same tube as for (c) at various T . ((c,d) after [4.245])

with Vg the potential applied between the gate and
the source–drain electrodes, Cg the electrostatic (geometric) capacitance and ρ(E) the density of states
integrated from the center of the band gap (or the Dirac
point) to the Fermi energy. In this specific expression,
the Dirac point is assumed to be at Vg (E F = 0) = 0 V.
However, in most devices, due to charge traps and
doping from the oxide or impurities, an hysteresis in
the gate dependence [4.259] and a threshold voltage
(Vg (E F = 0) = Vth ) will appear [4.260, 261].
From these two equations, one can see that the
conductance depends on the transmission of electrons
through the whole device at the Fermi energy controlled
by the gate voltage. Hence, different nanotubes will exhibit clear gate dependencies even at room temperature:

•

Semiconducting nanotubes will exhibit field-effect
transistors type behaviors with on/off ratios of many
orders of magnitude, since there is no subband

•

•

available near E F . They will exhibit diode type
current-voltage characteristics. The most common
reported behavior is unipolar with a p-doping of
the nanotube attributed to adsorbates on the nanotube surface [4.249] (Fig. 4.23c,d) and effects from
the substrate (or the electrodes); however, ambipolar
devices are now commonly achieved [4.262].
The small band gap carbon nanotubes will only
show a small dip, since the band gap energy is comparable to the thermal energy and the tails of the
Fermi distribution are within the valence or conduction band.
Metallic nanotubes will only show very weak (or
no) gate voltage dependence since they will be less
sensitive to the gate voltage (due to finite densityof-states everywhere) and the number of subbands
will remain constant over a large energy range; and
they typically exhibit linear I –V curves before saturation.
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The various transport regimes described by (4.6) are
governed by the transmission of the whole device
including the tube, but also the contacts. The minimum conductance is then given by the ballistic regime
where T i (E)2 = 1 and gives a quantized conductance
of G bal = 4eh for each subband. This corresponds to
a resistance of 6.5 kΩ. At room temperature, additional
resistance is due to incoherent addition of nonperfect
contact transmission and diffusive centers in the nanotube, this is the classical regime. At low temperature,
coherent effects dominate and quantum dot regimes or
localization effects develop; these regimes are referred
as quantum transport or mesoscopic regimes. Ballistic
resistance has been demonstrated for metallic carbon
nanotubes up to room temperature [4.244,263], whereas
semiconducting nanotubes do not exactly reach this
value [4.245, 263] (Fig. 4.23c,d).
Impressive progress has been made in the understanding and reduction of the contact contribution to the
resistance. Different metals have been used to contact
nanotubes with the most common being gold, titanium,
palladium and platinum. A first barrier can form at the
interface between the metal and the nanotube due to
bad wetting of the nanotube in the metal; this interface
will be governed by the cleanliness and contaminations
of the interface and by the overlap between the metalnanotube wavefunctions [4.28]. A low, ohmic contact
resistance is typically obtained by using top electrodes
made of palladium or gold and/or by annealing the device. Another route to achieve near perfect contacts
consists in direct growth on top of the contacts [4.245],
or using nano-welding (burying the nanotube in the contact). Moreover, in the case of semiconductors, even
with a good interface a Schottky barrier can form
depending on the band alignment [4.255, 264]. The
matching of the metal and nanotube work function has
been shown to provide a good approximation of this
barrier height, although charge transfer at the interface
must be considered for a precise understanding. These
barriers have been shown to govern the field-effect
properties of nanotube transistors and yield to a very
high sensitivity of these devices to the environment. As
an example, a good p-type contact will be obtained for
a metal with a high work function, but a good interface
is also necessary. As a consequence, titanium will be
a bad choice due to its work function lying in the center of the nanotube band gap, but platinum also, due to
a poor contact and the formation of additional barriers;
whereas palladium will satisfy both conditions.
Obviously, the intrinsic resistance of the nanotube
will also contribute to the overall measured value. In the

classical case, the two main contributions come from
scattering by disorder and phonons. The origin of disorder is often complex to assign and scattering can be due
to lattice defects (vacancies, impurities, . . . ), mechanical deformations and potential fluctuations induced by
adsorbates and the substrate [4.261]. A backscattering
mechanism can be distinguished between intervalley
(from K to K ' ) or intravalley scattering and will be
associated with short-range and long-range disorder,
respectively. It has been theoretically [4.261] shown
that metallic nanotubes are insensitive to the first type
of scattering and they exhibit lower intrinsic resistance than semiconducting nanotubes. Scattering will
also occur with acoustic phonons at low source–drain
bias. In metallic and clean (doped) semiconducting
nanotubes the I –V curves are linear at low-bias; and
mobilities higher than 100 000 cm2 /(V s) and ballistic
transport for short distance between contacts have been
demonstrated [4.244, 252, 263]. At higher voltage, the
resistance will start saturating due to interaction with
optical phonons (around !ω0 + 160 meV) and the maximum current carried by a single tube will be as high
as 25 µA (Fig. 4.23b). For suspended nanotubes, a negative differential conductance can even be observed due
to heating induced by hot phonons (Fig. 4.23b). This
higher current limit can be overcome only for contact distances shorter than the optical phonon mean-free
path around 10 nm [4.265].
At lower temperature, coherent addition of the
scattering contributions and coherent transmission at
the electrode interface must be considered. Moreover,
the effect of confinement and electron–electron interaction becomes important and some of these effects
might even need to be considered up to room temperature. A large variety of phenomena have been
observed depending on the metallicity, the transmission at the contacts and the nature, density and strength
of the scattering centers in the nanotubes. Detailed reviews provide an extensive description of such quantum
phenomena from both the theoretical [4.28,261] and experimental point of views; we can summarize some of
the consensus achieved by dividing these mesoscopic
results in three main effects:

•

Correlated electrons in 1-D metals are not described
by a Fermi liquid of weakly interacting fermions,
but as a correlated ground state called a Lüttinger
liquid. Spin and charge propagate as two independent bosonic modes and different power law
dependencies of the tunneling density of state and
conductance are expected. This law will depend on
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One of the current challenges in the field consists in
exploiting the properties of single nanotube devices to
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Fig. 4.24 Gate dependent conductance of a suspended,
ultra-clean small band gap carbon nanotube at T =
300 mK. The almost transparent contacts in the p-doping
regime exhibits a Fabry–Perot pattern. Left inset: shows
conductance while varying bias and gate voltage (dark
blue: 2e2 /h, bright white: 4e2 /h). In the n doping regime,
Schottky barrier and lower transmission at the contacts induce a Coulomb blockade regime. Right inset: Coulomb
diamonds. (After [4.268])

large-scale applications and much progress has been
made in building more and more complex structures
using individual nanotubes, and also controlling bulk
samples by using for example aligned growth or chirality sorted films. These structures have been exploited in
numerous configurations and for various applications.
For example, large-scale logic and analog electronic
structures, microwave and radio-frequency operation,
proximity effects from superconducting or ferromagnetic electrodes have been demonstrated. It is also
worth noticing that transport measurements have also
been coupled with other experimental configurations
and a very rich literature has also arisen regarding photovoltaic detection and electroluminescence,
nano-electromechanical resonators, and scanning tunneling spectroscopies. All this has contributed to
a deeper understanding of the mechanisms described
above, but also demonstrated the wide range of potential applications of carbon nanotube especially for
(mass or chemical) sensors and optoelectronics [4.8,
270].
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the bias voltage range, temperature, the nature of the
contacts (to the end or the bulk of the nanotubes)
and will depend on the Lüttinger liquid parameter,
g ≈ 0.22 for SWCNTs [4.36, 266]. Although such
measurements are difficult to assign univoquely, experimental power laws have been demonstrated to
be consistent with theory [4.253, 267].
When the presence of scatterers becomes too important, the mean-free path is given by static
scatterers; as the temperature decreases the coherence length increases and coherent back-scattering
takes place: this is the so-called localization regime.
Both weak and strong localization can occur depending wether disorder or electron interactions
dominate. Magneto-resistance measurements allow
unique assignment of these regimes, and, in the case
of individual SWCNTs, weak localization is intimately related to Lüttinger liquid behaviors; this is
not the case for small bundles or MWCNTs, where
Fermi liquid behaviors are observed.
When no (or very few, weak) scattering centers are
present, the coherent response is dominated by the
reflection and transmission at the contacts. The behavior can vary from Coulomb blockade [4.243,247,
269], where nanotubes behave like single-electron
transistors when contacts are transmit poorly, to
Fabry–Perot type interferences [4.244, 263], where
the system behaves like an electron waveguide when
contacts are almost transparent. Both regimes are
characterized by very strong oscillations of the conductance, as illustrated in Fig. 4.24. In the first case,
the finite length of the nanotube induces a supplementary quantization of the wavevector and forms
of a zero-dimensional system (right inset), while
in the second case, constructive and destructive interferences of the wavefunction occur (left inset).
Interestingly, in both cases, the induced wavevector
quantization is given by ∆k = π/L. The quantum
dot regime exhibits more complex Vg and Vb dependency due to degeneracy lifting induced by the
mutual interaction between added charges leading
to spin-orbit coupling. Magnetoresistance measurements have been very useful to probe such effects in
detail [4.269].

4.5 Transport Properties

128

Part A

NanoCarbons

4.6 Thermal and Mechanical Properties
Since their discovery, it has been expected that
SWCNTs would have remarkable thermal and mechanical properties. This is because of the hexagonal
arrangement of carbon atoms and the nature of the sp2
carbon bond. We will first present a brief introduction
to the basic thermal properties of carbon nanotubes and
then describe their mechanical properties, where a much
larger consensus has been achieved.

4.6.1 Thermal Properties
Part A 4.6

Specific Heat
The specific heat Cv of graphite arises from phonon and
electronic contributions as

Cv = Cph + Cel .

(4.8)

The phonon contribution to the specific heat can be calculated by
#
$
ω
&2 exp !ω ρ(ω)
(max %
kB T
!ω
Cph =
kB
*
#
$
+2 dω ,
kB T
exp k!BωT − 1
0

(4.9)

where ρ(ω) is the phonon density of states and ωmax is
the highest phonon energy of the material. For T , ΘD
(where ΘD is the Debye temperature), only acoustic
phonon modes are populated. If an acoustic phonon
mode in d-dimensions follows an ω ∝ kα dispersion,
then according to (4.9), the corresponding specific heat
should obey Cph ∝ T d/α [4.47].
Figure 4.25a highlights the low frequency phonon
modes of SWCNTs [4.37]. All acoustic phonon modes
show linear dispersion and high phonon velocities.
For example, for a (10,10) tube, vLA = 24 km/s,
vTA = 9 km/s, and vtwist = 15 km/s. Thus, for each
acoustic phonon mode, Cph shows a linear relation to
temperature given by [4.271]
Cph =

πkB2 T
,
!vph ρm

(4.10)

where ρm is the linear mass density and vph is the
phonon speed.
The electronic contribution to Cv can be evaluated
by [4.271]
(∞
df
Cel = Ω (E − E F )
N(E) dE ,
dT
0

(4.11)

where f is the Fermi–Dirac function and Ω is the
d-dimensional volume. For undoped metallic CNTs,
N(E) is a constant below the first van Hove singularities which implies that Cel also linear with temperature
for T , !vF /kB R:
πkB2 T
,
(4.12)
! v F ρm
where vF is the Fermi velocity. According to (4.10) and
(4.12), the ratio between Cph and Cel is
Cel =

vph
Cph
≈
≈ 102 .
(4.13)
Cel
vF
As a result, the electronic contribution to the specific
heat can be ignored. For an undoped semiconducting
SWCNT, Cel is even smaller and should decay more
rapidly with decreasing temperature. However, if the
tubes are doped above the van Hove singularity, then
Cel could be significantly enhanced.
Figure 4.25b shows the measured heat capacity of
SWCNTs with a highlight of their low temperature
behavior [4.272]. The temperature dependence is also
compared with other carbon materials. Briefly, the heat
capacity of SWCNTs is smaller than graphene due to
the reduction of density of phonons by subband splitting (see Fig. 4.25a inset). On the other hand, it is higher
than graphite, whose low frequency phonons are further
quenched by graphite inter-layer interactions. However,
this discrepancy is amended when SWCNTs are tightly
bundled due to the inter-tube bundling effect (Fig. 4.6).
The low temperature behavior of the heat capacity could
be well fitted by taking into account this bundling effect and also the lowest subband mode contribution
(Fig. 4.25c). The fitting parameters are also close to the
theoretically calculated phonon spectrum.
Thermal Conductivity
In this section, we will only consider diagonal elements
of the thermal conductivity matrix
'
cνz2 τ ,
(4.14)
κzz =

where c is the specific heat, νz is the group velocity, τ
the relaxation time of a given phonon state, and the sum
is over all phonon states. For T , ΘD , the relaxation
time is determined by scattering off impurities, defects,
and sample boundaries, and is roughly constant. Therefore the low-temperature thermal conductivity should
follow the same temperature dependence as the specific
heat. But due to the weight factor νz2 τ, certain phonon
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modes with higher νz and τ should contribute more.
κ is bounded by the 1-D ballistic transport limit. For
each phonon mode, the quantum of thermal conductance is [4.47]
π 2 kB T
(4.15)
,
3h
and therefore the effective thermal conductivity is
G th =

κeff = G th
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Fig. 4.25 (a) Low-energy phonon band structure of an

5
4

0.01

SWCNTs

L
,
πdt δd

(4.16)

where L is the length of the carbon nanotube, dt is
its diameter, and δd is the effective thickness that the
phonon propagates over, which is usually assumed to

isolated (10,10) SWCNT. The inset shows the lowenergy phonon density of states, compared to those
of 2-D graphene (dash-dotted line) and 3-D graphite
(dashed line). (After [4.37]). (b) Measured specific heat of
SWCNTs, compared to predictions for the specific heat of
isolated (10,10) tubes, SWCNT ropes, a graphene layer and
graphite. (c) Measured specific heat of SWCNTs compared
to a two-band model with transverse dispersion (inset).
(After [4.272])

be the distance between two graphite layers. At very
low temperature, only four acoustic branches contribute
to κ. As the temperature increases, more subbands are
populated and thus κ will increase more rapidly until
τ starts to decrease due to phonon scattering. When
T / ΘD , Umklapp scattering between zone boundary
phonons will significantly reduce τ and consequently
reduce κ [4.273]. So there should be a turning point in
κ(T ), where it reaches its maximum. Since CNTs have
a very high Debye temperature and their 1-D structure
reduces Umklapp scattering due to deficiency in conserving momentum and energy, the turning point should
be at a fairly high temperature.
In metallic or doped SWCNTs, electron systems
also contribute to the thermal conductivity. Principally,
the electronic thermal conductivity κel can be determined from electronic conductivity by the Wiedemann–
Franz law
κel
≈ L0 ,
(4.17)
σ
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conductivity of an isolated (10,10)
SWCNT, as a function of temperature. (b) Measured diameter-adjusted
thermal conductivity (κeff dt , see
(4.16)) of an isolated SWNT, as
a function of temperature. Since the
diameters of the tubes range from
1 to 3 nm, the maximum value of
kappa is several thousands W/(m K)
(!: Yu et al. [4.273]; ◦: this work).
(After [4.274])
Fig. 4.27 (a) Thermal conductivity of
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a bulk sample of SWNTs below room
temperature. (b) Highlight of the low
temperature part fitted by two-band
model. (After [4.275])
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where the Lorenz number L 0 = 2.45 · 108 (V/K)2 and
σ is the electronic conductivity. The estimated κel
is usually one or two orders of magnitude smaller
than κph and therefore can be ignored in most
cases.
As shown in Fig. 4.26a the thermal conductivity of
SWCNT has been predicted as high as 40 000 W/(m K)
at its maximum and 3600 W/(m K) at room temperature [4.274]. On the other hand, the measured κ peaks
around one order of magnitude lower a few thousandths of a watt per millikelvin W/(m K) as shown in
Fig. 4.26b [4.276, 277], probably due to imperfections
or short tube length [4.278]. When tubes are bundled or
formed into a CNT network, κ will decrease strongly
depending on the sample’s morphology. The reduction
may be attributed to a quench of phonon modes by
intertube interactions, analogous to the effect on Cph .
This effect should be more significant for well-aligned
CNT fibers or MWCNT devices [4.279]. Another reason is the weak transport at tube–tube junctions. It
has been predicted that in a random network, κ would
obey [4.280]
κ ! ρ2 L 2 ,

(4.18)

60

80

100
T (K)

where ρ is the density of tubes in the network. This
opens the possibility to tune the thermal conductivity
of a SWCNT device from a good thermal conductor to
a good thermal insulator [4.281].
Figure 4.27 shows a measured κ as function of temperature for a SWCNT network [4.275]. In this case, the
effect of the intertube junction on κ is treated as a reduction of the phonon relaxation time τ. Consequently, the
turning point of κ shifts to a higher temperature while
its temperature dependency still reflects the 1-D nature
of a CNT. The κ(T ) curve could be fit by considering
the four acoustic phonon modes and the first subband
mode (Fig. 4.27b). However, the fitting parameters are
slightly different from those by fitting to heating capacity. The difference may be attributed to the weight factor
v2 τ in κ.

4.6.2 Mechanical Properties
SWCNTs lack the multiple cylindrical nesting of
MWCNTs and are expected to be stiffer due to curvature effects [4.282]. Over the past couple of decades,
SWCNTs have attracted a considerable amount of interest owing to their extraordinary mechanical properties,
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such as their ability to sustain large deformations,
their excellent stiffness, and high strength. Additionally, most conventional synthesis techniques result in
SWCNTs arranged in ropes with a close-packed stacking, thus forming high performance self-assembled
fibers on the nanoscale.

quired to adopt a convention for the effective nanotube
thickness. Lu chose the interlayer separation of graphite
(0.34 nm, now a widely accepted convention) as the
SWCNT wall thickness in his calculations. Assuming
the extent of π orbitals (≈ 0.066 nm) to be the thickness,
as Yakobson et al. had proposed earlier, can result in
rather spectacular values of the SWCNT Young’s modulus (≈ 5 TPa) [4.286]. Lu’s study of SWCNT ropes,
each assumed to be composed of 100–500 armchair
SWNTs of uniform size arranged in hexagonal order,
found them to be soft along the basal plane but very
stiff along the axial direction. Their Young’s moduli
(average ≈ 0.6 TPa) were found to be about one-half
that of diamond, values that decreased with nanotube
radius. An alternate method that was based on the
energy per-surface area rather than per-volume was
used to deduce the SWCNT Young’s modulus [4.287].
The authors used a nonorthogonal tight-binding scheme
for their calculations and reported a surface Young’s
modulus of 0.42 TPa-nm (1.2 TPa) with only a slight
dependence on diameter for SWCNTs with a diameter
> 0.7 nm.
Interestingly, while SWCNTs can be highly rigid in
the axial direction (as is evident from the high tensile
Young’s modulus values), they can experience considerable structural instability under compression, torsion,
or bending in the radial direction [4.288]. Yakobson
et al. modeled the buckling of SWNTs exposed to axial
compression, with the atomic interaction modeled using
the Tersoff–Brenner potential [4.289, 290]. They found

Table 4.1 Elastic coefficients and moduli of selective single-walled nanotubes. (n, m) are the chiral indices, R is the

radius in nm, C11 and C33 are the elastic constants along the basal plane and the axial direction, respectively. B, Y , M
are bulk, Young’s, and shear moduli in units of TPa and ν is the Poisson ratio. Experimental values for the graphite and
the diamond are listed for comparison. (After [4.283])
(n1 , n2 )

R (nm)

(5,5)
0.34
(6,4)
0.34
(7,3)
0.35
(8,2)
0.36
(9,1)
0.37
(10,0)
0.39
(10,10)
0.68
(50,50)
3.39
(100,100)
6.78
(200,200)
13.5
Graphite along the basal plane
Graphite along the C axis
Diamond along the cube axis

C11

C33

B (TPa)

Y (TPa)

M (TPa)

v

0.397
0.397
0.397
0.397
0.396
0.396
0.398
0.399
0.399
0.399
1.6
–
1.07

1.054
1.054
1.055
1.057
1.058
1.058
1.054
1.054
1.054
1.054
–
0.036
1.07

0.191
0.191
0.190
0.190
0.191
0.190
0.191
0.192
0.192
0.192
0.0083
0.0083
0.442

0.971
0.972
0.973
0.974
0.974
0.975
0.972
0.972
0.972
0.972
1.02
0.0365
1.063

0.436
0.437
0.454
0.452
0.465
0.451
0.457
0.458
0.462
0.478
0.44
0.004
0.5758

0.280
0.280
0.280
0.280
0.280
0.280
0.278
0.278
0.277
0.277
0.16
0.012
0.1041
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Elastic Properties
Overney et al. were the first to report on the structural rigidity of carbon nanotubes [4.284]. The authors
used an empirical Keating Hamiltonian with parameters determined from first principles in order to model
SWCNTs consisting of 100, 200, and 400 atoms. It was
later pointed out by Treacy et al. that their results implied a Young’s modulus in the range of 1.5–5.0 TPa
[4.285]. Lu performed an extensive study of the elastic
properties of SWCNTs (Table 4.1) and SWCNT ropes
using an empirical force constant model [4.283]. The
Young’s modulus, E, for the materials was extracted
from the second derivative of the ab initio strain energy
with respect to the axial strain, ∂ 2 E/∂ε2 . The tensile
Young’s modulus (≈ 1 TPa, a value which is in good
agreement with the C11 elastic constant of graphite) and
the torsion shear modulus of individual SWCNTs were
found to be comparable to that of diamond and that of
a graphitic sheet, while the bulk modulus was found to
be smaller. Their elastic moduli were shown to be insensitive to structural details such as the chirality and
radius. One must bear in mind that in order to deduce
properties such as SWCNT Young’s modulus, it is re-
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that nanotubes subject to large deformations reversibly
switched into four different morphological patterns with
each one corresponding to an abrupt release of energy
and a singularity in the strain energy versus strain curve
(Fig. 4.26). The authors’ simulations of bending and torsion resulted in SWCNT cross-section collapses and
similar observations of changes in energy with the increase in bending angle and azimuthal angle, between
the tube ends, respectively. Cross-section collapses and
flattening can also occur in SWCNT ropes owing to van
der Waal’s attractive forces between the tubes. Tersoff
and Ruoff studied the deformation pattern of SWCNTs
in ropes and concluded that rigid tubes with diameters
< 1 nm deform insignificantly while those with diameters > 2.5 nm flatten against each other thus forming
a honeycomb-like structure [4.291].
Strength and Plasticity
Quantum mechanical calculations predict that defectfree single-walled carbon nanotubes possess tensile
strengths greater than 100 GPa (i. e., close to the theoretical strength viz. E/10 GPa) and failure strains as
high as 15–30% depending upon chirality [4.293, 294].
Yakobson et al., used molecular dynamics (MD) simulations to perform high-strain-rate tensile tests (in the
range of 100 MHz) on SWCNTs and found that stretching simply elongated the hexagons in the tube walls,
until at the critical point an atomic disorder suddenly
nucleated: one or a few C−C bonds broke almost simultaneously, and the resulting holes in the tube walls
became crack precursors. While the fractures propagated very quickly along the circumference of the tubes,
the nanotubes themselves did not break completely in
half but were separated into two parts connected by
a monoatomic carbon chain [4.288]. Under compression, classical MD simulations have shown a SWCNT
to also be remarkably resilient, sustaining strains as high
as 15% with no signs of brittleness, plasticity, or atomic
rearrangements [4.295].
Theoretical predictions, however, have constantly
emphasized the important role played by defects,
the loading rate, and temperature on the strength of
a SWCNT [4.296]. Defects often become incorporated
into the SWCNT structure during purification or dispersion. Also, the mode of CNT synthesis plays an
important role in determining the nature and distribution of defects, with low temperature catalytic chemical
vapor deposition (CVD) grown nanotubes typically
having a more defect laden structure when compared
to nanotubes grown via other techniques such as laser
vaporization and arc discharge (AD). The presence of

a)

c)
Plastic flow

c' = (10,9)

b)

Brittle fracture

d)

b = (0,1)
c = (10,10)

Fig. 4.28 Stone–Wales (S–W) transformations of an equa-

torially oriented bond into a vertical position creates
a nucleus of relaxation (top left corner). It evolves further
as either a crack (brittle fracture route, left column) or as
a couple of dislocations gliding away along the spiral slip
plane (plastic yield, top row). In both cases only S–W rotations are required as elementary steps. The stepwise change
of the nanotube diameter reflects the change of chirality
(bottom right image). (After [4.292])

defects on the nanotube wall can considerably degrade
the strength of a SWCNT. Belytschko et al. observed
a drop in the failure stress from 93 GPa to 74 GPa upon
the incorporation of a single atom defect on a zigzag
SWCNT wall. The failure strains were also found to
drop from 15.5% to 10% [4.293]. Sammalkorpi et al.
used MD simulations to study how vacancies affect
the Young’s modulus and tensile strength of SWCNTs
[4.297]. They found that while the Young’s modulus
depended weakly on the vacancy concentration (a relatively high defect density of one vacancy per 50 Å
resulted in about a 3% decrease in the Young’s modulus), the SWCNT tensile strength could degrade by
≈ 40% (actual value chirality dependent) if vacancies
were present on their walls.
With regard to the deformation of SWCNTs in static
or slow tension conditions, an interesting phenomenon

Single-Walled Carbon Nanotubes

Mechanical Characterization
Owing to their small size and the magnitude of the
forces involved, the mechanical characterization of individual SWCNTs is extremely challenging. There are
thus only a handful of reports that deal with characterization of individual SWCNTs, with many of them
relying on the electrical breakdown of MWCNTs for
SWCNT generation. However, numerous studies fo-
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Fig. 4.29a–e MD-simulated nanotube of length 6 nm,

diameter 1 nm, and armchair helicity (7,7) under axial
compression. The strain energy displays four singularities
b, c, d, e as shown in strain energy (normalized to its second derivative) versus strain (ε) curve corresponding to
shape changes (a); at ε = 0.05 the cylinder buckles into the
pattern (b), displaying two identical flattenings, fins, perpendicular to each other. Further increasing strain enhances
this pattern gradually until at ε = 0.076 the tube switches to
a three-fin pattern (c), which still possesses a straight axis.
On buckling sideways at ε = 0.09 the flattenings serve as
hinges, and only a plane of symmetry is preserved (d)4.
At ε = 0.13 (e) an entirely squashed asymmetric nanotube.
(After [4.286])

cus on the properties of SWCNT ropes. Using an
atomic force microscope (AFM) based deflection technique, Salvetat et al. measured the vertical deflection
of SWCNT ropes bridging holes on a porous alumina
membrane (Fig. 4.30) [4.303]. The ropes were modeled
as beams, with a term describing sliding between tubes
(shear) comprising the ropes being included in the expression for mechanical deformation
δ = δB + δS = FL 3 /192E I + f s FL/4G A ,

Part A 4.6

was uncovered by quantum molecular dynamics simulations and dislocation theory: a mechanical relaxation
step that occurs via a bond rotation known as a Stone–
Wales (S–W) transformation (Fig. 4.28) [4.298]. It leads
to the formation of the lowest energy defect, a cluster of two pentagons and heptagons 5/7/7/5 on the
SWCNT wall. In a lattice of hexagons this represents a dislocation dipole, which explains its formation
under high tension. At high temperatures, 5/7/7/5 defects in SWNTs of a certain chirality, can separate
into two 5,7 pairs that glide away from each other
in a spiral path, leaving in their wake a plastically
deformed nanotube with an altered chirality. In contrast, a competing mechanism of evolution, which does
not require thermal activation, occurs at a high strain
level as a sequence of direct brittle bond-breaking
steps leading to formation of disordered cracks and
large open rings, which results in the brittle failure
of a SWCNT (Fig. 4.28) [4.292, 299]. Thus, while all
SWCNTs behave in a brittle fashion at high strains
and low temperatures, at high temperatures and low
strains, SWCNTs of a certain chirality can be completely or partially ductile. This has been observed in
a (10,10) armchair nanotube with a 5/7/7/5 defect
under axial tension. At a strain value close to 15%
and temperature of about 1300 K, nucleation of large
open rings occurred (brittle relaxation), while at a strain
value ≈ 3% and at a temperature of about 3000 K, 5/7
defect motion resulted in plastic flow [4.300]. It has
been suggested that an axially compressed SWCNT
would also deform plastically via S–W defect based
mechanism [4.292]. Interestingly, Srivastava et al., who
employed a quantum generalized tight binding molecular dynamics (GTBMD) scheme to study SWNTs
under compression, observed an alternate mechanism
of plastic deformation in which SWCNT bonding geometry collapsed from a graphitic sp2 to a localized
diamond-like sp3 reconstruction [4.301, 302]. The computed critical strain for such a collapse for a (8,0) zigzag
SWNT was ≈ 12%, a value considerably lower that than
the elastic limit computed using classical MD simulations (Fig. 4.29).
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Fig. 4.30 (a) AFM image of a SWNT rope adhered to the

polished alumina ultrafiltration membrane, with a portion
bridging a pore. (b) The AFM is used to apply a load to
the nanobeam and to determine directly the resulting deflection. (After [4.303])

where F is the concentrated load, δB and δS are the
deflections due to bending and shear deformation respectively, L is the suspended length, E is the elastic
modulus, f s is the shape factor (equal to 10/9 for
a cylindrical beam), G is the shear modulus, I is the
second moment of area of the beam and A is the
cross-sectional area. Deflections of small diameter long
ropes, for which shearing was assumed to be negligible, were used to compute Young’s modulus (measured
to be about 1 TPa), while the deflection of thick ropes
was used to compute the intertube shear modulus G
measured as ≈ 1 GPa. Walters et al. also studied the
elastic properties of freely suspended SWCNT ropes by
inducing large elastic strains using an AFM tip operating in the lateral force mode [4.304]. By modeling the
stretched ropes as elastic strings (instead of beams), the
authors were able to derive an expression for the force
F exerted on the tube by the AFM tip
8kx 3
2x
,
≈
L
L0
where T is the tension in the string, L 0 its equilibrium
length, k the spring constant, and x the lateral deflection in the middle. Assuming a Young’s modulus of
1.25 TPa for SWCNTs, they deduced that close-packed
F = 2T sin(θ) = 2T

nanotube ropes would have a yield strength exceeding
45.67 GPa (corresponding to a 5.8% strain). Yu et al.
subjected 15 SWCNT ropes to tensile loading using
a nanostressing stage (two opposing AFM tips) operated inside an SEM chamber [4.305]. Force versus
strain data were obtained for 8 ropes, with the highest strain value observed being 5.3%. By examining the
fragments left on the AFM tips post failure, the authors
deduced that only the SWCNTs along the periphery of
the ropes were load bearing. They were thus able to ascertain the average breaking strength of SWNTs along
the perimeter of each rope, viz. 13 to 52 GPa. The corresponding Young’s moduli were determined to be in
the range of 320 to 1470 GPa. The mechanical properties of SWCNT bundles in compression were studied
by Chesnokov et al.sa, who subjected them to quasihydrostatic pressure using a piston-cylinder setup. The
bundles were found to undergo a reversible deformation up to a pressure of 3 GPa [4.306]. Tang et al. used
a diamond anvil cell to subject SWCNT bundles to
hydrostatic pressure and observed that the SWCNTs
were linearly elastic up to 1.5 GPa at room temperature. The volume compressibility, measured via in situ
synchrotron x-ray diffraction, was determined to be
0.024 GPa−1 [4.307].
Krishnan et al. estimated the stiffness of individual
SWCNTs by observing their freestanding room temperature vibrations in a TEM [4.308]. The nanotube
lengths and tip vibration amplitudes were estimated directly from the digital micrographs. The nanotubes were
modeled as stochastically driven resonators (i. e., they
were assumed to be vibrating beams) and their Young’s
moduli estimated from their Gaussian vibrational profile whose standard deviation is given by
L 3 kB T
,
YWG(W 2 + G 2 )
where L is the cantilevered beam’s length (SWNT
length), G is the graphite interlayer spacing, W is the
SWCNT diameter, T the temperature and Y the Young’s
modulus. Micrographs of 27 nanotubes in the diameter
range 1.0–1.5 nm were measured to yield an average
Young’s modulus of 1.3 + 0.4/ − 0.6 TPa. Wang et al.
directly tested the mechanical response of SWCNTs by
subjecting them to tensile loads using an AFM within
a TEM setup [4.309]. The SWCNTs for the experiments
were formed in situ by subjecting MWNTs to large
voltage biases. The tubes were found to exhibit fracture strengths ranging from 25 to 100 GPa. SWCNTs
with relatively higher strength possessed visibly perfect
σ 2 = 0.8486
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Fig. 4.31 In situ tensile elongation of individual SWNTs viewed in a HRTEM. (a–d) Tensile elongation of a SWNT
under a constant bias of 2.3 V (images are all scaled to the same magnification). Arrowheads mark kinks, arrows indicate
features at the ends of the nanotube that are almost unchanged during elongation; e.g., tensile elongation of a SWCNT at
room temperature without bias ((e–g) are scaled to the same magnification). (After [4.310])

shell structures while the significant strength reduction
in low-strength samples was attributed to clearly identifiable shell structural defects. Huang et al. observed
superplasticity in a SWCNT (Fig. 4.31) [4.310]. The
nanotube was subjected to a tensile load and at failure,
found to be 91 nm long, showing an elongation of 280%
with its diameter reduced 15-fold, from 12 to 0.8 nm.
Since the deformation occurred at a bias of about 2.3 V,

the temperature in the middle of the SWCNT was estimated to be more than 2000 ◦ C. This superplastic
deformation was assumed to be the result of the nucleation and motion of kinks (possibly 5/7 pairs) as
well as atom diffusion. In contrast, tensile-pulling experiments conducted at room temperature with no bias
showed in SWCNTs failing at a tensile strain of less
than 15%.

4.7 Concluding Remarks
Single-walled carbon nanotubes have been extensively
studied and immense progress has been made in their
basic understanding, demonstrating the potential of
nanoscience in general. A good understanding of their
basic properties has been reached, but direct evidences
of some fundamental processes are still lacking; for
example, spin-charge separation expected in Lüttinger
liquids.

The feasibility of nanotube applications lies directly
between basic and technical questions. For example,
nanotube photodetectors and emitters (or even lasers)
would be of great tunability and could potentially cover
large wavelength ranges. Efforts are being made to obtain purer, single chirality semiconductors material in
large quantities, and to understand the mechanisms limiting their light emission.
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