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AQ2 1. INTRODUCTION
Carbon nanotubes have played a special role in nanoscience
because of several aspects: their very small size, their simplic-
ity in having only one chemical element, the large number of
new physical phenomena that have been observed for the first
time in this system, and the ability to calculate physical prop-
erties in detail for comparison with experiments. Single-wall
carbon nanotubes (SWNTs) have provided numerous exam-
ples where theoretical predictions have been made, often
before the experiments were done, and then the theories were
tested in detail and improved once experimental results
became available. Because of their unique properties, carbon
nanostructures and carbon nanotubes in particular have many
potential applications, and some of these could have signifi-
cant impact on grand challenges of the 21st century. The
smaller the systems, the more likely it is that quantum effects
will play an increasingly important role. Since carbon nano-
tubes are found down to length scales of 0.4 nm in diameter,
which is very small even in the realm of nanostructures, their
behavior is of particular interest in terms of nanostructure-
length scales. Very elaborate experiments carried out on dif-
ferent nanotube samples (isolated bundles of single-wall,
multi-wall, and double-wall nanotubes) have opened up many
new opportunities for learning new physical concepts about
low-dimensional systems and for checking/improving the valid-
ity of theoretical models.

In this regard, the optical spectroscopies have played a
major role in broadly developing the carbon nanotube science
and we review this subject in this chapter. In Section 2 we dis-
cuss the basic structural, electronic, and vibrational properties
of carbon nanotubes. Although this information can be found
in different publications, it is important to introduce it here to
establish the notation we adopt in the present contribution. In
Section 3 we review the resonance Raman spectroscopy in
bulk samples and at the single nanotube level. The effects of
functionalization of the Raman spectra and how this tech-
nique can be used for studying the chemical modification of
the nanotubes are also reviewed. Section 4 discusses the more
recent results in infrared spectroscopy of carbon nanotubes.
Section 5 discusses the photoluminescence properties of semi-
conducting SWNTs. The analytical aspects of Raman spectros-
copy and photoluminescence for characterizing (n,m)
populations in a given sample are discussed in Section 6.
Large efforts are being devoted to control the synthesis of
SWNT samples with well-defined (n,m) species. Particularly
important is the separation of semiconducting and metallic
SWNTs in a sample. To be able to reach this goal, however,
the development of methods able to quantify the species, i.e.
to characterize the (n,m) sample population and to measure
the semiconducting-to-metallic ratio, is necessary. The newly
emerging research areas in the study of carbon nanotubes
with optics (i.e. Rayleigh scattering and near field spectros-
copy) are discussed in Section 7. Concluding remarks end up
the chapter as Section 8.

2. CARBON NANOTUBE BASIC
PROPERTIES

In this section, we introduce the structural aspects of a car-
bon nanotube, including the basic concepts about their
electronic and optical properties, important for the under-
standing of their optical properties.

2.1. Structural Properties

A SWNT is built conceptually by rolling up one individual
layer of graphite, called a graphene sheet, thus forming a
seamless cylinder one atom thick, as schematically shown in
the upper panel of Figure 1. There are several ways of build-
ing a nanotube. In the lower left panel of Figure 1, we show
how a particular tube is formed by joining the points A to O
and B to B0 [1]. The structure of the carbon nanotube is
uniquely defined by the roll-up vector (or chiral vector) that
is formed by taking an integer number of vectors, a1 and a2,

which form the honeycomb lattice (see left lower panel in
Figure 1). The nanotube structure is then defined by the
(n,m) pair. The nanotube formed with the yellow area is the
(4,2) tube, which determines the diameter, dt, and the chiral
angle, h (helicity), of the molecule. The helicity is related to
the orientation of the hexagons relative to the nanotube axis.

2.2. Electronic Properties

What is amazing for SWNTs is that they can be either
metallic or semiconducting depending only on the geome-
try, i.e., on the (n,m) values. A simple picture states that
for those tubes which n minus m is a multiple of 3, the sys-
tem is metallic and semiconducting otherwise [1]. Further-
more, in the case of semiconducting tubes, the gap varies
strongly with the inverse diameter. These theoretical pre-
dictions, along with the latter experimental proof of the
striking properties, represent celebrated examples on how
nanomaterials offer unique opportunities for developing a
new technology. The nanotube electronic structure is pecu-
liar due to its low dimensionality and exhibits molecular-
like levels where the density of electronic states (DOS) is
very high at certain energies. These sharp spikes are called
one-dimensional van Hove singularities, as shown in Figure 2.
The levels below (above) the Fermi energy stand for
valence (conduction) bands or occupied (unoccupied)
states, and the Ei energies are roughly symmetrical relative
to Fermi energy (except for very small diameter tubes
where dt < 1 nm). This one-dimensional DOS is very
important for optics since very strong optical absorption
takes place when the radiation energy matches the Ei

v fi
Ei

c (Eii) values (i represents the various levels). What is
fundamental and unique for carbon nanotubes is that each
nanotube, or alternatively each (n,m) pair, has a different
set of Eii values [1]. This feature labels each nanotube with
a fingerprint and if one is able to probe someway the Eii

values, it is possible to identify the (n,m) structure.
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The one-dimensionality of carbon nanotubes has another
striking effect on the optical properties of these materials; the
lower lying energy optical levels (E11 and E22) are dominated
by excitons. Because of the one-dimensional spatial confine-
ment, electrons and holes exhibit a strong overlap of their
wavefunctions, exhibiting a strong binding energy. Interest-
ingly, not only the electron-hole Coulombian attraction will

be very strong, but also the electron-electron repulsion, thus
leading to a cancellation effect. Because of this cancellation
effect, the primary optical properties of carbon nanotubes,
related to the main optical absorption level Eii, are very simi-
lar to those of the simple models disregarding these many-
body effects. The details, however, such as optical intensities,
decay dynamics, optical lineshapes, optical side-bands, or
electro-optical effects, are strongly dependent on the nature
of the optical levels (excitons vs. free electron-hole). Higher
lying levels are still under study but preliminary results show
that the mixing of states strongly decreases the exciton bind-
ing energy, probably resulting in unbound states.

Since in this work we deal only with the primary optical
properties of carbon nanotubes, we simplify the terminol-
ogy just considering resonance of the laser excitation with
‘‘the optical transitions’’. The formalism previously used for
transitions between van Hove singularities is also applicable
for the excitonic picture by using the so-called extended
tight binding model, after including corrections related to
the many-body effects. The extended tight-binding model
(ETB) takes into account rehybridization of r and p orbit-
als induced by the curvature of the SWNT sidewall and
long-range atomic interactions beyond the first nearest
neighbor in the graphene sheet [2, 3]. This model success-
fully accounts for the family patterns observed in the
Raman scattering and photoluminescence emission data.
The geometrical structure relaxation is performed by mini-
mizing the total energy of the SWNT calculated from the
ETB model, which is essential for establishing a proper
family behavior for the Eii energies in the small diameter
[4]. A diameter-dependent blue shift (0.2–0.3 eV for E11

and E22 on tubes with dt �1 nm) is then applied to the cal-
culated Eii family lines to account for the many-body effects
(quasiparticle corrections and exciton binding energies) and
for the empirical corrections proposed by in ref. [4]. AQ3For

Figure 2. The electronic DOS of a general semiconducting carbon
nanotube. c and v denote conduction and valence bands, respectively.

Figure 1. (Upper panel) schematic diagram illustrating how a SWNT is built from the 2D graphene sheet. The definition of chiral vector is shown
in the lower left panel. On the right we show the three types of nanotubes that can be formedAQ10 . The helicities from top to bottom are h ¼ 0�, h ¼ 30�
and 0� < h < 30�.
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the interpretation of the optical properties of carbon nano-
tubes, the so-called Kataura plot, showing the optical tran-
sition energies (Eii) as a function of nanotube diameter
[Figure 3], become readily utilized by researchers interested
both in optics and optical characterization of the samples.
The optical data can be discussed in detail by examining
the diameter-dependent electronic properties of SWNTs.
For the analysis of the Raman spectra, the Kataura plot can
also be plotted as a function of the radial breathing mode
frequency, which is related to the nanotube diameter, as
discussed further in this review.

2.3. Vibrational Properties

The earlier studies on phonon modes in SWNTs showed by
Jishi et al. in 1993 were based on the zone-folding method
using the constant force of the two-dimensional (2D) gra-
phene sheet [5], i.e., by determining the frequencies at specific
points in the hexagonal Brillouin zone of the 2D graphene
sheet which are equivalent to the c point (K ¼ 0) of the one-
dimensional (1D) Brillouin zone of the nanotube [5–7]. An
important result from Jishi’s work was the observation that
the number of IR- or Raman-active modes is practically inde-
pendent of the tube diameter [5]. The phonon dispersion rela-
tions for carbon nanotubes depend on the (n,m) indices for
the tubes or equivalently on the nanotube diameter and chi-
rality. The number of phonon modes increases as the diame-
ter of the nanotube increases. Chiral (n,m) tubes can exhibit
very long 1D unit cells compared to achiral tubes [armchair
(n,n) and zigzag (n,0)] of the same diameter, being the total
number of phonon modes (optical, acoustic, silent) completely
different for different chiralities. However, only a small num-
ber of modes are 1Raman or IR-active, as specified by the
symmetry of the phonon modes, and this number is almost
the same between the achiral (armchair and zigzag) tubes and
for tubes with different diameters.

The SWNT Raman- and IR-active modes can be predicted
by group theory, once the lattice structure and its symmetry
are specified, as discussed in refs [1, 5, 8–14]. However, the
earlier description of the nanotube symmetry-related proper-
ties was not complete, and much work has been required to
achieve a full description [9–11]. In a recent review, Barros
et al. [15] considered the zone folding method in the light of
the helical symmetry of the nanotubes. The group theory was
also reviewed and selection rules for the optical absorption
and double resonance Raman scattering were discussed for
the case where the electron-electron interaction is negligible
(metallic nanotubes) and in terms of the excitonic symmetries
[15]. The Raman-active modes are those transforming like a
symmetric combination of quadratic functions (xx, yy, zz, xy,
yz, zx) and IR-active modes correspond to modes whose irre-
ducible representations transform as a vector form (x, y, z).
Considering the nanotube axis to be in the z direction, the
basis functions x and y are partners of a doubly degenerate
mode with an E-type symmetry, and z belongs to an A-type
irreducible representation. The space group symmetry for
achiral nanotubes [armchair (n,n) and zigzag (n,0)] were
described being isomorphic to the D2nh point group, and the
chiral tubes being isomorphic to the point group DN. For arm-
chair tubes there are 8 Raman-active nonzero modes (2 A1g,
2 E1g, 4 E2g) and 3 IR nonzero modes (3 E1u). There are also
8 Raman (2 A1g, 3 E1g, 3 E2g) and 3 IR (1 A2u, 2 E1u) nonzero
modes for zigzag tubes and 14 Raman (3 A1, 5 E1, 6 E2) and
6 IR (1 A2, 5 E1) for chiral tubes [15]. For nonsymmorphic
systems some modes may be simultaneously Raman and IR
active. The chiral nanotube is a special case of nonsymmor-
phic symmetry in which all IR modes are also Raman active.

The Raman and IR frequencies are dependent on the
tube diameter [16]. As the diameter becomes large, the IR-
active mode frequencies for all chirality tubes approach the
frequencies of the graphene modes at the c and M points
in the 2D Brillouin zone (in the case of achiral tubes) or at
only c points (in the case of chiral tubes). Thus, the spread
in the values of the IR frequencies is larger in achiral tubes
as compared with chiral tubes. The higher scatter in fre-
quency over different sets of (n,m) shown by Jishi’s calcula-
tion [16] was observed to be lower in the recent phonon
dispersion studies based also on the zone folding method
from Jiang et al. [17]. The difference between the two cal-
culations comes from the different choice of force con-
stants. While the force constants used by Jishi et al. [5]
were fit to neutron scattering data on graphite, these data
being relevant between the c and M points of the Brillouin
zone, the force constants used by Jiang et al. [17] were
modified to reproduce the resonant Raman scattering
[18, 19] or inelastic X-ray scattering for graphite, especially
around the K point of the 2D graphene Brillouin zone [20].
The new calculation by Jiang et al. [17] was motivated by
the experimental results from Kim et al. [21] that will be
discussed later. The effects of the tube geometry on the val-
ues of the vibrational frequencies should be observable only
for small diameter (<40 Å) tubes. The line intensities are
also expected to decrease as the tube diameter increases,
excepted for MWNTs. For MWNTs, the IR-active modes
near 1590 and 860 cm�1 should retain significant intensity
even for large diameter tubes. The lower (<400 cm�1) and
higher (>1000 cm�1) frequency modes have, respectively,

Figure 3. The Kataura plot, where each point indicates the optical transi-
tion energy (Eii) of an (n,m) carbon nanotube with a given diameter dt.
The blue points are obtained using the simple tight binding model consid-
ering only p bands and wavefunction overlap with first-neighbors. The
white (semiconducting) and black (metallic) circles were obtained using
the ETB model and represent the experimental results very well.
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radial and tangential character [1, 5, 8, 13]. The highest fre-
quency modes exhibit much less frequency dependence on
diameter than the lowest frequency modes.

3. RAMAN PECTROSCOPY
We begin our discussion of the optical properties of carbon
nanotubes. We give special emphasis to Raman spectros-
copy because this technique represents by far the deepest
contribution to the field. Early Raman spectroscopy studies
on carbon nanotubes were performed on bulk samples con-
taining nanotubes in the form of ropes or bundles and led
to the use of the diameter selective resonance process to
provide information about the diameter distribution of
nanotubes in a SWNT bundle [22]. Raman spectroscopy is
also of historical importance to nanotube research because
at an early time the distinctive differences in the spectral
lineshapes observed for SWNT bundles provided clear,
experimental proof of the predicted electronic structure
[23] and allowed metallic and semiconducting SWNTs to be
distinguished by their distinctly different lineshapes [24].
Concurrently, joint scanning tunneling microscopy and
scanning tunneling spectroscopy [25,26] studies corrobo-
rated the main conclusions of the Raman results, and each
technique provided important complementary information.

3.1. First- and Second-Order Raman
Scattering

Figure 4 shows the characteristic resonance Raman spectrum
of pristine SWNTs obtained at Elaser ¼ 2.41 eV (514.5 nm).
The dominant features in this spectrum are the sharp band at
171 cm�1, assigned to the radial breathing mode (RBM), and
the strong band in the frequency range 1550–1650 cm�1,
which is associated with the m(CAC) stretching modes (tangen-
tial G-band). The mode at 1342 cm�1 is related to the
disorder-induced D-band feature, present only in defective

materials. The second-order spectrum of SWNTs is domi-
nated by the G0-band, which is the highly dispersive harmonic
of the D-band, and is observed here at 2677 cm�1.

The RBM is a unique phonon mode, characteristic of
SWNTs. Its frequency is predicted to be inversely propor-
tional to the tube diameter, given by xRBM ¼ C/dt (cm�1)
(a value of C ¼ 248 cm�1 nm was reported in early studies
on isolated SWNTs on a SiO2 substrate [27]). It can be
described as a bond-stretching out-of-plane phonon mode
for which all the carbon atoms move coherently in the
radial direction, and its frequency is �100–500 cm�1 [28].

Figure 5 shows the dependence of the Raman spectra of
the tangential modes of carbon nanotubes with the exciting
radiation energy. The significant differences in lineshape
are associated with the strong resonance effect between
laser energy and the optical transition energies [24]. The
spectra obtained for Elaser > 2.2 eV or Elaser < 1.49 eV are
quite similar, and each spectrum is dominated by a peak at
�1593 cm�1. All of these spectra can be fit by essentially
the same set of Lorentzians. In contrast, the spectra
obtained in the range 1.49 < Elaser < 2.2 eV are qualita-
tively different; the bands are broader and centered at
lower frequencies. These lineshapes are associated respec-
tively with semiconducting and metallic nanotubes [24]. A
detailed lineshape analysis of the tangential G-band feature
attributable to metallic SWNTs was carried out [29]. Two
components are needed to account for the G-band feature
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Figure 4. Raman spectrum of pristine SWNTs obtained at Elaser ¼ 2.41
eV (514.5 nm).

1300 1400 1500 1600 1700 1800

Frequency (cm-1)

514.5 nm

488.0 nm

782.0 nm

647.1 nm

676.4 nm

568.2 nm

457.9 nm

632.8 nmIn
te
ns
ity

)Ve 94.1(mn 0.038

(1.58 eV)

(1.84 eV)

(1.92 eV)

(1.96 eV)

(2.18 eV)

(2.41 eV)

(2.54 eV)

(2.71 eV)

1300 1400 1500 1600 1700 1800

Frequency (cm-1)

514.5 nm

488.0 nm

782.0 nm

647.1 nm

676.4 nm

568.2 nm

457.9 nm

632.8 nmIn
te
ns
ity

)Ve 94.1(mn 0.038

(1.58 eV)

(1.84 eV)

(1.92 eV)

(1.96 eV)

(2.18 eV)

(2.41 eV)

(2.54 eV)

(2.71 eV)

Figure 5. Raman spectra of pristine SWNTs in the tangential mode
region (G-band) obtained at different Elaser values.
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for metallic nanotubes: a higher-frequency component
(located at �1580 cm�1) with a Lorentzian lineshape, and a
lower-frequency component (located at �1545 cm�1) with a
Breit-Wigner-Fano (BWF) lineshape. The frequency differ-
ences between the two components of the characteristic
metallic G-band spectrum and the BWF coupling of the
lower-frequency component are caused by the nanotube
curvature. While the higher-frequency Gþ-band exhibits a
very weak dependence on the SWNT diameter, the lower-
frequency metallic G�-band component strongly couples to
the 1D p plasmon, being sensitively affected by the curva-
ture of the SWNTs. This feature presents a downshifting
and broadening as the tube diameter decreases [29].

Recent studies ascribe the downshifted and broad BWF-
like G� feature not to a coupling of phonons to plasmons,
but to a electron-phonon coupling characteristic of a
Peierls-like distortion (a Kohn anomaly effect) [30, 31].
Further experimental studies are needed to clarify the ori-
gin of this effect.

3.2. Anti-Stokes Raman Scattering

The anti-Stokes Raman spectra of SWNT bundles are
unique relative to other crystalline systems, exhibiting large
asymmetries with regard to their corresponding Stokes spec-
tra, as illustrated in Figure 6 [32]. Whereas for 2D and 3D
sp2 carbon materials, the Stokes and anti-Stokes tangential
bands at a given Elaser value are almost identical, the unusual
resonant Raman process for carbon nanotubes gives rise to
differences in the Stokes and anti-Stokes tangential band
spectra when one spectrum is within the window of Elaser for
metallic nanotubes and the other is not. This asymmetry is
due to the resonant enhancement phenomena arising from
resonance with scattered light in their highly selective 1D
electronic density of states (DOS). The anti-Stokes spectra
are therefore selective of different SWNTs than for the corre-
sponding Stokes spectra at a given Elaser.

Figure 6 shows striking differences between the Stokes
and anti-Stokes spectra for two different laser excitation
energies, including the first-order tangential band
(1500–1600 cm�1), the D-band (1280–1330 cm�1), and
second-order feature combination bands at 1740 cm�1

and 1860–1925 cm�1 and the G0-band at 2540–2620 cm�1.

Figure 7 shows in detail how the behavior of the Stokes
and anti-Stokes spectra for the tangential band each change
as a function of Elaser and also change relative to one
another. The different characteristic lineshapes for the tan-
gential band allow us to differentiate between metallic and
semiconducting nanotubes. At Elaser ¼ 2.19 eV (568.2 nm),
the Stokes and anti-Stokes spectra are almost the same and
both are typical of resonant Raman spectra for semicon-
ducting nanotubes, while at Elaser ¼ 1.92 eV (647.1 nm), the
Stokes and anti-Stokes spectra are very different from each
other, the Stokes spectrum showing domination by metallic
nanotubes, and the anti-Stokes spectrum showing domina-
tion by semiconducting nanotubes. At Elaser ¼ 1.58 eV
(782 nm), both the Stokes and anti-Stokes spectra are
dominated by contributions from metallic nanotubes, while
at Elaser ¼ 1.49 eV (830 nm), the anti-Stokes spectrum is
dominated by metallic nanotubes and the Stokes spectrum
is typical of semiconducting nanotubes. In addition, com-
parison between the Stokes and anti-Stokes spectra shows
that the resonance Raman process is stronger for metallic
than for semiconducting nanotubes. It is also important to
mention that the D-band frequency is different from Stokes
to anti-Stokes and this results from a double resonance
mechanism, as demonstrated by Cançado et al. [33].

3.3. Single Carbon Nanotube Spectroscopy

In addition to the success of using Raman spectroscopy for
characterizing SWNT bundles [24, 34], a new research field
in SWNTs was opened up by the observation of Raman
spectra from just one nanotube. A large enhancement in
the Raman signal occurs because of the strong resonance
process in 1D systems, allowing the identification of the
diameter dt and chiral angle h of individual SWNTs to be
made, which in turn allows nanotube properties to be deter-
mined as a function of dt and h.

3.3.1. The RBM (n,m) Assignment and
the Resonance Window

Figure 8(b) shows the Raman spectra from three isolated
SWNTs in resonance with an excitation laser Elaser ¼ 1.58 eV,
taken from different spots on a Si/SiO2 substrate shown in
Figure 8(a). From knowledge of both the RBM frequency
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Figure 6. Stokes and anti-Stokes Raman spectra for SWNT at Elaser ¼ 1.58 eV (782 nm) and 1.96 eV (632.8 nm).
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xRBM and Eii� Elaser, the (n,m) geometrical structure can be
defined, making use of the Kataura plot and a relation
between xRBM and dt. The relation used to relate xRBM to
dt for SWNTs in the diameter range 1.2 < dt < 1.8 nm was
found to be xRBM ¼ 248/dt from the measurement of about
30 species in the 1.0–1.7-nm diameter range, by using only
one laser line [27]. This relation was further refined as dis-
cussed later in this review. By using a tunable laser, it is
also possible to study the resonance window of an isolated
SWNT, giving the Eii value with a precision better than
5 meV, as shown in Figure 8(c) [35]. Here the resonance
window for the anti-Stokes process is shown to have a full
width at half maximum intensity of only 8 meV and to be
asymmetric in lineshape [dotted curve in Figure 8(c)]. To
observe the asymmetry in the resonance window its line-
width must be small. The appearance of spikes in the DOS
is a general effect of quantum-confined 1D energy bands,
but this effect is enhanced in SWNTs because of their small
dt values.

Further information on the electronic energy Eii can be
obtained by exploiting the Stokes and anti-Stokes Raman
spectra. The intensity of Stokes and anti-Stokes processes is
generally symmetric after multiplying the anti-Stokes inten-

sity by e
� E

KBT factor accounting for the thermal normalization.
This is not the case for the RBM spectra of isolated SWNTs
because of the resonant process. Because anti-Stokes
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Figure 7. Stokes and anti-Stokes Raman spectra for SWNTs of aver-
age diameter (d0 ¼ 1.49 nm) taken at different values of laser excita-
tion wavelengths.

Figure 8. (a) AFM image of SWNTs on a Si/SiO2 substrate. The inset shows the SWNT diameter distribution of the sample. (b) Raman spectra
from three different spots in (a). The RBM frequencies (widths) and the (n,m) assignment for each resonant SWNT are displayed. The 303-cm�1

feature results from the Si substrate and is used for calibration purposes. (c) Raman intensity vs. Elaser for the anti-Stokes RBM feature at
173 cm�1 assigned to an isolated (18,0) SWNT on a Si/SiO2 substrate. The predicted resonant window (solid curve) and the vHS at 1.655 eV
(dashed curve) are shown. Adapted with permission from Ref. [27], A. Jorio et al., Phys. Rev. Lett. 86, 1118 (2001). � 2001, American Physical Soci-
ety; and Ref. [35] A. Jorio et al., Phys. Rev. B 63, 245416 (2001). � 2001, American Physical Society.
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and Stokes processes involve scattered photons with higher
and lower energy, respectively, than those of the incident
photon, their responses are different depending on what
side the laser energy is relative to the Eii energy. The anti-
Stokes and Stokes response is the same when the incoming
photon energy is equal to Eii. When the incoming photon
has energy lower (higher) than Eii, the scattered energy
Elaser þ Evibration that gets close to Eii and another resonant
process takes place. So, within the resonant window and
after thermal normalization, if the laser energy is below
(above) the Eii value, the anti-Stokes (Stokes) will be more
intense than the Stokes (anti-Stokes) component. This
phenomenon is illustrated in Figure 9. If the experimental

anti-Stokes intensity is higher (lower) than the Stokes
intensity, the Eii value is larger (smaller) than Elaser. For
the case where the anti-Stokes intensity is equal to Stokes
Elaser � Eii [36].

3.3.2. The G-band Raman Spectra
at the Single Nanotube Level

The G-band refers to the in-plane optic phonon modes that
are Raman-active in sp2-graphitic materials. Since graphite
is not an ionic material, the longitudinal (LO) and trans-
verse (TO) optic phonon modes are degenerate at the C
point (zone center) of the Brillouin zone (BZ). Because of
the curvature of the cylindrical surface of SWNTs, their LO
and TO phonon modes are split into higher and lower fre-
quencies, Gþ and G�, respectively. While the LO frequency
xG
þ, for vibrations along the tube axis, is almost indepen-

dent of dt, the TO frequency xG
�, for vibrations in the cir-

cumferential direction, is downshifted because of its mode
softening due to tube curvature. In fact, recent works pro-
pose that in metallic SWNTs the frequency order is
exchanged (LO is the lower frequency G mode) because of
the Peierls-like distortion [30, 31].

Resonance Raman spectroscopy (RRS) at the single nano-
tube level allows detailed measurements to be made of diame-
ter, chirality and polarization effects, as summarized below.
The difference in the lineshape for the G-band for graphite,
which consists of a single simple Lorentzian line, and for
SWNTs is shown in Figure 10(a). For both semiconducting
and metallic SWNTs, two dominant features are seen in
Figure 10(a), corresponding to symmetric modes. For semi-
conducting SWNTs [Figure 10(b)] the LO (or Gþ) mode has
a stronger intensity, and the weaker mode is the TO (or G�)
mode discussed above, with an LO-TO splitting induced by
curvature effects. This splitting increases roughly as 1/dt

2, as
shown in Figure 10(c). Whereas the TO (or G�) mode for semi-
conducting SWNTs has a Lorentzian lineshape, Figure 10(a)
shows that the lineshape for the G� mode for metallic tubes is
very different and exhibits a Breit-Wigner-Fano lineshape, with
a 1/dt

2 mode frequency dependence that is approximately twice
as strong as for the semiconducting SWNTs [37]. Figure 10(b)
shows that the LO-TO splitting can be used in addition to
xRBM to characterize the nanotube diameter. The relative
intensity between TO and LO also depends on (n,m), and
reflects the tube chirality [17, 44].

In the case of isolated SWNTs, the polarization of the
light relative to the nanotube axis is very important for stud-
ies of the Raman scattering intensity. Absorption and/or
emission of light perpendicularly polarized with respect
to the nanotube axis is responsible for the observation of
Raman modes with E1(E1g) and E2(E2g) group theoretical
symmetry [1], while only phonons with A(Ag) symmetry can
be observed for light polarized parallel to the tube axis [38].
E1(E1g) and E2(E2g) phonons have been identified in the
G-band of both isolated [29,40] and bundled [41] SWNTs,
and their polarization dependence confirms the selection
rules for SWNTs. However, the most general polarization
behavior for the optical properties of SWNTs is a strong
angular dependence of the polarization, where the general
Raman intensity drops for light perpendicular to the nano-
tube axis [39, 42], and this behavior is understood by the

Figure 9. Resonance anti-Stokes (AS) and Stokes (S) spectra for three
isolated tubes very close in diameter and identified as (a) (12,1), (b)
(11,2), and (c) (14,8). The AS spectra are normalized by the Boltz-
mann factor for easy comparisons of the relative AS and S intensities.
The Raman spectra were excited with 1.579 eV. Reprinted with permis-
sion from Ref. [36], A. G. Souza Filho et al., Phys. Rev. B 63, 241404R
(2001). � 2001, American Physical Society.
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antenna effect of electromagnetic theory [43]. Such polar-
ization effects could be important for SWNT-based optical
communication devices.

3.3.3. The Disorder-Induced D-Band
and its Overtone

The dispersive disorder-induced D-mode in SWNTs is also
very important for characterizing SWNTs, because its prop-
erties, including its frequency, intensity, and linewidth, carry
information about SWNT electronic properties, their com-
pressive or tensile strain, and the degree of structural disor-
der of the SWNT. The disorder-induced D-band is only
activated in the Raman spectrum of sp2 carbons in the pres-
ence of heteroatoms, vacancies, grain boundaries, or any
defect that lowers the crystal symmetry of the quasi-infinite
1D lattice, thus relaxing the q�0 zone-center selection
rule for the first-order Raman scattering process. Thus, the
D-band intensity and linewidth can be used as a prompt
check of measuring the degree of disorder in SWNTs.
The physical origin of this mode is based on a double reso-
nance mechanism that couples electrons and phonons
whose background is discussed in the literature [44, 45].
The observation of the second-order G0-band (a D-band
like overtone) is not defect-dependent, but its frequency,
intensity, and linewidth are strongly dependent on compres-
sive and tensile strain, with observed pressure coefficients
for the G0-band frequency in SWNT bundles of 23 cm�1

GPa (under compression) and �13 cm�1 GPa (under ten-
sion) [46–48].

Figure 11(a) shows data [for both semiconducting (S)
and metallic (M) tubes] probed with Elaser ¼ 2.41 eV for
the D-band frequency xD for isolated SWNTs plotted vs.
1/dt for different interband electronic transitions Eii [49].
Although these data are all taken with the same laser exci-
tation energy, the data points do not show a definitive pat-
tern. We can, however, see that xD for isolated SWNTs has
lower values than xD for 2D graphite (1355 cm�1 taken

from ref. 50, as shown by the solid diamond-shaped point
in Figure 11). The data points in Figure 11(a) seem to
extrapolate roughly to the 2D graphite value when dtfi1,
i.e., 1/dtfi0 [50, 51]. However, the experimental measure-
ments for the dependence of xD on the diameter dt [see
Figure11(a)] do not deliver a clear message when taken by
themselves at the single nanotube level, but, as is shown
below, these data are very useful for understanding the cor-
responding effect in SWNT bundles. In particular, the
spread in the data points in Figure 11(a) is associated with
the chirality dependence [19] of the kii states as a conse-
quence of both the trigonal warping effect [52] (anisotropy
in the electronic band structure) and the double resonance
process [45, 53].

What we mean by the h dependence of xD for SWNTs is
that different nanotubes with different h values will be reso-
nant at the same Elaser value, thus giving rise to a range of
xD values, whereas for sp2 carbons and graphite, there is a
single xD for a given Elaser. A similar behavior is observed
for the 1/dt dependence of xG

0. In ref. 54, a clear depen-
dence of xD on chiral angle h was reported for nanotubes
with a similar diameter, whereas xRBM and xG do not show
any significant dependence on h [55].

In order to correlate the results for xD(dt) at the single
nanotube level with those for SWNT bundles, and to
gain an understanding of the mechanisms behind the
dt-dependence of the D-band frequency, we average over
the chirality-dependent xD data for the isolated SWNTs
shown in Figure 11(a) for a given interband transition Eii,
over which the dt values show only a small variation. We
denote the resulting averages of the diameter and D-band
frequencies by dt(Eii) and xD(Eii), respectively, and we plot
these pairs of numbers in Figure 11(b) for I ¼ 3, 4, 5 for
semiconducting and for I ¼ 2 for metallic SWNTs, using
the same symbols as in Figure 11(a).

The results of this analysis in Figure 11 give a simple lin-
ear dependence of xD ¼ 1354.8�16.5/dt, where dt is the
average of 1/dt, as shown in Figure 11(b). We also obtain

Figure 10. (a) G-band Raman spectra for highly oriented pyrolytic graphite (HOPG), and for semiconducting and metallic SWNTs. (b) RBM and
G band spectra of isolated SWNTs for larger (top) to smaller (bottom) diameters. (c) G-band frequencies xG

þ and xG
� for 62 isolated SWNT are

plotted vs. 1/dt. Reprinted with permission from Ref. [37], A. Jorio et. al., Phys. Rev. B 65, 155412 (2002). � 2002, American Physical Society.
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very good agreement in Figure 11(b) between the results
xD for isolated tubes and the corresponding xD results for
SWNT bundles measured with the same Elaser. The solid
triangles in Figure 11(b) denote the average xD for SWNT
bundles with different average SWNT reciprocal diameters
1/dt, as given in refs. 56–58. The results of Figure 11(b)
show that xD(Eii) for isolated SWNTs and xD for SWNT
bundles both increase when dt increases, and both data sets
yield the same functional form. The linear downshift of xD

as a function of 1/dt, shown in Figure 11(b), is attributed to
the softening of the spring constants for the vibrations asso-
ciated with the D-band due to the nanotube curvature, and

the complicated dependence at the single nanotube level
[spread in Figure 11(a)] comes from the different electronic
states associated with each van Hove singularity (each
SWNT with its own wavevector kii, due to the trigonal warp-
ing effect [52, 59].

The G0-band also delivers important information for
nanotube characterization and their electronic properties.
This mode exhibits a large dispersion either when the laser
energy is changed (�106 cm�1/eV) or when compressive
and tensile strains are applied. Due to this sensitivity, a
small perturbation to either the electronic structure or the
environment around a nanotube will be detected in the G0-
band spectra through changes in its lineshape, frequency,
and intensity. The G0-band, which appears at a frequency of
approximately 2xD, has a diameter dependence (measured
with Elaser ¼ 2.41 eV) given by xG

0¼ 2708.1 � 35.4/dt simi-
lar to the D-band results. Both the frequency intercept at
1/dtfi1 and the slope for the G0-band data are consistent
with the corresponding D-band behavior, based on the
approximate relation xG

0 � 2xD. Furthermore, the G0-band
frequency of 2D graphite is 2710 cm�1 (taken from ref. 60),
which is close to 2708.1 cm�1, and the slope of 35.4 cm�1 nm
is close to twice the D-band slope of 16.5 cm�1 nm in the
equation xD ¼1354.8 – 16.5/dt.

3.4. Carbon Nanotubes in Dispersion

Figure 12 presents Stokes resonance Raman measurements
of carbon nanotubes grown by the HiPco process [61], dis-
persed in aqueous solution and wrapped with sodium
dodecyl sulfate (SDS), in the frequency region of the RBM
features, and using an almost continuous change of the
excitation laser energies (Elaser) in the range betweenFigure 11. (a) D-band frequencies as a function of reciprocal diameter

for individual SWNTs using Elaser ¼ 2.41 eV laser excitation. The data
are classified in terms of the Eii interband transition with which the
resonance occurs, including both metallic (M) and semiconducting (S)
SWNTs. (b) Plot of [xD(Eii)], denoting the observed D-band frequen-
cies averaged over all tubes resonant with a given interband transition
Eii vs. 1d/t, denoting the corresponding average of the reciprocal diam-
eter of the tubes. Data are shown for Elaser in resonance with the E55

S,
E44

S, E33
S, and E22

M electronic interband transitions. The line is a fit
to the data, showing that the D-band frequencies extrapolate (on aver-
age) to the graphene (2D graphite) value when 1/dtfi0. The solid trian-

gles in (b) denote the D-band frequencies for three different SWNT
bundles with different average diameters. Reprinted with permission
from Ref. [49], A. G. Souza Filho, et al., Phys. Rev. B 67, 035427
(2003). � 2003, American Physical Society.

Figure 12. RBM Raman measurements of HiPco SWNTs dispersed in
SDS aqueous solution, measured with 76 different laser lines.
Reprinted with permission from Ref. [62], C. Fantini, et al., Phys. Rev.

Lett. 93, 147406 (2004). � 2004, American Physical Society.
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1.52–2.71 eV [62]. This quasi-continuous variation of Elaser

provides us with detailed information about the evolution of
the RBM Raman spectra as a function of Elaser. Several
RBM peaks appear in Figure 12, each peak corresponding
to an (n,m) specific carbon nanotube in resonance with Elaser.

This experiment can be used to determine, from RRS
measurements, the two sets of information (Eii,xRBM) for
each (n,m) carbon nanotube. The frequency determination
of xRBM is directly given in the Raman spectra with
0.5 cm�1 accuracy. The electronic transition energy deter-
mination Eii is obtained by analyzing the resonance window
for each RBM peak. From these measurements, plots of
the Stokes and anti-Stokes Raman peak intensities for each
RBM frequency versus Elaser (i.e., the experimental reso-
nance windows) are determined. The intersection points
between the Stokes and anti-Stokes resonance window give
the transition energies Eii accurately.

Figure 13(a) plots the experimental results obtained for
Eii vs. RBM for each SWNTobserved in Figure 12. Figure 13(b)

shows the diameter dependence of the Eii calculated
using an ETB model. [Error! Bookmark not defined. AQ4] The
‘‘3’’ and ‘‘þ’’ symbols represent, respectively, semiconduct-
ing and metallic carbon nanotubes. The geometrical pat-
terns for carbon nanotube families with (2n þ m) ¼
constant (solid gray lines) for E22

S, E11
M and E33

S are also
shown in Figure 13(b). For semiconducting nanotubes, it is
possible to see separately in Figure 13(b) the two families:
S1 [(2n þ m) mod 3 ¼ 1] and S2 [(2n þ m) mod 3 ¼ 2],
deviating in opposite directions from the Eii �1/dt line due
to opposite dependence on the chiral angle. The (Eii,xRBM)
results [Figure 13 (a)] can be compared with ETB predic-
tions [Figure 13(b)], and the different Eii electronic transi-
tions for semiconducting (E22

S and E33
S) and metallic

(E11
M) tubes are clearly seen. Although the energies do not

match exactly, the geometrical patterns observed can be
compared with the patterns predicted, and the comparison
leads to the (n,m) assignment. From the (n,m) assignment
for E22

S, we obtain the relation xRBM¼ 226/dt þ 10 for
semiconducting SWNTs in aqueous solution wrapped with
SDS. From this relation and comparing the geometrical
patterns, we obtain the assignment to E33

S. The electronic
transition energies for metallic SWNTs, not observed in the
photoluminescence (PL) studies, are also determined by
resonance Raman spectroscopy [black squares in Figure 13
(a)]. The formation of families of constant (2n þ m) is also
observed. Surprisingly, the expected splitting in the E11

M

van Hove singularities caused by the trigonal warping effect
[3,63] is not observed for the RBM feature [see Figure 13
(a)]. We only observe the lower energy component of E11

M

for each (n,m) SWNT. The families observed in the geomet-
rical pattern for the metallic nanotube data are also used to
find their (n,m) assignments. We obtain the relation
xRBM ¼ 221/dt þ 17 for metallic nanotubes. A similar
experiment was performed with SWNTs in bundles. The
RBM value is observed to be the same for SWNTs in solu-
tion and in bundles within experimental precision. How-
ever, an average 70-meV red shift in Eii is observed
experimentally for the bundled SWNTs relative to the Eii

found for SDS-wrapped isolated SWNTs in aqueous solu-
tion. The red-shift magnitudes are different (from 20–140
meV) for different (n,m) SWNTs. The different red shifts
are mainly related to a strong (n,m)-dependent thermal
effect due to laser heating that causes changes in the Eii val-
ues obtained for the HiPco bundle sample. To characterize
the (n,m)-dependent laser heating effect on the Raman
spectra for the SWNT bundle sample, measurements by
changing the laser intensity on the HiPco SWNT bundle
sample for 8 different laser energies have been performed.
The shape of the RBM spectra depends strongly on the
laser intensity for a fixed Elaser, thus indicating that the rela-
tive intensities of the RBM peaks change by increasing the
laser power, showing that the electronic structure is
dependent on the sample heating. The changes in spectra
are reversible, showing that no damage or decomposition of
the SWNT occurs in this heating process. The transition
energies have been determined for each (n,m) nanotube as
a function of the laser power density using the resonance
window obtained experimentally for each RBM peak. The
results for the transition energies as a function of the laser
power density for eight SWNTs are presented in Figure 14.

Figure 13. (a) Experimental plot Eii vs. xRBM for 46 different (n,m)
CNTs measured by resonance Raman spectroscopy. The symbols ‘‘3’’
and ‘‘þ’’, respectively, denote semiconducting and metallic SWNTs
wrapped with SDS in aqueous solution. (b) Eii vs. 1/dt plot for SWNTs
based on the ETB model. Reprinted with permission from Ref. [62],
C. Fantini, et al., Phys. Rev. Lett. 93, 147406 (2004). � 2004, American
Physical Society.
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The transition energies move in opposite directions
when the laser power increases for semiconducting nano-
tubes of the S1 type (dotted lines) and of the S2 type
(solid lines); they undergo a downshift for S1 semiconduct-
ing nanotubes and an upshift for S2 nanotubes (similar to
the uniaxial strain-enhanced effect on SWNT bundles
recently reported [64], thus explaining the changes in the
relative intensities for the RBM peaks observed with a sin-
gle Elaser.) The variation in the Eii value (line slopes in Fig-
ure 14 caused by an increase in the laser power) is larger
for SWNTs with smaller chiral angles. The lines associated
with S1 nanotubes with larger and smaller slopes are indi-
cated in Figure 14, and represent, respectively, nanotubes
(9,1) and (8,6), which have the smallest (h ¼ 5.2�) and
largest (h ¼ 23.5�) chiral angles in Figure 14. From a reso-
nant Raman scattering experiment it is possible to obtain
the (n,m) assignment based on the experimentally obtained
(Eii, RBM) geometrical patterns, and the resonant Raman
scattering-derived results, thus obtained, are in agreement
with the proposed (n,m) assignments for semiconducting

SWNTs, based on PL measurements. It is observed that,
for the same (n,m) nanotube, the resonance window is
red-shifted and broadened for SWNTs in bundles as com-
pared with SDS wrapped nanotubes. By increasing the
laser power, the E22

S transition energies of SWNTs in bun-
dles are red-shifted for S1 [(2n þ m) mod 3 ¼ 1] nano-
tubes and blue-shifted for S2 [(2n þ m) mod 3 ¼ 2]
nanotubes, relative to the average 70 meV red-shift, show-
ing that the trigonal distortion of the electronic structure
increases with temperature.

3.5. Dependence on Environment

Since the conduction electrons in CNTs arise from delocal-
ized p-orbitals tightly bound to the surface, their electronic,
and consequently, their optical properties are strongly
affected by the environment. This environmental effect is
very relevant in analyzing the composition of CNT samples
using optical techniques, especially in the case of separation
experiments, where the CNT environments are generally
very different before and after the separation process. Fac-
tors like the degree of aggregation in a bundle [42, 65–72],
the nature of wrapping agents [73, 74], and substrate inter-
actions [75, 76] have been demonstrated to be crucial for a
good evaluation. In addition, it has been shown that the
presence of a secondary phase around the nanotubes can
exert pressure and thermal effects that have a strong influ-
ence on the optical transition energies [77–80] and electri-
cal properties [81] of carbon nanotubes.

We focus our discussion on the RBM of SWNTs since the
RBM feature, which is unique to nanotubes, without any
counterpart in other graphitic materials, is by far the most
studied mode in resonance Raman spectroscopy of SWNTs.
As discussed in previous sections, these low wavenumber
features (100–400 cm�1) have Raman shifts strongly depend-
ent on the tube diameter [1, 22]. In addition, theoretical and
experimental reports have suggested that the radial modes
are also sensitive to the different chemical/physical environ-
ments and to the extension of intertube interactions.

Early simple theoretical calculations based on the force
constant model have shown that the RBM frequency
(xRBM) for an isolated SWNT is proportional to the inverse
diameter (dt) of the nanotube [5, 22, 86–88], following the
relationship shown in eqn. 3.1:

xRBMðcm�1Þ � A

dtðnmÞ ð3:1Þ;

where A describes the elastic behavior of an isolated SWNT
in the large-diameter limit, where the elasticity theory,
which gives A ¼ 227 cm�1nm [82, 83], is expected to be
valid.

Since Raman spectroscopy provides a quick and conve-
nient technique for carbon nanotube sample characteriza-
tion, the simple dependence of the xRBM on the tube
diameter given by eqn. 3.1 has been widely used by differ-
ent groups to determine the tube diameter distribution in a
SWNT sample [27, 84, 85].

As previously discussed, the value for the constant A in
eqn. 3.1 for SWNTs in the diameter range 1.2 < dt < 1.8 nm
was found experimentally to be A ¼ 248 cm�1 nm [27, 84] for

Figure 14. Dependence of the transition energies on the laser power
density. Gray dots and open circles are for S1 and S2 nanotubes, respec-
tively. Reprinted with permission from Ref. [62], C. Fantini, et al.,
Phys. Rev. Lett. 93, 147406 (2004). � 2004, American Physical Society.
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isolated nanotubes lying on an Si/SiO2 substrate. However,
in most of SWNTs analyzed sample nanotubes are not iso-
lated, but rather organized in a bundle or embedded in a
matrix. Even SWNTs in solution or suspended between plots
(free-standing SWNTs) can not be considered as truly iso-
lated tubes, because they are in contact either with the sol-
vent and surfactant molecules or with the surrounding
atmosphere.

In order to take into account the local environmental
effects, eqn. 3.1 has been modified by the addition of a con-
stant as:

xRBM ¼
A

dtðnmÞ þ DxRBM ð3:2Þ;

where DxRBM is the frequency upshifts, which account for
tube-tube and/or tube-environment interactions.

The relationship shown in eqn. 3.2 was well described by
the calculations [85–92] and, as illustrated in the previous
section, has been widely used to achieve (n,m) assignments
from Raman experiments performed on ensemble SWNT
samples [65, 91–94], individual SWNT bundles [95, 96], and
surfactant-suspended SWNTs [4, 62, 97–100].

In eqn. 3.2, DxRBM is considered independent of the
tube diameter, which is a good approximation for large
diameters, but it fails for smaller-diameter SWNTs for
which deviations from the ideal behavior can be expected.
For small-diameter SWNTs, curvature weakens the chemi-
cal bonds that have components along the circumference,
because of sp2-sp3 mixing. As a result, the SWNT diameter
increases and the RBM frequency decreases with respect to
their ideal values. Moreover, curvature destroys the iso-
tropy of the elastic constants in SWNTs and therefore intro-
duces chirality dependence into xRBM.

The xRBM can be described within experimental preci-
sion considering a functional that takes into account the
chirality-dependent distortion of the hexagonal lattice. The
effect of the lattice distortion on xRBM was first shown by
Kurti et al. [101] with ab initio calculations and confirmed
experimentally [4]. The general functional is:

xRBM ¼ 227=dt � ð1þ cos 3hÞ=d2
t

þ Bsðfor semiconducting SWNTsÞ ð3:3Þ

xRBM ¼ 227=dt � 3ð1þ cos 3hÞ=d2
t

þ BMðfor metallic SWNTsÞ;

and it describes xRBM for both HiPco and CoMoCAT
SWNTs, in agreement with ab initio calculations [4]. The
parameter BS,M measures the environmental effects and is
found to be within 10 6 3 cm�1 for different samples. BM

was observed to be larger than BS, indicating that metallic
tubes are slightly more affected by the environment.

The functional form that is obtained for xRBM (h, dt)
suggests that the various coefficients in eqn. 3.3 may be uni-
versal except for B, which is the ‘‘environmental’’ term. This
interpretation may turn out not to be correct, since the vari-
ous environments that have been used vary significantly
from one another; some environments (e.g., SDS) are elas-
tically soft and others (e.g., a SiO2 substrates) are stiff,
some will have extensive charge transfer and others may

not. Further theoretical and experimental work is urgently
needed for the development of a universal model that
accounts for the RBM frequencies of SWNTs.

The Effect of Wrapping Agents on the SWNT Radial
Breathing Modes There are just a few contributions on
the influence of the nature of wrapping agents on the
Raman spectra of carbon nanotubes. Recently, the effects
of DNA on both Raman and PL response of CoMoCAT
carbon nanotubes were carefully investigated by Chou et al.
[73]. A semiconductor-enriched (S-enriched) fraction of
DNA–CoMoCAT dispersion obtained from ion exchange
chromatography separation was also studied to understand
the effect of the S-enrichment.

In this work, the values of the first and second resonant
interband transitions, E11 and E22, for a particular (n,m)
tube in Raman and PL measurements were found to corre-
spond to the values obtained for SDS-dispersed nanotubes
measured with PL [97], but with a shift in Eii ranging from
10–80 meV. On the other hand, the values of RBM fre-
quency were found to be relatively insensitive to the type of
wrapping agents surrounding the nanotube.

These results are illustrated in Figure 15, which plots E22

values determined from the intersection points between the
Stokes and anti-Stokes Raman spectra of different samples
as a function of RBM frequencies. In Figure 15, the colored
square data points denote the two DNA-wrapped SWNT
samples with different semiconductor (S) to metallic (M)
ratios. To help with the interpretation of the Raman data,
the Raman-measured E22

S values for the DNA–CNT
hybrids are compared to the E22

S values measured using
the PL technique for an SDS-dispersed HiPco nanotube

Figure 15. E11 and E22 transition values for semiconducting nanotubes
determined from the intersection points between the Stokes and anti-
Stokes Raman spectra, plotted against xRBM, showing the (2n þ m ¼
constant) family behavior. Colored data points denote the unfractio-
nated (blue squares and red stars) and (S)-enriched (red squares and
blue stars) DNA-wrapped samples, measured with RRS and PL,
respectively. Reprinted with permission from Ref. [73], S. G. Chou, et
al., Chem. Phys. Lett. 397, 296 (2004). � 2004, Elsevier.
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sample in solution, for which a previously determined fit-
ting formula was employed to extract the corresponding
xRBM values [97, 102]. The xRBM values for the DNA–
CNT hybrids were found to correspond very well with the
xRBM values extracted for the SDS nanotubes with the
same (n,m) assignment [102]. The DNA–CNT hybrids were
found to follow the (2n þ m ¼ constant) family patterns
previously determined from PL measurements of SDS-
encapsulated samples [102]. SWNTs in the same family are
connected by the dotted lines in Figure 15, and the family
numbers are shown. Fractionated and non-fractionated
samples were found to be shifted by different amounts, in
the same direction, either blue- or red-shifted relative to
SDS-encapsulated nanotubes. The average shift over all of
the nanotubes is �30 meV to the red. Because the SDS-
encapsulated HiPco nanotubes were in solution, whereas
the DNA-wrapped nanotubes are dried, the difference in
aggregation status could also contribute to the difference in
the E22 transition energies.

The authors also found that the resonance window (C)
for the dried, unfractionated DNA–CNT hybrids is
�15 meV, which is narrow compared to the C value for
pristine (not wrapped) CoMoCAT nanotubes in bundles
(100 meV) and the C value for SDS-dispersed HiPco nano-
tubes in solution (60 meV) [62]. Without the inhomogene-
ous broadening effects arising from the helical DNA-
wrapping, the C value for an isolated nanotube on a SiO2

substrate [35] has been found to be <10 meV. The relatively
narrow resonance window for DNA–CNT/CoMoCAT
hybrids suggests that although a large number of nanotubes
were measured under the laser light spot in the dried
DNA–CNT hybrid sample, the individual nanotubes in the
DNA–CNT hybrid bundles were well isolated from one
another and were only slightly affected by inhomogeneous
broadening effects associated with nanotube bundling. With
a smaller proportion of M SWNTs present, the fractio-
nated, (S)-enriched DNA–CNT sample had a slightly
smaller C (by less than �1.5 meV) than that of the non-
fractionated DNA–CNT sample.

Figure 16(a) shows the changes in the RBM spectra at
different laser excitation energies. The differences between
the RBM spectra between pristine, unwrapped nanotubes
and the DNA-wrapped nanotubes indicate that the wrap-
ping mechanism is diameter-selective, selecting nanotubes
within a specific diameter range that fits the specific dimen-
sions of the DNA sequence. As shown in Figure 16(a), the
intensity of the RBM for smaller and larger diameter tubes
outside of the range of 240–320 cm�1 are largely reduced
or eliminated after DNA wrapping.

The environmental effects of DNA-wrapping and the
effects of the different ratios of semiconducting to metallic
nanotubes within the sample are shown in the G-band spec-
tra of Figure 16. Figure 16(b) shows a comparison of the
G-band spectra of different environments taken at Elaser ¼
2.19 eV. Since previous PL experiments [103,104] showed
that 2.19-eV excitation is strongly in resonance with the E22

transition of the (6,5) nanotube, the G-band Raman spectra
in Figure 16(b) are dominated by the resonant transitions
of the (6,5) nanotubes, as indicated by the dominant RBM
peak at 310 cm�1. Progressively narrower linewidths of the
various G-band components are seen in Figure 16(b) as the

intertube interactions are first reduced by DNA-isolation,
then as the DNA–CNT sample becomes S-enriched, and
finally as the DNA-hybrids are separated from one another
by solvation, reflecting the progressively more homogene-
ous environment of the (6,5) SWNTs. This observation is
consistent with the decreasing of values as the nanotube is
wrapped with a single-stranded DNA strand, and as the
sample becomes S-enriched, as mentioned above.

The Effect of Bundle Morphology on the SWNT Radial
Breathing Modes A number of theoretical studies have
been demonstrated that the strong intertube van der Waals
interactions, which maintain the nanotubes in a bundle,
result in significant perturbation of the electronic structure
of the carbon nanotubes near the Fermi level [105–107].
Regarding Raman spectroscopic characterization, the tube-
tube interactions were predicted to cause �6–20 cm�1

upshift in xRBM with respect to the corresponding value in
isolated tubes.

Recently, Reich et al. [108] studied the effect of bundling
on the electronic properties of SWNTs through ab initio cal-
culations, taking into account the curvature effects. They
reported significant broadening and changes in the DOS in
bundled nanotubes. However, they found that the changes
depend on the chiral angle, with the nature of the change
(red shift or blue shift) being dependent both on the nano-
tube type and on the order of the transition.

The effects of carbon nanotube aggregation on the
Raman spectra of SWNTs have been explored

Figure 16. (a) A comparison of RBM spectra of CoMoCAT bundles
and DNA-wrapped CoMoCAT nanotubes taken at different laser exci-
tation energies. (b) A comparison of the G-band spectra of different
CoMoCAT-based DNA–CNT samples taken with 2.19-eV laser excita-
tion. After the bundles are broken up by DNA wrapping, the different
species within the bundle only interact weakly. Reprinted with permis-
sion from Ref. [73], S. G. Chou, et al., Chem. Phys. Lett. 397, 296
(2004). � 2004, Elsevier.
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experimentally by measuring the Raman spectrum of indi-
vidual SWNTs in solution and comparing it to that obtained
from the same tubes organized in bundles [65–74, 109].

Rao and coworkers [65] observed upshifts in xRBM from
bundled to CS2-solubilized SWNTs produced by arc-
discharge method. The radial mode frequencies for the
tubes in solution were found to be �10 cm�1 higher than
those observed for tubes in a bundle. However, rather to
attribute the observed upshifts to bundling effects, the
authors explain their results in terms of the intertube inter-
action causing an upshift in transition energy for bundled
tubes. This upshift in energy would allow the same laser
excitation to excite different nanotube populations in these
two samples.

Heller et al. [66] have recently demonstrated that the
degree of intertube interaction in a bundle (i.e., nanotube
bundle morphology) can further affect the relative inten-
sities of Raman modes. By comparing the Raman response
of individual SWNTs dispersed in SDS solution with that of
solid samples obtained from the dispersion under different
drying conditions, they have been able to correlate the
degree of aggregation to the predicted changes in Eii transi-
tions due to intertube coupling.

Red shifts in the excitation profiles (ranging from 54–157
meV) due to bundling effects were systematically observed
by O’Connell et al. [61] for 12 different semiconductor
nanotubes. Furthermore, by analyzing the bundling effects
on the RBM spectrum for 17 different nanotube chiralities,
the authors found no significant shift of their RBM fre-
quencies. This finding provides additional evidence that the
previously reported upshifts in xRBM are due to the
changes in the nanotube population capable of being
detected by a particular excitation energy, resulting from
the changes in their Eii transition energies with bundling.

A detailed study about the aggregation effects on the
Raman spectra of dielectrophoretically deposited SWNTs,
carried out independently by Ericsson and Pehrsson [68]
and Strano et al. [66], showed that aggregation status plays
an important role in the determination of metallic to semi-
conducting SWNT ratios by Raman spectroscopy. The rele-
vance of morphology effects for Raman evaluation of
nanotube separation processes were further demonstrated
by Dyke and coworkers, who showed that the relative
changes in RBM peak intensities can be associated with
morphological changes in SWNT bundling based on differ-
ing flocculation or deposition methods.

The aggregation effect in the Raman spectra of SWNTs
has been also investigated by Izard and coworkers [79].
They compared the changes in the Raman spectra of the
SDS-suspended individual nanotubes with respect to the
solid sample, and of individual tubes in solution with
respect to SDS-suspended bundles. Since no further shift
was observed in the RBM spectra upon going from SDS-
suspended thin bundles to individual SDS-suspended nano-
tubes, the observed upshift in the RBM frequencies was
associated with the effects of the internal pressure of the
liquid.

Longhurst et al. [110] studied the shifts in the RBM of
SWNTs in the presence of water using molecular dynamics.
They found that nanotube-water interactions were responsi-
ble for an upshift in the RBM frequency on the order of

4–10 cm�1, which they associated with two factors: one
relating to the increased hydrostatic pressure on the nano-
tube caused by its curved interface, and one relating to the
interaction strength between the nanotube and its sur-
roundings. The simulations provided evidence that the
observed upshift is mainly due to the coupling between the
nanotube and its solvation shell, rather than the hydrostatic
pressure effects, which account only for a small part of the
shift (10%–20%).

3.6. Raman Spectroelectrochemistry
of Carbon Nanotubes

In this section we discuss the effect of an externally applied
potential in an electrochemical cell on the electronic prop-
erties and Raman spectra of SWNTs. Studies of the electro-
chemical potential combined with optical experiments
(optical absorption, infrared, and Raman spectroscopy) in
carbon nanotubes have been performed in bulk samples
containing SWNT bundles [111–114]. From these studies it
has been proposed that the anodic (cathodic) potential
depletes (fills) the valence (conduction) bands of the
SWNTs AQ5. Since the resonant Raman spectroscopy strongly
depends on the transition from valence states to conduction
states, the effect of the depletion/filling of electronic states
turns out to be very effective in changing the Raman spec-
tral properties, so that these electrochemical experiments
provide a method for continuously tuning the Fermi level
and for probing the effects in situ. Figure 17(a) shows the
change in the spectra at Elaser ¼ 1.96 eV for SWNT bundles
(dt ¼ 1.25 6 0.20 nm) cast on a Pt electrode substrate
immersed in an H2SO4 (0.5 M) aqueous solution as the
external voltage V is varied from 0 to þ1.3 V and then back
to 0 V. By applying positive electrochemical potentials, the
electron carrier density of the nanotubes decreases, as the
Fermi level is downshifted. A significant displacement of
the tangential G-band mode to higher frequency values
occurs, indicating oxidation (or the removal of electrons
from the p bands) of the nanotubes. The changes in the
lineshape of the tangential G-band mode can be described
as a transition from a strongly metallic to a less metallic
lineshape as the applied potential is made more positive.
The upshift of the peak frequency of the tangential mode
band upon anodic oxidation can be accounted for by the
shorter CAC bonds in the oxidized nanotube. Important
electronic information can be obtained by the analysis of
the changes in lineshapes of the tangential G-band with
applied potential in terms of Breit-Wigner-Fano (BWF)
contributions for the lower frequency G-band component
for metallic tubes. The asymmetric BWF line shape is
described by:

IðxÞ ¼ I0
½1þ ðx� xBWFÞ=qC�2

1þ ½ðx� xBWFÞ=C�2
ð3:4Þ;

where 1/q is a measure of the interaction of the phonon
with a continuum of states, and xBWF is the BWF peak fre-
quency at maximum intensity I0 [115].

Figure 18(a and b) shows a lineshape analysis of the tan-
gential G-band feature for a SWNT film for different
applied potentials [116]. A Lorentzian lineshape was used
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to fit the _G feature for both metallic and semiconducting
tubes, a BWF line was fit to the lower frequency G̃ modes
from metallic tubes, while a Lorentzian lineshape was fit to
the G̃ mode for semiconducting tubes [37]. The shift of the
Fermi level directly changes the charge density in metallic
tubes and therefore should sensitively affect the BWF
intensity and asymmetry. Results show a significant
decrease in the intensity of the BWF component at
�1530 cm�1 and the upshift of xBWF and of all the Lorent-
zian peak frequencies as the applied voltage is increased
from 0.0V to 0.6V. The latter reflects the hardening of the
CAC bonds as the electronic density is decreased. The
BWF line also shows an upshift of �10 cm-1, from 1530 cm�1

at 0.0V to 1540 cm�1 at 0.6V. Figure 18(c) shows the peak
integrated intensity and percent area of the BWF lineshape
as a function of applied potential. Note that the BWF per-
cent area decreases from �50 % of the total G-band
area to �8% as the applied potential is changed from 0.0 V
to 1.2 V. The peak intensity of this line also decreases sig-
nificantly with more positive applied potentials over the
same voltage range. This significant decrease in the BWF
lineshape contribution as the potential is made more posi-
tive indicates that electrons are being removed from the
valence p band of each of the metallic nanotubes, resulting
in a loss of the resonance condition when the Fermi level
(EF

*) passes through the resonant van Hove singularity

Figure 17. (a) In situ Raman spectra of a SWNT film cast on a platinum electrode surface in an 0.5 M H2SO4 aqueous solution. The spectra are
obtained at the indicated positive applied potentials and Elaser ¼ 1.96 eV. The frequencies for the dominant G-band, D-band, and G0-band features
are indicated in cm�1. (b) The points denote G0-band frequencies for the same SWNT film as in (a), obtained at the indicated applied potentials
for Elaser ¼ 1.96 eV and 2.54 eV. The solid lines in (b) are theoretical curves for the G0-band mode frequency calculated from charge transfer based
on the SWNT DOS as the Fermi level (electrochemical potential) varies with applied voltage. Reprinted with permission from Ref. [116], P. Corio,
et al., Chem. Phys. Lett. 370, 675 (2003). � 2003, Elsevier.

Figure 18. Lineshape analysis of the tangential G-band feature for a SWNT film cast on a platinum surface in 0.5 M H2SO4 aqueous solution for
externally applied potentials of (a) 0.0 V and (b) 0.6 V. (c) Integrated intensity and percent area of the BWF lineshape in the tangential G-mode
band as a function of applied potential Elaser ¼ 1.96 eV. Reprinted with permission from Ref. [116], P. Corio, et al., Chem. Phys. Lett. 370, 675
(2003). � 2003, Elsevier.
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(vHS) EM
1 � 1 eV. As EF

* increases towards 1 eV, electrons
are being removed first from the nanotubes with largest
diameters and finally from those of the smallest diameters,
since the smallest diameter tubes have the largest spacing
between vHSs. However, the BWF effect is significantly
suppressed at much lower potential (�0.4–0.6 V) before all
electrons are removed from the resonant vHS EM

1 in the
valence band. Since the BWF effect is related to the collec-
tive electronic excitations and to interactions between
metallic nanotubes, the intensity of the BWF feature
decreases rapidly when electrons are removed from the
valence band by applying a positive potential. However,
analysis of the BWF lineshape does not provide a quantita-
tive measure of the charge transfer because of the collective
nature of the BWF effect. The intensities of the other (non-
BWF peaks) Raman features do not show such collective
electron behaviors and therefore are not as sensitive to the
applied potential and show a more linear dependence on
charge transfer and the resonance condition.

While the dependences of xD, xG and xG
0 on voltageAQ6

were all studied, it was found that the dependence of xG
0

on voltage presented the clearest characterization probe for
the charge transfer process. The experimental results for G

0

vs. voltage could be explained quantitatively in terms of the
lowering of the Fermi level with increasing voltage, thereby
emptying states from vHS in the valence band and, in the
case of metallic tubes, also from the constant non-zero DOS
between the lowest energy pair of vHS, E11

M, as shown in
Figure 17(b). The good agreement between experiment and
theory regarding the dependence of xG

0 on voltage and the
observation of a different behavior for semiconducting and
metallic tubes indicates that the applied voltage has only a
small effect on the energy of the vHSs, but that the applica-
tion of voltage mainly affects the occupation of valence and
conduction band states [116]. It is thus shown that the exter-
nal potential strongly affects the filling of electron or hole
states, resulting in large shifts of the various mode frequen-
cies and in the suppression of interband transitions as initial
states are emptied or final states are filled [114]. The effect
of positive and negative applied potentials is similar to that
of chemical doping, insofar as the values of xG

0 do not
change much, but large shifts in Fermi level (the filling and
emptying of electron states) are observed.

It should be pointed out that the dramatic changes
observed in the Raman spectra in Figure 17 occur only for
cases where the electrolyte intercalates between the bundles.
When this is not the case, the changes in the Raman spectra
may be very small, indicating that the electrochemical reac-
tion occurs at the external surface of the SWNT bundle.

Finally it is important to mention that advances in
Raman spectroscopy studies on isolated carbon nanotubes
allowed the study of the electrochemical gating of individ-
ual carbon SWNTs [117], where sharp increases in current
through metallic nanotubes with electrochemical gate volt-
ages were demonstrated, indicating that the Fermi energy
passes through valence and conduction band vHSs.

3.7. Chemically Modified Carbon Nanotubes

Since carbon nanotubes are closely related to fullerene mol-
ecules, it is natural to expect that the chemical

functionalization of carbon nanotubes would also become
an important research area [118, 119]. In fact, the ability to
carry out controlled chemistry on the carbon nanotube sur-
face allows the study of fundamental properties and will
play an essential role in the application of this material. In
this section, spectroscopic studies in which the chemical
modification of the SWNT surface perturbs the conjugated
electronic structure of the nanotubes are described. SWNT
properties can be appreciably altered by different kinds of
chemical interactions, such as electrochemical or chemical
charge transfer processes. It is expected that the chemical
attachment of chemical species (whether it is an inorganic
species, such as an alkali metal donor and a halogen
acceptor, small organic molecules, or a macromolecule such
as a polymer chain and a DNA strand) to the sidewall of a
nanotube will perturb its Fermi level through charge trans-
fer effects. Since electrons and phonons are strongly
coupled to each other in resonance Raman spectroscopy, it
is expected that such perturbations should be visible in the
various Raman modes of the carbon nanotubes due to
charge transfer effects associated with defects.

For the case of SWNT bundles doped with halogen
acceptors (e.g. Br2), frequency upshifts were observed for
both xRBM and xGþ relative to the corresponding fre-
quencies in the undoped SWNT bundles [120, 121]. On
the other hand, doping with alkali metals like K or Rb, led
to a softening (or downshift) of xRBM and xG, accompa-
nied by dramatic changes in the lineshape for the tangen-
tial G-band. For example, the G-band frequency in
saturated K-doped or Rb-doped bundles became very
broad, downshifted by 35 cm�1, and exhibited a character-
istic Breit-Wigner-Fano lineshape; the RBM was not evi-
dent in the Raman spectrum [120]. The RBM band in
such alkali metal-doped SWNTs may have shifted to very
low frequencies, or it may have broadened to such an
extent that it could not be distinguished from the noise.
These shifts provide evidence for charge transfer between
the dopants and SWNT bundles, indicating an ionic char-
acter for the dopant-SWNT bonds. Doping with halogens
transfers electrons from the p states in the SWNTs to the
halogens, creating hole carriers in the SWNTs and making
the SWNTs p-type. Likewise, alkali-metal dopants transfer
electrons to the p states, making the nanotubes n-type.
From a theoretical standpoint, these results have been
explained within the framework of a rigid band model,
whereby it is assumed that there is no modification to the
Eii values of a SWNT through the doping process, but the
Fermi level is shifted very significantly by the addition of
electrons and holes [122, 123]. Recent studies on Br2-
doped double-walled nanotubes showed that Eii values
changed as a function of doping [124].

The intensity of the Raman features drastically decreases
when the initial state is depleted of carriers and the final
state is filled with carriers [125]; this has been observed for
several doping species such as K, Rb, Cs and I2 [120,
126–128].

Following what we have learned from the rich chemistry
of graphite intercalation compounds, the SWNT/metal and
SWNT/metal oxide systems are also of special interest
because these systems may find applications in batteries
and due to their high specific area open the possibility of
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using intercalated SWNT systems for the oxidation of pri-
mary alcohols. Next, we discuss the Raman spectra of Ag-
and CrO3-filled carbon nanotubes.

In Figure 19(a) we show the Raman spectra of both pris-
tine SWNTs and SWNT/Ag obtained with an excitation
energy of 2.41 eV. The downshift in the tangential Gþ mode
from 1582 to 1575 cm�1 indicates that electrons are trans-
ferred from the Ag to the SWNTs [129]. A downshift of
10 cm�1 is also observed for the G0-band located at
�2650 cm�1. The Raman spectrum of SWNT/CrO3 is
shown in Figure 19(b) for the excitation energy of 1.96 eV.
In contrast, significant changes to the resonance Raman
spectra are observed when compared with the correspond-
ing spectrum for the pristine SWNTs due to the chemical
intercalation of CrO3 into SWNTs. The large upshifts of the
Gþ-band and the G0-band modes resulting from CrO3

intercalation indicates a hardening of the CAC bonds, sug-
gesting that electrons are flowing from the nanotubes to the
CrO3 species, whose strong oxidizing nature is well estab-
lished [130]. In addition to the shift of the Gþ-band mode
frequencies, further confirmation for the charge transfer
between the chemical species and the SWNTs can be gath-
ered by analyzing the profile of the G-band located below
1600 cm�1. The profile of the G-band tells us about the
metallic and semiconducting behavior of the SWNTs whose
electronic transitions are in resonance with the laser energy
[24]. By considering the diameter distribution of the sample
(dAQ7 ¼ 1.25 6 0.20 nm), it is expected that when excited with
2.41 eV, the Raman spectra will have contributions mainly
from semiconducting SWNTs [129]. This is indeed the case
for the lower trace in Figure 19(a), where the G-band
exhibits a profile typical of contributions mainly from semi-
conducting SWNTs. The G-band for the SWNT/Ag system,
however, exhibits a strong Breit-Wigner-Fano profile, which
is typical of metallic SWNTs [29]. However, the change
from a semiconductor to metallic-like profile observed for
the SWNT/Ag samples indicates that the conduction band
states are populated by transferring electrons from the Ag
atom to the SWNT, thus moving the Fermi level up in

energy. An opposite behavior is observed for the SWNT/
CrO3 sample. Here, the G-band profile for the pristine
SWNT [lower trace in Figure 19(b)] is typical of metallic
SWNTs when excited with 1.96 eV photons. However, for
the SWNT/CrO3 sample, the G-band profile looks as if it is
originating from mostly semiconducting SWNTs. This
change in profile is consistent with the removal of electrons
from the metallic tubes to the CrO3, thus depopulating the
conduction bands and moving the Fermi level down in
energy, thereby weakening the Breit-Wigner-Fano lineshape
for the G-feature. The upshifts of the Gþ-band and
G0-band are very large in the SWNTs/CrO3 system com-
pared with the downshifts found in the SWNT/Ag system.
It is also remarkable that the G0-band intensities in the case
of the SWNTs interacting with Ag and CrO3 are so differ-
ent. In the first case the intensity is increased by only a
small amount but in the latter case a drastic reduction in
the intensity was observed. The intensity involves matrix
elements for the radiation-phonon interaction and a
detailed study of this phenomenon should be performed in
order to understand the G0-band intensity in doped
SWNTs. The observation of larger effects for CrO3 interca-
lation than in the case of Ag is, however, consistent with
theoretical prediction where CrO3 interacts with the
SWNTs more strongly by a chemisorption process [131].
This is further supported by analyzing the disorder-induced
(D-band) mode located at �1348 cm�1 for pristine SWNTs
excited with 1.96 eV. This mode comes from a double reso-
nance process and its intensity and linewidth depend on the
symmetry-breaking effects in the SWNT crystalline lattice.
When the CrO3 is attached to the SWNT sidewall, the
translational symmetry is broken and this contributes to
enhancing the D-band intensity and linewidth when com-
pared with the pristine SWNT. The linewidth of all the
modes increases, thus indicating that the system becomes
disordered due to the CrO3 attachment to the tube walls.
The effect of Ag intercalation on the D-band linewidth is
weaker, as can be observed in Figure 19(a), thus supporting
the weaker interaction regime for Ag intercalation.

Figure 19. Raman spectra of (a) SWNT/Ag obtained with 2.41 eV and (b) SWNT/CrO3 obtained with 1.96 eV. The lower traces in both panels
stand for the Raman spectra obtained for pristine SWNTs, shown for comparison. Reprinted with permission from Ref. [131], S. B. Fagan et al.,
Chem. Phys. Lett. 406, 54 (2005). � 2005, Elsevier.
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Theoretical calculation predicts a donor behavior for metal-
lic Ag addition and an acceptor behavior for CrO3 addition
in good agreement with the Raman scattering results [131].

Finally, we should comment that the frequency changes
observed after doping in carbon nanotubes as a function of
doping level (specially for low level) are not as clear as in
graphite intercalation compounds [132]. Recent studies
showed that for both isolated and bundled SWNTs, there
was an anomalous change in the CAC bond length upon
doping with alkali metals [127, 128]. These metals behave as
electron donors and four regimes have been identified in the
behavior of the Raman frequencies of SWNT modes as a
function of doping concentration [127, 128, 133]. For low-
dopant content, the intercalant adsorption mainly occurs on
the outside surface of the bundle and the frequencies do not
change. In the second regime of dopant concentration, the
G-band frequencies increase and the RBM intensity is sup-
pressed. In the third regime, the frequency of the G-band
decreases with a continuous loss in intensity. Finally, in
regime IV, the G-band frequency remains constant, thus
indicating the saturation regime. These results are different
from graphite intercalant compounds and this difference in
behavior should be related to curvature effects in nanotubes.

The remarkable physical and chemical properties of
SWNTs have also stimulated the investigation of SWNT
polymer hybrid materials. One reason for studying this
topic is the low solubility of SWNTs in most solvents, which
limits the possibility of chemical manipulations and applica-
tions of those substances. Formation of hybrid materials is
also an interesting approach to enhance properties of

materials, since composite structures may exhibit character-
istics that differ from the individual component compounds.
It has been suggested that conducting polymer composites
would provide synergistic results, enhancing stability and
electronic properties of the material [134].

The use of polyaniline (PANI) is of particular interest in
this context, due to its excellent thermal and chemical sta-
bility as compared with other conducting polymers.
Another important aspect in the use of PANI is that it can
be easily doped by preferential protonation of nitrogen qui-
noid rings [135], forming polarons or radical cations in a
conducting emeraldine salt form (PANI-ES) and de-doped
by deprotonation, returning to the insulating emeraldine
base form (PANI-EB). Moreover, there is a strong chemical
affinity between SWNTs and aniline [136], as indicated by
the relatively high solubility of nanotubes in aniline. The
electronic structure and the vibrational properties of solu-
ble SWNT/PANI-ES were investigated by Raman and elec-
tronic spectroscopies [137].

Figure 20 shows the resonance Raman spectra of the
PANI, SWNTs, and the SWNT/PANI composites at Elaser ¼
1.96 eV (632.8 nm), in resonance with metallic tubes. The
Raman spectra of the SWNT/PANI composites are shown
in Figure 20(d). These SWNT/PANI composites show
Raman spectra that are basically the vibrational modes
characteristic from the polymer—although both moieties of
the composite (SWNTs and PANI) should be in resonance
for this wavelength. In fact, the very presence of nanotubes
on the composites samples cannot be concluded by these
measurements. Figure 21 shows the FT-Raman (Elaser ¼
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Figure 20. Raman spectra of (a) pristine PANI prepared under identical polymerization conditions to that of the composites, (b) polyaniline salt
(PANI-ES) prepared according literature procedure, (c) SWNTs, and (d) SWNT/PANI composites for SWNT:aniline mass proportions of 1:10,
1:20, 1:50, and 1:100. The optical images of SWNT/PANI are shown and reveal the homogeneity of the samples analyzed. Elaser ¼ 1.96 eV (kexc. ¼
632.8 nm). Reprinted with permission from Ref. [137], G. M. do Nascimento, et al., J. Polym. Sci. Pol. Chem. 43, 815 (2005). � 2005, Wiley
InterScience.
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1.16 eV) spectra of pristine PANI, SWNTs, and SWNT/
PANI composites. Once again, both moieties of the
composite are expected to exhibit resonant behavior.
Figure 21(a) shows the FT-Raman of the PANI polymers
prepared in acetonitrile/acid aqueous medium with differ-
ent concentrations of aniline in the absence of SWNTs.
Figure 21(c) shows the Raman spectra of SWNTs obtained
at Elaser ¼ 1.16 eV, where resonance with semiconducting
nanotubes occurs ðES

22Þ. The FT-Raman spectra of the
SWNT/PANI composites prepared with different mass

proportions are displayed in Figure 21 (b). The characteris-
tic vibrational modes of the SWNTs can be clearly observed
in these spectra. In fact, the FT-Raman spectrum of the
1/10 composite is dominated by the SWNTs vibrational
modes—the RBM, the tangential G-band and second order
G0-band. Even some low intensity second order features at
1764 cm�1 and 1834 cm�1 are clearly seen. Although the
PANI features dominate the FT-Raman for nanotube con-
centrations <5%, the vibrational modes characteristic of
SWNTs can be clearly seen up to the 1/100 SWNT/aniline
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Figure 21. FT-Raman spectra of (a) pristine PANI prepared under identical polymerization conditions to that of the composites; (b) SWNT/PANI
composites for SWNT:aniline mass proportions of 1:10, 1:20, 1:50; and 1:100; and (c) SWNTs, Elaser ¼ 1.16 eV (kexc. ¼ 1064 nm). Reprinted with
permission from Ref. [137], G. M. do Nascimento, et al., J. Polym. Sci. Pol. Chem. 43, 815 (2005). � 2005, Wiley InterScience.
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mass proportion. These results are in sharp contrast to
those observed for Elaser ¼ 1.96 eV, where no significant
contribution of SWNT Raman modes is observed. Thus,
while semiconducting tubes can be promptly observed by
their Raman spectra in the composites even at very low
concentrations, resonance Raman spectroscopy fails to indi-
cate the presence of metallic nanotubes in the composites,
even for SWNTs concentration as high as 10%. These data
reveal a very different behavior of metallic and semicon-
ducting nanotubes towards the chemical interaction with
PANI, and suggests a strong perturbation of the electronic
structure of metallic nanotubes due to its interaction with
PANI, quenching the optical transitions responsible for the
resonance Raman effect. Thus, it is clear that a substantial
specific electronic interaction process takes place between
PANI and metallic SWNTs, implying a significant depen-
dence of the electronic nature of the SWNTs and their
chemical interaction towards PANI.

4. INFRARED SPECTROSCOPY
Even though the optical properties and spectroscopic char-
acterization of carbon nanotubes have been widely studied
[8, 138, 139] since their discovery in 1991 [140], relatively
little is known about their infrared (IR)-active vibrational
modes. The vibrational spectrum of carbon nanotubes has
been an important subject in addition to their electronic
properties, but up to now only Raman spectroscopy has
proven to be a powerful tool of intrinsic SWNT properties,
as showed in the present chapter. In contrast, infrared spec-
troscopy has been mostly used for the study of carbon nano-
tube wall chemistry, by probing the functionalization
occurrence and identifying functional groups added to the
tube wall [141–149]. As previously mentioned, the study of
the vibrational modes of carbon nanotubes by Raman spec-
troscopy is facilitated by a strong Raman cross-section due
to the resonance process. On the other hand, the SWNT
molecule does not support a static dipole moment, and must
therefore generate a dynamic dipole moment, which is usu-
ally much weaker. This fact makes the IR-active SWNT
vibrational modes much more difficult to be experimentally
detected and to correlate them with the (n,m) indexes.

The theory of IR-active phonons in SWNTs has been
considerably discussed [150–157]. In a recent work, Jeon
et al. employed a generalized bond-charge theoretical
model to study the IR phonons of SWNTs quantitatively
[150]. They identified three first-order IR-active modes for
infinitely long achiral (armchair and zigzag) tubes without
caps at both ends. Chiral tubes were not considered in this
study. The mode frequencies were x ¼ 250, 858, and
1582 cm�1 for (10,10) armchair nanotubes and x ¼ 287,
867, and 1584 cm�1 for (15,0) zigzag nanotubes. For arm-
chair tubes, all the three modes have E1u symmetry, and for
zigzag tubes, the mode at 867 cm�1 has A2u symmetry. The
frequency of the RBM was found to be inversely propor-
tional to the tube radius and the proportional constant is in
good agreement with previous estimations [12]. The pres-
ence of a cap breaks some symmetry, which induces more
IR-active modes, but their intensities are expected to be
weak for a long nanotube.

However, to our knowledge, two experiments on the
infrared phonon measurements in SWNT have been
reported [21, 158]. The first report was an infrared reflec-
tion study on a pressed raw soot sample that consists mostly
of SWNTs (<80 wt%) with diameter of 1.4 (60.1) nm
[158]. The reflectivity of the SWNT sample was compared
with graphite and HOPG in the spectral range from
800–1800 cm�1. The average reflectance of the SWNT sam-
ple was reported to be very low (�8%) and the spectrum of
SWNTs do not show strong features. To amplify possible
structures, the authors took the first derivative of the spec-
tra of SWNTs and graphite, which are shown in Figure 22.
Only two infrared-active modes are observed at 874 6

2 cm�1 and 1598 6 3 cm�1, consistent with the prediction
by Jeon and other authors [9–12, 150]. However, both
modes shifted to higher frequencies by 8 and 5 cm�1 com-
pared with the position of the corresponding graphite
modes [6, 16, 159] and also deviated to higher values from
the theoretically predicted frequencies [150].

Recently, a careful experiment on thin films of bundled
nanotubes was reported, where the authors found 7 first-
order and 10 second-order IR-active modes in the fre-
quency range between 600 and 1800 cm�1 [21]. Bundles of
�100 or more SWNTs with tube diameters in the range
between 1.2 and 1.6 nm were purified and vacuum
annealed to high temperatures (up 1400�C) [160]. The puri-
fication process should guarantee the absence of other sp2

carbons and the higher temperatures should remove all
functional groups from the nanotube surface and their
eventual contribution to the SWNT vibrational spectrum.
Films of SWNTs were built up such that the transmittance
of the films was 60% at �2000 cm�1. Again, the relatively
weak, sharp IR-active vibrational structure associated with
the nanotube film was riding on a smooth background. In
Figure 23, we show the expanded vibrational spectrum
of a SWNT film after background subtraction and fit to
Lorentzians. The thin solid line through the data is the

Figure 22. First derivative of the reflectance spectra of polycrystalline
graphite and SWNTs. Only regions of interest around the graphite
phonons are drawn. Reprinted with permission from Ref. [158],
U. Kuhlmann et al., Chem. Phys. Lett. 294, 237 (1998). � 1998, Elsevier.
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composite fit, and the individual Lorentzians are displaced
below the spectrum for clarity. Their full width at half max-
ima (FWHM) are in the range 10–20 cm�1, and these nar-
row features can be observed in all spectra.

Of the 18 narrow bands in Figure 23, 8 are close in fre-
quency to first-order IR modes calculated from Jiang et al.
[17] for achiral SWNTs of similar diameter, based on the
zone folding method. The IR frequencies from Jiang’s calcu-
lation appear as vertical bars below the experimental spec-
trum; below these bars is another set of bars representing
the IR frequencies previously calculated by Jishi et al. [5] for
achiral tubes with the same diameters. The features for the
first-order modes observed at �854 and 1585 cm�1 in this
work are softened compared with the corresponding graphite
modes and correspond in frequency to calculations of pho-
non spectra better than those reported by Kuhlmann et al. in
their IR reflectance experiment [158]. The small differences
observed with diameter (bottom Figure 23, upper set of ver-
tical bars) are perhaps not significant, amounting to a scatter
as a function of diameter for nanotubes that is �10 cm�1,
although this scatter is comparable to the FWHMs of the
features in Figure 23. Whereas the resonance in the Raman
cross-section allows only a few (n,m) tubes to be probed in
the same experiment, in an IR experiment all the tubes in
the ensemble are probed simultaneously.

Kim et al. [21] also considered possible second-order (2-
phonon) SWNT features that might be partially responsible
for the structure in the IR spectrum. In 1D materials, we
can also expect vHS in the one- and two-phonon DOS that
stem from states near the minima or maxima in the near-
parabolic phonon dispersion. Thus 2-phonon excitations
involving VHS could also lead to sharp structure in the IR
spectrum. Two-phonon IR absorption can occur at a fre-
quency x(q) ¼ x1(q1) 6 x2(q2), where the xj are the pho-
non frequencies; the total wave vector of the two-phonon
excitation must have q ¼ q1 þ q2 ¼ 0 to satisfy momentum
conservation law. Only the case where two phonons are

created (x ¼ x1 þ x2) was considered. In Figure 24, the
experimental IR-spectrum is compared with the calculated
2-phonon DOS from Jiang et al. [17] for three selected
tubes, one from each family [(n,n), (n,0), or (n,m); top
three curves]. The 2-phonon DOS were calculated from the
2-phonon dispersion by adding all possibly chosen branches
from one phonon dispersion AQ8. The vertical bars above the
experimental spectrum locate the calculated IR-active one-
phonon frequencies. Despite the difference in chirality,
the 2-phonon DOS or JDOS (J ¼ joint) for these three
tubes exhibits considerable similarity. Note that two curves
are present for each JDOS: the solid curve is the JDOS
(as calculated), and the dotted curve is the JDOS
smoothed by a convolution with a Lorentzian. The latter
is done to mimic the effects of a moderately short phonon
lifetime (0.1 ps) [161]. From the smoothed JDOS shown
in the figure, the authors conclude that the three different
symmetry tubes chosen all provide a large 2-phonon DOS
near �1110–1130 cm�1, �1455 cm�1, �1710–1750 cm�1,
1860–1880 cm�1, �2450 cm�1, �2610–2630 cm�1, and
�2880–2910 cm�1, in agreement with experimental results.

Even though much theoretical work has been done since
the earlier calculation, the IR spectra of carbon nanotubes
remains an open question. More theoretical and mainly
experimental investigations are needed to give further
insight into this problem.

5. PHOTOLUMINESCENCE

5.1. Introduction

Photoluminescence spectroscopy (PL) is a technique widely
applied to the study and characterization of semiconductors
since the early days of research in this class of material
[162]. It was through PL that many fundamental physical
phenomena have been discovered and investigated. PL also

Figure 23. Spectrum of a purified SWNT sample annealed at 1400�C. Calculated first order-allowed q ¼ 0 modes of SWNTs in the diameter range
of 1.2–1.6 nm from Jiang et al. [17] and Jishi et al. [5] are also shown. The solid line is a composite Lorentzian fit to the data, and individual Lor-
entzians are plotted separately. Reprinted with permission from Ref. [21], U. J. Kim et al., Phys. Rev. Lett. 95, 157402 (2005). � 2005, American
Physical Society.

Page Number: 22

22 Spectroscopic Characterization of Carbon Nanotubes



Path: K:/ASP-CARBON-07-0101/Application/ASP-CARBON-07-0101-034.3d
Date: 24th April 2007 Time: 19:03 User ID: elangok BlackLining Enabled

provides a powerful way for characterization of the material
quality, especially for the study of composition and impurity
content [162]. As examples, we cite the major role of PL
studies in the development and investigation of semicon-
ductor heterostructures such as superlattices, quantum
wells, quantum wires, and quantum dots [163]. With regard
to basic physical phenomena, the use of PL to elucidate
many aspects of the Quantum Hall Effect and Fractional
Quantum Hall Effect is worth mentioning [164–166].

The history of the application of PL in the investigation
of carbon nanotubes (CNTs) begins with reports of the
observation of visible PL from suspensions of CNTs that
when solubilized by attaching them to highly soluble linear
polymers [167] or through functionalization with aniline
[168]. The origin of this visible PL is extrinsic, associated
with the functionalization of the CNT walls [169], or with
the presence of fluorescent nanoparticles [170], and will not
be further discussed in this chapter. Here we will address
the more fundamental and important issue of band-gap PL
that is now recognized as an essential tool for the investiga-
tion and characterization of CNT.

We refer to band-gap PL as the emission of light associ-
ated with the relaxation of the electronic system—following

excitation by photons in the visible and near-IR range—
through states near the K point of the Brillouin zone, the
band-gap region for SWNTs. Whether the relaxation that
results in light emission involves free or correlated
electron-hole pairs—or excitons—will be discussed later.

5.2. Single Walled Carbon Nanotubes
in Aqueous Suspensions

The vast majority of semiconducting SWNTs (S-SWNTs)
have direct gap, with the exception of very small diameter
tubes that may have indirect gap due to wall curvature
effects and p-r orbitals overlapping on the band structure
[171]. Therefore, considering diameters between 0.5 nm
and 1.5 nm, S-SWNTs are expected to show PL in the near-
IR region, covering approximately the 800–1800 nm range,
the emission region associated with the band-gap of these
carbon nanotubes. Despite this fact, the observation of
band-gap PL was elusive due to the quenching of the radia-
tive emission caused mostly by intertube interaction in CNT
bundles.

The key for the observation of band-gap PL was the pro-
duction of aqueous suspensions with a high content of iso-
lated S-SWNTs [61]. When raw SWNT material was mixed
by a high sheer mixer with an aqueous solution of 1 wt%
SDS and sonicated, the SWNTs that were released from the
bundles were covered by the surfactant molecules [172],
which prevented re-aggregation. Following centrifugation at
high acceleration (up to 200,000g), only the isolated nano-
tubes were left in the suspension. By proceeding this way
the otherwise broad features in the absorption spectra
became highly structured, each peak corresponding to the
absorption of individual semiconducting and metallic
SWNTs [61].

Upon illumination with visible light (pulsed laser excita-
tion at 532 nm) bright PL in the IR, consisting of several
emission peaks, that correlate one to one to the absorption
peaks, was also observed [61] and associated with the band-
gap emission of the S-SWNTs species present in the aqueous
suspension. This was one of the most important break-
throughs in the CNT and nanoscience fields, opening the
door for the use of PL for the systematic investigation of S-
SWNTs and, consequently, to the uncovering of unique
aspects of the science and technology of this very important
nanomaterial. Figure 25, taken from ref. 61, illustrates the
first observation of band-gap PL from S-SWNTs.

In this publication the authors also reported other impor-
tant aspects that have since been more systematically inves-
tigated. It is worth mentioning: (i) the addition of polymers,
in this case PPV, caused a red shift and broadening of the
optical transitions, demonstrating the sensitiveness of the
optical transitions and the band structure to the environ-
ment; (ii) protonization quenched the PL and this effect
showed a dependence on tube diameter, illustrating selec-
tiveness with respect to the nanotube structure of modifica-
tions in the optical transitions caused by modifications
in the environment. It was also estimated that the radiative
recombination lifetime was �2 ps, and that the quantum
yield of the PL processes was in the 10�3 range.

Shortly after this paper, photoluminescence excitation
spectroscopy (PLE) was used to identify the structure of

Figure 24. Top three panels: calculated 2-phonon DOS for three
selected tubes [(10,10), (15,0), and (14,7)]. Bottom panel: experimental
IR spectrum of a purified SWNT sample annealed at 1400�C. The
asterisk indicates a triplet, which is a spectral artifact. Reprinted with
permission from Ref. [21], U. J. Kim et al., Phys. Rev. Lett. 95, 157402
(2005). � 2005, American Physical Society.
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the S-SWNT responsible for each observed PL peak [97],
thus assigning to each peak the (n,m) index of the S-SWNT
specie responsible for that particular transition.

PLE is based on the fact that when the excitation light is
in resonance with an allowed optical transition, the genera-
tion rate of electron-hole (e-h) pairs is greatly enhanced.
Therefore, this resonant absorption also increases the
intensity of the PL peak that is generated upon relaxation
and radiative recombination of the correlated (excitons) or
uncorrelated (band-band) e-h pairs. By monitoring the
intensity of a given emission peak as a function of the exci-
tation wavelength, one can obtain the energy of the higher
energy optical transitions. As in resonance Raman scatter-
ing (see section 3 of this chapter), PLE is particularly
efficient in S-SWNTs due to the 1D vHS that give rise to
sharp spikes in the DOS of S-SWNTs. This is illustrated in
Figure 26, taken from ref. [97]. As an output of a PLE
experiment, the energy of the allowed optical transitions
between the vHS in the valence and conduction bands, E11,
E22, and so forth are obtained.

Bachilo and coworkers [97] measured the PLE spectra
over a wide excitation and emission range and plotted the
data as a 2D color map showing distinct resonance peaks,
each to be associated with a given S-SWNT. In Figure 27,
taken from ref. [96], the so-called spectrofluorimetric data,
or PLE map, is presented. In this map the horizontal and
vertical coordinates of each bright spot correspond to the
emission energy (E11) and resonance excitation energy
(E22). The marked region in the map is related to reso-
nance excitation from v2 fi c2, i.e., the E22 transition. The
ratio E22/E11 was then plotted as a function of the excita-
tion wavelength, k11, which allowed for a comparison with
results from theoretical calculations.

There is a strong deviation of the experimental depen-
dence of the E22/E11 ratio with the emission wavelength
when compared to a standard tight-binding model. The
simplest tight-binding model (which takes into account only
the p orbitals, disregards curvature effects, and uses the
so-called linear k approximation) predicts an E22/E11 ratio
of exactly 2. Therefore, the data points out the importance
of taking into account an ETB calculation, which considers
the effects of tube wall curvature, orbital re-hybridization,
and overlap [171]. When this was done, the pattern that
represents the dependence of E22/E11 on k11 was readily
recognized in the experimental data, serving then as a guide
to structural assignment of each transition to a given nano-
tube. In order to do so, complementary resonance Raman
scattering data was used to link tube diameter (which can
be obtained from the RBM frequency) to excitation energy
for a subset of the tubes. The precise assignment of each
PL peak to a particular S-SWNT could then be successfully
performed.

Later, another group [173] extended the study to larger
diameter tubes, confirming the accurateness of the previous
assignments. An empirical relation between the S-SWNTs

Figure 25. Emission and absorption spectra of isolated SWNTs in an
aqueous suspension by the use of SDS as a surfactant/dispersion agent.
The one-to-one correspondence between the peaks in absorption and
emission spectra is striking. This was the first reported observation of
band-gap emission from S-SWNTs. Reprinted with permission from
Ref. [61], M. J. O’Connell et al,. Science 297, 593 (2002). � 2002,
AAAS.

Figure 26. Pictorial illustration of PLE. The excitation light (green

arrow) is resonantly absorbed by promoting an optical transition from
the second vHS in the valence band (v2) and the second vHS in the
conduction band (c2). A high generation rate of e-h pairs is achieved
this way. The optically created e-h pairs then relax through the valence
and conduction band by the emission of phonons and recombine emit-
ting photons whose energy corresponds to the energy difference
between the first vHS in the conduction (c1) and valence (v1) bands.
Reprinted with permission from Ref. [97], S. M. Bachilo et al., Science

298, 2361 (2002). � 2002, AAAS.
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structure and optical transition energies was then devel-
oped [174]. This empirical Kataura plot serves as a more
accurate guide for nanotube indexing in PL and PLE spec-
troscopy studies than the Kataura plot that had been widely
used before.

The observation of PL from isolated S-SWNTs has now
been observed and studied by several groups using different
surfactants and dispersion agents [73, 175–178], and it is
clear that the main issue behind the observation of band-
gap PL is to prevent the S-SWNTs from interaction with
other tubes and from strong coupling with the environment
through bundling.

Shortly after the work of O’Connell and Bachilo, band-
gap PL was also observed for nanotubes grown by catalytic
vapor discharge (CVD) suspended on SiO2 pillars [179].
Sizeable PL was also measured for isolated nanotubes
deposited on top of glass [180] and crystalline quartz from
isolated S-SWNT suspensions [181], and also from DNA
wrapped S-SWNTs deposited over a sapphire substrate
[73]. Later in this section, we will discuss the PL from
S-SWNTs in non-aqueous suspensions.

One of the major impacts of the observation of PL from
isolated S-SWNT suspensions and the development of an
indexing framework was the possibility to use PLE maps to
quickly characterize the SWNT samples from a population
of different S-SWNT species. This was important not only
for supporting the development of the SWNT synthesis
processes [182–185], but also for monitoring post-synthesis
procedures targeted to separate SWNTs by type
[73, 186–188], a major issue in CNT research.

As discussed in ref. [182], although the use of PLE map-
ping for the quantitative analysis of a given nanotube sus-
pension remains a challenge, it is an adequate technique
for the qualitative assessment of a S-SWNT relative

population. The quantitative analysis requires the proper
correction for the dependence of absorption cross-sections
(see Section 7 of this chapter), and emission efficiencies
within the S-SWNT structure. Also, recently has been found
that changes in the processing of the raw samples in order
to produce isolated SWNT suspensions can have significant
effects on the PLE mapping results, affecting the relative
intensities of some nanotube species [189]. For instance, it
has been demonstrated that the relative intensities of (6,5)
and (7,5) nanotubes are very much affected by temperature
changes during sonication [189]. Therefore, when using
PLE mapping to characterize a particular synthesis pro-
cesses in order to evaluate the effects of changes in the
growth parameters, or when comparing different synthesis
methods, it is necessary to have fine control over the pro-
cessing procedures adopted, a step not always made clear
in the literature.

PLE mapping was successfully applied to investigate the
synthesis of CNTs by the CoMoCat process, showing a pref-
erence towards the production of (6,5) and (7,5) S-SWNTs
within the semiconducting tubes synthesized in the process.
The analysis and comparison of the species produced in the
growth by CVD and laser pulsed vaporization (PLV) meth-
ods [185] has been carried out by the use of spectrofluorim-
etry. PLE maps have also been employed to characterize
the alcohol catalyzed chemical vapor deposition (ACCVD)
synthesis method, demonstrating, for example, a very inter-
esting dependence between the tube diameter and chiral
angle of the produced tubes. For instance, it was shown
that, as the diameter distribution is moved towards thinner
tubes, there is a clear trend for the production of tubes hav-
ing higher chiral angles, near armchair tubes, depending on
the synthesis parameters used.

PL is also a good experimental method for the evaluation
of CNT separation strategies, especially when associated
with Raman scattering measurements, since, as discussed
above, variations in the relative population of different
SWNTs can be obtained. Concomitant length and diameter
separation have been demonstrated [187], and PL and PLE
maps used in conjunction with Raman and absorption to
demonstrate the separation. In this work, sonication was
used to selectively cut the SWNTs a diameter-selectiveness
on the sonication-induced cutting was found. The separa-
tion of DNA wrapped SWNTs has also been studied using
PL and PLE [73, 186].

5.3. Single Walled Carbon Nanotubes
Deposited or Grown on Substrates

As said previously, PL was also observed from isolated
S-SWNTs in environments other than aqueous suspensions.
Of particular interest are the PL and PLE experiments
where the CNTs are grown or deposited on top of sub-
strates, since this allows for the observation of PL and mea-
surement of the PLE spectra at the single nanotube level
using micro-photoluminescence (l-PL) setups. The optical
emission spectra can be studied in more detail since they
are to a great extent free from inhomogeneous broadening.

The first observation of PL from S-SWNTs other than in
aqueous suspensions was made using samples with
S-SWNTs grown by pure methane CVD suspended on SiO2

Figure 27. PLE map of a SDS suspension of isolated SWNTs. Each
bright spot corresponds to a resonance excitation of a particular S-
SWNT. The horizontal and vertical coordinates of the spots are associ-
ated to the emission and excitation energies, respectively. To anchor
the posterior connection of each emission to the (n,m) index of the S-
SWNT responsible for the observed optical transition, complementary
resonance Raman scattering data for a subset of tubes was used.
Reprinted with permission from Ref. [97], S. M. Bachilo et al., Science

298, 2361 (2002). � 2002, AAAS.
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pillars [179]. By probing a large ensemble of tubes, emis-
sion spectra similar to the spectra observed in aqueous sus-
pensions were obtained. An interesting fact was that PL
could not be observed from the S-SWNTs lying directly on
top of the substrate, confirming that nanotube-substrate
interaction has a major role in the quenching of the PL.
Also the measured �13-meV linewidths were about half of
the ones measured for S-SWNTs in suspension, indicating
that the suspended S-SWNTs were in a more uniform envi-
ronment and relatively free from interaction with the sur-
roundings. In Figure 28, taken from ref. [179], we show the
suspended SWNTs and the PL spectra measured with a
laser spot probing a large number (�104) of tubes. The PL
spectra resemble the ones measured in aqueous suspen-
sions and showed similar resonance behavior.

Following this observation, a second group measured
concomitant PL and Raman scattering from isolated, single
S-SWNTs spin coated from an aqueous suspension on top
of a glass coverslip [180]. Each observed nanotube showed
a single peak with Lorentzian line-shape. No blinking or
spectral wondering was observed, as is usually the case for
single molecules or semiconductor quantum dots. An
important finding in this experiment was that the PL of dif-
ferent individual nanotubes having the same (n,m) assign-
ment had different energy, line width, and intensity. As an
example of that fact, the peak energy of a (7,5) nanotube
presented variations centered on the energy associated with
the PL of this S-SWNT specie. This observation was attrib-
uted to localized perturbations or defects. Much like the
PL from bulk semiconductors [1], one can expect that weak
potential fluctuations, changes in the local environment,
crystalline defects, or impurities would give rise to novel

radiative recombination channels whose emission—in the
case of weak perturbations—would be centered around
the energy of the band gap PL. It has to be noted that the
measured linewidths of about 23 meV were broader than
the ones reported for suspended S-SWNTs [179]. This
could be associated with nanotube-substrate interaction or
with effects related to residual surfactant molecules left on
the nanotube wall.

A more detailed investigation of individual suspended
S-SWNTs [190] revealed novel characteristics of the
band-gap PL. The PL peak of a suspended, single S-SWNT
was shown to have an asymmetric lineshape with a line
width of 10–15 meV (thus confirming previous results), a
strong polarization along the tube axis, and a 10-fold
enhancement when the PL was observed under resonance
conditions. In contrast with ref. [180], the PL from sus-
pended tubes was shown to be quite uniform, with little var-
iation on the PL for the same tube species measured in
different positions over the sample. The asymmetric line-
shape was then attributed to the form of the 1D JDOS.

Later comparison between the PL of suspended and
micelle-encapsulated tubes showed that the indexing frame-
work put forth by Bachilo and coworkers was also applica-
ble to the suspended tubes with little variation. It was
observed that the PL spectra from suspended tubes were
typically blue shifted by 28 meV with respect to the isolated
S-SWNTs in SDS aqueous suspension, and that the blue
shift for the E22 was �16 meV, indicating that the higher
energy states are less affected by interactions with the envi-
ronment. This energy difference is comparable with the var-
iations on the PL energies of isolated S-SWNTs in
suspensions using different surfactants [175] and can be
attributed to environmental changes.

The use of samples other than aqueous suspensions
allowed for the study of low temperature PL, an experiment
that can provide many insights into the origin of the near
band-gap PL [162]. Low temperature PL was studied in
S-SWNTs suspended in SiO2 pillars [191] and in samples
where the SWNTs were deposited over a crystalline quartz
substrate [181].

For the deposited SWNTs samples, very narrow, symmet-
ric PL peaks, with line widths as low as 0.25 meV were
observed, as well as peaks with broader, asymmetric line-
shape peaks with a sharp intensity decrease in the high
energy side. At low temperatures, spectral wandering and
blinking were observed for the narrow peaks and, interest-
ingly, the switching of the PL intensity was accompanied by
the jumps in the peak energy. Small changes in the environ-
ment that would cause changes in the PL by modifying
potential fluctuations responsible for variations in the PL
energy position can be associated with this observation. The
data collected from several S-SWNTs showed that the nar-
row peaks fit within the wider PL band observed at higher
temperatures for a given nanotube species. Therefore, the
wider, single PL peaks observed at higher temperature have
been shown to be decomposed into several peaks.

Regarding temperature dependence, a remarkable differ-
ence was observed between the broader asymmetric peaks
and the narrower, symmetric peaks. The narrow peaks
showed almost no temperature dependence on their energy
and lineshape, while the broader peaks presented sizeable

Figure 28. PL spectrum of S-SWNTs suspended on SiO2 pillars (see
inset). In (a) and (b) are shown the spectra of a control sample with no
SWNT and of the suspended SWNT sample with the laser spot set to
reach a region only with SWNTs lying directly over the substrate,
respectively. Spectrum is from the suspended S-SWNTs. Reprinted
with permission from Ref. [179], J. Lefebvre et al., Phys. Rev. Lett. 90,
217401 (2003). � 2003, American Physical Society.
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changes in peak energy and lineshape between 4 K and
60 K. This behavior, together with the observation of nar-
row peaks at different energies for each nanotube species,
was explained by the associating origin of the PL with 1D
excitons trapped at local potential fluctuations. The broader
peaks were then explained by doping effects.

The low temperature experiments performed with the
S-SWNTs suspended in SiO2 pillars [191] elucidated much
of the questions about the origin of the multiple peaks and
spectral wandering. In this work, the PL and PLE measure-
ments were conducted with the samples in a Helium envi-
ronment. With samples at low temperatures under vacuum,
no PL could be observed, a clear demonstration of the high
sensitivity of PL to environmental changes.

Both ensembles with a large number of tubes and single
nanotubes were investigated. In the ensemble measure-
ments, the PL peaks showed small blue shifts whose magni-
tude was observed to be species dependent. For the (7,6)
tube the shift was �9 meV while for the (11,3) tube this
shift was <1 meV. The maximum temperature coefficient
was measured to be jPL ¼ �3 3 10�5 K�1. Recent theoreti-
cal calculations addressed the question of the dependence
of S-SWNTs on temperature [192]. The calculated tempera-
ture coefficients were small when compared to other semi-
conductor materials and the maximum temperature
coefficient was jPL ¼ �5.5 3 10�5 K�1. For example, the
band-gap temperature variation calculated for the (7,6)
nanotube was in good agreement with the experimental
data, while in experimental calculations the measured varia-
tion of the PL peak energy for the (7,5) nanotube was
approximately one-third lower than that expected by theo-
retical calculations. For the (12,2) tube, the measured varia-
tion was about half of the calculated variation.

One interesting result was that a relatively small increase
of the PL intensity with temperature was observed. Time
resolved experiments performed by other groups pointed
out that non-radiative channels play a major role on the
electronic system relaxation and are responsible for the low
quantum yield (�10�3) of the PL from S-SWNTs
[193–195]. These two results suggest that even at low tem-
perature, the non-radiative channels play a major role in
the electronic system relaxation process. Low temperature
time-resolved PL is needed in order to further investigate
this question.

The results from low temperature PL of single S-SWNTs
[191] clearly demonstrated the splitting of the single asym-
metric PL peak at higher temperatures into several compo-
nents at lower temperatures. Therefore the source for the
observed broadening is more likely to be associated with
extrinsic PL arising from excitons bound to defects, impu-
rities, or potential fluctuations caused by local bending of
the tubes or local environmental changes.

This is illustrated in Figures 29 and 30, taken from
ref. [191]. In Figure 29 the splitting of a single peak associ-
ated with the (12,2) S-SWNT at 300 K is shown to split into
at least 3 well resolved components at 5 K. Figure 30 shows
the splitting of a single peak attributed to the (9,8) tube at
18 K into 4 peaks that proved to be associated with the
(9,8) tube by performing PLE mapping. These almost
equally spaced peaks have been tentatively attributed to
phonon replicas related to low energy squashing modes. It

is worth noting that there is a remarkable change in the rel-
ative intensity of these peaks between 7 K and 5 K. In par-
ticular, at 5 K the relative intensities do not follow the
expected behavior for phonon replica peaks for which a
decrease in intensity is expected as we move way from the
zero phonon line.

We end by saying that although some general trends have
been observed in experiments, many aspects such as the origin
of the different low temperature peaks associated to a single
S-SWNTspecie, the role of non-radiative states, the tempera-
ture dependence of the peaks’ energies and structure-
dependent different behavior have to be addressed both
from the experimental and theoretical points of view.

5.4. Excitons and Exciton-Phonon interaction
in Single Walled Carbon Nanotubes

The importance of e-h interaction for the understanding of
the optical spectra in SWNTs were demonstrated more then
a decade ago [196]. In a quasi-1D system, the reduced
dimensionality causes a strong e-h interaction, giving rise to
strongly bound e-h pairs, or excitons, that are expected to
dominate the optical properties of S-SWNTs. In the first
experimental observation of band-gap PL from S-SWNTs
[61], the observed PL was associated to singlet excitons but
the results were largely discussed in terms of band-band
transitions. The posterior structural assignment of PL peaks
[97] was based on a band structure model that included cur-
vature and orbital overlapping but not e-e or e-h interac-
tions. The so called ratio problem—the deviation of the
E22/E11 ratio from the value of 2 predicted for large diame-
ter tubes—was then generally attributed to many-body and
excitonic effects.

Figure 29. The splitting of the (12,2) PL peak into at least 3 well
resolved components can be observed as the temperature is lowered.
Therefore, the source for asymmetry and broadening at low tempera-
ture is likely to be due to the contribution of multiple components to
the emission. These components could have their origin associated
with excitons bound to defects, impurities, local bending, or local envi-
ronmental fluctuations. Reprinted with permission from Ref. [191], J.
Lefebvre et al., Phys. Rev. B 70, 045419 (2004). � 2004, American
Physical Society.

Page Number: 27

Spectroscopic Characterization of Carbon Nanotubes 27



Path: K:/ASP-CARBON-07-0101/Application/ASP-CARBON-07-0101-034.3d
Date: 24th April 2007 Time: 19:03 User ID: elangok BlackLining Enabled

Much of the experimental results presented in this sec-
tion were discussed by the authors within a model disre-
garding excitonic effects and this was done in great extent
due to the lack of detailed models for excitons in S-SWNTs.
It should be pointed out that some experimental aspects
have been attributed to excitons or discussed within the
framework of an excitonic model [197].

The success of the band-band model can be explained by
the fact that the many-body, e-e interaction corrections
increase the band gap obtained within a single electron pic-
ture, while excitonic corrections that take into account the
interaction between the photogenerated electrons and
holes, shrink to the calculated optical gap [198]. Therefore,
both corrections go in opposite directions, making it diffi-
cult to discern between a band-band and exciton model by
looking only at the optical transition energies. To this we
have to add the fact that the sharp peaks of the 1D-like
JDOS also makes it difficult to sort amongst these two pic-
tures from lineshape analysis.

A direct evidence for the excitonic character was not
available until very recently [199]. By using two-photon
spectroscopy, the excitonic character of the radiative transi-
tions in S-SWNTs was demonstrated. For this a PLE experi-
ment was performed by using two-photon absorption to
drive the system to an excited state. A two-photon absorp-
tion is expected to show different results for band-band and
excitonic transitions due to selection rules that makes the

transition to the 1s exciton state forbidden. In Figure 31,
taken from ref. [199], the PLE map obtained using two-
photon excitation is presented. The arrows mark the posi-
tion of the observed PL. If the optical transitions had a
band-band, free e-h pair character, the resonance peak
would coincide with that of the PL peak. Instead, a large
shift of 280 meV, 300 meV, and 310 meV were observed for
the (7,5), (8,3), and (6,5) S-SWNTs, respectively. This shift
corresponds to the energy difference between 1s and 2p
exciton states for these tubes. From these measured values
a binding energy of �420 meV was estimated for the exci-
tons in these CNTs. This established the excitonic nature of
the optical transitions in S-SWNTs.

Recently, within the exciton picture, it was demonstrated
that exciton-phonon interactions have a major role in the
description of the optical properties of S-SWNTs
[197,200,201]. The observation of a series of novel reso-
nance peaks associated with the same nanotube specie, in
this case the (6,5) tube, was explained by absorption and
emission of light through the creation and annihilation of
excitons and phonons [197]. Shortly after this work the for-
mation of exciton-phonon bound states [201] were observed
through PLE experiments performed on an isolated
S-SWNT/SDS suspension. In Figure 32, taken from ref.
[201], the experimental evidence for the formation of such
states is illustrated. A side band, about 200 meV above the
fundamental PL peak associated with the 1s exciton state
was observed for several S-SWNTs. This band was in good
agreement with a theoretical model [200] that predicted
that a bound exciton-phonon state would be formed within

Figure 30. Splitting of the low temperature PL peak associated with
the (9,8) S-SWNT between 18 K and 5 K. Note that there is a sizeable
change in the relative intensities when we go from 7 K to 5 K.
Reprinted/adapted with permission from Ref. [191], J. Lefebvre et al.,
Phys. Rev. B 70, 045419 (2004). � 2004, American Physical Society.

Figure 31. A PLE experiment using two-photon absorption as an exci-
tation source. The arrows mark the position of the PL. For a band-
band transition the two-photon excitation spectra was expected to show
a resonance peak at the position of the observed PL. The shift between
the PL and the peaks in the PLE spectra is direct evidence of the exci-
tonic character of the optical transition. Reprinted with permission
from Ref. [199], F. Wang et al., Science 308, 838 (2005). � 2005,
AAAS.
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the exciton picture for the optical transitions. This observa-
tion is also evidence for the excitonic character of the opti-
cal transitions since this novel state is present only
considering the formation of excitons.

6. SPECTROSCOPIC
CHARACTERIZATION OF AN (n,m)
population

Since the optical intensities depend on the number of scat-
terers in the sample, intensity analysis provides the popula-
tion of specific (n,m) SWNTs in the sample [4, 71].
However, the efficiency for optical processes also depends
on (n,m), and the population information cannot be
extracted directly from the measured intensities, but should
first be corrected to account for the (n,m) dependence of
the optical efficiencies through the matrix elements [4, 71].

The method to quantify the (n,m) population by using
the optical techniques is based on the assumption that the
intensities for the light absorption, fully resonant Raman,
or PL signals depend on the number of scatterers, i.e. on
the population of this specific tube in the sample. There-
fore, by measuring the optical absorption, fully resonant
Raman, or PL intensity for each specific nanotube in the
sample, comparative population analysis can be made. By
correcting for the (n,m) dependent optical efficiency,
Raman cross-section, or relaxation mechanisms, the abso-
lute amount of each (n,m) in the sample is obtained.

However, it is clear that the intensity profiles depend
strongly on the environment. For example, consider the res-
onance Raman intensity profiles in Figure 33 (a, b, and c).
The analysis of the resonance profiles, i.e. the RBM Raman
intensities (IRBM) as a function of Elaser, gives the maximum
resonance Raman RBM integrated intensity Iexp

RBM for
each (n,m) SWNT under full resonance conditions. Within
the energy and diameter range measured here, 24 metallic
and 42 semiconducting SWNTs are expected to be in reso-
nance, with the semiconducting to metallic population ratio
of S:M ¼ 1.75 [if the (n,m) population is homogeneous],
that is close to 2, the value that would be obtained if all the
possible (n,m) SWNTs were present homogeneously.
Raman signals from only 17 metallic and 27 semiconducting
SWNTs were observable. By summing up the maximum
RBM intensities from all the metallic and semiconducting
SWNTs in the solution and in the as-grown purified sam-
ples, the semiconducting to metal signal ratios of S:M (solu-
tion) ¼ 2.4 and S:M (as grown) ¼ 1.2 are obtained. The

Figure 32. Sidebands located �200 meV above the fundamental transi-
tion and attributed to the 1s exciton associated with the first vHS of
the valence and conduction bands. These sidebands could be explained
on the basis of exciton-phonon bound states. Reprinted with permis-
sion from Ref. [201], F. Plentz et al., Phys. Rev. Lett. 95, 247401 (2005).
� 2005, American Physical Society.

Figure 33. RBM spectra vs. Elaser for CoMoCAT SWNT samples. A, B, and C represent the as-grown purified sample, the SWNTþSDS solution
sample, and the SWNTþSDS precipitate sample, respectively. The Raman intensity is given by different colors, as shown in the intensity bars on
the right (arbitrary units). The horizontal traces on the right side of the 2D maps give the excitation laser energies that have been used to produce
these maps. The union of spectral profiles is made within the MatLab interpolation process. Reprinted with permission from Ref. [71], A. Jorio
et al., Phys. Rev. B, 72, 075207 (2005). � 2005, American Physical Society.
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differences are due to the predominance of Raman signal
from small diameter S-SWNTs in the solution.

The IRBM
CALC was calculated here by using the proce-

dure discussed in ref. [202], and made use of the recently
developed models that describe the nanotube physics, tak-
ing into account the curvature effects [203]. We expect the
ratio P ¼ IRBM

EXP/IRBM
CALC to reflect the population of

each specific (n,m) SWNT within the samples.
All RBM intensity ratios (P) are plotted in Figure 34 as

a function of diameter and chiral angles. The P values for
metallic tubes are multiplied by 10 to be clearly observed in
the lower panels of Figure 34. By summing up all of the P
for semiconducting and metallic tubes, a S:M ratio of 11:1
is obtained. The left panel in Figure 34AQ9 shows a sharp diam-
eter selectivity for the CoMoCAT process (sharper than
that for SWNT tubes grown by the HiPco process) [71, 97],
being applicable to both semiconducting (solid circles) and
metallic (open circles) SWNTs. The right panel in Figure 34
shows the selectivity for large chiral angle SWNTs in this
synthesis process (consistent with results for small diameter
HiPco SWNTs). Particularly interesting is the largest P
value observed for the (7,4) metallic SWNTs in solution
[see bright spot at E11

M ¼ 2.61 eV and xRBM ¼ 308 cm�1

in Figure 33(b)]. Thus, the most abundant metallic tube,
the (7,4) nanotube, has almost the same xRBM value, i.e,
the same diameter as the most abundant semiconducting
SWNT, the (6,5) tube. Of course the very precise value
depends on the physical assumptions, since we must know
all of the physics behind the scattering event.

7. OTHER OPTICAL TECHNIQUES:
RAYLEIGH SCATTERING AND NEAR
FIELD SPECTROSCOPY

Rayleigh scattering and near field spectroscopy on isolated
SWNTs have already been demonstrated. Although in a
very early state in CNT research, these two techniques are

believed to be very important for the development of the
field. Rayleigh scattering was used to measure the Eii tran-
sitions similar to Raman, PL, and optical absorption. How-
ever, Rayleigh scattering can also be used to measure the
higher E11

M transition in metallic tubes [204]. These transi-
tions have not been measured before due to the small
electron-phonon coupling.

Near field spectroscopy has been demonstrated with a
spatial resolution down to 13 nm [205]. Both Raman and
PL have measured in the near field regime, showing highly
localized light scattering by phonons [206] or PL emission
[207]. Further studies are expected to have strong influence
on the importance of defects in the optical and transport
properties of CNTs. It is important to remember that
defects, in such a small material, can be part of any techno-
logical device such as junctions, contacts, and
functionalizants.

8. SUMMARY AND PERSPECTIVES
In summary, we have discussed in this chapter how optical
spectroscopies have played a crucial role in the develop-
ment of CNT science. We have discussed new phenomena
unveiled by these techniques and how these results have
feedback in the models, allowing each time for a better and
more reliable description of the CNT photophysics. The
optical techniques and Raman spectroscopy in particular
can be used to sensitively probe the various modifications
that can be introduced on the nanotube surface, such as
defects and charge transfer effects from chemical species
attached to the sidewall. These modifications are funda-
mental for thinking about nanotube applications and
Raman, Rayleigh, and PL spectroscopy techniques are the
most promising for advancing this field further because they
are non-invasive, contactless, and readily available probes
allowing for the characterization of nanotubes in all kinds
of environments.

The rapid development of near-field optical technology
combining with Raman spectroscopy will further advance
the understanding of CNTs with both high spatial and spec-
tral resolution. Certainly, the results provided by this new
technique will open up the opportunity for identifying, ana-
lyzing, and acquiring spatially resolved defects and chemical
maps of the nanotube surface. This topographical charac-
terization of the nanotube surface combined with the
understanding obtained so far for Raman scattering in
nanotubes will allow one to know much more about the
nanotube surface and its related chemistry.
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