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Abstract

In single-walled carbon nanotubes (SWNTSs), their electronic and vibrational structure
as well as their charge-carrier dynamics are crucial for potential ultrasmall optical device
applications. SWNT properties have now been obtained from optical absorption and
time-resolved photoemission and, at the single-nanotube level, by resonance Raman
scattering and photoluminescence studies. This article presents an overview of SWNT
photophysics, discussing important findings for the characterization of carbon nanotube
properties and directions for future research and potential applications. The unique
optical properties observed in SWNTs are due to the one-dimensional confinement of
electronic states, resulting in van Hove singularities in the nanotube density of states.
Optical measurements of phonons, charge-carrier dynamics, and the electronic
transition energy van Hove singularities are discussed.
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Introduction

Single-walled carbon nanotubes (SWNTs)
are tubules with diameters d, on the nano-
meter scale and lengths reaching the micro-
meter range; they are the best-known
prototype for one-dimensional materials.
Photons, having no mass and no charge,
are valuable probes for the study and
characterization of the structure of
SWNTs. This article presents an overview
of the photophysics of carbon nanotubes,
discussing how the one-dimensionality
gives rise to unique optical properties, mak-
ing SWNTs promising for ultrasmall optical
device applications. For example, electro-
chemically induced bandgap luminescence!
and photoconductivity? have been ob-
served, the optical effects being observable
at the single isolated nanotube level.

The unique optical properties of SWNTs
are due to the one-dimensional (1D)
confinement of electronic states, resulting
in so-called van Hove singularities in the
nanotube density of states (DOS).3~* These
singularities in the DOS, and correspond-
ingly in the joint density of states (JDOS),
are of great relevance for a variety of opti-
cal phenomena. Whenever the energy of
incident photons matches a van Hove sin-
gularity in the JDOS of the valence and
conduction bands (subject to selection
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rules for optical transitions), one expects
to find resonant enhancement of the corre-
sponding photophysical process. Owing
to the diverging character of van Hove
singularities in these 1D systems, such en-
hancement can be extremely confined in
energy, appearing almost as if transitions
in a molecular system are excited.

In combination with this unique 1D
electronic structure, strong electron—
phonon coupling in resonance Raman
scattering experiments allows one to ob-
tain detailed information about vibra-
tional properties of nanotubes, even at the
isolated SWNT level.> A variety of optical
techniques, such as absorption measure-
ments, resonance Raman and infrared
spectroscopy, fast optics, and photolumi-
nescence have provided powerful means
for studying carbon nanotube properties.
This article presents an overview of car-
bon nanotube photophysics, discussing
important findings for the characteriza-
tion of carbon nanotube properties and di-
rections for future research and potential
technological applications.

Electronic Structure
An easy-to-understand picture of the
electronic structure of a carbon nanotube
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can be obtained from its parent material
graphite, considering that the electronic
states in carbon nanotubes are confined to
1D quantum levels.

Bulk graphite has electronic o bands that
are responsible for the strong in-plane co-
valent bonds within the two-dimensional
(2D) graphene sheets, while the m bands
are responsible for weak van der Waals in-
teractions between such sheets in graphite.
In contrast to the o bands, the  bands are
close to the Fermi level, so that electrons
can be excited from the valence () to the
conduction (7*) band optically. Figure 1a
shows the electronic dispersion for the
and 7* bands of 2D graphite in the first
Brillouin zone, obtained with the tight-
binding (TB) method.? The optical transi-
tions occur close to the edges of the
hexagonal Brillouin zone, at so-called K
points, where the valence and conduction
bands touch each other.

When the slice of a graphene sheet is
rolled up to form a carbon nanotube, the
wave vectors along the circumferential di-
rection become quantized due to periodic
boundary conditions (k, = ¢K;, where
K, = 2/d,, d, is the tube diameter, and ¢ is
an integer), while the wave vectors kalong
the tube axis direction and K, remain
continuous (k; = oK, a is real number,
lal < 1/2). K; and K, are the basis vectors
for the nanotube Brillouin zone. The re-
sulting lines of allowed wave vectors in
the carbon nanotube reciprocal space can
be represented in the 2D graphene-sheet
Brillouin zone by cutting lines of allowed
wave vectors, as shown in Figure 1a by
solid lines with dots.® The electronic band
structure of the nanotube can be easily ob-
tained, as shown in Figure 1b, by super-
imposing the 1D cutting lines on the 2D
electronic constant-energy surfaces. The
SWNT electronic structures in Figures la
and 1b are given for a (4,2) SWNT, chosen
here for illustrative purposes. The (4,2)
designation represents the (1,m) indices
used to define the nanotube structure: dia-
meter d, and chiral angle 6. For such a
small-diameter SWNT, however, the large
curvature of the graphene sheet induces
changes in the C-C bond distances and
causes a mixing of the o and m bonds.
Thus, more accurate methods than a first-
approximation tight-binding model must
be used to describe the electronic structure
for such small-diameter SWNTs.

Although the 1D electronic band struc-
ture of this small-diameter tube, shown in
Figure 1b, appears complex, it becomes
clear when considering the density of elec-
tronic states, as shown in Figure 1c, that
the optical absorption or emission rate in
nanotubes is related primarily to the elec-
tronic states at the van Hove singularities,
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Figure 1. (a) The calculated constant-energy contours for the conduction and valence bands
of a graphene layer in the first Brillouin zone using the 1r-band nearest-neighbor tight-binding
model.? Solid curves with dots show the cutting lines for the (4,2) nanotube.® (b) Electronic
energy band diagram for the (4,2) nanotube obtained by zone-folding from (a). T gives the
length of the nanotube unit cell along the tube axis. (c) Density of electronic states for the

band diagram shown in (b).

thereby greatly simplifying the analysis of
the optical experiments.

The distance between two neighboring
cutting lines in Figure 1a is related to the
nanotube diameter (K; = 2/d,), and their
direction relative to the hexagonal 2D Bril-
louin zone depends on the rolling-up direc-
tion relative to the 2D graphite sheet (i.e.,
the nanotube chiral angle ). It is therefore
easy to imagine that each (1,m,1) SWNT
exhibits a different set of van Hove
singularities in its valence and conduction
bands and a different set of electronic tran-
sition energies between its valence- and
conduction-band van Hove singularities.
For this reason, optics experiments can be
used for the structural determination of a
given (11,m) carbon nanotube. By calling E;;
the electronic transition energies between
electronic valence and conduction bands
with the same symmetry (see the next sec-
tion for symmetry considerations), with
the subscript i = 1, 2, 3..., labeling the E;
values for a given SWNT as their energy
magnitudes increase,® we see that a set of
measured E; values will be specific to each
individual (n,/m) nanotube.

SWNTs can be classified in three
different families according to whether
mod(2n + m,3) = 0, 1, or 2, where the in-
tegers 0, 1, and 2 denote the remainders
when (2n + m) is divided by 3. [It should
be mentioned that an alternative
mod(n — m,3) = 0, 1, 2 definition has been
used in the literature.’] Here modl and
mod2 SWNTs are semiconducting, while
mod0 SWNTs (1 < m) are metallic at room
temperature, exhibiting a small (micro-
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electronvolts) chirality-dependent energy
gap (quasi-metallic) at lower tempera-
tures, while n = m denotes so-called arm-
chair nanotubes that are truly metallic.
Frequently, the superscripts S or M are
used to denote the electronic transition en-
ergies: EM for metallic SWNTs and E;® for
semiconducting SWNTs.

Selection Rules for
Optical Phenomena

In spite of the large number of van Hove
singularities in the valence and conduc-
tion bands (see Figure 1c), very few optical
transitions are allowed because of symme-
try restrictions. Electrons and phonons in
carbon nanotubes are characterized by
their 1D wave vectors (k for electrons and
q for phonons) and by their symmetries,
which relate to nothing else than the
number of nodes for their wave functions
around the circumferential direction. The
electrons and phonons have no nodes that
are totally symmetrical (called A symme-
try) and nondegenerate, while the various
higher-lying energy states are usually
double-degenerate, with symmetries E,,
so that for levels labeled by n. = 1, 2, 3, ...,
the eigenvectors have 2, 4, 6, ... nodes.®

The selection rules governing the optical
transitions are commonly derived from
group theory and depend on the polariza-
tion of light. For light polarized parallel to
the nanotube axis, only transitions between
the same p valence and conduction sub-
bands are dipole-allowed (i.e., having the
same symmetry E, and the same cutting
line in reciprocal space, as in Figure 1).
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This kind of transition (E; van Hove sin-
gularities) accounts for most of the optical
spectra because the strong anisotropy of
the optical absorption and emission of
SWNTs is analogous to that found in a
common dipole antenna.

However, interesting information can
be obtained using cross-polarized light or
even circularly polarized light absorption
and emission. For light cross-polarized to
the nanotube axis, only transitions be-
tween the E, symmetry valence and the
E,.1 symmetry conduction subbands
(neighboring cutting lines in the reciprocal
space of Figure 1) are dipole-allowed.
Optical measurement of cross-polarized
spectra could thus be used to measure the
asymmetry between valence and conduc-
tion bands with respect to the Fermi level.
In the case that there is such a band asym-
metry, the E, <> E,,, transition energy
would be different from the E,_; <> E,
energy, and the resulting energy difference
would give the band asymmetry relative
to the Fermi level” Circularly polarized
light propagating along the SWNT axis di-
rection could be used to probe the chiral-
ity “handedness” (left or right) of the
carbon nanotubes, since either E, <> E,, 4
or E, <> E,; optical transitions occur,
depending on polarization and SWNT
chirality.?

Experiments with cross-polarized light
and circularly polarized light propagating
along the nanotube axis directions are tech-
nically challenging. Optical transitions in-
duced by light polarized perpendicular to
the tube axis are much weaker than along
the nanotube axis, due to the antenna effect,
and although Raman experiments provide
evidence for the observation of transitions
involving cross-polarized light,” such tran-
sitions have not yet been observed in ab-
sorption experiments.

Optical Measurements of E;

Early Stokes versus anti-Stokes reso-
nance Raman measurements on SWNT
bundles* allowed estimation of the E,°,
EM, E3®, and E,,° subband energies asso-
ciated with E; transition energies for the
set of SWNTs present in SWNT bundle
samples. The resonance Raman spectra for
metallic SWNTs differ from those for
semiconducting SWNTs, and the observa-
tion of metal-like versus semiconductor-
like Raman spectra allowed the definition
of the metallic E;,™ subband energy loca-
tion. Because of its simplicity, the TB
model, based on zone folding of the  and
7* bands in 2D graphite,® has been used to
interpret experimental results on the elec-
tronic structure of SWNTs with d; > 1 nm.
The interpretation of these optical measure-
ments led to the parameterization of the
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overlap integral TB parameter y, = 2.9 eV
within a 0.1 eV precision, which best de-
scribed the E; measured subband energies.
State-of-the-art optical measurements
are now providing access to the electronic
transition energies E; at the single-
nanotube level. Resonance Raman experi-
ments with a tunable system can give E;
with high accuracy (+3 meV). A much
simpler experiment, however, that just in-
volves measuring Stokes versus anti-
Stokes Raman signals with a single laser
line at the isolated SWNT level, allows the
determination of E; within =10 meV pre-
cision for SWNTs sitting on a Si/SiO, sub-
strate.”!! The precision for this assignment
using Stokes versus anti-Stokes Raman
measurements depends on the determina-
tion of the shape of the resonance window
(Raman intensity as a function of excitation
laser energy E,,.)- The resonance window
could change for samples with different
environments and sample preparation
methods, and systematic work should be
carried out to increase this precision. The
Raman frequencies also provide informa-
tion about nanotube diameter and chiral
angle (see next section), so that the Raman
frequency (for d, information) and inten-
sity analysis (for the determination of E;)
can be used to assign (17,m) indices.>!
Optical absorption and emission meas-
urements on carbon nanotube samples
show peaks corresponding to E; values for
single (n,m)-type SWNTs, with widths
of ~25 meV corresponding to the room-
temperature thermal energy.” > The ob-
servation of photoluminescence from
isolated SWNTs made possible the obser-
vation of the E;;® energy gap for semicon-
ducting SWNTs, and interesting 3D plots
can be constructed (see Figure 2a) showing
the spectral interdependence of the absorp-
tion and emission energies. The absorption/
emission intensity is given in the vertical
axis, and the intense peaks, indicating
strong optical absorption at a given E;,
and emission at Ej;, are related to one
specific (n,m) SWNT. Such an experiment
was used to construct a plot of the E;; and
E,, electronic transition energies for sev-
eral (n,m) SWNTs and the evaluation of an
empirical expression for E; as a function of
nanotube diameter and chiral angle for
isolated SWNTs dispersed in aqueous
solution with sodium dodecyl sulfate
(SDS) surfactant,”™ thus identifying (1,m)
for SWNTs grown by the HiPCO (high-
pressure catalytic decomposition of car-
bon monoxide) process. The limitation for
the photoluminescence method is related
to systems where nonradiative electron—
hole recombination can occur, so that light
emission from metallic SWNTs or SWNT
bundles cannot be observed. For such
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samples, resonance Raman experiments at
the single-nanotube level could be alterna-
tively used.

The more accurate optical measure-
ments at the isolated SWNT level made it
possible to measure the inaccuracy of the
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Figure 2. (a) Fluorescence intensity
versus excitation and emission
wavelengths for single-walled carbon
nanotubes (SWNTs) in a sodium
dodecy! sulfate suspension.’ Each
peak corresponds to absorption/emission
of a single (n,m) SWNT. (b) Raman
spectra from one metallic and one
semiconducting isolated SWNT on a
Si/SiO, substrate, obtained with 785 nm
laser excitation. The strong first-order
features—the radial breathing mode
(RBM) and the tangential G-band mode
vibrations—are assigned in the spectra.
Other assigned features (i.e., the D, M,
iTOLA and G’ features) are silent
vibrational modes activated by defects
(D) or combination of two modes (e.g.
wg = 2wp), and they are observed as
sharp peaks due to the confinement of
these phonons.~"" Features at 303 cm™ ',
520 cm™', and 950 cm™, indicated by
asterisks, come from the substrate.
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simple nearest-neighbor TB model to de-
scribe the E; energies, also determined by
different optical absorption and photolu-
minescence data.’®'® Resonance Raman
experiments on HiPCO bundle samples
(d,= 1.0 = 0.3 nm) and Stokes versus anti-
Stokes experiments on isolated SWNTs
with diameters smaller than 1 nm also
show discrepancies between experiment
and TB theory, the disagreement being
more important for smaller-diameter
SWNTs (d, < 1.1 nm). The experimental
values were found to be lower than the TB
E,®, but the measured E,° values appear
not to be more than 20 meV lower than TB
values for SWNTs with diameters as small
as 0.83 nm.!® However, such an analysis
depends on the (1,m) assignment that is
usually obtained from the relation between
the radial breathing mode (RBM) frequency
(in which all the atoms vibrate along the
radial direction as if the tube were breath-
ing) and the nanotube diameter. Both
experimental results'® and ab initio calcu-
lations'® show that such a dependence is not
simple for small-diameter SWNTs (d, <
1.1 nm; see next section).

Another result provided by recent single-
nanotube optical measurements is precise
information about many-body effects
changing the electronic transition energies
in semiconducting SWNTs differently for
different energy levels. The many-body
effects depend on the effective masses of
electrons and holes, and the effective masses
are energy-dependent. The simplest one-
electron TB model can only account for an
averaged many-body effect through the -y,
parameter that measures the overlap be-
tween electronic states of neighboring
atoms. The value v, = 2.90 eV can be seen
as the best value for an average descrip-
tion of the electronic levels involved in op-
tical absorption and Raman spectroscopy
results (about 1 eV, far from the Fermi
level). However, the -y, parameter obtained
by transport measurements away from the
Fermi level, for example, is usually smaller
than 2.9 eV:* Recent optical absorption and
emission (photoluminescence) experiments,
as illustrated in Figure 2a, show a consider-
able change in the E;° gap energy with
respect to TB results used for optical ex-
periments.® A value of 1.7 for the average
ratio of E% Ey;° has been reported;' this
is smaller than the average value of 2.0
predicted by the TB model. “Averaged”
values are considered, since Ey°/ E;;° de-
pends on (1,m).

Optical Measurements of Phonons

Apart from the electronic structure of
SWNT5, the phonon structure has also been
studied optically, largely by using resonance
Raman spectroscopy. A zone-folding pic-
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ture, similar to Figure 1 for electrons, can
be constructed for the 1D structure of
phonons in SWNTs.® Unusual Raman
spectroscopy results, such as asymmetry
in the Stokes/anti-Stokes spectra and line-
shape-dependent behavior in satisfying
the resonance condition, are observed and
are associated with the confinement of
electrons and phonons in the 1D SWNT
structure.” "

Resonance Raman spectroscopy is the
most widely used technique for characteri-
zing SWNT samples, including their sepa-
ration according to whether they are
metallic or semiconducting, the nanotube
diameter distribution in a bundle sample,
the determination of their (1,m) values for
isolated SWNTs,>°~!! and their associated
peapod and double-walled carbon nano-
tube structures (see article by Bandow et al.
in this issue). Figure 2b shows Raman
spectra from two isolated SWNTs on a
Si/SiO, substrate. The RBM and graphite-
like G band assigned in Figure 2b are two
intense and interesting Raman features.

The RBM frequency o gives the
nanotube diameter through the relation
o = a/d,, where a = 248 cm™ nm has
been found to apply to isolated SWNTs on
a Si/Si0, substrate.>>!° Considering the d,
values obtained from w, and E; = E.,
from the resonance condition, the RBM
feature can be used for making (n,m) as-
signments of individual SWNTs.? In Fig-
ure 2b, the spectra are taken with a laser
excitation of E.., = 1.58 eV (785 nm), and
the observed RBM and G-band spectral
features for the upper spectrum are re-
lated to a SWNT with d, = 1.59 nm. E, is
here in resonance with E;;™, and can be as-
signed as a metallic (13,10) SWNT. The
lower spectra comes from a semiconduct-
ing (23,1) SWNT, where E, is in reso-
nance with ES.

In the case of small-diameter SWNTs (d,
<1 nm), however, both experimental
results'®"” and ab initio calculations' show
that the RBM frequency does not exhibit a
simple dependence on d,. Kurti et al.’®
showed that for small SWNTs, the hexa-
gons are distorted, and this distortion de-
pends on the chiral angle, so that a chirality
dependence for w is expected in the low d,
limit. Systematic experimental work is still
needed for determining the w dependence
on (d,,0) for small-diameter SWNTs. Thus,
resonance Raman scattering, usually a sen-
sitive spectroscopic technique, can be used
on mesoscopic systems as a technique for
structural determinations.

In contrast to the graphite Raman G band,
which exhibits one single Lorentzian peak
at 1582 cm ™! related to the tangential mode
vibrations of the C atoms, the SWNT
G band is composed of several peaks due
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to the phonon wave-vector confinement
along the SWNT circumferential direction.
The G band can also be used for diameter
characterization, and it exhibits strong dif-
ferences when metallic or semiconducting
SWNTs are brought into resonance (see
spectra in Figure 2b), due to the presence
of plasmons that couple with phonons in
metallic SWNTs.1

Although only the RBM and the G band
have been discussed here, the Raman
spectra from a single SWNT are very rich,
composed of a large number of peaks and
asymmetrical bands, with a close relation
to the 1D confined structure of SWNTs.
Changes in the Raman spectra can be used
to probe and monitor structural modifi-
cations of the nanotube side walls that come
from the introduction of defects and the
attachment of different chemical species.
The former effect can be probed through
analysis of the disorder-induced Raman
modes (e.g., the D band assigned in Fig-
ure 2b) and the latter through the upshifts
and downshifts observed in the various
Raman modes due to charge-transfer ef-
fects."! Sample purity can also be investi-
gated using the D/G band intensity ratio
in the Raman spectra from SWNTs. How-
ever, systematic work is needed for obtain-
ing quantitative information of sample
purity using Raman spectroscopy. A quan-
titative procedure for the evaluation of the
carbonaceous purity of bulk quantities of
as-prepared SWNT soot can be obtained
by the utilization of solution-phase near-
infrared spectroscopy,” as discussed in the
article by Haddon et al. in this issue.

Time-Domain Studies

Time-domain photoemission studies
using fast optics provide information about
the lifetime and electron—-phonon matrix
elements for the excited states. Time-
domain studies on SWNT ropes have been
performed, giving a measure of the life-
time of photoexcited charge carriers in
SWNT ropes as a function of electron en-
ergy (see Figure 3).2%! Figure 3 shows the
time-dependence of the photoelectron in-
tensity during and after femtosecond laser
generation of “hot” electrons in SWNT
ropes.” The fast decay occurring before 1
ps corresponds to internal thermalization
of the laser-heated electron gas, caused by
electron—electron interaction. The slow
decay occurring over several picoseconds
corresponds to thermalization with the
lattice, that is, electron cooling by electron—
phonon interaction.

The lifetime of electrons excited to the
w*bands is found to decrease continuously
from 130 fs at 0.2 eV down to less than 20 fs
at energies above 1.5 eV with respect to
the Fermi level® This should lead to a
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Figure 3. Time dependence of the
photoelectron intensity during and after
femtosecond laser generation of “hot”
electrons in single-walled carbon
nanotube ropes.?’ Electrons monitored
by this trace are 30 meV above the Fermi
level. The fast and slow components,
respectively, correspond to internal
thermalization (electron—electron
interaction) of the laser-heated electron
gas and to its equilibration with the
lattice (i.e., cooling by electron—phonon
interaction).

significant lifetime-induced broadening of
the characteristic van Hove singularities
in the density of states. Thus, the optical
effects related to the confinement of elec-
trons into van Hove singularities should
be stronger for the lower-energy singulari-
ties in the joint density of states.

Experimental results in SWNT bundles
show decay times very similar to those in
graphite, suggesting that electron—electron
scattering of photoexcited carriers in ropes
may lead to rapid charge transfer between
different tubes, thus allowing excited
electron-hole pairs in semiconducting
SWNTs to relax almost as rapidly as those
in metallic tubes. This result probably ex-
plains why photoluminescence is not ob-
served for SWNT bundles.”? Time-domain
photoemission experiments can also deter-
mine the strength of the electron—-phonon
coupling in metallic SWNTs. Experimen-
tal results on SWNT bundles show that
electron-phonon scattering at the Fermi
level of metallic SWNTs at room tempera-
ture is associated with a long scattering
time of about 15 ps.?

Summary

A large amount of information on iso-
lated single-walled carbon nanotubes has
provided accurate enough results for the
development of more complete theoretical
models describing nanotube physics. Less
simplistic tight-binding models have been
proposed, such as the TB model account-
ing for up to third-neighbor interactions,”
or considering different wave function
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overlaps between the three first neighbors
of a given carbon atom." However, incon-
sistent results have been obtained when
comparing E; values obtained from differ-
ent experiments, while many-body effects
have not yet been fully considered.

The experimental results for the various
photophysics experiments have been de-
veloped using different samples in differ-
ent experimental environments (solutions,
substrates, etc.). Fluorescence spectra from
individual SWNTs with identical structure
were found to exhibit different emission
energies and linewidths that likewise arise
from defects or the local environment.?*
Systematic studies using similar samples
prepared under similar experimental con-
ditions are necessary for developing a clear
model for the photophysics of SWNTs. Ex-
perimental results from free-standing
SWNTs* may provide a good strategy for
avoiding environmental effects on these
nanometer-sized materials.

A significant effort must be given to
photophysics studies in order to under-
stand carbon nanotube systems in detail,
because for such a nanometer-scale system,
massless light turns out to be the only
probe that does not strongly disturb the
system. Fast-optics experiments can be
valuable for the measurement of nonlinear
effects and of electron—electron and
electron—hole interactions, which are also
all expected to be important for one-
dimensional SWNT photophysics. The
photophysics for cross-polarized and cir-
cularly polarized light also represents an
open and underdeveloped research direc-
tion that could provide important infor-
mation. Such an understanding will lead
the development of ultrasmall optical de-
vices that make use, for example, of the
photoconductivity? and photolumines-
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cence! properties of a single isolated car-
bon nanotube.
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