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The optical properties of single-wall carbon nanotubes (SWNTs)
are dominated by the excitonic character of the transitions even at
room temperature. The very peculiar properties of these excitons
arise from both the one-dimensional (1D) nature of carbon
nanotubes and from the electronic properties of graphene from
which nanotubes are made. We first propose a brief qualitative
review of the structure of the excitonic manifold and emphasize the
role of dark states. We describe recent experimental investigations
of this excitonic structure by means of temperature dependent PL
measurements. We investigate the case of upper sub-bands and
show that high-order optical transitions remain excitonic for large
diameter nanotubes. A careful investigation of Rayleigh scattering
spectra at the single nanotube level reveals clear exciton–phonon
side-bands and Lorentzian line profiles for all semi-conducting
nanotubes. In contrast, metallic nanotubes show an ambivalent
behavior which is related to the reduced excitonic binding energy.

Schematic of the exciton manifold in single-wall carbon
nanotubes.
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1 Introduction Single-wall
carbon
nanotubes
(SWNTs) consist of a single rolled-up graphene sheet with
a typical diameter in the nanometer range and a typical length
of the order of one micrometer. Most of their peculiar
properties arise from their quasi one-dimensional (1D)
character with aspect ratios that usually reach 103. These
nanotubes are envisioned for a number of applications
ranging from mechanical reinforcement, medical applications [1], nonlinear optics [2], or opto-electronic devices

[3]. In particular, their opto-electronic properties are
dominated by the strong Coulomb interactions typical of
1D properties: optical excitations lead to the formation of
strongly bound electron–hole pairs known as excitons, with
binding energies of the order of a few hundreds of meV.
Therefore, even for room temperature applications, it is
essential to have the best possible understanding of these
excitonic properties. In this paper, we will review the
recent advances in the description and in the experimental
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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investigation of excitons in carbon nanotubes. We will show
that advanced spectroscopic studies allow to access most of
the states of the excitonic manifold and provide a detailed
and quantitative picture of the excitonic fine structure.
2 Theoretical approach The geometry of a nanotube
is entirely determined by two integer numbers n and m
thereafter called the chiral indices that represent the
coordinates of the circumference vector in the graphene
lattice basis [4].
2.1 The zone-folding method In a first approximation, the electronic and optical properties of SWNTs can
be deduced from those of graphene simply by considering
the quantization of the wave vector in the circumference
direction, a method which is known as the zone-folding
method. Due to the symmetry of the graphene band structure
with respect to the Fermi level, this description leads to a
set of symmetrical quasi-hyperbolic 1D sub-bands in the
valence and conduction bands. Important corrections to this
picture appear when taking into account the warping of the
graphene bands due to the trigonal symmetry [5]. Each subband is fourfold degenerate (two times for the K, K0 valley
degeneracy and two times for the spin). Each sub-band gives
rise to a so-called van Hove singularity in the density
of states. In addition, for metallic nanotubes, defined by
n  m ¼ 0 mod 3, two additional linear bands crossing at the
Fermi level give rise to a non-vanishing density of states at
the Fermi level. For dipolar optical transitions with an
electrical field polarized along the tube axis, selection rules
apply that only allow transitions between two symmetrical
sub-bands [6]. These transitions are referred to as
S11 ; S22 ; . . . ; Sii transitions for semi-conducting nanotubes
and Mii transitions for metallic nanotubes (cf. Fig. 1).
2.2 Excitons When Coulomb interaction between
carriers is taken into account, the electron and the hole
created in an optical transition are taken to a bound state and
the band-gap is renormalized. Both effects are of considerable magnitude (on the order of the band-gap itself for semiconducting nanotubes), but almost cancel each other. In
total, the energy of the transition is relatively close to the one
expected from the zone-folding method whereas the nature
of the excitation is completely different. Each excitonic
state is in principle 16 times degenerate, with 12 triplet states
and 4 singlet states. Only the latter are accessible in dipolar
optical transitions. However, the electron–hole interaction
lifts the fourfold degeneracy of the singlet states, leading to
the excitonic scheme depicted in Fig. 2 [7, 8]. Two bands that
are formed with an electron and a hole from the same valley,
have their energy minimum for vanishing center of mass
momentum. The zone-center wave function of the lowest
band is symmetric in the coordinate along the tube axis,
whereas the upper one is anti-symmetric. The two-other
bands hereafter referred to as KK0 excitons, arise from an
electron and a hole taken from each valley. Therefore their
energy minimum occurs for non-vanishing center of mass
www.pss-b.com

Figure 1 (online color at: www.pss-b.com) Schematic band structure and related density of states of (a) a zig-zag semi-conducting
(b) a metallic nanotube in the conical approximation. Arrows
indicate allowed dipolar optical transition for a polarization along
the nanotube axis.

Figure 2 (online color at: www.pss-b.com) The four singlet excitonic states in a chiral nanotube resulting from the mixing of two pairs
of electrons and holes states from the K and K0 valleys. The red line
corresponds to the bright state. The solid black lines correspond to the
so-called KK0 excitons. The dashed line is the dark exciton of even
symmetry. The blue arrows depict the indirect absorption process
leading to a phonon side-band, whereas the green arrows depict the
reciprocal emission process.
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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wave vector and their pseudo-angular momentum is in
general not 0. Therefore, these excitonic branches cannot
directly couple to light. Within a given sub-band, this
excitonic scheme is repeated for each hydrogenic level of
the electron–hole pair, labeled by the principal quantum
number n. In 1D, this quantum number also sets the parity
of the envelope function which is opposite to that of the
quantum number itself. Therefore, among the two lowest
excitonic states, only one has the global odd parity (u)
required for dipolar optical transitions. For the lowest
transition (n ¼ 1), the lower zone-center excitonic state is
dark (hereafter labeled 1g) whereas the upper one is bright
(1u). We will see in the following the important consequences of this point on the optical properties of carbon
nanotubes. For the next hydrogenic state (n ¼ 2), the
situation is inverted (see Fig. 5).
3 Excitonic fine structure of the S11 sub-band
3.1 Seeking for the dark state As explained in
Section 2.2, the lowest state of the S11 excitonic manifold is
expected to be dipole forbidden, which may have drastic
consequences on the photoluminescence (PL) properties of
nanotubes if the energy splitting with the bright state is
significant. A natural way to address this point is perform
temperature dependent PL measurements. This requires to
have solid-state light emitting samples of carbon nanotubes.
This point is not straight forward since powders of
carbon nanotubes are known to show efficient quenching
of PL [9, 10] due to tube–tube interactions in bundles and
especially quenching of semi-conducting nanotubes by
neighboring metallic nanotubes. The regular method to
circumvent this effect, is to disperse the nanotubes in water
suspensions by means of a surfactant that prevents rebundling of the nanotubes [11]. We further incorporate
gelatin to this suspension [12] in order to obtain a solid state
film that preserves the micelle structure as evidenced by
the equivalent PL level compared to the initial suspension.
This solid state film may be cooled down to cryogenic
temperatures and heated back to room temperature for
several cycles without any apparent change in the optical
properties.
The data in Fig. 3 shows the evolution of the PL intensity
of (9,4) semi-conducting nanotubes as a function of the
temperature. The PL intensity shows a maximum at about
40 K. The PL intensity decreases for higher temperatures,
which is the regular behavior in semi-conductors, usually
attributed to the activation of non-radiative recombination
channels. More intriguing is the sudden drop of the PL
intensity at lower temperatures (between 40 and 10 K). This
unusual behavior is interpreted as a consequence of the
trapping of excitons on the dark state at low temperature.
This temperature profile can be accounted for by means of a
simplified three-level model, as depicted in the inset of
Fig. 3. The upper state (B) stands for the zone-center bright
excitonic state whereas (D) stands for the dark state and (G)
for the ground state. (D) and (B) are supposed to be coupled
in a efficient enough way so to reach thermal equilibrium of
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 (online color at: www.pss-b.com) Integrated photoluminescence intensity of (9,4) nanotubes embedded in a gelatin
matrix as a function of the temperature. The black squares and
the open circles correspond to two sets of data obtained in different
experimental setups. The red solid line is a fit to the data using a
three level scheme as depicted in the inset. The dark/bright state
splitting deduced from the fitting is 3 meV  0.5.

their populations. (Note however that other groups used a
non-thermal distribution among these sates to account for biexponential decays [13, 14].) Both (B) and (D) states are nonradiatively coupled to the ground state with a rate g NR taken
equal for both states for the sake of simplicity. Finally (B) is
coupled to the ground state through a radiative rate g R. The
values for g NR were extracted from previous time-resolved
pﬃﬃﬃﬃ
PL measurements [12] and g R reads g R /g 0 = T for a 1D
system. The agreement with experimental data is excellent
and allows to extract the energy splitting between the
dark and bright state for (9,4) nanotubes. It turns out to be
d ¼ 3  0.5 meV. This relatively small value (compared
to theoretical predictions in the range of a few tens of meV
[15, 16]) means that the dark and bright states are almost
equally populated at room temperature. Therefore, the
existence of this dark state cannot in itself explain the very
weak PL quantum yields reported for carbon nanotubes. In
this context, the role of triplet states that are predicted to lie
far below the singlet states [15] remains to be explored.
This procedure can be repeated for other chiral species
by means of selective PL. The values of the dark/bright state
splitting as a function of the nanotube diameter are reported
in Fig. 4. This splitting is clearly a decreasing function of the
tube diameter. However, the precision of the measurements
does not allow to distinguish between possible 1/d and 1/d 2
laws [17].
Another approach has been reported to probe the
existence of this dark state by applying a magnetic-field
along the tube axis. This kind of measurement was made
either in ensembles of nanotubes [18] or at the individual
nanotube level [19, 20]. This magnetic field brakes the
K–K0 symmetry and induces a partial brightening of the
lowest state. By measuring PL spectra as a function of
the applied field, it is possible to extrapolate the value of
the dark/bright state splitting at zero field. This estimated
www.pss-b.com
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the exciton binding energy from an extrapolation of the
Rydberg series.

Figure 4 Dark/bright state splitting d versus the diameter of the
nanotube. The dashed line is a guide to the eyes.

splitting turns out to be exactly in the same range of energies
as the one deduced from temperature dependent PL
measurements (as discussed above) confirming the interpretation in terms of intrinsic effects.
3.2 Two-photon absorption and even excitonic
states The existence of excitonic states with even
symmetry can be probed by means of two-photon spectroscopy. Although the lowest dark state could in principle
be seen in two-photon absorption, its splitting with the
bright state is too weak to allow unambiguous identification.
In contrast, the even state corresponding to n ¼ 2 (second
hydrogenic level) and usually denoted 2g [21] can be
excited by means of two-photon absorption. After subsequent non-radiative relaxation to the 1u state, this will
give rise to luminescence. This so-called two-photon
excitation of luminescence is actually the method that was
used independently by two groups for proving the existence
of excitons in carbon nanotubes [21, 22]. The splitting
between the PL photon energy and twice the excitation
photon energy (i.e., the 2g1u splitting) allows to estimate

Figure 5 (online color at: www.pss-b.com) Schematic of the Rydberg series of excitons in SWNTs. The superscript stands for the
Rydberg principal quantum number. For each value of the latter
four singlet states exist, two of them being degenerate and one of
them only being bright.
www.pss-b.com

3.3 KK( excitons As explained in Section 2.2, two of
the four states of each hydrogenic level are formed from an
electron and a hole belonging to different valleys, leading to
excitonic states with in general non-vanishing quasi angular
momentum and having their energy minimum off the center
of the Brillouin zone. These states cannot couple directly to
light. However, an indirect process involving the emission of
an optical phonon carrying the required momentum and
angular momentum is still possible [23]. These indirect
processes are depicted in Fig. 2 with blue arrows for the
absorption process and green arrows for the emission
process. They lead to phonon-side bands in absorption and
PL spectroscopy. Such side-bands have been first reported by
several teams [24–27]. The key point is that these side-bands
are not symmetrical (in energy) with respect to the bright
state but rather with respect to the KK0 dark ones (which
are degenerate in energy). Therefore, measuring both the
absorption and emission side-bands of a given chiral species
allows the determination of the KK0 exciton energy and
that of the phonon mode involved in the process. This
measurement has been performed by several teams [28, 29].
It turns out that the energy splitting between the bright
and the KK0 exciton is on the order of 35 meV, with a weak
dependence on the diameter and chiral angle showing
however characteristic family patterns [29]. The phonon
mode is a close to zone-edge optical phonon with a typical
energy of 165 meV.
3.4 Upper hydrogenic levels Apart from twophoton absorption that allowed the observation of even
states of the second hydrogenic level (see Section 3.2),
additional odd states of higher hydrogenic levels can be
accessed by linear excitation of PL (Fig. 5). Experiments
conducted on single suspended nanotubes by Lefebvre and
Finnie [30] unambiguously showed three hydrogenic levels
(1u, 2u, and 3u) with decreasing oscillator strength, together
with the threshold of the continuum of band to band
transitions.
4 Excitons of upper sub-bands While the excitonic
structure of S11 transitions – and to some extend that of S22 –
has been largely discussed in the literature, the nature of the
transitions between upper sub-bands (namely S33, S44)
remains unclear. One could qualitatively argue that due to
the overlap between possible S33 excitons and the continuum
of the lower sub-bands, such excitons should dissociate and
that optical transitions should rather occur between free
electron–hole pairs (regular band to band transitions).
Furthermore, recent investigations of these sub-bands by
resonant Raman spectroscopy showed that their energies do
not follow the scaling law (transition energy corrected from
the trigonal warping effect as a function of a reduced
diameter) observed for S11 and S22 transitions [31, 32] and
predicted theoretically [33]. Understanding the nature of
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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these upper transitions is of particular importance for
applications since for nanotubes of diameter in the range of
2–3 nm, as usually obtained in regular growth conditions,
these transitions lie in the visible part of the spectrum.
Therefore, they may be the ones involved in opto-electronic
applications of carbon nanotubes. Investigation of these
upper transitions at the single nanotube level is limited to a
small range of experimental techniques. In fact, due to the
coupling with lower sub-bands these transitions show almost
no luminescence. In addition, neither can they be accessed by
excitation of luminescence spectroscopy since the S11
transitions for such diameters lie in the mid-infrared region
where no low noise detectors are available.
4.1 Rayleigh scattering spectroscopy We proposed a new approach based on Rayleigh scattering
spectroscopy of individual suspended nanotubes to address
the question of the nature of high-order transitions in carbon
nanotubes [34]. The details of the technique were published
elsewhere [35]. In brief, carbon nanotubes are grown across
50 mm wide slits and excited with a broad spectrum light
beam. The scattered light is collected in a 908 configuration
and dispersed by a spectrometer. The spectra are corrected
from the source spectrum and the regular 1/l3 dependence
of Rayleigh scattering for 1D systems. Due to the d 4
dependence of the scattered intensity, small bundles are
easily distinguished from truly individual nanotubes. For
the latter, each electronic resonance leads to enhanced
Rayleigh scattering intensity that scales like jxðvÞj2 , where
x(v) stands for the dielectric susceptibility. From previous
studies [5] combining Rayleigh and Raman spectroscopies
together with TEM diffraction measurements, it is possible
to assign each Rayleigh spectrum to a specific chiral species.
The diameter of the nanotube and its type (semi-conducting
or metallic) are further confirmed in Raman spectroscopy by
the RBM frequency and the bi-modal shape of the G-mode,
respectively (see inset of Fig. 6).
4.1.1 Semi-conducting nanotubes The use of an
improved super-continuum source led to unprecedented
signal to noise ratio that allowed us to resolve fine structures
in the spectra and perform reliable line-shape analysis. As
shown in Fig. 6, we observed systematically pronounced
side-bands ca 200 meV above each main electronic transition
(i.e., S33, S44, and even S55 for the largest nanotubes). These
distinct features are similar to the side-bands observed in
absorption or PLE of lower transitions and correspond to
the phonon mediated absorption of the dark KK0 exciton. The
observation of clear side-bands for S33 and S44 is a strong
indication of the excitonic nature of upper transitions. From
the value of the zone-edge optical phonon (as measured from
the D band Raman line), we deduce that the splitting between
this KK0 exciton and the bright exciton is also on the order of
35 meV for upper sub-bands. This value, very similar to the
one reported for S11 and S22 [24, 28], is quite surprising since
this splitting was expected to depend on the diameter and
the transition order. We attribute the coincidence to an
ß 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 6 (online color at: www.pss-b.com) Rayleigh scattering
spectra of several individual suspended nanotubes (a), (d), (e), and
(f). The nature and diameter of the tube are further confirmed by
Raman scattering as indicated for the first tube in the inset (b) for the
RBM mode and (c) for the shape of the G mode. The phonon sidebands are visible ca. 200 meV above each resonance as indicated by
the gray vertical lines.

accidental compensation of the scalings with the diameter
and the local dielectric constant.
In order to go further in the determination of the
excitonic nature of these upper transitions, we performed
a careful line-shape analysis of the main excitonic
lines. We compared the experimental profiles against
an excitonic model (Lorentzian complex susceptibility
xðvÞ/1=ððv  v0 Þ  ig=2ÞÞ and a band-to-band transition
model. In the case of 1D quasi-parabolic bands and
neglecting the k dependence of the matrix element, we
computed numerically the real and imaginary parts of the
susceptibility. In total, the experimental spectra are fitted
to jxðvÞ þ xb j2 where xb stands for a real, spectrally flat
background component arising from non-resonant transitions or from contributions of the environment. As shown
in Fig. 7, the excitonic model is best suited to reproduce the
experimental data: the band-to-band model always overestimates the blue side of the resonance, which reflects the
asymmetric shape of van Hove singularities in the density of
states.
This line-shape analysis, together with the systematic
observation of phonon side-bands strongly suggests that
www.pss-b.com

Feature
Article
Phys. Status Solidi B 249, No. 5 (2012)

Figure 7 (online color at: www.pss-b.com) Rayleigh scattering
spectrum of a single (15,14) semi-conducting nanotube. The
scattering profile is fitted to either an excitonic model (Lorentzian
susceptibility, blue solid line) or a band-to-band model (red dashed
line).

upper transitions remain excitonic in nature. However, the
coupling to lower continua shows up in the line-width of the
transitions that can reach up to 80 meV. This corresponds
to a dephasing time on the order of a few femtoseconds.
This is consistent with the upper bound set by the very fast
relaxation times observed in time-resolved spectroscopy for
upper transitions [9, 36]. However, this line-width remains
almost one order of magnitude smaller than the binding
energy of such excitons, which probably explains the
observation of bound states.
4.1.2 Metallic nanotubes The question of excitonic
excitations in metallic materials is very peculiar in 1D
systems since the reduced screening of Coulomb interactions
can lead to bound electron–hole pairs even in the presence of
free carriers [37–39]. This has been observed experimentally

905

in the case of metallic nanotubes by means of absorption
spectroscopy [40] and Raman spectroscopy [41] for the
lowest inter-sub-band transition M11. The excitonic binding
energy, however, turned out to be one order of magnitude
weaker than in semi-conducting nanotubes. The Rayleigh
scattering technique described in Section 4.1.1 allowed us to
address this question for M22 transitions. The Rayleigh
scattering spectra of several metallic nanotubes is displayed
in Fig. 8 showing the typical splitting due to trigonal warping
[5]. No sizable side-bands are observed for M22 transitions.
This strongly contrasts with the case of semi-conducting
nanotubes. However, the line-shape analysis still shows
a better match with a Lorentzian shape rather than with a
band-to-band model. We interpret this ambivalent signature
as a consequence of the much reduced exciton binding
energy in the case of metallic nanotubes.
5 Conclusion We have shown that the excitonic fine
structure in SWCNTs is now well understood theoretically
and supported by consistent experimental investigations. In
particular, all the singlet states can be probed by optical
spectroscopy: either magneto-spectroscopy or temperature
dependent PL spectroscopy for zone-center excitons, or
side-band spectroscopy for KK0 excitons. The upper
hydrogenic levels of the excitons series were accessed by
means of either nonlinear spectroscopy for the even states
or linear PLE for the odd states. Rayleigh spectroscopy
also allowed to bring evidence for the excitonic nature
of high-order transitions (Snn) in large diameter semiconducting nanotubes. Regarding metallic nanotubes,
linear absorption spectroscopy also allowed to prove the
existence of bound electron–hole pairs for the lowest
transition. The case of high-order transitions in metallic
nanotubes is more ambiguous, with transitions exhibiting
Lorentzian line-shapes without clearly detectable sidebands.
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