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The exciton binding energy serves as a critical criterion for identification of the nature of elementary excitations
(neutral excitons versus a pair of charged carriers) in semiconductor materials. An exciton binding energy of
0.41 eV is determined experimentally for a selected nanotube type, the (8,3) tube, confirming the excitonic
nature of the elementary excitations. This determination is made from the energy difference between an
electron-hole continuum and its precursor exciton. The electron-hole continuum results from dissociation
of excitons following extremely rapid exciton-exciton annihilation and possibly also ultrafast relaxation from
the second to the first exciton states and is characterized by distinct spectroscopic and dynamic signatures.

The strong dependence of the spectroscopic and electronic
properties of single-walled carbon nanotubes (SWNTs) on their
structures provides great promise for a wide range of nanoscale
applications.1-3 Recent advances in the optical spectroscopy of
SWNTs have enabled the connection of the structure with
specific spectroscopic characteristics to be established.4,5 The
variation in the ratio between the energy of the second (E2)
and the first (E1) electronic transitions for different semicon-
ducting nanotubes4,6 from the values predicted by one-electron
tight-binding calculations,7,8 however, has raised questions about
the physical nature of elementary excitations. Following recent
theoretical studies,9-12 experimental evidence for the presence
of excitons has emerged from femtosecond transient absorption
(TA) and fluorescence spectroscopic studies.13-15 The deter-
mination of exciton binding energies for selected tube species
was reported very recently, providing strong evidence for the
exciton nature of the elementary excitations in semiconducting
nanotubes.16,17The observation of photoconductivity in a semi-
conducting nanotube in response to optical excitation of itsE2

transition, on the other hand, clearly suggests the existence of
charged carriers.18 Photocurrent generation was also observed
in electrophoretically deposited SWNT films upon visible
excitation.19

Absorption of a photon with an energy that is equal to or
larger than the characteristic band gap of a semiconductor
material will create an electron (e) in the conduction band and
leave a hole (h) in the valence band. Depending on the
magnitude of their Coulombic interaction, the resulting elemen-
tary excitation can be either a neutral exciton or a pair of charged
carriers (e and h) with weak correlation caused by the Coulombic

interaction.20 A quantity to measure this Coulombic interaction
is the exciton binding energy (Eb), defined as the energy
difference between the e-h continuum and the corresponding
exciton.21 If Eb . kbT (thermal energy), then the bound excitons
are stable. On the other hand, ifEb is less than or comparable
to kbT, the excitons are not stable and dissociate promptly into
charged carriers.20 Quantitative assessment ofEb permits
unambiguous identification of the nature of the elementary
excitations, a key issue for understanding the physics of
semiconducting materials.20,21 In this paper, we report an
experimental determination ofEb for a selected type of
semiconducting SWNT based on femtosecond TA spectroscopy.

The experiment was performed with femtosecond TA spec-
troscopy with a broadband probe.14 In brief, the visible and near-
infrared (NIR) pump pulses were obtained from the signal and
idler outputs of an optical parametric amplifier, pumped by a
250 kHz regeneratively amplified Ti:sapphire system. The pump
beam was focused to a spot size of∼300 µm at the sample
position, and a single-filament white light continuum served as
the probe beam. An individual nanotube-enriched sample, pre-
pared by suspending a high-pressure CO-SWNT material in an
aqueous solution of sodium dedecyl sulfate micelles, was used.22

Representative TA spectra measured at a delay time of 50 fs
for excitation at 953 and 660 nm are shown in Figure 1a. These
excitation wavelengths are electronically resonant with theE1

andE2 transitions of the (8,3) tube,4 enabling selection of this
single tube species from a mixture of micelle-dispersed metallic
and semiconducting nanotubes. This selection is evident from
the TA spectra recorded in the NIR region corresponding to its
E1 transition (Figure 1b,c). In addition to the induced transmis-
sion (IT) bands at 660 nm, created by direct optical excitation
of theE2 transition or indirectly via the annihilation of twoE1

excitons,14 a new IT band peaking at 730 nm is also observed.
This band is striking in terms of its∼3 times larger amplitude
than the 660 nm band in the TA spectrum recorded with the
953 nm pump, and, according to steady-state fluorescence data,4
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its irrelevance to the (8,3) tube. The similarity of the 730 nm
bands obtained with 660 and 953 nm excitation (Figure 1),
however, strongly suggests that they are indeed intrinsically
related to the (8,3) nanotube. This assignment is further sup-
ported by the following facts. (1) Among all other tubes excited
via eitherE1 or E2 transitions due to their spectral overlap with
the pump pulses,4,6 none of them is simultaneously accessible
by both 660 and 953 nm pump pulses. (2) A few tube species
absorbing around 730 nm such as (8,7), (9,4), and (10,2) can
be excited via their strong vibrational subband at∼1550 cm-1

by the 660 nm pump;23 the accessible tubes accordingly by the
953 nm pump have no absorption peaking at 730 nm.6

In view of the multitube contributions to the 730 nm IT band
probed with 660 nm excitation, we will focus on the data
collected with theE1 pump. Several distinct differences are
found for the kinetics probed at 953 and 730 nm. (1) While the
kinetics at 953 nm are invariant with variation of pump intensity
(Figure 2a), those at 730 nm exhibit clear pump intensity
dependence (Figure 2b). (2) The amplitudes of the 953 nm data
scale linearly with the square root of pump intensity, whereas
the 730 nm data scale linearly with the intensity itself (Figure
2c). (3) The kinetics obtained at comparable pump intensity
show strikingly distinct decay behavior: those obtained at 730
nm are much slower than those at 953 nm (Figure 2d). In
contrast to these differences, the time-resolved anisotropies
obtained at 730 and 953 nm with resonantE1 excitation are
identical within the experimental uncertainties (Figure 2e).

The dependence of the kinetics detected at 730 nm on the
intensity of 953 nm pump pulses (Figure 2b) indicates the
occurrence of nonlinear relaxation via a mechanism depending
on the nature of elementary excitations. The probable mecha-
nisms include bimolecular exciton-exciton annihilation24 or
Auger recombination involving three charged carriers.25-27 The
population relaxation kinetics of excitons under sufficiently high
pump intensity satisfies the following equation:24

while the kinetics of charged carriers driven by Auger recom-
bination is given by25-27

where nex(t) and neh(t) are the populations of excitons and
charged carriers, respectively, andγex andγA determine the rate
constants of the corresponding nonlinear relaxation. The solution
of eq 1, [nex(0)/nex(t)] - 1 ) γexnex(0)t, predicts a linear relation
between the inverse of the normalized TA signal and delay time
(t). The data probed at 730 and 953 nm under the highest pump
intensity are plotted in Figure 3a. A linear dependence is clearly
evident for the data collected at 953 nm, while the 730 nm data
obviously deviate from linearity. This obvious deviation strongly
suggests that the new electronic state is not excitonic in nature.
In contrast, solution of eq 2 gives the following relationship:
[neh(0)/neh(t)]2 - 1 ) γAneh

2(0)t, which coincides with the linear
dependence of the 730 nm data in Figure 3b while the 953 nm
data clearly do not follow this expression. This result implies
that the new state associated with the 730 nm bleaching band
is an e-h continuum.25-27 In the following, we denote the
energy of this new state asEeh.

According to Figure 3 and previous theoretical and experi-
mental work,9,10,13,14we consider both theE1 andE2 states as
exciton states. As these two states are optically excited in our
experiment, creation of an e-h continuum is possible only via
dissociation of the excitons. The energy required for this dis-
sociation can be gained via different dynamical processes de-
pending on the exciton state initially excited. ForE1 excitation,
the annihilation of twoE1 excitons will create a population in
an energetically resonant state (En), and the subsequent, rapid
relaxation results in branching of the population to theE2 state14

and to theEeh state via the dissociation of the hotE1 excitons
formed fromEn to E1 relaxation. Dissociation of theE1 exciton
may also occur for theE2 excitation because the rapidE2 f E1

relaxation results in exciton accumulation at theE1 state and
subsequent annihilation.13 Furthermore, for direct excitation of
theE2 transition with an intensity that is lower than the threshold
of annihilation, theE2 f E1 relaxation itself could produce suf-
ficient excess energy for the resultingE1 exciton to dissociate
providedEb e E2 - E1. This last scenario is consistent with
the observation of photoconductivity in a semiconducting SWNT
upon excitation intoE2.18 Exciton dissociation involving exci-
ton-exciton annihilation was identified previously in conjugated
polymers.28

While the exciton dissociation occurs via different dynamic
processes for excitation of theE2 andE1 transitions, the resulting
e-h continuum originates from the same precursor, theE1

exciton. Because each exciton state of a SWNT derives primarily
from its corresponding e-h band,29 determination ofEb is
straightforward when the excitation energies of theEeh andE1

states are known. These energies are calculated from the peak

Figure 1. (a) TA spectra measured at a delay time of 50 fs upon
excitation at 660 and 953 nm. For ease of comparison, both spectra
are scaled to equal amplitude at 730 nm. (b and c) Contour plots of
the change of absorbance (in mOD) versus probe wavelength and delay
time. The data were recorded upon excitation at (b) 660 and (c) 953
nm. The vertical dashed lines indicate the peak of the induced
transmission (IT) bands associated with theE1 transition of the (8,3)
nanotube. The IT bands peaking at 975 and 1026 nm can be assigned
to the (6,5) and (7,5) nanotubes, which are simultaneously excited
because theirE1 or E2 transitions fall in the corresponding spectra of
pump pulses.
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positions of the respective IT bands,E1 ) 1.301 eV andEeh )
1.705 eV, and theEb value is given by their difference, 0.41
eV for the (8,3) nanotube (dt ) 7.82 Å). From the magnitude
of Eb, we conclude that the elementary excitations in semicon-
ducting SWNTs are excitons, and the dissociation via theE2

f E1 relaxation is energetically plausible. This value is very
close to the experimental results obtained very recently using
two-photon excitation spectroscopy.16,17 Moreover, this value
of Eb falls in the wide range of values calculated using various
approaches for SWNTs with a similar diameter to the (8,3) tube,

for example, 0.99 eV from ab initio calculations,9,10 0.53 eV
from a semiempirical approach,12 and 0.40 eV from a variational
approach.11 We believe that polaron formation30 and charge
stabilization by the ionic wrapping micelles may account for,
at least partially, the difference between the theoretical values
and our experimentally determinedEb value.

The assignment of the 730 nm IT band to an e-h continuum
is strongly supported by the kinetic characteristics shown in
Figure 2b-d and additionally by fluorescence excitation data,4

as summarized in the following points. (1) The very rapid decay
of E1 excitons via annihilation in comparison to the relatively
slow decay of the kinetics at 730 nm (see Figure 2c) creates an
initial populationneh(0) in the e-h continuum that is propor-
tional to the annihilation rate of theE1 excitons, which for direct
excitation ofE1 gives a linear intensity dependence.14 This initial
population is needed to solve eq 2 analytically. (2) The different
kinetics shown in Figure 2c are intimately tied to the intrinsically
different natures of the spectral bands at 953 and 730 nm and
to the expected slow reformation of theE1 excitons from the
e-h continuum owing to charge stabilization induced by the
net charges on the wrapping micelles and the possible fast
formation of long-lived polarons as is observed for conjugated
polymers31 and organic semiconducting polymers.32 Conse-
quently, the fluorescence emission from theE1 state upon direct
excitation at 730 nm will be diminished, which is consistent
with steady-state fluorescence data.4 (3) Since the resulting e-h
continuum involves the highest valence band and the lowest
conduction band, the corresponding band-band transition is,

Figure 2. Kinetics probed at (a) 953 and (b) 730 nm under three different 953 nm pump intensities. For ease of comparison, all of the kinetics are
normalized at the signal maxima. (c) Dependence of the maximum amplitude of the TA kinetics probed at 730 and 953 nm on the intensity of pump
pulses at 953 nm. The two sets of data are plotted separately as a function of the intensity (green vs bottom axis) or its square root (orange vs top
axis). The dashed lines are the linear fits to the data. (d) Comparison of the kinetic profile measured at 730 nm under the lowest pump intensity
with that obtained at 953 nm. (e) Time-resolved anisotropies at 730 and 953 nm, calculated fromr(t) ) [∆OD||(t) - ∆OD⊥(t)]/[∆OD||(t) + 2∆OD⊥-
(t)] (∆OD|| and∆OD⊥ are respectively the transient absorbances detected at parallel and perpendicular polarization between the pump and probe
beams).

Figure 3. Plot of (a) ([n(0)/n(t)] - 1) and (b) ([n(0)/n(t)]2 - 1) vs
time for the data recorded at 730 and 953 nm. See text for details.
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just like its precursorE1 exciton, polarized parallel to the tube
axis.12 As a result, the polarization of this continuum remains
unchanged, as observed experimentally (Figure 2d).

Additional important support for the assignment of the 730
nm band comes from quantitative comparison of the amplitude
ratio between the 953 and 730 nm bands (∆OD953/∆OD730) with
the ratio of the oscillator strengths for the transitions into the
E1 andEeh states (fE1/fEeh). A ratio of ∆OD953/∆OD730 ≈ 40 is
obtained by direct comparison of the visible and NIR transient
absorption spectra and by noting an underestimation from the
actual amplitude (by a factor of∼2) due to the saturation of
the amplitude of the 953 nm signal (see Figure 2c). In the
effective mass approximation, the ratio of the oscillator strengths
is proportional to the ratio of the length of the nanotube (L)
and the exciton radius (r), that is,fE1/fEeh ≈ L/r.33 According to
the calculations of refs 9, 10, and 34,r varies with the tube
diameter (dt), andr ) 25 and 43 Å were obtained for the (8,0)
(dt ) 6.35 Å) and (7,6) (dt ) 8.83 Å) nanotubes, respectively.
Assumingr ) 40 Å for the (8,3) tube (dt ) 7.82 Å) and taking
L ) 130 nm,22 we getfE1/fEeh ≈ 33, which matches fairly well
to the experimental amplitude ratio.

Our observations are summarized in Figure 4. Resonant,
moderate to high intensity, excitation of theE1 andE2 transitions
of the (8,3) nanotube results in exciton dissociation via a sec-
ondary process that involves annihilation of theE1 excitons and
possibly theE2 f E1 relaxation for the case of direct excitation
of the E2 transition with an intensity that is lower than the
threshold of annihilation. The resulting e-h continuum is located
at 1.750 eV and has distinct spectroscopic and dynamical char-
acteristics. On the basis of the excitation energy of this con-
tinuum and its precursor exciton, we are able to determine the
Eb value as 0.41 eV for the semiconducting (8,3) SWNT. This
largeEb value confirms the excitonic nature of the elementary
excitations in the semiconducting SWNT. Application of this
approach to other semiconducting nanotubes is straightforward
and should reveal the relation between the exciton binding
energy and nanotube structure. Furthermore, the observation of
exciton dissociation allows a natural explanation of the photo-
conductivity of semiconducting SWNTs.18 Besides its implica-
tions for a deeper understanding of the ultrafast excited-state
dynamics and the physical reason for the extremely low quantum
efficiency of fluorescence emission, this observation should also
serve as a useful guide in the design and optimization of various
semiconducting SWNT based electronic elements and devices.
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Figure 4. Schematic description of the electronic structure of the (8,3)
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corresponding rates as labeled, and the upward arrow denotes the
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exciton annihilation.
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