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ABSTRACT

The optical transitions of semiconducting carbon nanotubes have been ascribed to excitons. Here we use two-photon excitation spectroscopy
to measure exciton binding energies, as well as band-gap energies, in a range of individual species of semiconducting SWNTs. Exciton
binding energies are large and vary inversely with nanotube diameter, as predicted by theory. Band-gap energies are significantly blue-shifted
from values predicted by tight-binding calculations.

Single-walled carbon nanotubes (SWNTs) have remarkable
electronic and optical properties arising from reduced
dimensionality in a system with strong covalent sp2 carbon
bonds.1 A Hückel-type tight-binding electronic structure
calculation identifies metallic and semiconducting SWNT
structures and associates the observed optical transitions with
van Hove resonances.1 However, this analysis does not
consider the many-body interactions among the confined
carriers, which should be particularly strong in this one-
dimensional system.2 Ando originally predicted that the
many-body interactions would shift the band gaps of
semiconducting SWNTs to higher energies and create
excitons with significant electron-hole binding energy in
the excited electronic state.3 Such strong many-body interac-
tions are supported by further theoretical work4-10 and several
recent experiments.11-14 We have shown experimentally that
for a (6,5) SWNT with a diameter of 0.76 nm, the exciton
binding energy is roughly 0.42 eV, which is a significant
fraction of the band gap.12 This result suggests that excitonic
effects may dominate all aspects of the optical properties of
carbon nanotubes: optical absorption, fluorescence, Raman,
and Rayleigh scattering of SWNTs.

How does the effect of many-body interactions on the
optical properties of carbon nanotubes vary with nanotube
structure, i.e., diameter and chirality? In this Letter, we use
two-photon excitation spectroscopy to measure exciton

binding and band-gap energies in semiconducting SWNTs
as a function of nanotube structure. We show that the exciton
binding energy is inversely proportional to nanotube diam-
eter, in agreement with recent theoretical predictions.6,7

Within our experimental resolution, we do not observe chiral
angle dependence. The measured band-gap energies are
significantly higher than those predicted by tight-binding
theory.

To investigate structural dependence of excitonic effects,
we studied semiconducting SWNTs produced by the HiPCO
method15,16in the diameter range of 0.76-1.18 nm. SWNTs
were solubilized in aqueous poly(maleic acid/octyl vinyl
ether) solution as described elsewhere.17 To minimize the
infrared absorption of water, a drop of this solution was
slowly dried to form a film of SWNTs embedded in the
polymer matrix. The SWNT fluorescence from the front
surface of this film is comparable to the SWNT fluorescence
in the parent solution. The fluorescence peak energies are
within 2-3 meV of those for SWNTs in SDS solution.18

In two-photon excitation spectroscopy, we observe SWNT
fluorescence excited by simultaneous absorption of two
infrared photons from a pulsed laser with high peak power.
We used an optical parametric amplifier (Spectra Physics
OPA-800C) pumped by an amplified mode-locked Ti:
sapphire laser with 130 fs pulses at a 1-kHz repetition rate.
The excitation photon energy was tuned from 0.5 to 0.75
eV at a typical laser fluence of∼ 5 J/m2. In this regime, the
fluorescence emission varied quadratically with laser inten-
sity.12 Fluorescence from the excited SWNT film surface was
monitored using a liquid nitrogen cooled multichannel
InGaAs detector (Jobin Yvon). To account for intensity
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variation of excitation pulses at different excitation energies,
we adopted an internal calibration scheme. Making use of
the fact that the two-photon absorption is essentially flat
when the two-photon energy is in the continuum states above
the band gap,12 the fluorescence spectra were normalized with
lowest energy emission features where two-photon excitation
energy is well within the plateau regime.

SWNTs have a definite symmetry with respect to a 180°
rotation about an axis perpendicular to the nanotube through
the center of a carbon hexagon.12,14 The excitonic states are
either even (g) or odd (u) under this operation, and are
labeled as 1g, 1u, 2g, 2u, etc.14 According to optical selection
rules, the u-states are accessible by one-photon and the
g-states by two-photon transitions. The dominant feature in
the one-photon spectrum corresponds to a transition to the
1u state, which contains most of the oscillator strength.3,6,9

For two-photon transitions, one observes predominantly the
2g and the continuum states above the band gap.12,14 In this
experiment, we investigate the exciton states associated with
the E11 transitions, i.e., the transitions associated with the
fundamental band gap of semiconducting nanotubes. A
schematic energy scale for the exciton states is shown in
Figure 1a. Two-photon excitation of 2g and continuum states
is followed by fast relaxation into the 1u state, which then
radiates by single-photon emission.

Figure 1b contains three representative fluorescence spectra
excited at different two-photon energies. Several of peaks
are observed in each spectrum; note that the onset of two-
photon excitation is well above the 1u emission energy. This
reflects the energy difference between the excited 2g state
and the emitting 1u state. There are 22 different nanotube
species, each uniquely defined by a set of indices (n,m), that
fluoresce within the energy range shown in Figure 1b.18

While the emission peaks of smallest-diameter (largest
transition energy) tubes are well separated in energy, at lower
transition energies the emission features from different
nanotube species overlap with each other. This makes the
data analysis somewhat complicated.

To improve accuracy in determining the excitation profiles
of individual peaks, we obtained difference fluorescence
spectra by subtracting the fluorescence spectra excited by
adjacent two-photon energies. The difference fluorescence
spectra were fitted with multiple Lorentzian peaks with fixed
position and width, corresponding to the individual nanotube
species (see Figure 2a).18 When two or three nanotube species
had emission peaks at similar energies, we used the published
excitation spectra for HiPCO nanotubes to identify the
structure with the dominant contribution.18 The difference
excitation spectra were obtained by plotting the difference
fluorescence intensity as a function of two-photon excitation
energy. The difference excitation spectra were then integrated
to obtain the two-photon excitation spectra, such as those
shown in Figure 2b. Two-photon absorption arises mostly
from the 2g exciton (the peak) and continuum states (the
flat region).

The values of 1u-2g exciton energy splitting,E2g - E1u,
for different nanotube species are listed in Table 1. We
estimate the accuracy of these values to be around 10%. In

Figure 3a, we plot the value ofE2g - E1u as a function of
inverse nanotube diameter (1/dt). The data can be described
by a proportional relation, with the points lying on a straight
line of a slope∼0.24 eV‚nm and zeroy-intercept. Qualita-
tively, the fact that the nanotubes with smaller diameters have
larger values ofE2g - E1u, and therefore stronger excitonic
effects, is not surprising, as the carriers are more confined
in those nanotubes.6,10 Another way to state this is that the
smaller-diameter nanotubes are closer to true one-dimen-
sional structures.

A more quantitative understanding can be obtained by
considering a model Hamiltonian representing the electron-
hole interaction in a nanotube. Following the work of
Perebeinos et al.,6 we can describe an exciton in a nanotube
with diameterdt by the Hamiltonian

wherez is the relative position of the electron and hole along
the nanotube axis,ε is the effective dielectric constant, and
me is the band mass of the electron.6 The Coulomb potential

Figure 1. (a) Schematic representation of electronic transitions
associated with the band gap in semiconducting SWNTs. The states
below the band gap are bound excitons. One-photon absorption is
allowed for the lowest-lying 1u state, while two-photon absorption
is allowed for the 2g state. Absorption of two photons by the 2g
and continuum states is followed by emission from the 1u state.
(b) Representative normalized fluorescence spectra excited by two-
photon energies of 1.24, 1.27, and 1.31 eV.

H ) - p2

me

∂
2

∂
2z

- e2

z
f( z

εdt
) (1)

Nano Lett., Vol. 5, No. 11, 2005 2315



energy term includes a dimensionless functionf(z/εdt) that
accounts for both the quasi-one-dimensional nature of the
nanotube and the variation of the effective dielectric constant
with z. Despite the omission of chirality effects, it is a good
approximation to take the electron band mass to vary
inversely with the nanotube diameter:me ) η/dt, whereη
is a suitable constant of proportionality.1 The Hamiltonian
(1) can then be rewritten as

whereú ≡ z/dt is the electron-hole separation in units of
the nanotube diameter. Equation 2 shows that, within this
model, the energy level structure of excitons will be identical
for all nanotubes, with an overall inverse scaling with the
nanotube diameter. Therefore, the ratio (Egap - E1u)/(E2g -

E1u) will be the same for all semiconducting nanotube
species. With this ratio we can determine the exciton binding
energies from the values ofE2g - E1u. Using a truncated
Coulomb model potential, we determined this ratio to be 1.4
from the two-photon excitation spectra of small diameter
tubes (such as (6,5)), for which the best excitation spectra
could be recorded.12 Similar results were reported recently
using a cylindrical hydrogen model and ab initio calcula-
tions.14 Using the ratio of 1.4, it follows from our data that
the binding energy of the 1u exciton relates to nanotube
diameter as

where nanotube diameter is in nanometers.
The observed inverse proportionality ofE2g - E1u (and

therefore the exciton binding energy) to nanotube diameter
is consistent with the more general theory of Perebeinos et
al.6 They describe the exciton binding energy in SWNTs by
the relation Eb ≈ Adt

R-2me
R-1ε-R, where A and R are

constants.6 Within the approximation that the carrier effective
mass varies inversely with the nanotube diameter,1 we obtain
Eb ∝ dt

-1ε-R.
When the chirality dependence of carrier effective mass

is included, this theory predicts a modification of the simple
diameter dependence of the exciton binding energy.6 Specif-
ically, it predicts increased exciton binding energies for
nanotubes with mod(n - m, 3) ) 2 (“mod 2”) and reduced
binding energies for mod(n - m, 3) ) 1 (“mod 1”) tubes of
equal diameter. This would result in variation of several
percent in binding energy for two tubes with the same
diameter and different values of mod(n - m, 3). Figure 3a
shows that this effect is not observed in our data; it is
apparently not detectable within our experimental accuracy.

Once we have determined the exciton binding energy, we
can also estimate the energy of the band gap of each nanotube
species by adding the values ofE1u to the binding energy of
the 1u exciton. In Figure 3b, we plot the experimentally
determined band-gap energy as a function of inverse nano-

Figure 2. (a) Fitting procedure used to obtain two-photon excitation
spectra of individual nanotube species. The difference fluorescence
spectrum (black line) is obtained by subtracting the fluorescence
excited with two-photon energy of 1.15 eV from the fluorescence
spectrum excited with 1.21 eV. The difference fluorescence
spectrum is fitted with Lorenzian peaks (blue lines) corresponding
to the fluorescence contributions from individual nanotube species.
The red line represents the sum of the Lorenzian contributions. (b)
Two-photon excitation spectra for three different nanotube species.
Energies of 1u excitons for each tube are shown with the solid
arrows. Peaks correspond to the energies of 2g excitons. Two-
photon absorption above the energy of the 2g peak is due to
continuum transitions.

Table 1. Exciton Energy Levels and Structural Properties of
the SWNTs Embedded in PMAOVE Matrix

E1u (eV) E2g (eV) Egap - E1u (eV) assignmenta dt (nm)

1.30 1.60 0.42 (8,3) 0.78
1.26 1.57 0.43 (6,5) 0.76
1.21 1.49 0.39 (7,5) 0.83
1.18 1.42 0.34 (10,2) 0.88
1.13 1.37 0.34 (9,4) 0.91
1.10 1.35 0.35 (7,6) 0.89
1.06 1.31 0.35 (8,6) 0.96
1.04 1.26 0.31 (11,3) 1.01
1.00 1.23 0.33 (9,5) 0.97
0.98 1.18 0.29 (8,7) 1.03
0.94 1.16 0.30 (9,7) 1.10
0.92 1.12 0.27 (12,4) 1.14
0.89 1.08 0.27 (11,6) 1.18

a From ref 18.
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tube diameter. The results are well described by the equation

where nanotube diameter is in nanometers. The first term
corresponds to scaling of the exciton binding energy with
nanotube diameter (eq 3). The coefficients in the second term
were determined by the best fit to the data. This term
describes the scaling ofE1u and is similar to the dominant
term in the published relationship of fluorescence energy and
diameter.18

In Figure 3b, the experimental values forEgapare compared
with the values predicted by tight-binding theory.1 The

experimental band gap values are about 1.6 times higher than
those predicted. The ratio is approximately constant, as both
values have a predominant dependence on inverse diameter.
Note, however, that values of band gap lie slightly below
the straight line for “mod 1” and above for the “mod 2”
nanotubes for both measured and tight-binding values. This
is not surprising, as the pattern in the experimental values
of Egap is determined predominately by the values ofE1u,
which show this “mod” dependence.18 The measured values
of E1u are assigned to specific nanotube structures by
comparing them to the pattern expected from tight-binding
theory.18 The significant difference between the measured
and tight-binding values ofEgap directly illustrates the
importance of many-body effects in SWNTs.

It is also useful to compare the measured trend in band-
gap energies to a calculation that includes many-body effects
in computation of the band-gap energy. Spataru et al. have
made such calculations for SWNTs with small diameters.9

They predicted that the (8,0) nanotube with diameter of 0.63
nm should have a∼2.5 eV band gap corresponding to the
optically active states (in air).9 Our experimental trend
predicts the band-gap energy to be approximately 2.0 eV.
Some of the discrepancy between the two values could be
explained by the difference in dielectric environment.

It is important to remember that we measured exciton
binding and band-gap energies for SWNTs inside a polymer
matrix, where electron-hole interactions are subject to
external dielectric screening. Many-body effects should be
even more pronounced for a SWNT in vacuum or air, where
the dielectric screening due to the environment is absent.
We therefore expect the exciton binding energies for nano-
tubes in air to be somewhat higher than the measured values
reported above. The fluorescence energies (E1u) also depend
on nanotube environment.19-22 For SWNTs suspended in air
the values ofE1u are∼30 meV higher than the fluorescence
energies of SWNTs in SDS solution.22 Another 20-30 meV
blue shift in transition energy is observed when the air-
suspended tubes are heated.23,24 The expected increased
exciton binding energy and the measured blue shift of
E1u in air-suspended tubes should result in higherEgap

values than those measured for SWNTs inside a polymer
matrix.

In summary, we have used two-photon excitation spec-
troscopy to measure the exciton energies for a range of
individual semiconducting nanotube species. This allowed
us to determine how the exciton binding and band-gap
energies vary with nanotube structure. We found that both
quantities scale inversely with nanotube diameter. Both the
large exciton binding energy and the increased band-gap
energy are expressions of the many-body effects that
dominate the electronic properties of semiconducting SWNTs.
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Figure 3. (a) Values ofE2g - E1u plotted as a function of inverse
nanotube diameter. The solid line best describes the relationship
betweenE2g - E1u and 1/dt. Different trends in values ofE2g -
E1u for “mod 1” (red triangles) and “mod 2” (black squares) tubes
are not observed. (b) Comparison of the measured band-gap energies
(solid symbols) with those predicted by tight-binding theory (open
symbols).1 Solid blue line corresponds to eq 4 in text. The dashed
blue line is the linear fit to the tight-binding values (Egap ) (0.84
eV)/dt). In the tight-binding calculations, we usedγ ) 2.9 eV. For
both measured and tight-binding values,Egap is consistently lower
for “mod 1” (red triangles) than the “mod 2” tubes (black squares)
of similar diameter.

Egap) 0.34 eV
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