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Determination of the Exciton Binding Energy in Single-Walled Carbon Nanotubes
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We report that measurements of the Raman intensity versus applied voltage are sensitive to filling of the
density of states and enable us to measure the second band gap in specific semiconducting single-walled
carbon nanotubes (SWNTs). Raman scattering preferentially selects sets of SWNTs whose excitonic
transitions are resonant with the incident or scattered photon energies. Simultaneous measurement of the
electronic gap and exciton resonance allows us to infer binding energies for the exciton of 0.49 % 0.05 and
0.62 = 0.05 eV for tubes of (10, 3) and (7, 5), respectively. Metallic SWNTs exhibit no excitonic feature.
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Single-walled carbon nanotubes (SWNTs) are one-
dimensional (1D) tubular graphitic macromolecules that
are typically microns long and ~1 nanometer wide [1].
SWNT structures can be characterized by two integers,
(n, m), that define both their diameter and chirality [2], and
when n — m is not divisible by 3, the nanotubes are semi-
conducting. The optical properties of carbon nanotubes are
intrinsically important for potential applications in pho-
tonics [3] and also provide insight into their structural and
electrical properties. The absorption and emission of semi-
conducting SWNTs are dominated by excitonic effects
[4-9] but measurement of central features such as the
exciton binding energies in semiconducting nanotubes re-
mains elusive. The magnitude of the exciton binding en-
ergy relative to thermal energies is extremely important to
the photophysical properties of semiconductors and has
been a topic of active investigation and controversy in
one-dimensional conjugated organic semiconductors for
more than a decade [10,11]. Recent experiments on carbon
nanotubes [12-15] support a picture where excitonic ef-
fects are important to the optical spectroscopy. Spectral
congestion due to inhomogeneity of carbon nanotube
samples, however, renders optical measurements of
SWNT exciton binding energies difficult since the inter-
band transition associated with free carrier generation is
obscured by much stronger excitonic transitions from
neighboring nanotubes. Wang et al. [12] have circum-
vented this difficulty with elegant two-photon fluorescence
excitation spectroscopy experiments on SWNT where they
observe Rydberg series of excitonic features and deduce
binding energies of ~400 meV for the first excitonic band
in semiconducting SWNTs.

In the present work, we measure the binding energy of
the second band excitons in isolated SWNTSs using reso-
nant Raman scattering (RS) during electrochemical doping
of SWNT. Subsets of SWNTs can be monitored individu-
ally by selecting SWNT with a particular radial breathing
mode (RBM) frequency. For semiconducting SWNTs, the
dominant intermediate electronic state in the RS matrix
elements is excitonic in character and RS therefore selects
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nanotubes whose exciton absorption is resonant with the
incident or scattered photon. At the same time, the exci-
tonic absorption strength at the incident photon energy and,
consequently, the intensity of RS for the phonon modes
will be affected by electrochemical doping. Depletion of
electrons from the valence band or addition of electrons to
the conduction band will reduce the exciton binding energy
and lead to broadening of the excitonic resonance due to
screening of the interactions between the electron and hole
[16]. Therefore, the behavior of the Raman intensity with
applied bias allows us to track the density of states and
measure the electronic band gap. We can make optical
measurements that are sensitive to excitonic features and
electrical ones that are sensitive to charge carrier energetics
simultaneously. The combination enables a straightfor-
ward comparison of the band gap and exciton transition
energy (i.e., laser photon energy) to determine the exciton
binding energy. We find the binding energy for the exciton
associated with the second allowed transition in isolated
semiconducting SWNTs to be 0.49 = 0.05 eV for carbon
nanotubes with (n, m) of (10, 3) and 0.62 = 0.05 eV for
those with (n, m) of (7, 5), similar to those predicted theo-
retically [8] for SWNTs with similar radii. As expected,
metallic nanotubes show no signs of excitonic behavior but
our data provide evidence of band splittings due to trigonal
warping.

Raman studies of electrochemically doped SWNT bun-
dles or thin SWNT films have been carried out before [17—
21] but the complex morphologies of the bundles do not
allow facile penetration of electrolyte ions into the bundles.
In addition, intertube interactions can also alter an individ-
ual nanotube’s electronic behavior due to large contact
areas [22]. These problems obscure the fine structure in
the spectral features and can mask the true applied bias.

Individual SWNTs were isolated in surfactant micelles
of sodium dodecyl sulfate (SDS) in D,O using ultrasonic
agitation and centrifugation [23]. The SWNTs were syn-
thesized by the high pressure CO (HiPCO) reaction and
purchased from Carbon Nanotechnologies, Inc. Our TEM
images and narrow Raman mode linewidths confirm that
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the SWNTs are isolated. A 40 ul drop of dilute solution
containing SWNTs was deposited onto a clean indium tin
oxide (ITO) coated glass slide that served as a working
electrode. A single Pt electrode serving as both reference
electrode and counterelectrode was used with an electro-
Iyte solution of either 0.5M sodium sulfate or sodium
chloride to vary the potential applied to the SWNTs.
Previous work has documented that Pt forms an Ohmic
contact to SWNT [24]. Thus the applied voltage is all
dropped across the SWNT as we have implicitly assumed
in equating the applied potential with the movement in the
Fermi level. We observe the same dependence of resonance
Raman spectra on electrochemical bias in both electrolyte
solutions which also suggests good contact between the
electrode and SWNT. Raman spectra from SWNTs on ITO
were obtained using a confocal microscope with a 1.4
numerical aperture (NA) oil-immersion objective and
632.8 nm excitation [25]. Scattered light was collected
with the same objective, passed through dichroic and holo-
graphic notch filters to block scattered excitation light,
dispersed by a spectrometer, and measured with a liquid-
nitrogen-cooled CCD camera. The spatial resolution is
approximately 300 nm.

Figure 1(a) shows Raman spectra of SWNTs at one
location on the substrate in the radial breathing mode
(RBM) spectral region. The four Raman peaks at
196 cm™!, 222 ecm™!, 254 cm™!, and 282 cm™! are a
result of scattering from four sets of different diameter
tubes whose optical transition energies are near resonant
with the incident or scattered photon energy. The band
intensities depended on voltage and were reversible under
repeated cycling [Fig. 1(b)]. Assignment of specific indices
(n, m) to the tubes with RBM modes at 254 cm™! and
282 cm™! is straightforward, following the work of
Bachilo et al. [5]. These carbon nanotubes are semicon-
ducting with indices (10, 3) and (7, 5), respectively. The
incident photon energy (1.96 eV) is resonant with the
exciton associated with the second valence to conduction
band transition V,-C, for (10, 3) and the scattered photon
(1.93 eV) is resonant with the same transition for (7, 5).
Possible resonances with V|-C, and V,-C| are ruled out on
the basis of selection rules [26] while V-C| transitions are
too low energy to be resonant with 632.8 nm excitation.
The assignment of the indices for SWNT with RBM modes
at 196 cm™! and 222 cm™! is less clear and will be dis-
cussed below but we can nevertheless infer that they are
metallic. Using the relationship between RBM frequency v
and tube diameter d, in nm, v = 223.5/d, + 12.5 [5],
those tube diameters would be 1.22 nm and 1.07 nm.
From the empirical Kataura plot [27], we find that only
metallic tubes of these diameters can be resonantly excited
at 632.8 nm. We recorded SWNT Raman spectra on several
samples and many areas of each sample and only the
Stokes shifts evident in Fig. 1(b) were observed albeit
with variable relative intensities.

Figure 2 presents the RS intensities of the RBM modes
with applied voltage for the semiconducting SWNT tubes
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FIG. 1. (a) Raman spectra of the RBM modes of SWNTs vs
applied potential. (b) Raman spectra as voltage are cycled
illustrating reversible doping. The experimental sequence in
time is from zero to positive voltage and then from zero negative
voltage.

(254 cm™! and 282 cm™'). The data of Fig. 2 can be
rationalized on the basis of electrochemical filling of the
second valence and conduction bands. Low Raman inten-
sity is observed when free charge carriers in the valence
and conduction bands are available to quench excitons and
broaden the associated resonance from which the RS de-
rives intensity. Conversely, we observe high plateaus in
Raman intensity over a range of 2.45 = 0.05 V for the
252 cm™! phonon mode and 2.55*0.05 V for the
282 cm ™! mode as determined by looking at sharp changes
in derivative at the plateau edges. These reflect the elec-
tronic band gap where the energy is sufficient to fully
occupy the valence band but the second conduction band
remains empty. Therefore, the exciton binding energy is
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FIG. 2. Raman intensity of the RBM modes at 254 cm™!
(squares) and 282 cm™! (circles) of semiconducting SWNTSs
vs applied potential. The arrows over the regions where the
Raman intensity is flat with changes in applied bias represent
the electronic band gaps of the nanotubes under study as
described in the text.

the difference between the width of the Raman plateau and
the incident (1.96 eV) or scattered photon (1.93 eV). The
measured binding energies are then 0.49 = 0.05 eV for
(10,3) (252 cm™!) nanotubes and 0.62 * 0.05 eV for
(7,5) (282 cm™!) nanotubes. These binding energies are
very close to the results of theoretical calculations of the
binding energies of excitons associated with the E,, tran-
sitions for similar diameter tubes (7, 6) and (10, 0), 0.47 eV
and 0.57 eV, respectively [8].

Similar data on Raman intensity versus applied potential
can be obtained for the radial breathing modes assigned to
metallic nanotubes as shown in Fig 3. In those cases, it is
difficult to make definitive assignments for the indices
(n, m) since many tubes of large diameter are near resonant
with 1.96 eV incident photons. Indeed, Fig. 4 shows that
the RBM frequencies appear to vary with applied potential
suggesting an inhomogeneous distribution of SWNTs
under study. In contrast, there is no variation in frequency
for the RBM bands associated with semiconducting tubes
or for the D and G bands. Figures 3(a) and 3(b) present the
Raman intensity data versus applied potential and, like the
semiconductor case, these can be understood based on
filling of the density of states. We expect increases in
intensity as the participating valence bands are populated
[ — 0.8 eVto0.7eVinFigs. 3(a) and 3(b)] and diminution
in intensity at large bias ( > 2 eV) as filling of the conduc-
tion band reduces the density of available final states. We
assume that excitons do not exist in the metallic SWNTs
and that the RS is now resonantly enhanced by the inter-
band transition V;-C;. Therefore, large Raman intensities
will be observed for tubes whose peaks in the valence band
and conduction band state densities are separated by ap-
proximately the laser photon energy. Naively, one would
therefore expect a plateau in the intensity data of around
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FIG. 3. Raman intensities of RBM modes of metallic tubes at
(a) 222 cm ™! and (b) 196 cm™! vs applied potential. The arrows
represent interband transitions between density of states spikes
that appear as kinks in the Raman intensity vs bias. Those are
associated with bands V,(1), V;(2), C,(1), and C;(2) as labeled.
Transitions are allowed between V(1) and C,(1) or between
V1(2) and C,(2) that are resonant with incident light at 1.96 eV.

1.96 eV rather than ~1.4 eV and 1 eV as observed in
Figs. 3(a) and 3(b), respectively. We believe this discrep-
ancy results from trigonal warping which causes both V;
and C to be split into subbands V;(1) and V(2) and C,(1)
and C;(2). The optical transitions obey selection rules
allowing only V(1) — C;(1) and V,(2) — C,(2) and
our experiment selects RS from SWNT where these tran-
sitions are at 1.96 eV. The width of the plateau therefore
corresponds to the V;(2) to C;(1) separation as indicated
schematically in the figures. Assuming symmetric split-
tings, and that we have correctly identified kinks on the
figure reflecting the underlying DOS, it implies band split-
tings of ~0.5-0.6 eV. These are somewhat larger than
reported by STM studies [28] and it is possible that the
kinks in our data are manifestations of lower valence and
higher conduction bands.
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FIG. 4. Raman frequencies of the RBM modes, the D band,
and the G band phonons vs applied potential. (a) and (b) show
the RBM modes, (c) the D bands at 1310 cm™!, and the G bands
at 1557 cm™! and 1595 cm™!.

We have also studied the higher frequency Raman
modes (D and G bands) of the carbon nanotubes and their
behavior with applied potential. The G bands have two
peaks at 1558 cm™! and 1595 cm™! corresponding to C-C
stretching vibrations while the D band at 1310 cm™! is
well known to be associated with defects. Each of these
bands possesses a potential dependence of the Raman
intensity similar to that of the RBM modes except averaged
over semiconducting and metallic band filling behaviors.
The frequencies of the C-C stretching bands are indepen-
dent of applied potential unlike that of corresponding
modes in quasi-one-dimensional conjugated polymers
[29], indicating that the stiffness of SWNTs results in large
carrier delocalization and very small polaron binding en-
ergy (i.e., small lattice deformations) so that carriers in
SWNTs can be expected to have very high mobility [30].

In conclusion, we use the applied bias dependence of RS
intensity in semiconducting SWNT to measure the binding
energy of second band excitons. Measurement of the ex-
citon binding energy cannot be done by STM since ex-
citons must be photogenerated. We obtain values of
0.49 eV for (10, 3) and to be 0.62 eV for (7, 5), close to
those from the theoretical calculations of Zhao and
Mazumdar that include electron-electron correlation [8].
The exciton binding energies are a critical parameter for
optoelectronic applications and the ones we observe are
large compared to thermal energies so that semiconducting
carbon nanotubes can be expected to have photophysics
more like conjugated polymers than direct gap inorganic

semiconductors such as GaAs. Our data are consistent with
no significant binding energy between electron and hole in
metallic SWNTs and intraband splittings of ~0.5 eV due
to trigonal warping in zigzag SWNT.

We thank NSF DMR-0309444, Research Corporation
(R-10733), and the New York State Office of Science and
Academic Research (C-020085) for funding.

Note added.—Additional work on the exciton binding
energy in carbon nanotubes using two-photon excited pho-
toluminescence was reported recently [31] and is in agree-
ment with the work presented here.
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