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Infrared spectra of individual semiconducting single-walled carbon nanotubes: Testing the
scaling of transition energies for large diameter nanotubes
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We have measured the low-energy excitonic transitions of chiral assigned individual large-diameter semiconducting single-walled nanotubes using a high-resolution Fourier transform photoconductivity technique.
When photoconductivity is complemented by Rayleigh scattering spectroscopy, as many as five optical transitions can be identified on the same individual nanotube over an energy range of 0.3–2.7 eV. We find that
well-established energy scaling relations developed for nanotubes of smaller diameter are not consistent with
the measured low-energy transitions in large 共1.8–2.3 nm兲 diameter nanotubes.
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I. INTRODUCTION

Many advances have recently been made in the optical
characterization of single-walled carbon nanotubes
共SWNTs兲, including the development of sensitive techniques
for the investigation of individual nanotubes.1–4 However,
little experimental data has been available for well-defined
nanotubes out to the midinfrared spectral region. As a consequence, there is a significant deficiency in our experimental knowledge of the position and characteristics of electronic transitions of semiconducting SWNTs of moderate
diameter since their fundamental 共E11兲 and second 共E22兲 transitions lie in the near to mid-infrared. This represents a crucial gap in our understanding of the basic electronic structure
of nanotubes in a size regime that is prevalent in typical
syntheses and whose properties and applications have been
widely studied.5 Further, characterization of these electronic
transitions offers an excellent testing ground for models of
the optically excited states in nanotubes, a subject of considerable interest and uncertainty.6,7 Progress has recently been
made on obtaining spectral information in the near and
mid-IR using optoelectronic techniques, including measurements of resonances in the AC displacement current and
photoconductivity.8–10 However, the interpretation of spectral
information has been hindered by lack of knowledge of the
crystallographic structure of the nanotubes under study.
Here we report infrared optical transitions of individual
SWNTs of defined crystallographic structure, i.e., of known
chiral index. The infrared spectroscopy was carried out at the
individual nanotube level using a new method of Fourier
transform photoconductivity 共FTPC兲 spectroscopy. In this
fashion we are able to access the lowest-lying 共E11兲 and second 共E22兲 exciton transitions in semiconducting nanotubes.
The chiral indices of the individual nanotubes under investi1098-0121/2010/82共19兲/195424共5兲

gation were obtained from measurements of higher-lying optical transitions using Rayleigh scattering spectroscopy and
previously developed spectroscopic assignments.11 Taken together these two techniques provide unique spectroscopic
data, including identification of up to five distinct electronic
transitions in individual semiconducting SWNTs. The results
permit us to examine the dependence of the optical transition
energies on the nanotube structure in a previously unexplored regime.
In particular, we assess the applicability of widely applied
formalism based on zone folding of the graphene bands with
many-body corrections to the measured infrared exciton transitions. This model is often referred to as the twodimensional 共2D兲 model, as its parameter represents
electron-electron interactions that occur on length scales
smaller than the nanotube circumference 共as would be
present in graphene兲.12 It relies on the effective cancellation
of two strong countervailing one-dimensional 共1D兲 effects
occurring on length scales comparable to the nanotube circumference: band-gap renormalization and exciton binding.
In the resulting description, the transition energies are determined simply by the wave vector associated with the relevant subband transition 共analogous to zone folding in a
single-particle picture兲. The diameter of the nanotube is not
in itself important: higher-lying subband transitions of large
nanotubes are predicted to produce the same optical transition energy as lower subband transitions in nanotubes with
appropriately increased diameter. This model has led to
simple but accurate parameterization of the E11 and E22 transitions energies for a large class of nanotubes. Only for very
small diameter nanotubes, where curvature effects become
significant, has this approach been shown to fail.13
One would expect such a 2D model to be especially appropriate for nanotubes of larger diameter, which exhibit sig-
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nificantly larger circumferences and radii of curvature and as
a consequence, lower transition energies. This hypothesis
has, however, never been tested experimentally. In fact, as
we show below, no scaling relation using a single “2D” parameter can simultaneously explain our experiment results
for the E11 and E22 transition energies in larger diameter
nanotubes and the existing data on transitions in smaller diameter nanotubes. This breakdown of scaling is especially
apparent when we compare our measured E22 energies for
transitions of large diameter nanotubes with available data
for the E11 energies of smaller diameter nanotubes with the
same wavevector. This result implies that 1D many-body effects cannot be completely ignored.
II. EXPERIMENTAL DETAILS

In our experiments, single-walled nanotubes were initially
grown across open slits by chemical vapor deposition.14 In
this geometry, SWNTs could be investigated by Rayleigh
scattering spectroscopy, a technique that provides sensitivity
to individual nanotubes through a determination of the
frequency-dependent cross section for elastic light
scattering.4 In addition to unambiguously identifying individual nanotubes, as opposed to bundles or multiwalled
nanotubes, the technique yielded spectra for the third 共E33兲
and fourth 共E44兲 subband transitions. Assignments of the
nanotube chiral index were made by comparison to an accumulated database of optical spectra that has been organized
following “family” behavior, the systematic evolution of the
transition energies of a SWNT with changing structural
parameters.15 The assignments for these family trends had
been previously established by performing spectroscopy of
individual nanotubes with structures determined by electron
diffraction.11,16
After completion of Rayleigh spectroscopy and identification of the chiral index of each nanotube, we prepared the
sample for Fourier-transform photoconductivity measurements. This required transfer printing each nanotube onto a
silicon wafer 共300 nm oxide epilayer兲 and preparation of a
SWNT field-effect transistor.17 Source and drain electrodes,
with spacings between 1 and 20 m 关Fig. 1共a兲兴, were patterned by electron-beam lithography and lift-off of Cr/Au
and Ti/Pd layers. The Cr and Ti layers, in addition to enhancing adhesion, produce large Schottky barriers and therefore
strong and tunable electric fields at the nanotube-metal
interface.18 As shown in Fig. 1共b兲, the devices are weakly
ambipolar 共high n-type resistance ⬎10 G⍀兲 with large contact barriers as inferred by a high 共5 M⍀兲 on-state resistance
and on/off ratio 共105兲 for p-side conduction. High-contact
resistance was found to be a necessary condition for the observation of photocurrent, consistent with the spectral evidence 共discussed below兲 for excitonic absorptions.
FTPC experiments were performed using synchrotron radiation 共National Synchrotron Light Source兲 coupled into a
Fourier transform spectrometer and focused with an optical
microscope. The Fourier transform technique permits measurement over a wide spectral range, with well-known improvements in speed 共Fellget advantage兲 and noise 共Jacquinot advantage兲 compared to conventional measurements

with scanned excitation.19 In the present study, the sample
itself, i.e., an individual nanotube, serves as the photodetector. The photocurrent spectra were recorded in both rapid
scan and “step-scan” modes utilizing a combination of transimpedance and lock-in amplifiers, and bench software.
Typical spectra were collected in just a few seconds in the
rapid scan configuration and several hundred scans are typically averaged together. In order to test that there are no
shifting or damping of the peaks due to the RC response of
the photoconductive circuit, step-scan spectra were collected
with the light mechanically chopped at 100 Hz as the interferometer mirror was moved in discrete steps 共64 cm−1 resolution兲. No change in the photocurrent spectra was detected.
Alternatively, steady-state transport or time traces of the photocurrent were digitized and recorded using a data acquisition card.
During the FTPC measurements, the source-drain bias
and the gate voltage were adjusted to obtain a strong photoresponse while minimizing the dark current. Figure 1共c兲
shows a time trace of the total current in the device with the
light modulated at 100 Hz under bias conditions denoted by
the arrow in Fig. 1共b兲. Under these conditions we obtained
high-quality photoconductivity interferograms, an example
of which is shown in of Fig. 1共d兲. The photocurrent excitation spectrum of the nanotube is obtained as the Fourier
transform of the measured interferogram. The useful spectral
range extended from photon energies of 0.25 to 1.25 eV, with
a spectral resolution of 1 meV.
In order to properly normalize the photoconductivity
spectra, it was necessary to determine the instrument and
source characteristics. The spectral profile of the excitation
light was determined using a pyroelectric detector 共DTGS
KBr兲, which has a flat broadband spectral response, placed at
the focus of the microscope objective. The resulting spectrum includes the synchrotron, instrument, and beam splitter
responses and was subsequently used to correct the photoconductivity spectra. The total power incident on the sample
was too small to be measured with a thermal power meter
and had to be estimated using a Si photodiode and a set of
narrow bandpass filters 共10 nm bandwidth, 50% transmission
at 850 and 880 nm兲. Integrating these sections of the spectral
profile with respect to the total curve gives an upper bound to
the incident power of 1 mW corresponding to an irradiance
of ⬍700 W / cm2 of broadband radiation in the excitation
spot.
III. RESULTS AND DISCUSSION

The Fourier transform of the normalized interferogram
yields the photocurrent excitation spectrum of the nanotube
under study. Figures 2共a兲 and 2共b兲 show, respectively, FTPC
spectra for a 共14,13兲 nanotube 共with a diameter of 1.9 nm兲
and for a 共19,14兲 nanotube 共with a diameter of 2.3 nm兲. Both
of the FTPC spectra are quite simple in form, with two primary observed features that we assign to the E11 and E22
excitonic transitions. In addition to the requirements on device fabrication 共which suggest excitonic resonances兲, there
are several pieces of spectral evidence for this assignment.
The first is that these peaks can be approximated by Lorent-
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band edge, an asymmetrical line shape would be expected.
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FIG. 1. 共Color兲 共a兲 Large-field atomic force microscopy image
共electrostatically enhanced兲 showing a 70 m section of a transferred SWNT after characterization by resonant Rayleigh scattering.
共b兲 Current vs. gate voltage characteristics of a typical transferred
SWNT. The source-drain voltage is 1 V and the arrow indicates the
gating conditions used for subsequent photoconductivity experiments. 共c兲 Photocurrent time-trace under 100 Hz modulated broadband IR illumination and 共d兲 the corresponding photocurrent interferogram in the same device.
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FIG. 2. 共Color兲 Combined photoconductivity and Rayleigh scattering spectra for an individual single-walled nanotube. 共a兲 For a
共14,13兲 nanotube, showing the lowest four electronic transitions,
E11, E22, E33, and E44. 共b兲 For a 共19,14兲 nanotube, showing the
lowest five transitions, E11, E22, E33, E44, and E55.

FIG. 3. 共Color兲 Evolution of the photocurrent lineshape as a
function of gate voltage. The spectra were sequentially collected
from the lowest gate voltage 共3 V兲 to the highest 共7 V兲 and then
again as the voltage is lowered to verify reproducibility.

lator strength in possible interband transitions are fully compatible with earlier studies for smaller diameter nanotubes
with transitions in the visible spectral range.20,21 Furthermore, studies of enriched films of small diameter 共7,5兲
SWNTs have recently shown identical E11 and E22 features
in both photoconductivity and absorption, demonstrating that
photocurrent can indeed be observed from excitons.22 Finally, we have determined our dissociation efficiency to be
⬍1%, consistent with a field-ionization model for moderately bound excitons23 which considers experimental estimates for the absorption cross section,24 carrier lifetimes,25,26
and Schottky barrier widths.18 We note that nanotube photoexcitation spectra have been previously reported in a similar
energy range, although without any independent determination of the nanotube structure 共as was provided by Rayleigh
scattering in our studies兲. In contrast to these data,8,10 we do
not observe the strong phonon sideband peaks that have been
reported to appear with nearly equal intensities to the main
electronic transitions. We also fail to see evidence of features
associated with free-carrier interband transitions.
Varying the applied gate voltage changes the lineshape of
the low-energy feature while the average spectral position
remains relatively constant, as shown in Fig. 3. As the gate
voltage increases, we see new peaks on the wings of the low
bias feature that eventually dominate the spectral response.
The features were reproducible upon repeated gate sweeps.
While the origin of these additional features is unknown,
there are two physical effects that likely contribute. First,
Freitag et al.18 have shown that for similar three terminal
SWNT devices, the Schottky barrier width and resulting
electric field near the metal contact is modulated by the gate
bias. Second, electrostatic doping will lead to additional freecharge carriers in the bulk of the SWNT. We note that a
similar spectral lineshape variation was observed from the
same SWNT at different contact positions, also likely reflecting changes in the spontaneous electric field distribution. Our
interpretation of the energy scaling behavior is unaffected by
this small lineshape variation.
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TABLE I. Summary of SWNT transition energies measured by Fourier transform photoconductivity
共E11 , E22兲 and Rayleigh scattering 共E33 , E44兲.
共n , m兲

dt

E11

E22

E33

E44

共14,13兲
共19,14兲
共17,12兲
共18,13兲

1.86
2.28
2.00
2.14

0.55
0.45
0.53
0.48

0.96
0.78
0.92
0.84

1.89
1.64
1.89
1.76

2.34
1.87
2.18
2.03

nificant for small radius tubes, we have found it to be
negligible for the low-energy transitions of our large diameter SWNTs 共⬍10 meV contribution for E11 and E22兲. It is
important to note that although differences exist in the dielectric environment under which these measurements were
made, i.e., micellar solution versus an oxide surface, this
effect alone cannot account for the discrepancy. Recent work
has explicitly examined the effect of dielectric screening on
the transition energies of excitons in SWNTs,30 and has concluded that the shift in energy saturates rather quickly above
env = 5. The maximum effect observed by the authors in this
energy range is too small to account for our observed differences of ⬃120 meV.
A related breakdown of scaling was recently identified16,29
for higher energy transitions 共E33 and E44兲. In these instances, the measured energies were also found to be incompatible with the scaling of the E11 and E22 transitions in
smaller diameter SWNTs. This effect was ascribed to a diminished role of excitonic interactions for the higher-lying
transitions. However, this explanation is not appropriate for
the present breakdown in scaling, as it is observed within the
system of E11 and E22 transitions for which the excitonic
character has been well established.20,21 Also, in contrast to
the situation for higher energy transitions, where an overall
blue-shift was observed for larger diameter nanotubes, the
E11 and E22 transitions are found to lie lower in energy than
the transitions associated with the same wave vector in the
smaller diameter SWNTs. This effect can hardly be explained by the lack of excitonic interactions. We conclude

Corrected Energy (eV)

Combining the FTPC spectra with the Rayleigh scattering
spectra allows us to obtain, for the first time, broadband optical spectra of SWNTs of known chiral index over a broad
spectral range, extending from 0.3–2.7 eV. For the 共14,13兲
SWNT 关Fig. 2共a兲兴, this permits identification of the lowest
four optical transitions 共E11 = 0.55, E22 = 0.96, E33 = 1.88, and
E44 = 2.33 eV兲. In the case of the 共19,14兲 SWNT 关Fig. 2共b兲兴,
a total of five optical transitions 共up to E55兲 are observed
within our spectral window. The measured energies for the
four lowest-lying electronic transitions for several individual
SWNTs are presented in Table I.
Our data allow us to examine quantitatively the electronic
structure of SWNTs in the large diameter limit. These results
give us access to states corresponding to small values of the
graphene wave vector, which is given by p / dt, where p = 1, 2,
4, and 5 for transitions E11, E22, E33, and E44, respectively.
From our data, we find transition energy ratios for E22 / E11,
E33 / E11, and E44 / E11 of 1.75, 3.5, and 4.25 共with a variation
in ⬍ ⫾ 3% for the different nanotubes兲. Deviation from the
values of 2, 4, and 5 predicted by single-particle theory 共in
the chiral-independent limit兲 provides further evidence for
the importance of excitons and other many-body
interactions.27,28 Our experimentally determined energy ratios agree well with the values of 1.79, 3.44, and 4.23 for
Eii / E11 共i = 2 , 3 , 4兲 calculated12 for an artificial 共15,15兲 semiconducting SWNT using an ab initio method with manybody effects.
In contrast, the transition energies that we have measured
deviate significantly from trends observed for small diameter
nanotubes. Figure 4 shows a plot of the widely used analytical 2D expression for the transition energy of near armchair
p
c
nanotubes,12 a dt 关1 + b log p/d
兴, with a, b, and c representing
t
adjustable parameters and the log term representing the effects on the transition energies of electron-electron interactions. The curve in the figure has been reproduced directly
from the work of Araujo et al.29 in which the parameters are
fit to measured optical transitions, corrected for chiral effects, in small diameter nanotubes; some of the original data
are indicated as small squares 共兲. The figure also shows our
results on large diameter nanotubes. The measured E22 transitions in Fig. 4 are seen to overlap in wave vector 共p / dt兲
with the E11 transitions for the smaller diameter nanotubes.
However, the transition energies for the E11 transitions in the
larger diameter nanotubes are ⬃15% lower. Likewise, the
measured E11 values fall below the extrapolated 2D fit. As
transition energies are weakly dependent on the nanotube
chirality 共even in the single-particle limit兲 a correction, proportional to cos 3 / d2t , is typically applied to strictly examine the effects of diameter. While this correction can be sig-
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FIG. 4. Optical transition energies from large diameter SWNTs
共filled dots兲 and from chiral corrected small diameter SWNTs 共兲
along with the extrapolated fit to a 2D many-body expression 共dotted line兲 reproduced from Ref. 29. Low-energy transitions which
originate from states with similar wave vectors show different energy dependence as a function of diameter.
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that while the 2D model for nanotube optical transitions provides an elegant framework for a general understanding of
nanotube transition energies and a surprisingly good quantitative description of transition energies for a limited range of
structures and subbands, discrepancies in excess of 15%
arise in applying the model to a broad range of nanotube
diameters. In addition to the fundamental interest in this result, it is has important implications for the interpretation of
spectroscopic data. Application of scaling theory calibrated
for small diameter nanotubes to the analysis of optical spectra of low-lying transitions in large diameter nanotubes will
lead to significant errors in the inferred nanotube diameter.
IV. CONCLUSIONS

We have demonstrated that the Fourier transform photoconductivity technique can be used to determine the bandgap energies of individual large diameter single-walled carbon nanotubes. Furthermore, all evidence points toward
excitonic resonances including the lineshape, collection efficiency and scaling behavior between the E11 and E22 transitions. When combined with optical spectroscopy, an ex-
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tremely broadband characterization of the electronic
structure of a SWNT can be achieved.
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