
MORIMOTO ET AL. VOL. 8 ’ NO. 10 ’ 9897–9904 ’ 2014

www.acsnano.org

9897

October 06, 2014

C 2014 American Chemical Society

Length-Dependent Plasmon
Resonance in Single-Walled Carbon
Nanotubes
Takahiro Morimoto,† Soon-Kil Joung,†,‡ Takeshi Saito,†,‡ Don N. Futaba,†,‡ Kenji Hata,†,‡ and

Toshiya Okazaki*,†,‡

†Technology Research Association for Single Wall Carbon Nanotubes (TASC), Tsukuba 305-8565, Japan and ‡Nanotube Research Center, National Institute of
Advanced Industrial Science and Technology (AIST), Tsukuba 305-8565, Japan

S
ingle-walledcarbonnanotubes (SWCNTs)
are promising one-dimensional (1D)
carbon materials.1 The confinement of

electrons in the radial direction leads to
unusual quantum effects on their electronic
properties.2,3 For instance, SWCNTs exhibit
very unique optical properties associated
with their low dimensionality over a wide
spectral range. In the ultraviolet�visible�
near-infrared (UV�vis�NIR) region, sharp
transition peaks are observed, which are
related to the interband transitions between
1D van Hove singularities.4 On the other
hand, a broad absorption peak is observed
in the UV region, which can be attributed
to the π-plasmon collective excitation of
SWCNTs.5,6

Furthermore, in the far-infrared (FIR) fre-
quency ranges, there is a broad absorp-
tion peak at a frequency on the order of
100 cm�1.7�19 This featurewas first reported
more than 10 years ago and was ascribed to
the narrow gap of metallic SWCNTs.20 The
finite radial curvature of SWCNTs induces a
shift of the Fermi point from the original K
point, leading to small energy gaps near the
Fermi level of metallic SWCNTs. The induced

narrow gap has actually been observed via

low-temperature scanning tunneling spec-
troscopy in the energy region on the order
of 10 meV, which corresponds to the FIR
frequencies (on the order of 100 cm�1).21

Importantly, this narrow gap exhibits strong
diameter dependence; that is, the gap en-
ergy is inversely proportional to the square
of the tube diameter.22�24

An alternative interpretation of the opti-
cal response in the FIR region is the plas-
mon excitation of SWCNTs of finite tube
length.9,12,13,17�19 The confined free carriers
in metallic SWCNTs interact with the low-
frequency electric field, resulting in intense
optical absorption. However, the detailed
mechanisms of the low-dimensional plas-
mon in both SWCNTs and graphene25�27

have so far remained unclear because
the plasmonic excitation is highly sensitive
to their conductive length, band structures,
and dimensionalities.12,28 Therefore, the
systematic study of the FIR spectroscopy is
strongly demanded by the well-prepared
SWCNT samples. Specifically, because plas-
monic motion in 1D nanostructures should
be sensitive to the conductive path length,
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ABSTRACT The optical response of single-walled carbon nanotubes (SWCNTs) to

far-infrared (FIR) radiation was systematically studied using various SWCNTs with different

tube-length distributions. The observed peak position in the FIR spectra linearly scaled with the

inverse of tube length irrespective of diameter, which is consistent with the dispersion relation

predicted by the one-dimensional plasmon resonance model. The effects of chemical doping on

the FIR spectra of the separated metallic and semiconducting SWCNTs clearly indicate that the

motion of plasmons in the electronic band structures is primarily responsible for the optical

response in these spectral regions. The observed absorption peaks are naturally sensitive to the

presence of defects on the tube wall and correlated with the electric resistance, suggesting that the plasmons resonate with the current path length

of the SWCNTs.
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it is highly desirable that such spectroscopic measure-
ments be performed using SWCNTs with different tube
lengths but a constant diameter.
Here, we report the FIR spectroscopic study of

various SWCNT samples of different tube lengths. Each
SWCNT was cut via strong sonication with a different
duration. Importantly, the sonication processes did not
affect the diameter distribution, which was confirmed
using resonance Raman and UV�vis�NIR absorption
spectroscopy. The obtained FIR absorption frequencies
of clean and long SWCNTs exhibited quantitative
agreement with the 1D plasmon dispersion relation.
Moreover, the different effects of doping on the FIR
spectra between metallic and semiconducting
SWCNTs indicate that the motion of the photoinduced
carriers predominantly accounts for the optical re-
sponse. It was also found that the observed resonance
peaks were very sensitive to the presence of defects on
the tubewall and correlatedwith the electric resistance
of the samples. These observations suggest that the 1D
current path length of the SWCNTs determines the
plasmon resonance conditions.

RESULTS

FIR Spectroscopy of SWCNTs with Different Tube Lengths.
Figure 1a shows the histograms of the length distribu-
tions of the SWCNTs, which were synthesized using the

electric-arc-discharging method (arc-SWCNTs) after
several different sonication processes (top to bottom:
10 min, 20 min, 1 h, and 3 h), as estimated from AFM
observations. For 10min of sonication, the average tube
length (median value) was estimated to be 0.86 μm.
The average tube length decreased with increasing
sonication time. The average tube length finally became
0.55 μm after 3 h of sonication.

We checked that the applied sonication processes
did not affect the diameter distributions of the SWCNT
samples using resonance Raman and absorption
spectroscopy. Figure 1b shows the resonance Raman
spectra of the processed samples with 532 nm laser
excitations. A prominent peak of the radial breathing
mode (RBM) was observable at approximately 175 cm�1,
which corresponds to a diameter of dt∼ 1.4 nm.29 It can
be clearly seen that the RBM shapes and peak positions
are nearly identical for all sonication processes.

Figure 1c shows the optical absorption spectra of
the SWCNT samples on quartz substrates with different
sonication times. In this energy region, the first and
second interband transitions for the semiconducting
SWCNTs (S1 and S2) and the first interband transition
for the metallic SWCNTs (M1) were observed at ap-
proximately 1800, 1000, and 700 nm, respectively. The
peak positions and the spectral shapes are apparently
insensitive to sonication duration. The absence of any

Figure 1. (a) Tube-length distributions of arc-SWCNTs based on AFM observations. Each panel shows the results for samples
that correspond to different sonication times: from top to bottom, the sonication time was 10 min, 20 min, 1 h, and 3 h. The
numbers inside the panels denote the median values of the distributions. (b) Resonance Raman excited by the 532 nm laser
and (c) UV�vis�NIR absorption spectra of arc-SWCNTs with different sonication times. The dashed lines are guides for the
eye. The baselines of the absorption spectra are adjusted.
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significant change in either the Raman spectrum
or the absorption spectrum strongly suggests that
the diameter and chiral-angle distributions of the arc-
SWCNTs remained unchanged throughout all sonica-
tion processes.

The optical response in the FIR region exhibits signifi-
cant sonication time dependence. Figure 2 shows the
FIR optical density spectra of the arc-SWCNTs with
different sonication times from 10 min to 3 h. The black
line represents the FIR spectrum of the SWCNT sample
that corresponds to 10 min of sonication. A broad and
strong peak can be seen at approximately 70 cm�1. As
the duration increases, the peak maximum clearly shifts
toward higher frequencies. For 3 h of sonication, the
peak is located at approximately 270 cm�1. Because the
diameter and chiral-angle distributions are unchanged
(Figure 1b,c), the observed shifts are unambiguously
caused by the shortening in the tube length (Figure 1a)
but not a curvature-induced narrow gap.

The same FIR spectroscopic experiments were
also conducted for enhanced direct-injection pyrolytic
synthesis (e-DIPS),HiPco, and supergrowth (SG) SWCNTs
(see Supporting Information). For all of these SWCNTs,
the FIR spectra were observed to shift toward higher
wavenumbers as the tubes were shortened by the
sonication process, while the diameter distributions
remained unchanged. Figure 3a shows the relation
between the observed FIR peak positions and the
average tube length based on the AFM observations
(LAFM) for all investigated SWCNTs (see Figure 1a

and Supporting Information). Despite the large differ-
ence in average tube diameter among these tubes
(approximately 1.5, 2, 1, and 3 nm for arc-, e-DIPS, HiPco,
and SG tubes, respectively), there is a good correlation
between the obtained peak position and the average
tube length.

Recently, Nakanishi and Ando formulated the
optical response of finite-length metallic SWCNTs
based on the 1D plasmon resonance model.12 Because
SWCNTs have considerably smaller diameters and
longer coherent lengths than conventional metal sys-
tems, electrons on SWCNTs are strongly confined to
the 1D channel.30 For such mesoscopic-scale systems,
a self-consistent approach with nonlocal and local
conductivity was applied to model the dynamical
response of their charge distributions.12,31 The calcu-
lated results predict that the optical absorption should

Figure 2. FIR spectra of arc-SWCNTs with different sonica-
tion times of 10 min, 20 min, 1 h, and 3 h (from top to
bottom). The sharppeaks near 5500 cm�1 correspond to the
S1 interband transition.

Figure 3. (a) Obtained FIR peak positions of arc- (red),
e-DIPS (black), SG (green), and HiPco (blue) SWCNTs as a
function of LAFM. (b) Dispersion relation between the ob-
served FIR peak position and the wave vector q (=π/LAFM).
The solid red and dashed blue lines in panels (a) and (b) are
theoretical prediction curves for an ideal and clean SWCNT
(see text) with 0.8 and 4.0 nm in diameter, respectively. (c)
Inverse of the FIR peak position as a function of SWCNT
length. (Inset) Slope of main panel as a function of G/D ratio
from the short sonication time samples. The experimental
errors of the FIR peak positions were less than 1%.
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exhibit a resonant peak in the FIR regime.12 The
plasmon velocity is described as

vP ¼ 4vF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gvgs
4

e2

2πεγ
I0(rq)K0(rq)

s
(1)

where vP is the plasmon velocity, vF is the Fermi
velocity, gv and gs are degeneracies for the valley and
spin, respectively, ε is the dielectric constant in the
environment of SWCNTs, I0 and K0 are the modified
Bessel function of the first and second kind, respec-
tively, r is the radius of the SWCNT, q is the wavenum-
ber given by 2π/L, and γ is the band parameter.12

The peak position depends on the tube length,
which is approximately defined as

2L
vP

¼ 2π
f
n (n ¼ 1, 3, 5, :::) (2)

where f is the frequency of the incident light.12 If the
tube length is sufficiently long that edge effects may
be neglected, the resonance frequency f is inversely
proportional to the length L. Indeed, the observed FIR
peak frequencies exhibit the 1/L relation, as shown in
Figure 3a. Moreover, within this model, the alignment
between SWCNTs and incident light only has an effect
on the intensity of the FIR peaks structures. In the
previous works,8,9,18 some groups reported significant
changes of intensities of these FIR peaks in parallel and
orthogonal conditions. These are consistent with the
theoretical predictions.

The corresponding dispersion relation between
f and the wave vector (q = π/LAFM) for each SWCNT is

shown in Figure 3b. When the induced current is
severely impeded by impurities on the SWCNT chan-
nel, the dispersion curve rises nonlinearly with q.12 The
almost-linear relationship between the FIR peak posi-
tion and the obtained q indicates that the plasmonic
current travels along a relatively clean channel.12,32,33

The observed divergence among the SWCNTs fabricated
using different synthesis methods is discussed later.

Chemical-Doping Experiments on Separated SWCNTs. To
better understand the basic features of the plasmonic
resonance in SWCNTs, it is particularly helpful to
investigate the optical response of SWCNTs with dif-
ferent electronic states. Therefore, chemical-doping
experiments were also conducted on separated metal-
lic and semiconducting SWCNTs using p-type dopants,
tetrafluorotetracyanoquinodimethane (F4TCNQ) and
tetracyanoquinodimethane (TCNQ).34 Figure 4a,b
shows the UV�vis�NIR spectra of metallic-rich (M-arc)
and semiconducting-rich (S-arc) arc-SWCNTs before
and after doping with F4TCNQ. Before doping, the
sample films were annealed in vacuum (600 �C, ap-
proximately 10�5 Pa for 1 h) to remove adsorbed
molecules such as oxygen and water. Both samples
show clear interband excitation peaks at approximately
1800, 1000, and700nm,which correspond to the S1, S2,
and M1 transitions, respectively (red lines in Figure 4a,
b). Upon F4TCNQ doping, the S1 peak disappears al-
most completely in the absorption spectrum (blue line
in Figure 4b). The S2 and M1 peaks are also suppressed
by the hole injection into the van Hove singularities in
the valence bands.35

Figure 4. (a,b) UV�vis�NIR and (c,d) FIR spectra of (a,c) metallic- and (b,d) semiconducting-enriched arc-SWCNT samples. The red
and blue lines are the spectra before and after F4TCNQ doping, respectively. TheUV�vis�NIR spectra (a) and (c) are offset in vertical
axis. (e) Subtracted spectra of FIR intensities before and after doping for the M-arc (red) and S-arc (blue) samples. The bold and thin
lines indicate the samples for which F4TCNQ and TCNQ, respectively, were used as dopants. (f) Schematic illustrations of the band
structures ofmetallic and semiconducting SWCNTs. Thedashed red line corresponds to the Fermi energy level after chemical doping.
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Figure 4c,d shows the effects of doping on the FIR
spectra of the M-arc and S-arc samples. The red and
blue lines denote the spectra before and after doping,
respectively. The spectral intensities were normalized
to the sample thicknesses that were estimated from
AFM observations (see Methods). Before doping (red
lines in Figure 4c,d), the FIR signal of the M-arc sample
was considerably larger than that of the S-arc sample.
The weaker but observable peak in the S-arc spectrum
may originate from residual metallic SWCNTs in the
S-arc sample and/or the doping of the semiconducting
species by unexpected adsorbed molecules. Upon
F4TCNQ doping, the signal intensities of both the
M-arc and S-arc samples were enhanced, which can
be explained by the increase in the carrier density (blue
lines in Figure 4c,d). Importantly, the signal enhance-
ments observed upon doping appear to contradict the
mini-gap model.

Even though the intensities increased in both
cases, the details of the behavior differ significantly
between the M-arc and S-arc samples. Apparently, the
FIR spectrum of the S-arc sample increased equally
across the observed frequency region, whereas the
lower-frequency part was more enhanced in the M-arc
sample. The subtracted spectra of the M-arc and S-arc
samples were calculated to highlight the differences
between the spectra before and after doping; these
subtracted spectra are shown as the thick red and blue
lines in Figure 4e, respectively. In fact, the subtracted
spectrum of the S-arc sample shows a nearly constant
increase, irrespective of frequency. However, in the
M-arc sample, an increase is evident only in the lower-
frequency part, and the intensity enhancement is
smaller than that in the S-arc sample.

These behaviors can be clearly understood in terms
of the carrier dynamics in the electronic band struc-
tures. Figure 4f shows schematic illustrations of the
band structures of metallic and semiconducting
SWCNTs. Metallic SWCNTs ideally exhibit a linear
dispersion relation near the K point, while there is a
band gap of approximately 1 eV for semiconducting
SWCNTs. The Fermi level may be located near the Dirac
point after vacuum annealing, resulting in the appar-
ent interband transitions in the UV�vis�NIR absorp-
tion spectra (red lines in Figure 4a,b). Based on the
UV�vis�NIR spectra, the Fermi levels in metallic and
semiconducting SWCNTs are expected to shift down-
ward to the dotted lines in Figure 4f upon F4TCNQ
doping. In the case of metallic SWCNTs, the new
carriers were doped into the lowest parabolic band in
addition to the linear dispersion band. Because of the
finite curvature of the parabolic band, the doped
carriers in this band should have a heavier effective
mass and a slower Fermi velocity than those in the
linear band. These slower carriers should experience
a slightly longer effective tube length, resulting in the
modification of the resonance condition toward lower

frequencies (Figure 4c). In the case of semiconducting
SWCNTs, however, the lowest two valence bands are
nearer the E = 0 line than is the parabolic band of
metallic SWCNTs with similar diameter. Therefore, the
carriers in the linear band of the semiconducting
SWCNTs have faster velocities than the carrier in the
bottom of the parabolic band of metallic SWCNTs.
Consequently, the spectral shape of the semiconduct-
ing SWCNTs remained unchanged (Figure 4d).

This phenomenon was more apparent when a
weaker p-type dopant, TCNQ, was employed (thin
lines in Figure 4e and Supporting Information). The
enhancement in the lower-frequency range was stron-
ger in the subtracted spectrum of the M-arc sample.
Simultaneously, the spectral intensity remained almost
unchanged in the higher-frequency range of
>1000 cm�1. In this case, the doped carriers have a
heavier effective mass than in the F4TCNQ case, so
the slower carriers result in a much lower resonance
frequency. These doping effects strongly indicate that
the resonance conditions of the conductive carriers are
important to understanding the optical response of
SWCNTs in the FIR frequency region.

In the two-dimensional electron gas (2DEG) cavity
system36�38 and microribbon grapheme,25�27 the
excited collective plasmon frequency significantly de-
pends on the carrier density nc in the channel (f �

√
nc

and nc
1/4 for 2DEG and graphene, respectively). How-

ever, the effects of doping on the FIR spectroscopy of
SWCNTs did not exhibit such a simple carrier-density
dependence. Rather, the observed resonance condi-
tions can be described in terms of the Fermi velocity of
the carriers and the SWCNT length, as predicted by the
1D plasmon model.12,28

DISCUSSION

The present observations strongly suggest that
the motion of the free carriers is responsible for the
FIR signals of SWCNTs. Naturally, the induced current
should be affected by the presence of defects and
kinks on the SWCNT channel. The solid and dashed
lines in Figure 3a,b are the curves calculated based on
eq 1 with 2r = 0.8 nm (smallest) and 4.0 nm (largest)
assuming that vF = 0.8 � 106 m s�1.12,30 The small
difference between two lines indicates that the dia-
meter effect is quite small for the FIR peaks in this
experiment.
If the current flows along the tube without scatter-

ing, the resonance frequency is ideally calculated
based on the tube length using this relation. Although
all samples have randomorientation and contain some
bundling SWCNTs, the results of relatively clean and
long SWCNTs (arc- and e-DIPS SWCNTs for 10 min
sonication processes) show good quantitative agree-
ment with the theoretical predictions (Figure 3a,b). It is
quite natural that the number of the defects increases
with increasing sonication time, thereby the deviation
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from the theoretical curves also increases. This sug-
gests that the random orientation and the bundling
effects might be small in the present experimental
conditions.
Furthermore, there is substantial divergence in the

observed FIR peak positions, even though almost
identical LAFM values were estimated (Figure 3a). For
example, arc-SWCNTs and HiPco SWCNTs with nearly
the same LAFM of 730 nm show different FIR peak
positions of approximately 102 and 190 cm�1, respec-
tively. This means that samples with the same LAFM
resonate at different frequencies, presumably because
of the presence of defects or kinks in the SWCNT walls.
If a SWCNT channel consists of some conductive paths
affected by defects (or kinks), the “effective” length (LIR)
can be expressed as LIR = LAFM/(Ndefect þ 1), where
Ndefect is the average number of the defects on a tube.
Because the inverse of the FIR position is proportional
to the conductive length (eq 2), the number of defect
sites on the tubewall can be deduced from the relation
1/fIR = RLAFM/(Ndefect þ 1). In Figure 3c, the inverse
of the FIR peak position is plotted as a function of LAFM
for each synthesis method. Apparently, these curves
exhibit linear dependence on LAFM, with different
slopes depending on the growth methods. Although
zero x-intercepts are expected based on the model,
these lines showed the finite intercepts. Such finite
intercepts may be caused by the nonactive region at
the tube edge and/or around the defects of the SWCNT
channels. At present, the reasons for the different values
of the x-intercept among the SWCNTs are unclear.
The intensity ratio of the G mode to the D mode

(G/D) in the resonance Raman spectrum has frequently
been used to estimate the crystallinity of SWCNTs
because the G/D value is closely related to the number
of defects and edges.39 For this purpose, the obtained
slopes for each SWCNT were plotted as a function of
the G/D values of SWCNTs with the short sonication
times (inset of Figure 3c) (also see Supporting Informa-
tion for details). The higher G/D samples with better
crystallinities, such as e-DIPS and arc-SWCNTs, have high-
er slope values. The good correlation between the slopes
and the G/D values suggests that the induced plasmons
on SWCNTs resonate with the effective tube length.
If the FIR peak position is related to the effective tube

length through the crystallinity of the SWCNTwalls, the
observed peak positions are expected to be directly
correlated with the electric resistances of the SWCNT
sample films. Figure 5a shows the V�I curves of the
arc-SWCNT thin films, which were used for the optical
measurements. Here, we applied four-probe measure-
ments to avoid contact resistance with same film
thickness (250 nm) and annealing conditions. The
distance between the probe electrodes was kept con-
stant in all measurements. In fact, the V�I curve of
the four-probe measurements shows better linearity
within this applied voltage than that of two-probe

measurements. As shown in Figure 5b, the SWCNT
samples with longer sonication times tended to exhibit
high electrical resistance. For example, the arc-SWCNT
sample with 10 min sonication shows a resistance of
300 Ω, while a value of 1650 Ω was obtained for arc-
SWCNTs that were subjected to 3 h treatment.
The electrical resistance of a SWCNT thin-film sample

is influenced by various parameters, including SWCNT
length and diameter, the ratio of metallic and semi-
conducting SWCNTs, doping and adsorption condi-
tions, and geometrical network structures. In the
present case, however, almost all parameters remained
unchanged following the sonication processes except
for the tube length. The increase in resistance is thus
attributable to an increase in the number of junctions
in the SWCNT network between the source and drain
electrodes. All SWCNT samples studied here also ex-
hibited positive correlations between the electrical
resistances and the FIR peak positions, that is, the
effective tube lengths (Figure 5b). These observations
suggest that the FIR signals of SWCNTs originate from
the 1D plasmons in the clean nanotube channels and
that the current path length determines the observed
resonance conditions.

CONCLUSION

In summary, the optical properties of SWCNTs in the
FIR frequency region were systematically investigated.

Figure 5. (a) V�I curves of the arc 10 min sample with two-
probe (black) and four-probe (red) measurements. (b) Ob-
tained four-probe resistances as functions of the FIR peak
positions.
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The FIR peak positions shifted toward higher fre-
quencies as the tube lengths were shortened while
maintaining constant diameter and chiral-angle distri-
butions of the SWCNTs. The present result strongly
suggests that the curvature-induced mini-gap is not
responsible for the FIR peaks. The longer and clean
SWCNT showed good agreement with 1D plasmon
resonance theory in their plasmon dispersion relation-
ship. The chemical-doping studies clearly indicated
that the motion of the free carriers on the electronic
bands is primarily responsible for the optical response
in the FIR region. Because the resonance conditions are
disturbed by defects (or kinks) on the tube wall, the

observed resonance frequency is closely related to the
current path length.
Generally, it is necessary to fabricate an atomic-scale

metal wire to observe strong 1D and metallic charac-
teristics because the Fermi wavelength is normally
less than 1 nm.40,41 For instance, Au-induced 1D chain
structures on stepped Si(557) surfaces have been
found to exhibit characteristic plasmon dispersion,
which is expected for a 1D electronic system.42 How-
ever, it has been shown that a SWCNT can be regarded
as an ideal 1D system along the direction of its axis.43

The present observation of a 1D plasmon resonance is
also regarded as a “quantum wire” aspect of SWCNTs.

METHODS
Sample Preparation. Four types of SWCNTs were used in the

present study: (1) electric arc-produced SWCNTs (APJ, Meijo
Nanocarbon Inc.) of 1.2�1.6 nm in diameter (dt); (2) e-DIPS
SWCNTs44 with dt = 1.5�2.5 nm; (3) HiPco SWCNTs (CNI Inc.)
with dt = 0.8�1.3 nm; and (4) supergrowth (SG) SWCNTs45 with
dt = 2�4 nm. The metallic- and semiconducting-enriched
arc-SWCNTs were purchased from Meijo Nanocarbon Inc.

The SWCNT sampleswere cut inwater that contained 1wt%
sodium dodecylbenzenesulfonate (SDBS) using a tip-type
sonicator (Sonics VCX500, operated at 200 W). The resultant
solution was filtered to form a SWCNT thin film, and the thin
film was transferred onto high-resistance silicon wafers, which
were grown using the floating zone method. These low-carrier-
density wafers had a high resistivity of more than 8000Ω 3 cm to
avoid unexpected absorption in the FIR frequency range be-
cause of free-carrier Drude absorptions. To estimate the thick-
ness of the SWCNT thin films, the difference in height between
the top of the thin film and the substratewasmeasured viaAFM.
The estimated thickness was used for the spectral-intensity
calibrations.

AFM samples for estimating the length distribution were
prepared by dropping the SWCNT-SDBS solutions onto Si
substrates. The SDBS deposited on the substrate was rinsed
several times with distilled water.

For the chemical-doping experiments, tetrafluorotetracya-
noquinodimethane (Tokyo Chemical Industry Co., Ltd.) and
tetracyanoquinodimethane (Sigma-Aldrich Co.) were dissolved
in acetone (3 and 4mM, respectively). The solutionswere directly
dropped onto SWCNT thin-film samples on Si and quartz sub-
strates for the FIR and UV�vis�NIR measurements, respectively,
until no further spectral change occurred. Saturated behavior
should indicate the full coverage of the SWCNT surface by the
adsorbed molecules.

Characterizations. The FIR spectra were measured using an FT-
IR spectrometer (Vertex 80v: BrukerOptics) in the 70�8000 cm�1

range and a THz-TDS system (TR-1000: Otsuka Electronics) in
the 4�70 cm�1 range. UV�vis�NIR absorption spectra were
measured using UV3100 spectrometers (Shimadzu Inc.). The
resonant Raman spectra were measured using a triple-grating
T64000monochromator system (Horiba JY) with diode-pumped
solid-state lasers (Spectra Physics) (532 nm). All optical measure-
ments were performed using nonpolar light irradiation. The
FIR spectral profile around the peak was fitted by a quadratic
polynomial function to obtain the FIR peak position. The sample
resistance was measured via a four-probe measurement with a
constant probe distance on the same samples used in the optical
measurements.

All AFM measurements were carried out in tapping mode
with Si cantilevers at room temperature (SPM9600: Shimadzu
Inc.). Note that small SWCNTs bundles and other small
particles still remained even after rinsing. We carefully selected
individual SWCNTs that had similar heights to their tube

diameters (e.g., approximately 1.2�1.7 nm for the arc-SWCNTs)
and then counted the tube lengths to obtain the distribution
histograms (Figure 1a and Supporting Information Figures S1a,
S3a, and S5a).
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