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We described the photoluminescencesPLd properties of individual micelle-encapsulated
single-walled carbon nanotubessSWNTsd at room temperature. Single PL peak from isolated
individual SWNT with a chiral index ofs6, 5d showed a linear increase and saturation behavior of
the PL intensity. Unusual PL intensity fluctuation in the temporal evolutions of the PL intensity,
referred to as PL intermittency, was seen with some SWNTs, while the PL intensity with most
SWNTs remained at a constant amplitude. The mechanism of the PL intermittency was discussed.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1894609g

Single-walled carbon nanotubessSWNTsd have attracted
a great deal of attention because of their potential use in
electronic devices and their unique physical properties.1–3

Recently, photoluminescencesPLd signals were observed
from micelle-encapsulated SWNTs4,5 and SWNTs suspended
between pillars above a silicon substrate6,7 when the SWNTs
were prevented from becoming bundled or contacting the
substrate. PL spectroscopy has revealed new insights into the
optical and electronic properties of SWNTs.4–9 Bachiloet al.
demonstrated that the chirality of SWNTs can be determined
from the energy positions in the PL spectra and PL excitation
spectra.5 However, SWNTs are an inhomogeneous system
because the optical transition energy differs from a SWNT
even for those with the same chirality.10,11 As a result, the
macroscopic PL spectrum reflects the ensemble average of
signals from many SWNTs and is inhomogeneously broad-
ened. This makes it difficult to investigate the intrinsic opti-
cal properties of a SWNT, such as the homogeneous line-
width or variation in the PL intensity from a SWNT to a
SWNT. Spectroscopic observation of an individual SWNT,
called individual SWNT spectroscopy, is useful for under-
standing the physics of the inhomogeneous system,10–12 as
with the spectroscopy of fluorescent dye molecules13 and
semiconductor quantum dots.14 Single molecule spectros-
copy enabled us to reveal the intrinsic homogeneous line-
width and unusual phenomena, such as fluorescencesphoto-
luminescenced blinking or intermittency,13 in which the
emission peak and intensity fluctuate over time.

In this letter, we report on the PL spectrum and time
traces of the PL intensity of individual micelle-encapsulated
SWNTs at room temperature. We found clear differences in
the time traces from a SWNT to a SWNT, i.e., most SWNTs
showed stable emissions, although PL intermittency behavior
was seen in specific SWNTs. The room temperature emission
properties of an individual SWNT will provide us with im-
portant information for fabricating optical devices at the
single SWNT level.15

A zeolite-supported metal catalyst was prepared using a
reported procedure.16,17 Cobalt acetate and iron acetate were
impregnated into USY-zeolite powders. The amounts of Co
and Fe were 2.5 wt % each, with respect to the zeolite pow-
der. The details of the alcohol catalytic chemical vapor depo-
sition sACCVDd procedure have been reported.17 The cata-
lysts were placed in a quartz boat, which was set in a quartz
tube inside an electric furnace. While heating of the electric
furnace, Ar/H2 s3%H2d was supplied at 300 sccm to main-
tain the pressure inside the quartz tube at 300±20 Torr. After
the electric furnace reached the growth temperature of
650 °C, the Ar/H2 was stopped, and the quartz tube was
evacuated using a rotary pump. Vapor from an ethanol res-
ervoir was then introduced for 10 min at a constant pressure
of 10 Torr. After the CVD reaction, the furnace was turned
off, and 100 sccm Ar/H2 was allowed to flow through the
tube while it cooled to room temperature.

The samples investigated in this study were SWNTs in a
surfactant suspension. These were prepared following a pro-
cedure similar to Ref. 4. The SWNTs were dispersed in D2O
with 1 wt % sodium dodecyl sulfatesSDSd by sonication
with an ultrasonic processor for 1 h. This suspension was
then centrifuged for 24 h at 20 627 g. The SWNTs synthe-
sized were characterized using resonant Raman scattering
and macroscopic PL spectroscopy.18 The SWNTs were dis-
persed and dried on a glass slip using a spin-coating method.
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Spectroscopic studies of individual SWNTs were carried out
at room temperature using a home-built scanning confocal
microscope. The SWNTs on the scanning stage were illumi-
nated with the focused spot of a linearly polarized laser di-
ode light sl=532 nmd and He–Ne laser light sl
=632.8 nmd through an oil immersion objectivesnumerical
aperture 1.25d. PL signals from individual SWNTs were de-
tected using a Si avalanche photodiode to acquire PL images.
PL spectra were obtained using a 32 cm monochromator
equipped with a cooled charge coupled devicesCCDd.

Figure 1 shows three-dimensional plot of a SWNT PL
image, detected at a range of 1.18–1.37 eV at room tempera-
ture. Each bright spot corresponds to the PL signal from an
individual SWNT, as confirmed by the PL spectrum, which
had a single PL peaksdescribed below in detaild. The varia-
tion in the intensities of the PL image results from the dif-
ference in the emission wavelengths of the SWNTs, which
depend on chirality, as the detection efficiency strongly de-
creases toward the lower energy side. The random orienta-
tion of the SWNTs on the substrate also contributes to the
variation in the PL intensity, because the PL intensity has
strong polarization dependence on the polarization direction
of the excitation light with relative to a SWNT.10,12

Figure 2sad shows a macroscopic PL spectrum of
micelle-encapsulated SWNTs in D2O, obtained at 1.95 eV
excitation conditionsdotted lined. The PL spectrum is com-

posed of several peaks from SWNTs with various chiralities;
the peaks are assigned ass8, 3d, s6, 5d, s7, 5d, ands7, 6d from
the higher to lower energy side.5,18 The solid lines in Fig.
2sad show an example of the PL spectra of an individual
SWNT, obtained by varying the excitation power. Each PL
spectrum is normalized by the excitation power. The PL
spectra show a single peak, in contrast to the various peaks
seen in the macroscopic PL spectrum. The spectral position
of the peak from an individual SWNT in the PL spectrum
does not change with the excitation power, indicating that the
many body effects such as band-gap renormalization do not
occur in this excitation regime using continuous wave laser
light. We plotted the PL intensity as a function of the exci-
tation power in Fig. 2sbd. The PL intensitysclosed circlesd
increased linearly before gradually saturating at higher exci-
tation conditions. These experimental results imply that the
emission peak originates from recombination between the
lowest band edge statesE11d.

Next, we investigated time traces of PL intensity from
individual SWNTs. Figure 3sad shows an expanded PL image
on a 5.1mm35.1 mm scale. We observed that most of the
PL signals in the PL imagese.g., the solid line circled aread
are smooth spots, and the time traces of the PL signals in Fig.
3sbd sblue linesd supper and middle panelsd show constant
emission behavior, as reported previously.10 By contrast, a
few PL spots with scratch noises are observedse.g., within
the dotted circled. The noise in the spot is caused by fluctua-
tion in the PL intensity. As shown in the time trace in Fig.
3sbd sred lined slower paneld, the PL intensity switches be-
tween high and low emission states. This phenomenon is
referred to as fluorescencesphotoluminescenced intermit-
tency, in which the PL intensity switches multiple levels as
time passes.19–21Thermal heating by the excitation laser was

FIG. 1. sColor onlined Three-dimensional map of the PL intensity of indi-
vidual SWNTs at room temperature, excited at 2.33 eV. The scanning area
of the image is 28mm328 mm.

FIG. 2. sColor onlined sad Macroscopic PL spectrum of micelle-
encapsulated SWNTs in D2O at the excitation photon energy of 1.95 eV
sdotted lined. PL spectra of an individual SWNT with a chirality ofs6, 5d at
the excitation photon energy of 1.96 eV under various excitation powers
ssolid linesd. Each PL spectrum is normalized using the excitation power;sbd
Excitation power dependence of the PL intensity. The solid line corresponds
to the gradient associated with linear power dependence.

FIG. 3. sColor onlined sad PL image of individual SWNTs at the excitation
photon energy of 1.96 eV in a 5.1mm35.1 mm area;sbd typical temporal
evolution of the PL intensities of individual SWNTs showing stable emis-
sion sblue linesdsupper and middle panelsd. Time trace of the PL intensities
of a specific SWNT showing PL intermittencysred lined slower paneld. The
excitation laser was blocked in the “off” region.
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ruled out as the origin of this PL intensity fluctuation, be-
cause we acquired the data at lower excitation power. Fur-
thermore, if thermal heating caused the PL intensity fluctua-
tion, the PL intensity fluctuation should be observed in all
SWNTs.

PL intermittency and blinking are observed frequently
in single dye molecules13,19 and single semiconductor quan-
tum dots.14,20,21Several mechanisms have been proposed to
explain these phenomena,13,14,19–21because the time scale of
the PL intermittency and on–off blinking phenomena depend
on the system and experimental conditions. As a possible
mechanism, the reorientation of a moleculesdirection of the
dipole momentd could cause the PL intensity fluctuation;
however, the SWNTs with 100–300 nm length are fixed on
the substrate surface by strong van der Waals interactions.
Therefore, the observed PL intermittency is unlikely to be
the result of the reorientation of SWNTs on the substrate.
The fluctuation in the local environment perturbs the elec-
tronic states of SWNTs and hence the PL intensity. In the
SWNT showing the PL intermittency, there are localized
states owing to chemical or structural defects in the SDS or
the SWNT itself.22,23 When a charge is trapped by such a
localized state, the charge results in a strong, local electric
field21 on the SWNT. As a result, the overlap of the wave
functions of an electron and a hole in the SWNT is de-
creased, reducing the PL intensity. The trapped charge is an-
nihilated by recombination, and the local electric field caused
by the trapped carrier disappears. This cyclesthe creation
and annihilation of localized chargesd might induce the PL
intermittency in SWNTs on the time scale observed.

In summary, we presented PL spectra and showed the
temporal evolution of the PL intensity in an individual
SWNT in a surfactant at room temperature. The PL intensity
of a single PL peak from an individual SWNT shows a linear
dependence on the excitation power, and the energy position
does not change with higher excitation. The amplitude of the
PL intensity in most SWNTs remains constant over time.
Nevertheless, in some SWNTs, the PL intensity fluctuates.
The fluctuation in the local electric field causes the PL inter-
mittency in a SWNT. We obtained emission properties of an
individual SWNT at room temperature including these varia-
tions from a SWNT to a SWNT, which should provide us
with important insights for the fabrication of optical devices
at the single SWNT level.

This study was performed as a part of the Active Nano-
Characterization and Technology Project, supported by Spe-
cial Coordination Funds from the Ministry of Education,
Culture, Sports, Science, and Technology of Japan.
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