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We studied the spatial profiles and time traces of the photoluminescence (PL) intensity of suspended single-
walled carbon nanotubes (SWNTs) using a microscopic PL imaging technique. These PL images, obtained
in different gases, showed that adsorbed oxygen molecules act as PL quenchers in SWNTs. The exciton
transport length of suspended SWNTs was estimated to be ∼200 nm at room temperature. We found that the
exciton transport and its temperature dependence are dominated by the diffusive motion of a one-dimensional
exciton in a single carbon nanotube.

Introduction

The optical properties of single-walled carbon nanotubes
(SWNTs) are intensively studied from the viewpoint of funda-
mental physics1 and for their potential applications in optoelec-
tronic devices such as electroluminescence2 and single photon
sources.3 Because the excited electrons and holes are strongly
confined in the one-dimensional (1D) materials, the correlated
electron-hole pairs form stable 1D excitons with the extremely
large binding energies on the order of several hundred meV.4-9

Both the temporal and the spatial dynamics of 1D excitons
determine the optical properties of the SWNTs. Many experi-
mental efforts have been devoted to reveal the temporal
dynamics of excitons using time-resolved optical spectros-
copy.10-13

So far, there are a few studies that are concerned with the
spatial dynamics of excitons in the SWNTs using PL imaging
spectroscopy.14,15 Although the spatial dynamics of excitons
plays important roles in the characteristic optical properties in
SWNTs, such as the extraordinary sensitivity of photolumines-
cence (PL) against the local environment,14 and nanotube length-
dependent PL quantum yield,16 the understanding of the exciton
transport does not progress, and the measured exciton transport
lengths during its recombination lifetime vary from ∼10 to ∼90
nm.14,17 Moreover, the detailed mechanism of the exciton
transport, whether the exciton motion can be treated as diffusive
or not, is the issue under intense debate.14 Therefore, it is
necessary to elucidate the exciton transport for understanding
the optical properties of SWNTs.

We studied the exciton transport length and its temperature
dependence in as-grown single carbon nanotubes using micro-
scopic PL spectroscopy. Time traces of the PL intensity in
different atmospheres reveal that oxygen molecule adsorption
introduces nonradiative recombination centers for excitons in
SWNTs. From the change of the PL spatial profiles, we
estimated a room-temperature exciton diffusion length of ∼200
nm. Moreover, we discussed the detailed mechanism of exciton
diffusion.

Experimental Section

Sample Preparation. The SWNTs were grown directly on
Si or SiO2 substrates using the catalytic-chemical vapor-
deposition method.18 The substrates were patterned with parallel
grooves with widths varying from 350 nm to 10 µm and depths
from 1 to 3 µm. The Co/Mo acetic acetates in the methanol
used for the catalysts were dispersed on the substrates with a
spin-coating technique. The SWNTs, grown at 900 °C for 10
min, were suspended across the grooves and were isolated from
one another.19-21

Measurements. The PL imaging is one of the powerful
methods to study the exciton transport14,15 and was done using
a cryostat-equipped home-built microscope where the temper-
ature and gas atmosphere of the sample were varied in the
cryostat. An objective (100×, 0.8 NA) was used for the PL
imaging, with a 1.96 eV He-Ne laser used for excitation of
the sample. The excitation spot diameter and density were about
35 µm and ∼200 W/cm2, respectively. The PL signals from
the SWNTs were detected with an electron-multiplying charge-
coupled device camera through a long-wave pass filter (>950
nm). The PL imaging spatial resolution was ∼900 nm.
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Figure 1. Time traces of PL intensity of (7,5) SWNT in different
atmospheres. Vacuum results were at 10-3 Torr; Ar and O2 results were
at 760 Torr.
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Results and Discussion

Figure 1 shows PL intensity time traces of a (7,5) single
carbon nanotube at room temperature in vacuum, Ar, and O2

atmospheres, respectively. The PL intensities are stable and
maintain almost constant values in vacuum and Ar atmospheres.
In these vacuum and Ar atmospheres, the laser light irradiation
does not create PL quenching centers such as photoinduced
defects and/or locally ionized states,22 and thus does not affect
the PL intensity. In contrast, in the O2 atmosphere, the PL
intensity randomly fluctuates and shows discrete changes. This
large PL intensity fluctuation in O2 comes from the adsorption
and desorption of oxygen molecules on the SWNT sidewall
where the adsorbed oxygen molecules act as electron accep-
tors,23-25 and locally doped holes quench the PL intensity via
exciton-hole nonradiative recombination processes.26

Figure 2a shows temporal PL image sequences of an ∼3 µm
long, single carbon nanotube at room temperature in air. The
elongated PL images reflect the observation of nanotubes longer
than the optical microscopy spatial resolution (∼900 nm).
Moreover, as will be discussed below, the PL intensity is
spatially inhomogeneous, and the intensity profile changes as
time proceeds (A-E). Figure 2b shows the time trace of the
spatially integrated PL intensity over the whole nanotube length.
The time trace in Figure 2b clearly shows that the PL intensity
changes discretely. Because of the difference in the nanotube
length, the relative amplitude of the PL intensity changes for a
single step is smaller than that in Figure 1.

Figure 3a shows spatial profiles of PL images along a
nanotube axis at each time stamp (A-E) in Figure 2a. One can
see the spatially inhomogeneous profiles and the changes in the
intensity as time proceeds. We evaluated the differential profiles
in Figure 3b to analyze the spatial- and time-dependent PL
intensity. The differential profiles show positive and negative

peaks corresponding to the adsorption and desorption of oxygen
molecules on the carbon nanotube sidewall. Note that the
absolute amplitude of the peaks in the differential profiles shows
discrete rather than continuous values. This experimental result
indicates that both the desorption and the adsorption of small
numbers of oxygen molecules, indicated by the asterisks in the
figure, contribute to the PL intensity profile changes.

The excitons are generated uniformly throughout the nanotube
by a large photoexcitation spot in the optical microscope. The
generated excitons near the oxygen adsorption site recombine
nonradiatively very fast. As a result, the PL intensity near the
oxygen adsorbing site within the exciton transport length is very
low in comparison with the other parts in a SWNT, and the
oxygen adsorbing site becomes a PL quenching spot in the
image.14 Thus, the PL quenching size along the nanotube axis
contains information on the exciton transport length.

The differential PL intensity profiles can be used to derive
the exciton transport length to the quenching site. Taking into
account a single PL quenching site, the differential profiles ∆I(x)
in Figure 3b can be expressed from the diffusion equation as27-29

where A is the PL intensity per SWNT unit length and x1 is the
adsorbed position of the oxygen molecule. A is determined from
the highest intensity in the spatial profiles. As the spatial
resolution of the optical microscopy broadens the differential
PL intensity profiles, the instrumental response function was
convoluted with the PL quenching spatial profiles in eq 1 to

Figure 2. (a) Sequential PL images at each time stamp (A-E). The
scale bar in the PL image (A) corresponds to 5 µm. (b) Time trace of
PL intensity for an ∼3 µm long SWNT at room temperature in air.
The A-E time stamp is indicated in the figure.

Figure 3. (a) PL spatial profiles of ∼3 µm long SWNTs along the
nanotube axis. Each index (A-E) corresponds to the time stamps in
Figure 2a and b. (b) Differential PL spatial profiles. The number of
oxygen molecules adsorbed is indicated by asterisks. Solid lines show
experimental results; solid dots show the calculated differential PL
profiles.

∆I(x) ) A exp(- |x - x1|

L ) (1)

4354 J. Phys. Chem. C, Vol. 114, No. 10, 2010 Yoshikawa et al.



calculate the differential PL intensity profiles shown as circles
in Figure 3b. These calculated differential PL profiles agree well
with the experimental results. The exciton transport length Ld

is calculated from the full width at half-maximum (fwhm: 2L
ln 2) of the calculated profiles. We also measured the PL images
of five different (7,5) single carbon nanotube with lengths longer
than 2 µm and estimated the exciton transport lengths using
the same procedure. The exciton transport lengths were typically
170-240 nm, with an average of 200 nm. The exciton transport
length of about 200 nm in the suspended SWNTs is not
inconsistent with the values in the micelle-encapsulated SWNTs
in refs 14 and 15, considering the difference of PL lifetimes.13,30

The derived exciton transport length of about 200 nm is not
negligibly short as compared to a typical nanotube length (∼1
µm), indicating that even a single oxygen molecule adsorption
on the sidewall of a SWNT strongly affects the PL intensity.

To understand the exciton transport mechanism, we also
studied the PL intensity temperature dependence. The inset of
Figure 4 presents the temperature dependence for the same ∼1
µm long single carbon nanotube with and without oxygen
molecule adsorption. From the relative PL intensity amplitude
change with the adsorption of oxygen molecules at 280 K, the
number of PL quenching centers can be estimated in the single
carbon nanotube. The PL intensity of a single carbon nanotube,
without oxygen molecule adsorption, gradually increases from
280 to around 100 K with a maximum value at 60 K, and it
decreases below 60 K. This characteristic temperature depen-
dence of the PL intensity is determined by the radiative lifetime
of the 1D exciton as a (�T)-1 due to thermalization in the bright
exciton band31 and by the exciton distribution between the bright
and dark states that have a splitting energy of 5 meV.32,33 The
solid line in the inset of Figure 4 above 100 K shows the (�T)-1

dependence of the PL intensity, as expected from the 1D exciton
behavior, and fits the experimental results well. However, the
PL intensity below 100 K is complicated because of the dark
exciton state contribution. Therefore, we henceforth limit our
study of the experimental results to the regime above 100 K
where the PL behavior is simply determined by the 1D bright
exciton dynamics.

The PL intensity temperature dependence for a single carbon
nanotube with quenching centers is described as

where N is the number of additional PL quenching center
due to the adsorption of oxygen molecule, xi is the position
of oxygen adsorption site, and l is a nanotube length. A(T)
in eq 2 includes the various temperature-dependent factors,
such as the radiative exciton recombination rate, and exciton
population between the bright and dark states as discussed
above, and can be canceled out by using the normalized
differential PL intensity ∆IPL with and without oxygen
adsorption. For l > L and L < xi < l-L, ∆IPL is described as

where IPL′ and IPL are the PL intensities without and with
oxygen adsorption, respectively. Because ∆IPL is approxi-
mately proportional to Ld(T), we can derive the temperature-
dependent exciton transport length from ∆IPL. Figure 4 shows
the temperature dependence of the normalized differential
PL intensity defined as the PL quenching ratio. The exciton
transport length, normalized by the value at 300 K, is also
plotted as a function of temperature. The normalized dif-
ferential PL intensity decreases slightly with decreasing
temperature, indicating the slight shortening of the exciton
transport length in the low temperature region.

To discuss the mechanism of the exciton transport and its
temperature dependence, we consider the diffusive exciton
transport. The exciton diffusion length is described as14,27,34

where D () kBT〈τscat〉/M) is a diffusion constant using the
Einstein relation, 〈τscat〉 is an exciton scattering time, M is an
exciton center of mass, and 〈τex〉 is an exciton lifetime. Both
〈τex〉 and 〈τscat〉 could contribute to the temperature dependence
of the diffusion length. The 〈τex〉 corresponding to the PL lifetime
determined by the nonradiative exciton recombination process
is almost constant as a function of temperature above 100 K.13

In this temperature range, the exciton scattering process is
mainly determined by the low energy acoustic phonon and
defects and/or impurities.35 The exciton scattering rate is
described as

where Aph is a coefficient of exciton-acoustic phonon interaction
and Γ0 is an exciton-impurity/defect scattering term.36-39 The
solid line in Figure 4 shows the calculated exciton diffusion
length from eqs 4 and 5 using the values Aph ) 0.035 meV/K
and Γ0 ) 5 meV. The calculated line fits the experimental result
for the temperature dependence of the exciton diffusion length
well. Moreover, the values of Aph and Γ0 are reasonably
consistent with those from experimental results for homogeneous
linewidths.39 Thus, we conclude that the exciton transport and
its temperature dependence are dominated by the diffusive
motion of 1D excitons in SWNTs.

Conclusions

We studied the exciton transport of a suspended SWNT by
combining PL imaging and oxygen molecule adsorption experi-
ments. We estimated the exciton diffusion length of about 200
nm at room temperature and found that it decreased slightly
with decreasing temperature. This evaluated diffusion length

Figure 4. Temperature dependence of PL quenching ratio defined as
∆IPL ) (IPL′ - IPL)/I′PL. The solid line shows the calculated result using
eq 5. The inset shows the temperature dependence of the PL intensity
of a single nanotube with and without oxygen adsorption. The solid
line shows the curve fitted by the (�T)-1 function.

IPL(T) ∝ A(T)∫0

l [1 - ∑
i)1

N

exp(- |x - xi|

L(T) ) ]dx (2)

∆IPL ) (IPL′ - IPL)/IPL′ (3)

Ld(T) ) √2D〈τex〉 (4)

〈τsctt〉
-1 ∝ AphT + Γ0 (5)
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of 200 nm is not negligibly short as compared to a typical
nanotube length of ∼1 µm, and it affects the PL intensity and
its temperature dependence. These exciton diffusion dynamics
results provide us with important insight into the optical
properties of SWNTs.
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