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We studied the exciton decay dynamics of individual semiconducting single-walled carbon
nanotubes at room temperature using time-resolved photoluminescence spectroscopy. The
photoluminescence decay from nanotubes of the same (n,m) type follows a single exponential
decay function, however, with lifetimes varying between about 1 and 40 ps from nanotube to
nanotube. A correlation between broad photoluminescence spectra and short lifetimes was found and
explained by defects promoting both nonradiative decay and vibronic dephasing. © 2008 American

Institute of Physics. [DOIL: 10.1063/1.2913009]

Based on their exceptional optical properties, single-
walled carbon nanotubes (SWNT) will eventually play an
important role as nanometer-scale building blocks for opto-
electronics, nanoelectronics, and biosensing.lf3 Experimental
and theoretical studies confirmed the identification of the
photoluminescent state as being excitonic in nature with ex-
tremely large exciton binding energies.‘"5 The excited state
energies and dynamics of SWNT attracted particular scien-
tific interest motivated by their unique one-dimensional
structure combining intriguing optical and transport proper-
ties. To date, a large number of ensemble studies using
pump-probe and time-resolved photoluminescence (PL)
spectroscopy exist, reporting on mono- or multiexponential
relaxation dynamics with decay times ranging from few
to several tens of picoseconds for different sample
materials.*%’ Temperature dependent PL. measurements sug-
gest that the excited state relaxation reflects a complex inter-
play between excitonic states of different parity that are op-
tically bright or dark depending on their accessibility from
the ground state.*” At present, excited state lifetimes are
thought to be limited by fast transitions to these dark states
but also by quenching related to defect related trap states.
Transitions between excitonic states of different parity are
expected to require symmetry breaking defects or environ-
mental perturbations. 1t

Defects and environmental coupling are spatially local-
ized by nature and a unique property of a given nanotube. As
a result, ensemble measurements will always represent an
averaging. Previous single nanotube PL measurements re-
vealed a distribution of lifetimes for a single nanotube chiral-
ity (6,4) ranging from sub 20 to 180 ps with an average
value of 57 ps at 87 K." These studies were limited to low
temperatures because of the time resolution of the utilized
system. In this paper, we report on the first time-resolved PL
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measurements of individual (6,4) and (6,5) SWNT at room
temperature. PL transients extending over more than four
orders of magnitude were found to be monoexponential with
lifetimes ranging from about 1 to 40 ps.

Single nanotube measurements were performed using an
inverted confocal microscope in combination with electron-
ics for time-correlated single-photon counting. Laser excita-
tion is provided by a femtosecond Ti:sapphire laser operating
at 760 nm and a repetition rate of 76 MHz. A high numerical
aperture objective (NA=1.3) provides maximum collection
efficiency required for single nanotube detection.'” Spatially
isolated individual nanotubes were obtained by spin coating
a small volume of micelle-encapsulated SWNT onto a glass
coverslip. The SWNT were enriched in the (6,5) chirality
through density gradient ultracentrifugation of CoMoCat
material > and dialyzed into sodium cholate solution to re-
move any density gradient medium (i.e., iodixanol) remain-
ing in the sample. Atomic force microscopy (AFM) measure-
ments were carried out to verify low sample coverage of
about 0.6 SWNT/um?. Photoluminescent nanotubes were
located by raster scanning the sample and simultaneous de-
tection of the PL intensity between 800 and 1020 nm using
either a fast avalanche photodiode (APD) after spectral fil-
tering or a charge coupled device camera in combination
with a spectrograph. In this spectral range chirality assign-
ment based on the PL energy is unambiguous due to the
small number of emissive nanotube structures. The instru-
ment response function (IRF) of the system was indepen-
dently measured by detecting the scattered pump laser light
from the sample and had a full width at half maximum
(FWHM) of 27 ps. To ensure optimum performance, the IRF
was repeatedly recorded in between measurements. PL tran-
sients were fitted by exponential functions that were convo-
luted with the IRF. Due to the high signal to noise ratio
achieved in our experiments and the reproducibility of the
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FIG. 1. (Color online) (a) Confocal PL
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35X 10'2 photons/ (pulse cm?). (b) PL
spectrum detected for one of the nano-
tubes in (a). Based on the emission en-
ergy of 884 nm the nanotube chirality
is identified as (6,4) (Ref. 16). (c)
Semilogarithmic plot of the PL tran-
sient (solid line) detected for the (6,4)
nanotube observed in (b) together with
the independently recorded instrument
response function (IRF, dotted line). A
single-exponential fit function (dashed
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line) convoluted with the IRF de-
scribes the transient over four orders
of magnitude clearly showing mo-
noexponential decay dynamics with a
lifetime 7=15%3 ps. The quality of
the fit can be seen from the residuum
of measured transient and single-
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IRF the time resolution of the setup is about 3 ps, close to
10% of the FWHM of the IRE."

A typical PL image of nanotubes emitting between 800
and 1020 nm is shown in Fig. 1(a). The length of some of the
PL features clearly exceeds the diffraction limited resolution
of =400 nm indicating the presence of long nanotubes in
agreement with AFM data recorded for this sample. The
nanotube density of 0.4 /um? observed in the optical image
is in agreement with the value determined from AFM mea-
surements and demonstrates that most of the nanotubes on
the substrate are in fact emissive in the accessible spectral
range. Chirality specific optical detection is achieved by in-
serting a narrow bandpass filter centered at 880 nm, the en-
ergy of the Efl transition of the (6,4) nanotube or at 980 nm,
the energy of the (6,5) nanotube.'® Figure 1(b) shows a typi-
cal PL spectrum recorded for one of the nanotubes seen in
(a). The emission wavelength of 884 nm allows for a clear
identification of the nanotube chirality as (6,4).

Figure 2(c) shows the corresponding PL transient of the
(6,4) nanotube together with the measured IRF function. The
dashed line is the monoexponential fit giving an exciton de-
cay time of 7=15%3 ps. The uniform profile of the re-
siduum between measured curve and fit shown below in Fig.
2(d) clearly demonstrates that the exciton dynamics at room
temperature can be described by a single-exponential decay
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exponential fit in (d). Note. the second
slope results from the IRF and is ob-
served for all measured transients.
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covering more than four orders of magnitude.

Transients measured for several hundred different (6,4)
nanotubes consistently exhibited monoexponential decay.
However, the determined lifetimes showed a broad distribu-
tion ranging from about 1 to 40 ps. Three transients are pre-
sented in Fig. 2(a) featuring lifetimes of 7=4, 18, and 36 ps.
The histogram of lifetimes measured for 126 different (6,4)
nanotubes within the same sample is given in Fig. 2(b). The
distribution is centered at about 11 ps with a width of 16 ps.
While no literature data exists for (6,4) nanotubes at room
temperature, the average lifetime of 14 ps is in general
agreement with values reported for other nanotube
chiralities.'” The corresponding distribution established for
(6,5) nanotubes within the same sample results in an average
lifetime of 5 ps and a similar width. Remarkably, this value
agrees very well with the 6 ps determined by pump-probe
measurements for the same CoMoCat nanotube material al-
lowing for a direct comparison of the results achieved by
both techniques.6 On the other hand, ensemble measurements
need to result in multiexponential decay profiles in which
fitted lifetimes will reflect summation over decay times with
different contributions. Extremely long lifetimes in the range
of nanoseconds as reported in the literature have not been
observed in our single nanotube measurements.’ In very few
cases, less than 5% of the measured transients, better fitting
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FIG. 2. (Color online) (a) PL tran-
sients recorded for three different
single (6,4) SWNT. Excited state de-
cay times 7 were obtained from mo-
noexponential fits to the experimental
data (solid lines) taking into account
the measured instrument response. (b)
Histogram of exciton decay times ob-
served for 126 different (6,4) nano-
tubes. The distribution is centered at
11 ps with an average lifetime of (7)
=14 ps and a width of 16 ps.
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results could be achieved using multiple but similar decay
times, probably because of spatial averaging along inhomo-
geneous nanotubes or the presence of a second nanotube
within the detection area.

For high excitation densities exceeding
10'* photons/(cm? pulse), exciton-exciton annihilation or
Auger-recombination was observed to dominate the excited
state dynamics.18 In the range of the low pump fluences used
in this study (P=2-50X10'2 photons/(cm? pulse) the
measured transients resulted in constant lifetimes to within
+2 ps [Fig. 3(a)] ruling out that the lifetime variations
reported here result from multiexciton effects. Indeed, for
higher excitation densities around 10'> photons/(cm? pulse)
we continuously observed decreasing decay times. In few
cases we observed irreversible photodegradation of the
nanotubes at highest excitation densities leading to reduced
PL intensities and lifetimes.

The emission energies of the observed (6,4) nanotubes
were found to vary by about 20 meV (data not shown). Such
variations have been reported in previous studies and can be
assigned to heterogeneities in the dielectric environment. 1921
No correlation was found between the emission energy and
the lifetime of the nanotubes. Long lifetimes, on the other
hand, were mostly associated with narrow emission line-
width and short lifetimes with broad linewidth while no ex-
clusive 1:1 correlation could be observed [Fig. 3(b)]. Homo-
geneous broadening of Lorentzian line shapes results from
dephasing described by the dephasing time T;k and the finite
lifetime 7 of the excited state leading to the linewidth T’
=1/ T;k+ 1/7. Since 7 is in the range of several picoseconds,
dephasing will be the dominating process controlling T
Dephasing times T: in the femtosecond range were recently
predicted by theoretical calculatlons depending on the pres-
ence of structural defects.” Very fast dephasing is predicted
for certain types of defects that could also promote fast non-
radiative decay.

In summary, we presented time-resolved PL measure-
ments of a large number of single nanotubes at room tem-
perature. In nearly all cases, exciton decay is found to be
monoexponential with decay times varying between 1 and
40 ps. While average decay times are in excellent agreement
with recent pump-probe data of the same nanotube material,
future studies will need to clarify the origin of the lifetime
variation.
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