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ABSTRACT

We study the excitonic recombination dynamics in an ensemble of (9,4) semiconducting single-wall carbon nanotubes by high-sensitivity
time-resolved photoluminescence experiments. Measurements from cryogenic to room temperature allow us to identify two main contributions
to the recombination dynamics. The initial fast decay is temperature independent and is attributed to the presence of small residual bundles
that create external nonradiative relaxation channels. The slow component shows a strong temperature dependence and is dominated by
nonradiative processes down to 40 K. We propose a quantitative phenomenological modeling of the variations of the integrated photoluminescence
intensity over the whole temperature range. We show that the luminescence properties of carbon nanotubes at room temperature are not
affected by the dark/bright excitonic state coupling.

Single-wall carbon nanotubes (SWCNTs) are very promising
nanoscale materials but, as expected for objects consisting
only of surface atoms, they are highly sensitive to the
coupling with their environment which may dramatically alter
their electronic and optical properties. In fact, the lumines-
cence of semiconducting SWCNTs is one of the most
sensitive probes of such environment-induced effects. Most
of the samples do not show any luminescence in bulk
proportions, and one has to carefully isolate the nanotube
from their neighbors (and prevent the formation of bundles
of nanotubes) in order to observe radiative recombination
across the band gap.1,2 However, this effect is only one
signature of a more general change in the electronic
properties of the nano-object coupled to its environment.

A better understanding of the nature of the recombination
channels in SWCNTs is required for any application in
photonics or optoelectronics, especially for such a one-
dimensional nanostructure where Coulomb interactions are
very strong. Indeed, it is known from both experimental and
theoretical works that the photoexcited electron-hole pairs
form excitons with high binding energy.3,4 Due to the
symmetry of the nanotubes the lowest energy lying state is
expected to be dipole forbidden (dark state)5 which could
lead to an intrinsically low quantum yield in agreement with
estimates reported in the literature (Q < 10-3).1,6,7

Recently, progress in the sample preparation and use of
powerful optical techniques gave new insights into the
excitonic recombination processes. Time-resolved pump-
probe measurements have shown that in light-emitting
samples where SWCNTs are isolated in micelles, the
recombination dynamics is at least 1 order of magnitude
slower than that in nonemitting samples consisting of
SWCNT bundles.8,9 Time-resolved photoluminescence (TR-
PL) measurements on ensembles of isolated SWCNTs7,10

revealed a nonexponential PL decay with a fast component
within the first few picoseconds and a long lasting tail of
tens of picoseconds. This latter observation led to the
conclusion that the intrinsic radiative lifetime may be long
in SWCNTs. Recent TR-PL measurements of individual
SWCNTs have revealed a monoexponential decay within the
experimental sensitivity with a wide dispersion of lifetimes
from one tube to another: statistics on (6,4) tubes at 87 K
show values spreading from 10 to 180 ps with however a
small number of events above 60 ps.11 In that context,
ensemble measurements may provide powerful statistical
information to identify the recombination mechanisms and
their temperature variations.

In this Letter, we present high-sensitivity measurements
of TR-PL of nanotubes embedded in a gelatin matrix as a
function of the temperature. We propose a simple description
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of the heterogeneity of the sample which allows us to
reproduce the nonexponential temporal response of the
sample over 3 decades at any temperature between 10 and
300 K. The initial fast decay is temperature independent and
is attributed to the presence of small residual bundles that
create external nonradiative relaxation channels. The slow
component shows a previously unresolved linear temperature
dependence and is dominated by nonradiative processes
down to 40 K. At low temperature, both the integrated PL
intensity and lifetime measurements indicate the existence
of a regime where carriers are trapped to shallow nonemitting
states. From a quantitative phenomenological modeling, we
deduce an estimate of the dark/bright states splitting in
SWCNTs. We emphasize the strikingly weak variations of
the PL intensity as a function of temperature and show that
the dark/bright excitonic states coupling does not play a key
role in the luminescence properties of carbon nanotubes at
room temperature.

The sample consists of purified SWCNTs obtained by the
HiPCO method and embedded in a gelatin matrix. Following
the process described in ref 1, we first prepare a suspension
of isolated SWCNTs by strong sonication in an aqueous
solution of SDS (1 wt %). After centrifugation at 200000g
for 4 h, the supernatant is collected. In order to obtain a
solid sample, we then heat the supernatant at 70°C and add
commercial dehydrated gelatin of low gel point (40°C). After
mixing, a small amount of the solution deposited on a
substrate forms a homogeneous gel as it cools down to room
temperature. The photoluminescence intensity of SWCNTs
embedded in such a gel is comparable to the one of the initial
suspension (without gelatin), whereas a deposit of the initial
suspension shows a drop of the PL signal of at least 1 order
of magnitude when the solvent evaporates. We believe that
the high hydratation level of the gel preserves the micelle
structure based on hydrophilic/hydrophobic competition, in
contrast to the case of an evaporation of the suspension on
a substrate where the reaggregation of nanotubes as bundles
is very likely to occur. Moreover, the SWCNT-doped gel is
an easy handle solid-state composite material that can be
cooled down to 4 K and heated back to room temperature
without any apparent damage, even for tens of cycles.

The excitation map of the luminescence of the sample at
10 K is displayed in Figure 1. The excitation is provided by
a continuous wave (CW) Ti:sapphire laser and the detector
consists in a InGaAs photodiode. Following the procedure
introduced by Bachilo et al., we assign each peak to a given
pair of chiral indices.12 For the TR-PL experiments, we will
focus on the (9,4) chirality by tuning the excitation energy
at 1.7 eV in resonance with the second excitonic transition.
This emission line is centered at 1.13 eV with a width of
about 40 meV.

Time-resolved photoluminescence measurements were
performed using 1.4 ps pulses from a mode-locked Ti-
sapphire laser (λ ) 730 nmT 1.7 eV). The excitation fluence
was kept constant at about 2µJ‚cm-2. The PL signal was
spectrally dispersed in a 0.35 m monochromator and detected
by a synchro-scan streak camera (S1-photocathode) with an
mean overall time resolution of 25 ps. TR-PL temporal

sections were obtained by spectrally integrating the full line
of the (9,4) SWCNTs, i.e., between 1.08 and 1.165 eV. In
order to achieve the best temperature control, the SWCNT-
doped gel is directly deposited on the cold finger of the
cryostat.

TR-PL signals are displayed in Figure 2a for different
temperatures. The high sensitivity of the setup allows us to
detect the signal decay over 3 decades. We carefully checked
that the signal profile remains unchanged when dividing the
fluence by up to a factor of 8. Hence we exclude any hidden
temperature effect due to laser heating as well as any many
body mechanisms such as exciton-exciton annihilation.13,14

Comparison between the temporal integration of these signals
and measurements under CW detection (focus mode) shows

Figure 1. Photoluminescence intensity at 10 K of isolated HiPCO
SWCNTs embedded in a gelatin matrix plotted as a function of
emission and excitation energies. By comparison to the semiem-
pirical Kataura plot, PL spots are assigned to a given SWCNT
chirality.

Figure 2. (a) Time-resolved photoluminescence of isolated (9,4)
SWCNTs in a gel on a semilogarithmic scale for an excitation at
1.7 eV. System response function (dotted line) obtained from the
elastic scattering of the laser: The temporal resolution is 26 ps.
Normalized photoluminescence transients (open circles) are well
reproduced by the convolution (solid lines) of the modelI(t) (eq
2) and the response function. (b) Normalized integrated PL signal
as a function of the temperature (black dots); normalized CW PL
signal (open circle). (c) Probability distribution of lifetimes at 20 K.
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that we do not miss any hypothetical long-living component
that could play an important role in the luminescence (Figure
2b).

At low temperature, the signal shows an initial fast com-
ponent and after 400 ps a quasi-exponential long living tail.
This overall nonexponential dynamics is systematically ob-
served for ensemble measurements, whatever the technique.6-8

We believe that it is the signature of the profound inhomo-
geneity of the sample even within a given chirality.

In order to go further in the data analysis, we propose a
simple model of the inhomogeneity of the sample. Let us
first consider the exciton recombination in one single
nanotube: in addition to an “internal” decay rateγ0 (includ-
ing both radiative and nonradiative contributions), the exciton
experiences a small numberj of “external” decay channels
due to the coupling to the environment, each with a rateγex.
Thus the overall rateγ varies from one tube to another with
the numberj of additional channels:γ ) γ0 + jγex. However
the recombination dynamics remains monoexponential for
each tube which is consistent with previous observations of
monoexponential exciton recombination in individual
SWCNTs.11 The probability Pn(j) of having j extrinsic
channels in a nanotube is assumed to be Poissonian with a
parametern discribing the mean number of external decay
channels:Pn(j) ) (nj/j!)e-n

For a large ensemble of nanotubes, the TR-PL signal reads

whereA is the overall amplitude of the signal.
We fit the PL transients with the convolution ofI(t) (eq

2) and the system response function. The agreement is
excellent for the whole time and temperature ranges as shown
in Figure 2a. We find out thatn and γex are almost
temperature independent withn ) 2.8( 0.1 and 1/γex ) 70
( 10 ps. These values indicate that each tube experiences a
small number of relatively efficient additional channels. We
attribute this to the presence of remaining small bundles,
the external process being a coupling between tubes within
the bundle. Indeed, bundles of two or three nanotubes are
hardly distinguishable from single nanotubes in an atomic
force microscopy inspection, especially when surrounded by
surfactant molecules. Moreover, such an intertube coupling
within a bundle has already been observed by means of time-
resolved measurements and has been shown to be temper-
ature independent.16 As a result, this method allows us to
extract the response of genuine individual nanotubes (Figure
3).

From this analysis, we deduce that only 6% (Pn(0) with n
) 2.8) of the SWCNTs within the sample are effectively
individual (and show a decay rateγ0). Nevertheless, due to
their much lower nonradiative decay rate, these tubes provide
more than 40% of the total PL intensity at low temperature
and still 15% at 290 K. The profound inhomogeneity of the

SWCNT ensemble is particularly striking when looking at
the statistical distribution of exciton lifetimes at a given
temperature (Figure 2c). At 20 K, the average decay time
(1/γj) is close to 30 ps, whereas the internal decay time (1/
γ0) is 10 times larger. This histogram of lifetimes is in good
agreement with the experimental data of Hagen et al.11

especially concerning the presence of rare events at very large
values (10 times the average of the distribution), which is a
strong feature of our model.

Following this analysis of the inhomogeneity, we can then
estimate the quantum yieldQi of an individual nanotube (j
) 0 component in eq 1) from the average quantum yieldQh
of the sample : (Qh /Qi) ) ∑j(γ0Pn(j)/(γ0 + jγex)). We find
(Qi/Qh ) = 8 at 40 K. From the valuesQh = 10-3 reported in
the literature for ensembles1,6 (in agreement with our own
estimate), we deduce that the quantum yield of an isolated
tube can reach 1%. This striking result is in agreement with
a recent report of high quantum yield for suspended
nanotubes, reaching up to 7%,17 and confirms the extreme
sensitivity of optical properties of nanotubes to their environ-
ment.

From the fitting of the temperature-dependent data we
deduce the evolution of the internal decay rateγ0 with
temperature (Figure 3a). At low temperatures (between 10
and 40 K) the internal decay rate remains almost constant
when heating up the sample. Then at temperatures higher
than 40 K and up to room temperature, the internal decay
rate shows a linear increase which has never been reported
before. The temperature dependence of the integrated PL
intensity (Figure 2b) shows a similar bivalent behavior with
a steep increase of the quantum yield when heating up the
sample from 10 to 50 K and then a soft decrease between
50 K and room temperature. The peak temperature of 40 K

Figure 3. (a) Internal decay rateγ0 (open circles) of the (9,4)
SWCNT as a function of temperature. The solid line is the computed
internal decay time from the three level model. (b) Normalized
integrated photoluminescence signal (black squares) from isolated
nanotubes (corresponding to thej ) 0 component in eq 1) and
corresponding fraction in PL measurements under CW excitation
(open circles). The solid line is the computed PL intensity from an
individual nanotube in the three level model. (Inset) Schematic of
the three-level model.

I(t) ) A ∑
j)0

∞

Pn(j) exp(-γ0t - jγext) (1)

) A exp[-γ0t - n(1 - e-γext)] (2)
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(which corresponds to a typical energy of about 4 meV) thus
clearly separates two different regimes in the recombination
dynamics.

The temperature evolution of both the integrated PL signal
and the recombination time 1/γ0 in individual nanotubes can
be quantitatively reproduced by means of a simple three level
model (inset of Figure 3). The highest level (B) is coupled
to the ground state (G) through radiative and nonradiative
recombination processes with ratesγR andγNR, respectively.
The radiative decay rate is supposed to be proportional to
T-1/2 (one-dimensional material18) and much smaller than the
nonradiative decay rate. The latter is taken proportional to
the Bose-Einstein occupation number of a phonon mode
pωp. The intermediate level (D) is only coupled through
nonradiative processes to the ground state with the same rate
γNR and thus does not contribute to light emission. The two
excited states are coupled to each other with ratesγv andγV..

For each temperature we have performed a numerical
computation of the time evolution of the populations and of
the integrated PL signal of an isolated nanotube. We find
that the coupling ratesγv and γV between states B and D
have to be much faster than both the radiative and nonra-
diative decays in order to reproduce the experimental data,
which means that the populations are almost in thermal
equilibrium. The linear variation of the internal decay rate
γ0 as a function of the temperature (above 40 K) indicates
that the recombination is dominated by phonon-assisted
processes and is well reproduced with our model by taking
a phonon energy of 5(1 meV (Figure 3a). This linear
behavior is typical of quasi-elastic phonon-assisted scattering
for which the Bose occupation factor becomes linear for
temperatures well above the phonon energy.

We compare the computed PL signal with the PL signal
of one isolated nanotube extracted from the ensemble
experimental data. This is achieved by selecting the term
corresponding toj ) 0 (eq 1) in the fit of the experimental
TR-PL signal and integrating it over the time. Numerical
simulations are in excellent agreement with experiments for
an energy splitting between states B and D of 3.5( 0.5
meV (Figure 3b). We find that the quenching of the PL at
low temperature reflects an accumulation of the carriers in
the intermediate state (D). When the sample is heated up,
the occupation probability of the bright state increases while
the nonradiative rate remains almost constant, resulting in
an increasing PL signal. In the time domain, the decay rate
γ0, which is dominated by the nonradiative contribution,
remains almost constant (kT < pωp). Above 40 K the
increase of the nonradiative decay rate results in a decrease
of the PL signal and an increase of the overall decay rate.

While our model gives a phenomenological explanation
of the data, the nature of states B and D is not elucidated.
The need of a one-dimensional law (1/xT) for the radiative
decay rate in order to reproduce the temperature dependence
of the PL intensity suggests that the level B is the delocalized
bright excitonic state. On the other hand, the level D can
either be the dark state in the one-dimensional exciton picture
or be a localized shallow defect level. However, the main
point is that the splitting between states B and D is of the

order of 3.5 meV (which compares with the lowest theoretical
estimates of the one-dimensional excitonic splitting5,19). This
explains why the temperature variations of the PL signal are
strikingly weak as compared to the regular behavior in
semiconducting nanostructures (for which variations of the
PL intensity of several orders of magnitude are commonly
observed on the same temperature range20). Thus, at room
temperature both states are equally populated and the
presence of a dark state lying at lower energy does not play
a significant role in the luminescence properties of carbon
nanotubes at room temperature.

In summary, we have demonstrated that the inhomogeneity
of ensembles of carbon nanotubes and most probably the
presence of remaining small bundles is responsible for their
nonexponential response. We propose a simple modeling to
access the internal dynamics of genuine isolated nanotubes.
We show that on a large temperature scale above 40 K the
variation of the quantum yield is moderate (less than 50%).
This is a consequence of a very small splitting between dark
and bright states. This means that the room temperature PL
properties (and especially the low average quantum yield)
hardly depend on the presence of the dark state. On the other
hand we have shown that the inhomogeneity of the sample
may hide much larger quantum yields for genuine individual
nanotubes. The direct measurement of the quantum yield of
one individual nanotube, although challenging, would be of
highest interest for future investigation of SWCNTs as light
emitters.
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