NANO
LETTERS

: 2007
Temperature Dependence of Exciton ol T a2

Recombination in Semiconducting 398402
Single-Wall Carbon Nanotubes

S. Berger, C. Voisin,* G. Cassabois, C. Delalande, and P. Roussignol

Laboratoire Pierre Aigrain, Eole Normale Supéeure, 24, rue Lhomond,
75005 Paris, France

X. Marie

Laboratoire de Nanophysique, Magisme et Optolectronique, INSA,
135 avenue de Rangueil, 31077 Toulouse, France

Received November 7, 2006, Revised Manuscript Received December 22, 2006

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 (SWCNTSs) are very promising  Recently, progress in the sample preparation and use of
nanoscale materials but, as expected for objects consistingpowerful optical techniques gave new insights into the
only of surface atoms, they are highly sensitive to the excitonic recombination processes. Time-resolved pump
coupling with their environment which may dramatically alter probe measurements have shown that in light-emitting
their electronic and optical properties. In fact, the lumines- samples where SWCNTs are isolated in micelles, the
cence of semiconducting SWCNTs is one of the most recombination dynamics is at least 1 order of magnitude
sensitive probes of such environment-induced effects. Mostslower than that in nonemitting samples consisting of
of the samples do not show any luminescence in bulk SWCNT bundle$:® Time-resolved photoluminescence (TR-
proportions, and one has to carefully isolate the nanotubePL) measurements on ensembles of isolated SWCNTs
from their neighbors (and prevent the formation of bundles revealed a nonexponential PL decay with a fast component
of nanotubes) in order to observe radiative recombination within the first few picoseconds and a long lasting tail of
across the band gdp. However, this effect is only one tens of picoseconds. This latter observation led to the
signature of a more general change in the electronic conclusion that the intrinsic radiative lifetime may be long
properties of the nano-object coupled to its environment. in SWCNTs. Recent TR-PL measurements of individual
A better understanding of the nature of the recombination SWCNTs have revealed a monoexponential decay within the
channels in SWCNTs is required for any application in €xperimental sensitivity with a wide dispersion of lifetimes
photonics or optoelectronics, especially for such a one- from one tube to another: statistics on (6,4) tubes at 87 K
dimensional nanostructure where Coulomb interactions areshow values spreading from 10 to 180 ps with however a
very strong. Indeed, it is known from both experimental and small number of events above 60 Bsin that context,
theoretical works that the photoexcited electrdiole pairs ~ €nsemble measurements may provide powerful statistical

form excitons with high binding enerdy* Due to the information to identify the recombination mechanisms and
symmetry of the nanotubes the lowest energy lying state is their temperature variations.

expected to be dipole forbidden (dark statahich could In this Letter, we present high-sensitivity measurements
lead to an intrinsically low quantum yield in agreement with of TR-PL of nanotubes embedded in a gelatin matrix as a
estimates reported in the literatui® € 1073%).1.67 function of the temperature. We propose a simple description
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of the heterogeneity of the sample which allows us to 1
reproduce the nonexponential temporal response of the
sample over 3 decades at any temperature between 10 and 175
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 g
down to 40 K. At low temperature, both the integrated PL 16
intensity and lifetime measurements indicate the existence
of a regime where carriers are trapped to shallow nonemitting  ; 55 o

states. From a quantitative phenomenological modeling, we 08 0% L estnenergyey) o 2

deduce an estimate of the dark/bright states splitting in

SWCNTs. We emphasize the strikingly weak variations of Figure 1. Photoluminescence intensity at 10 K of isolated HIPCO
the PL intensity as a function of temperature and show that SWCNTS en;bedded_ in a gelatin rga”ix plotted as a ":U”C“OU of
the d_ark/bright_excitonic states cqupling does not play a key Sméﬁ'OQa;nur ae);?gstlglr_l gggtrglifé aﬁscig:]nepdart'gog é?vtene sz,”v”gﬁ,?
role in the luminescence properties of carbon nanotubes atchiraity.

room temperature.

The sample consists of purified SWCNTSs 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 agueous
solution of SDS (1 wt %). After centrifugation at 200@00
for 4 h, the supernatant is collected. In order to obtain a
solid sample, we then heat the supernatant &&7and add
commercial dehydrated gelatin of low gel point (40). After B ety
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mixing, a small amount of the solution deposited on a Delay time (ps)
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substrate forms a homogeneous gel as it cools down to room ~ § 10 2o, ®) ©
temperature. The photoluminescence intensity of SWCNTs § 081 % TE. . b” 20K ]
embedded in such a gel is comparable to the one of the initial < o06{ ' FIE -
suspension (without gelatin), whereas a deposit of the initial % 04l S o

suspension shows a drop of the PL signal of at least 1 order ~ § o2 *

of magnitude when the solvent evaporates. We believe that £ 0055100 150 0 B 300 Oz

the high hydratation level of the gel preserves the micelle Temperature (K) Decay time (ps)

structure based on hydrophilic/hydrophobic competition, in

Conttr)a?t tf thﬁ Casti of an evapotr_atlonf of thi SbUSpensgond(l)rEWCNTs in a gel on a semilogarithmic scale for an excitation at
a substrate where the reaggregation ol nanotubes as bundieg 7 oy, System response function (dotted line) obtained from the

is very likely to occur. Moreover, the SWCNT-doped gel is  elastic scattering of the laser: The temporal resolution is 26 ps.
an easy handle solid-state composite material that can beNormalized photoluminescence transients (open circles) are well

cooled down @ 4 K and heated back to room temperature reproduced by the convolution (solid lines) of the mot{él (eq

; 2) and the response function. (b) Normalized integrated PL signal
without any apparent damage, even for tens of cycles. as a function of the temperature (black dots); normalized CW PL

The excitation map of the luminescence of the sample at signal (open circle). (c) Probability distribution of lifetimes at 20 K.
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? 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 ~ TR-PL signals are displayed in Figure 2a for different
about 40 meV. temperatures. The high sensitivity of the setup allows us to

Time-resolved photoluminescence measurements weredetect the signal decay over 3 decades. We carefully checked
performed using 1.4 ps pu|ses from a mode-locked Ti that the Signal profile remains unchanged when leIdIng the
sapphire lasel(= 730 nm<> 1.7 eV). The excitation fluence ~ fluence by up to a factor of 8. Hence we exclude any hidden
was kept constant at abouti@-cm2. The PL signal was  temperature effect due to laser heating as well as any many
spectrally dispersed in a 0.35 m monochromator and detectedoody mechanisms such as excitexciton annihilatiort4
by a synchro-scan streak camera (S1-photocathode) with arComparison between the temporal integration of these signals
mean overall time resolution of 25 ps. TR-PL temporal and measurements under CW detection (focus mode) shows

igure 2. (a) Time-resolved photoluminescence of isolated (9,4)

sections were obtained by spectrally integrating the full line

of the (9,4) SWCNTSs, 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.
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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 teclinfque.
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 ra4g(includ- 0 50 100 150 200 250 300
. .. .. . . . Temperature (K)
ing both radiative and nonradiative contributions), the exciton
experiences a small numbjeof “external” decay channels  Figure 3. (a) Internal decay ratgo (open circles) of the (9,4)
due to the coupling to the environment, each with a yate SWCNT as a function of temperature. The solid line is the computed

Thus the overall ratg varies from one tube to another with internal decay time from the three level model. (b) Normalized

. . _ . integrated photoluminescence signal (black squares) from isolated
the numbeyg _Of a_dd't'onal Channels;/ - Yot [Vex. Howevgr nanotubes (corresponding to the= 0 component in eq 1) and
the recombination dynamics remains monoexponential for corresponding fraction in PL measurements under CW excitation

each tube which is consistent with previous observations of (open circles). The solid line is the computed PL intensity from an

monoexponential exciton recombination in individual individual nanotube in the three level model. (Inset) Schematic of

SWCNTs!! The probability P(j) of having j extrinsic ~ the three-level model.

channels in a nanotube is assumed to be Poissonian with a

parameten discribing the mean number of external decay SWCNT ensemble is particularly striking when looking at

channels:Py(j) = (n/jl)e™ the statistical distribution of exciton lifetimes at a given

For a large ensemble of nanotubes, the TR-PL signal reads€mperature (Figure 2c). At 20 K, the average decay time

(1/y) is close to 30 ps, whereas the internal decay time (1/
v0) is 10 times larger. This histogram of lifetimes is in good
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1(t) =AZ P.() expyat — jVed) (1) agreement with the experimental data of Hagen ét al.
i= especially concerning the presence of rare events at very large
= Aexpl—ygt — n(l — e 7ol @) values (10 times the average of the distribution), which is a

strong feature of our model.

whereA is the overall amplitude of the signal. Eollowmg this analyS|s_ of the mhgmggeneny, we can_then
estimate the quantum yiel@; of an individual nanotubgj (

We fit the PL transients with the convolution ) (eq _ . =
2) and the system response function. The agreement is _ 0 component in eq 1) from the average quantum yild

excellent for the whole time and temperature ranges as showrPf the sample : @/Q) = 3i(yoPa()/(yo + Jye). We find
in Figure 2a. We find out thah and ye. are almost (Q/Q) =8 at 40 K. From the value® = 10" reported in
temperature independent with= 2.8 + 0.1 and 1fex= 70 the literature for ensemble%(in agreement with our own
+ 10 ps. These values indicate that each tube experiences &stimate), we deduce that the quantum yield of an isolated
small number of relatively efficient additional channels. We tube can reach 1%. This striking result is in agreement with
attribute this to the presence of remaining small bundles, a recent report of high quantum yield for suspended
the external process being a coupling between tubes withinnanotubes, reaching up to 7band confirms the extreme
the bundle. Indeed, bundles of two or three nanotubes aresensitivity of optical properties of nanotubes to their environ-
hardly distinguishable from single nanotubes in an atomic ment.
force microscopy inspection, especially when surrounded by From the fitting of the temperature-dependent data we
surfactant molecules. Moreover, such an intertube coupling deduce the evolution of the internal decay ratewith
within a bundle has already been observed by means of time- .
resolved measurements and has been shown to be tempetl-e mperature (F.|gure 3a). At low tempergtures (between 10
ature independent. As a result, this method allows us to and 40 K) .the internal decay rate remains almost constant
extract the response of genuine individual nanotubes (Figure"Nen heating up the sample. Then at temperatures higher
3). than 40 K and up to room temperature, the internal decay
From this analysis, we deduce that only 624(0) with n rate shows a linear increase which has never been reported
= 2.8) of the SWCNTs within the sample are effectively Pefore. The temperature dependence of the integrated PL
individual (and show a decay rajg). Nevertheless, due to  intensity (Figure 2b) shows a similar bivalent behavior with
their much lower nonradiative decay rate, these tubes providea steep increase of the quantum yield when heating up the
more than 40% of the total PL intensity at low temperature sample from 10 to 50 K and then a soft decrease between
and still 15% at 290 K. The profound inhomogeneity of the 50 K and room temperature. The peak temperature of 40 K
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(which corresponds to a typical energy of about 4 meV) thus order of 3.5 meV (which compares with the lowest theoretical
clearly separates two different regimes in the recombination estimates of the one-dimensional excitonic spliftify This
dynamics. explains why the temperature variations of the PL signal are
The temperature evolution of both the integrated PL signal strikingly weak as compared to the regular behavior in
and the recombination timej&/in individual nanotubes can ~ semiconducting nanostructures (for which variations of the
be quantitatively reproduced by means of a simple three level PL intensity of several orders of magnitude are commonly
model (inset of Figure 3). The highest level (B) is coupled observed on the same temperature réf)g&hus, at room
to the ground state (G) through radiative and nonradiative temperature both states are equally populated and the
recombination processes with ratgsandyyr, respectively.  presence of a dark state lying at lower energy does not play
The radiative decay rate is supposed to be proportional to@ significant role in the luminescence properties of carbon
T-Y2 (one-dimensional materi§) and much smaller than the  nanotubes at room temperature.
nonradiative decay rate. The latter is taken proportional to  In summary, we have demonstrated that the inhomogeneity
the Bose-Einstein occupation number of a phonon mode of ensembles of carbon nanotubes and most probably the
fwp. The intermediate level (D) is only coupled through presence of remaining small bundles is responsible for their
nonradiative processes to the ground state with the same rat@onexponential response. We propose a simple modeling to
ynr and thus does not contribute to light emission. The two access the internal dynamics of genuine isolated nanotubes.
excited states are coupled to each other with ratesdy, . We show that on a large temperature scale above 40 K the
For each temperature we have performed a numericalvariation of the quantum yield is moderate (less than 50%).
computation of the time evolution of the populations and of This is a consequence of a very small splitting between dark
the integrated PL signal of an isolated nanotube. We find a@nd bright states. This means that the room temperature PL
that the coupling rates; and y, between states B and D  Properties (and especially the low average quantum yield)
have to be much faster than both the radiative and nonra-hardly depend on the presence of the dark state. On the other
diative decays in order to reproduce the experimental data,hand we have shown that the inhomogeneity of the sample
which means that the populations are almost in thermal May hide much larger quantum yields for genuine individual
equilibrium. The linear variation of the internal decay rate Nanotubes. The direct measurement of the quantum yield of
vo as a function of the temperature (above 40 K) indicates One individual nanotube, although challenging, would be of
that the recombination is dominated by phonon-assisted highestinterest for future investigation of SWCNTs as light
processes and is well reproduced with our model by taking eMItters.
a phonon energy of 51 meV (Figure 3a). This linear
behavior is typical of quasi-elastic phonon-assisted scattering

for which the Bose occupation factor becomes linear for team of LNMO for technical support and to A. Filoramo

temperatures well above the phonqn ener_gy. ) and L. Capes for helping in sample preparation. LPA de
We compare the computed PL signal with the PL signal PENS is “Unité Mixte de Recherche asséeiau CNRS

of one isolated nanotube extracted from the ensemble(UMR 8551) et aux universigParis 6 et 7.” This work has

experimental data. This is achieved by selecting the term peen done in the framework of the GDRE no. 2756 ‘Science

corresponding t¢ = 0 (eq 1) in the fit of the experimental  anq applications of the nanotubes - NANO-E’. S.B. is funded
TR-PL signal and integrating it over the time. Numerical by a DGA grant.

simulations are in excellent agreement with experiments for

an energy splitting between states B and D of 5.5
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