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Time-resolved fluorescence measurements of single-walled carbon nanotubes(SWNTs) reveal rapid
electron-hole pair annihilation when multiple electron-hole pairs are present in a nanotube. The process can be
understood as Auger recombination with a rate of,1 ps−1 for just two electron-hole pairs in a 380-nm long
SWNT. This efficient nonradiative recombination reflects the strong carrier-carrier interactions in the quasi-
one-dimensional SWNTs. In addition to affecting nanotube fluorescence, Auger recombination imposes limi-
tations on the sustained electron-hole density achievable within a SWNT.
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A characteristic feature of one-dimensional(1D) systems
is the dramatic enhancement of interaction between charge
carriers, an effect arising from their strong spatial confine-
ment and reduced effectiveness in screening. Auger recom-
bination, which involves the annihilation of an electron-hole
pair with the released energy transferred to other charge car-
riers, is representative of an interaction involving multiple
carriers. As such, this process, already important in bulk
semiconductors, is expected to assume greater prominence in
1D materials. Single-walled carbon nanotubes(SWNTs),1

with their small diameter and large aspect ratio, provide a
model 1D system2,3 in which to examine this effect. Such an
investigation, in conjunction with previous studies of Auger
processes in other material systems, including bulk semicon-
ductors, quantum wells, and nanoparticles, will help us un-
derstand the role of dimensionality in carrier-carrier interac-
tions. In addition to this broad fundamental interest, Auger
recombination in carbon nanotubes is also a subject of tech-
nological relevance. Recent progress in the fabrication of
ambipolar nanotube field-effect transistors4 and the observa-
tion of electroluminescence5 from semiconducting nanotubes
has sparked interest in using nanotubes in bipolar electronics
and as light-emitting devices. In bulk semiconductors and
quantum structures, Auger recombination is already well
known to play a limiting role in light-emitting6,7 and light-
harvesting devices,8 as well as in power transistors9 at high
electron-hole densities. Auger recombination has also been
shown to strongly affect the carrier dynamics in semiconduc-
tor nanoparticles10,11 and their properties for light amplifica-
tion and lasing.12 In SWNTs, considerable effort has recently
been devoted to measurements of carrier dynamics.13–16

There has, however, yet to be a clear experimental identifi-
cation of the Auger effect and a determination of its charac-
teristics in this important and prototypical 1D material sys-
tem.

In this Rapid Communication, we demonstrate that the
Auger effect plays a dominant role in the carrier dynamics of
SWNTs when multiple excitations are present. The results
are obtained by time-resolved measurements of the fluores-
cence emission as a function of fluence of an ultrafast laser
excitation pulse. The approach permits us to explore the re-
sponse from the regime of, at most, one electron-hole pair in
each nanotube to the regime of multiple excitations. A clear

signature of an Auger process is seen in the emergence of a
rapid decay component at elevated excitation densities, com-
bined with unchanged emission at long delay times where, at
most, one electron-hole pair remains in any nanotube. From
a quantitative analysis of this behavior, we obtain an Auger
recombination rate of 0.8 ps−1 for two electron-hole pairs in
our typical SWNT of,1 nm in diameter and,380 nm in
length. The high Auger rate is a consequence of strong
carrier-carrier interactions in SWNTs and appears to limit the
sustained electron-hole pair density that can be achieved in
these systems.

In our experiments, isolated SWNTs samples were pre-
pared as a micellar suspension in water following a proce-
dure similar to that of O’Connellet al.17 Briefly, bundles of
SWNTs grown using the HiPCO approach18 were dispersed
in an aqueous solution of poly(acrylic acid) (PAA, MW
,60 000, 1% w/v). The nanotube bundles were separated
and purified by sonication and centrifugation at,110 000xg.
This procedure resulted in isolated, fluorescent SWNTs.
Atomic force microscopy(AFM) images of 175 nanotubes
indicated that most of the nanotubes are 100–500-nm long,
with an average length of,380 nm. From the height of the
nanotubes observed in the AFM image, we confirmed that
the sample was indeed comprised of individual SWNTs,
rather than of bundles. Isolated nanotube samples were also
prepared using poly(maleic acid/octyl vinyl ether) as a sur-
factant. The choice of surfactant had no significant influence
on the carrier dynamics reported below.

Measurement of the temporal evolution of the fluores-
cence from semiconducting SWNTs is achieved through op-
tical pumping with a femtosecond laser and analysis of the
fluorescence by optical Kerr gating.19,20 The laser source for
these measurements is an amplified mode-locked Ti-sapphire
system, which delivers pulses of approximately 150 fs dura-
tion at a wavelength of 810 nm and a repetition rate of
1 kHz. SWNTs are excited by a portion of the optical pulse.
The resulting fluorescence is focused into a 3-mm-thick CS2
Kerr cell that is placed between a pair of crossed polarizers.
The other portion of the optical pulse, which serves as the
gate pulse, is directed into the Kerr cell at a suitable delay
time. The gated fluorescence is then detected by an InGaAs
photodiode.

Experimental fluorescence decay curves for several differ-
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ent pump fluences are presented in Fig. 1. The most striking
aspect of these curves is the emergence of a fast decay com-
ponent at high pump fluence, a feature that becomes sharper
and more pronounced with increasing excitation density. In
contrast, the higher pump fluence has no effect on the tem-
poral evolution of the slow decay component of the fluores-
cence, which has a time constant of,7 ps associated with
defect trapping.21 This behavior is most clearly seen in the
log-linear representation of the data in the inset of the Fig. 1.

Let us now consider the variation of the amplitude of the
emission with excitation fluence. As shown in Fig. 2, we
observe distinct behavior for the prompt and slow compo-
nents fluorescence emission. The amplitude of the slow
emission component increases linearly with pump power for

low excitation levels, but shows strong saturation at fluences
aboveù0.3 J/m2. The fast component, on the other hand,
continues to grow with increasing fluence, with only a weak
incipient saturation setting in at the highest fluences. As a
complementary study, we recorded the transient absorption at
theE11 band edge of SWNTs following photoexcitation. The
main features seen in the time-resolved fluorescence data,
including the emergence of a fast decay component and
strong saturation of the tail of the decay at high excitation
fluence, were reproduced in these measurements. Similar ef-
fects were recently reported by Maet al.22

To understand the nanotube fluorescence dynamics, let us
consider possible physical processes that might occur at el-
evated excitation densities. A common phenomenon at high
excitation fluence is absorption saturation. This effect would,
however, only change the carrier density and would not alter
the temporal evolution of the decay. Furthermore, direct
measurement of the absorption as a function of laser fluence
shows that the nanotube absorbance at 810 nm remains es-
sentially identical, even for the highest pump fluence used in
these studies. This fact also excludes two-photon absorption
effects. One may then ask whether the observed dynamics
can be attributed to saturation of the trapping states at high
excitation density. This scenario is implausible because it
would suggest a slower decay rate at high fluences, while we
actually see the emergence of a faster decay component in
this regime.

A different class of effect involves multiple carrier-carrier
interactions. Such processes are well documented not only in
bulk materials,6–9 but also in semiconductor
nanoparticles10–12 where Auger recombination may play a
dominant role when extra carriers or multiple excitations are
present. In view of the strong-carrier confinement in SWNTs,
such processes are also likely to be significant in this case.
Indeed, the presence of a rapid Auger recombination in the
SWNTs allows us, as we show below, to obtain quantitative
agreement with the observed dependence of the fluorescence
emission on the nanotube excitation density. Before begin-
ning our quantitative analysis, we wish to describe qualita-
tively how the existence of a rapid Auger process allows us
to account for the characteristic features of experimental
data. At low excitation fluence with, at most, one electron-
hole pair in each excited nanotube, we observe only the slow
component of the fluorescence emission. When more than
one electron-hole pair is present in a SWNT, the Auger pro-
cess opens up a nonradiative recombination channel for
electron-hole pair recombination. If the Auger process is suf-
ficiently efficient, it will quickly deplete the population of
electron-hole pairs, resulting in the rapid fluorescence
quenching seen experimentally. The annihilation of the
electron-hole pairs comes to a stop when just a single
electron-hole pair remains in a nanotube. Thus at all flu-
ences, the fluorescence after this initial period arises exclu-
sively from the one surviving electron-hole pair and yields
the same temporal form of the decay curve. Since all nano-
tubes are excited at sufficiently high fluence, we expect the
tail of the fluorescence emission to be precisely the same,
both in temporal form and in amplitude, in this regime. As
shown in Fig. 1, this is indeed what is seen experimentally
for fluencesù0.3 J/m2.

FIG. 1. (Color) Experimental time-resolved fluorescence decay
curves for SWNTs excited at the indicated pump fluences. The gray
curves are fits using the model described in the text. The inset
shows a log-linear plot of the same data. The equivalence of the
trailing part of the decay at all fluences is apparent.

FIG. 2. The dependence of the integrated fluorescence emission
in the slow(squares) and the fast(triangles) components as a func-
tion of the excitation pump fluence. The curves are fits to the model
described in the text.
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To make our discussion more quantitative, we introduce
an explicit model of the carrier dynamics that includes Auger
interactions. In analogy to the bulk behavior, the carrier dy-
namics in nanotubes can be formulated in terms of rate equa-
tions. Unlike the case of bulk materials, however, one cannot
characterize an ensemble of nanotubes by an average carrier
density: The quantized character of number of excitations in
a given nanotube must be taken into account. One cannot, for
example, describe a situation in which one nanotube in ten is
excited simply by saying that the average number of
electron-hole pairs per nanotube is 0.1. Thus, we introduce a
time-dependent probability distributionrNstd to describe the
probability of a nanotube havingN=0,1,2,3, . . .electron-
hole pairs. The distribution of excitation number in an en-
semble of nanotubes can then be shown to obey a master
equation

drN

dt
= rN+1sgr

N+1 + gA
N+1 + gtdsN + 1d − rNsgr

N + gA
N + gtdN.

s1d

In this equation, we have included changes in the carrier
number associated with radiative emission, Auger recombi-
nation, and carrier trapping at defects, characterized, respec-
tively, by ratesgr

N, gA
N, andgt. For the radiative and Auger

processes, we have explicitly noted their possible depen-
dences on the numberN of electron-hole pairs in the nano-
tube. These dependences will be discussed below. The initial
distribution of excitations in the nanotube ensemble is taken
to be Poissonian with a mean excitation number ofsf, the
product of nanotube absorption cross section at the 810-nm
pump wavelength and the number of photons per unit area in
a pump pulse. The fluorescence emission rate(per nanotube)
as a function of time,Fstd, can then be obtained by consid-
ering the emission rate from the ensemble of nanotubes,

Fstd = o
N=1

`

sgr
N 3 N 3 rNd. s2d

To proceed further, we must consider the parametric de-
pendence of the radiativesgr

Nd and AugersgA
Nd recombination

rates on the number of electron-hole pairs in the nanotube.
These relations differ depending on the degree of electron-
hole correlation, with distinct behavior for free carriers and
excitons. Assuming free motion of the relevant excitations
throughout the nanotube, we have for excitons

gr
N = const, gA

N ~ sN − 1d

and for free carriers

gr
N ~ N; gA

N ~ NsN − 1d.

Note that in this regime of just a few carriers, it is important
to distinguish dependences scaling asN from those scaling as
N−1, a consideration that is not relevant in the bulk limit of
large carrier numbers. As for the proper description of the
excitations in the SWNTs, a free-carrier picture has been
used to describe many of the experimental results.2,14 Recent
theoretical considerations indicate, however, that excitonic
effects are quite significant in SWNTs.23 Thus we discuss our

observations within the excitonic framework.
Our model for the temporal evolution of the fluorescence

is defined by four parameters: The radiative emission rategr,
the Auger rate, which for the excitons can be written asgA
=CAsN−1d, the trapping rategt, and the mean initial excita-
tion numberfs. From previous studies,21 the radiative emis-
sion is shown to be,100 ns and thus far slower than the
other rates in the problem. In this case, the rate of radiative
emission appears only as an overall scale factor for the emis-
sion strength and does not affect the dynamics. Another of
the parameters, the trapping rategts=1.631011 s−1d is deter-
mined directly from the measured fluorescence decay in the
limit of low excitation. Thus, our fit of the dynamics is de-
termined by just two parameters, the Auger rate coefficient
CA and the excitation numberfs. We note further that the
photon fluencef is known from experiment, so we can de-
scribe the two adjustable parameters as the absorption cross-
section s and the Auger coefficientCA. These values are
determined from the fluence dependence of the fast and slow
fluorescence yields shown in Fig. 2. The Auger rate, which
we discuss below, is found to be given byCA=0.8 ps−1. With
all parameters now fixed, we can apply the model to predict
the full temporal evolution of the fluorescence at various
excitation densities. For comparison with experiment, we
then convolve the prediction with the measured Kerr-gate
response function.21 The results, shown as the gray curves in
Fig. 1, fit not only the fluorescence decay curve for one ex-
citation density, butthe entire setof decay curves measured
over a wide range of pump fluences.

The Auger annihilation lifetime for an exciton is given by
tA

N;sgA
Nd−1=CA

−1sN−1d−1 for a nanotube withN electron-
hole pairs. Using the inferred Auger coefficient ofCA
=0.8 ps−1 in our typical 380-nm-long SWNTs, we find the
Auger annihilation lifetime to be as short as 1.2 ps with just
two electron-hole pairs in a nanotube. In the exciton picture,
this lifetime scales linearly with the length of nanotubes and
the Auger lifetime for two electron-hole pairs in a nanotube
of length L mm will be ,3L ps. Our experimental findings
thus indicate that multiple electron-hole pairs can persist in a
micron long nanotube for at most a few picoseconds. To get
a feeling of this Auger annihilation lifetime, it is instructive
to compare the experimental behavior for the SWNT with
what one might expect if Auger recombination were occur-
ring in a bulk material at an equivalent excitation density.
Since bulk Auger rates vary strongly with the band gap of the
material, we consider a III-V alloy, In0.78Ga0.22As0.5P0.5, with
a band gap similar to the nanotube system. The effective bulk
density corresponding to two excitons in a nanotube can be
taken as 2/sALd, where A is the nanotube cross-sectional
area andL is its length. The resulting bulk Auger lifetime is
then found to be6 ,1000 ps, far longer than that in SWNTs.
The strength of the Auger recombination process in SWNTs
can be attributed to the enhancement of carrier-carrier inter-
actions in the quasi-1D nanotube system. Our results high-
light the need for a full quantum mechanical calculation of
the behavior in nanotubes, since the distinctive nanotube
structure precludes even a rough estimate of the Auger rate
from comparisons with the well-studied bulk materials.

The existence of rapid Auger recombination in SWNTs
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sets a stringent limit on the sustained electron-hole pair den-
sities that one may expect to achieve experimentally. This
situation is particularly relevant for attempts to achieve
population inversion and light amplification in SWNTs. Even
for incoherent nanotube light-emitting devices based on elec-
troluminescence, Auger processes may reduce the emission
efficiency for high rates of carrier injection or long carrier
lifetimes. Although not directly examined in this study, our
work suggests that the presence of free electrons or holes in
SWNT, arising, for example, from impurities or electric
fields, may also induce rapid annihilation of electron-hole
pairs through the Auger process. This effect may play a role

in the strong variation of photoluminescence efficiency ob-
served at acidicpH.17,24
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