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Time-resolved fluorescence measurements of single-walled carbon nangGW&$Ty 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~df ps* 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-dimensiofiaD) systems signature of an Auger process is seen in the emergence of a
is the dramatic enhancement of interaction between chargapid decay component at elevated excitation densities, com-
carriers, an effect arising from their strong spatial confine-bined with unchanged emission at long delay times where, at
ment and reduced effectiveness in screening. Auger reconmost, one electron-hole pair remains in any nanotube. From
bination, which involves the annihilation of an electron-holea quantitative analysis of this behavior, we obtain an Auger
pair with the released energy transferred to other charge carecombination rate of 0.8 psfor two electron-hole pairs in
riers, is representative of an interaction involving multiple our typical SWNT of~1 nm in diameter and-380 nm in
carriers. As such, this process, already important in bulkength. The high Auger rate is a consequence of strong
semiconductors, is expected to assume greater prominencedarrier-carrier interactions in SWNTs and appears to limit the
1D materials. Single-walled carbon nanotul@WNTs,!  sustained electron-hole pair density that can be achieved in
with their small diameter and large aspect ratio, provide ahese systems.
model 1D systei® in which to examine this effect. Such an  In our experiments, isolated SWNTs samples were pre-
investigation, in conjunction with previous studies of Auger pared as a micellar suspension in water following a proce-
processes in other material systems, including bulk semicordure similar to that of O’Connekt all’ Briefly, bundles of
ductors, quantum wells, and nanoparticles, will help us unSWNTs grown using the HiPCO approaghvere dispersed
derstand the role of dimensionality in carrier-carrier interacin an aqueous solution of pabcrylic acid (PAA, MW
tions. In addition to this broad fundamental interest, Auger~60 000, 1% w/y. The nanotube bundles were separated
recombination in carbon nanotubes is also a subject of teckand purified by sonication and centrifugation-at10 000x.
nological relevance. Recent progress in the fabrication offhis procedure resulted in isolated, fluorescent SWNTSs.
ambipolar nanotube field-effect transistoand the observa- Atomic force microscopyAFM) images of 175 nanotubes
tion of electroluminescenédérom semiconducting nanotubes indicated that most of the nanotubes are 100—500-nm long,
has sparked interest in using nanotubes in bipolar electroniasith an average length 6f380 nm. From the height of the
and as light-emitting devices. In bulk semiconductors anchanotubes observed in the AFM image, we confirmed that
quantum structures, Auger recombination is already welthe sample was indeed comprised of individual SWNTSs,
known to play a limiting role in light-emittingy’ and light-  rather than of bundles. Isolated nanotube samples were also
harvesting devicebas well as in power transistdrat high  prepared using polynaleic acid/octyl vinyl etheras a sur-
electron-hole densities. Auger recombination has also beefactant. The choice of surfactant had no significant influence
shown to strongly affect the carrier dynamics in semiconducen the carrier dynamics reported below.
tor nanoparticle-!! and their properties for light amplifica- Measurement of the temporal evolution of the fluores-
tion and lasing? In SWNTSs, considerable effort has recently cence from semiconducting SWNTs is achieved through op-
been devoted to measurements of carrier dynaiiié§. tical pumping with a femtosecond laser and analysis of the
There has, however, yet to be a clear experimental identififluorescence by optical Kerr gatit$?°The laser source for
cation of the Auger effect and a determination of its characthese measurements is an amplified mode-locked Ti-sapphire
teristics in this important and prototypical 1D material sys-system, which delivers pulses of approximately 150 fs dura-
tem. tion at a wavelength of 810 nm and a repetition rate of

In this Rapid Communication, we demonstrate that thel kHz. SWNTs are excited by a portion of the optical pulse.
Auger effect plays a dominant role in the carrier dynamics ofThe resulting fluorescence is focused into a 3-mm-thick CS
SWNTs when multiple excitations are present. The resultKerr cell that is placed between a pair of crossed polarizers.
are obtained by time-resolved measurements of the fluore§he other portion of the optical pulse, which serves as the
cence emission as a function of fluence of an ultrafast lasegate pulse, is directed into the Kerr cell at a suitable delay
excitation pulse. The approach permits us to explore the reime. The gated fluorescence is then detected by an InGaAs
sponse from the regime of, at most, one electron-hole pair iphotodiode.
each nanotube to the regime of multiple excitations. A clear Experimental fluorescence decay curves for several differ-
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low excitation levels, but shows strong saturation at fluences
13 above=0.3 J/nf. 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

[
1.5
/\0 1) complementary study, we recorded the transient absorption at

the E;; band edge of SWNTs following photoexcitation. The
main features seen in the time-resolved fluorescence data,

1.0 1

0 including the emergence of a fast decay component and

5
—0.6 J/m’ strong saturation of the tail of the decay at high excitation
\\\ —0.3 J/m’ fluence, were reproduced in these measurements. Similar ef-
2 fects were recently reported by Ma al??
0.5- / \ ——0.08 J/m y rep y .
2 To understand the nanotube fluorescence dynamics, let us
. \\:ro.Oillm consider possible physical processes that might occur at el-
i \\\_‘:‘;\-‘3 evated excitation densities. A common phenomenon at high
0.0 0T ——— =~ excitation fluence is absorption saturation. This effect would,
0 5 10 however, only change the carrier density and would not alter
Time (pS) the temporal evolution of the decay. quthermore, direct
measurement of the absorption as a function of laser fluence
FIG. 1. (Color) Experimental time-resolved fluorescence decayShOV_VS th_at th_e nanotube absorl_aance at 810 nm remains €s-
curves for SWNTs excited at the indicated pump fluences. The grzgqent'a"y identical, even for the highest pump fluence used in
curves are fits using the model described in the text. The inséf1€S€ studies. This fact also excludes two-photon absorption
shows a log-linear plot of the same data. The equivalence of th&ffects. One may then ask whether the observed dynamics
trailing part of the decay at all fluences is apparent. can be attributed to saturation of the trapping states at high
excitation density. This scenario is implausible because it

ent pump fluences are presented in Fig. 1. The most strikinould suggest a slower decay rate at high fluences, while we
aspect of these curves is the emergence of a fast decay coRetually see the emergence of a faster decay component in
ponent at high pump fluence, a feature that becomes sharp@ls regime.
and more pronounced with increasing excitation density_ In A different class of effect involves mUltlple carrier-carrier
contrast, the higher pump fluence has no effect on the teninteractions. Such processes are well documented not only in
poral evolution of the slow decay component of the fluoresPulk — material$®  but  also in  semiconductor
cence, which has a time constant-e ps associated with nanoparticle¥~'? where Auger recombination may play a
defect trapping* This behavior is most clearly seen in the dominant role when extra carriers or multiple excitations are
log-linear representation of the data in the inset of the Fig. 1Present. In view of the strong-carrier confinement in SWNTs,
Let us now consider the variation of the amplitude of thesuch processes are also likely to be significant in this case.
emission with excitation fluence. As shown in Fig. 2, weIndeed, the presence of a rapid Auger recombination in the
observe distinct behavior for the prompt and slow compo-SWNTs allows us, as we show below, to obtain quantitative
nents fluorescence emission. The amplitude of the slov@greement with the observed dependence of the fluorescence
emission Component increases |inear|y with pump power foﬁmiSSion 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
100 4 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

Fluorescence (arb. units)

50 component of the fluorescence emission. When more than
one electron-hole pair is present in a SWNT, the Auger pro-

60 1 cess opens up a nonradiative recombination channel for
electron-hole pair recombination. If the Auger process is suf-

404 ficiently efficient, it will quickly deplete the population of

electron-hole pairs, resulting in the rapid fluorescence
quenching seen experimentally. The annihilation of the

Fluorescence (arb. units)

204 = slow decay contribution electron-hole pairs comes to a stop when just a single
4 fast decay contribution electron-hole pair remains in a nanotube. Thus at all flu-

0 T r T ences, the fluorescence after this initial period arises exclu-
0.0 0.5 1.0 1.5 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

FIG. 2. The dependence of the integrated fluorescence emissidail of the fluorescence emission to be precisely the same,
in the slow(squaresand the fasttriangleg components as a func- both in temporal form and in amplitude, in this regime. As
tion of the excitation pump fluence. The curves are fits to the modeshown in Fig. 1, this is indeed what is seen experimentally
described in the text. for fluences=0.3 J/nf.

Fluence (Jlmz)
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To make our discussion more quantitative, we introduceobservations within the excitonic framework.
an explicit model of the carrier dynamics that includes Auger Our model for the temporal evolution of the fluorescence
interactions. In analogy to the bulk behavior, the carrier dy-s defined by four parameters: The radiative emission yate
namics in nanotubes can be formulated in terms of rate equdhe Auger rate, which for the excitons can be writtemas
tions. Unlike the case of bulk materials, however, one cannot C,(N-1), the trapping ratey, and the mean initial excita-
characterize an ensemble of nanotubes by an average carrt@sn numbergo. From previous studie®, the radiative emis-
density: The quantized character of number of excitations ision is shown to be~100 ns and thus far slower than the
a given nanotube must be taken into account. One cannot, father rates in the problem. In this case, the rate of radiative
example, describe a situation in which one nanotube in ten ismission appears only as an overall scale factor for the emis-
excited simply by saying that the average number ofsion strength and does not affect the dynamics. Another of
electron-hole pairs per nanotube is 0.1. Thus, we introduce the parameters, the trapping ratg¢=1.6x 10'* s™) is deter-
time-dependent probability distributigst'(t) to describe the mined directly from the measured fluorescence decay in the
probability of a nanotube haviny=0,1,2,3,...electron- limit of low excitation. Thus, our fit of the dynamics is de-
hole pairs. The distribution of excitation number in an en-termined by just two parameters, the Auger rate coefficient
semble of nanotubes can then be shown to obey a mastey, and the excitation numbepo. We note further that the

equation photon fluencep is known from experiment, so we can de-
N scribe the two adjustable parameters as the absorption cross-
do” _ PN+ N+ ) (N+ 1) = NN + 9+ pN. sectiono and the Auger coefficien€C,. These values are
dt determined from the fluence dependence of the fast and slow

(1) fluorescence yields shown in Fig. 2. The Auger rate, which

_ _ _ ) ~ we discuss below, is found to be given 8y=0.8 ps*. With
In this equation, we have included changes in the carrieg)| parameters now fixed, we can apply the model to predict
number associated with radiative emission, Auger recombithe fyll temporal evolution of the fluorescence at various
nation, and carrier trapping at defects, characterized, respegxcitation densities. For comparison with experiment, we
tively, by ratesy, ya, and y. For the radiative and Auger then convolve the prediction with the measured Kerr-gate
processes, we have explicitly noted their possible depenresponse functiodt The results, shown as the gray curves in
dences on the numbet of electron-hole pairs in the nano- Fig, 1, fit not only the fluorescence decay curve for one ex-
tube. These dependences will be discussed below. The initigltation density, buthe entire sebf decay curves measured
distribution of excitations in the nanotube ensemble is takemyer a wide range of pump fluences.
to be Poissonian with a mean excitation number ¢ the The Auger annihilation lifetime for an exciton is given by
product of nanotube absorption cross section at the 810-nm = (,)=1=C }(N-1)" for a nanotube withN electron-
pump wavelength and the number of photons per unit area ifge pairs. Using the inferred Auger coefficient Gfy
a pump pqlse. Th.e fluorescence emission ('pm nanotub)e_ =0.8 ps? in our typical 380-nm-long SWNTs, we find the
as a function of timeF(t), can then be obtained by consid- pyger annihilation lifetime to be as short as 1.2 ps with just
ering the emission rate from the ensemble of nanotubes, o electron-hole pairs in a nanotube. In the exciton picture,

w this lifetime scales linearly with the length of nanotubes and
F) = (Y X Nx pN). (2)  the Auger lifetime for two electron-hole pairs in a nanotube
N=1 of lengthL um will be ~3L ps. Our experimental findings

. ) thus indicate that multiple electron-hole pairs can persist in a
To proceed further, we must consider the parametric deficron jong nanotube for at most a few picoseconds. To get
pendence of the radiative;) and Auger()},}'_) recombination feeling of this Auger annihilation lifetime, it is instructive
rates on the number of electron-hole pairs in the nanotubgg compare the experimental behavior for the SWNT with
These relations differ depending on the degree of electronyhat one might expect if Auger recombination were occur-
hole correlation, with distinct behavior for free carriers andring in a bulk material at an equivalent excitation density.

excitons. Assuming free motion of the relevant excitationsgjnce pulk Auger rates vary strongly with the band gap of the

throughout the nanotube, we have for excitons material, we consider a I1I-V alloy, }ydGa, 2/ASy sPo s With
N = const, YN = (N - 1) a band gap similar to the nanotube system. The effective bulk
density corresponding to two excitons in a hanotube can be
and for free carriers taken as 2(AL), where A is the nanotube cross-sectional
N B area and. is its length. The resulting bulk Auger lifetime is
7}’\‘ # N yae NIN=1). then found to b&~1000 ps, far longer than that in SWNTSs.

Note that in this regime of just a few carriers, it is important The strength of the Auger recombination process in SWNTs
to distinguish dependences scaling\afsom those scaling as  can be attributed to the enhancement of carrier-carrier inter-
N-1, a consideration that is not relevant in the bulk limit of actions in the quasi-1D nanotube system. Our results high-
large carrier numbers. As for the proper description of thdight the need for a full quantum mechanical calculation of
excitations in the SWNTs, a free-carrier picture has beeithe behavior in nanotubes, since the distinctive nanotube
used to describe many of the experimental reguffRecent  structure precludes even a rough estimate of the Auger rate
theoretical considerations indicate, however, that excitonidrom comparisons with the well-studied bulk materials.
effects are quite significant in SWN¥&Thus we discuss our The existence of rapid Auger recombination in SWNTs
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sets a stringent limit on the sustained electron-hole pair derin the strong variation of photoluminescence efficiency ob-
sities that one may expect to achieve experimentally. Thiserved at acidipH.1"2*

situation is particularly relevant for attempts to achieve

population inversion and light amplification in SWNTs. Even  The authors wish to acknowledge helpful discussions with
for incoherent nanotube light-emitting devices based on eledy. Hybertsen. Primary support for this work was provided
troluminescence, Auger processes may reduce the emissi@y the Nanoscale Science and Engineering Initiative of the
efficiency for high rates of carrier injection or long carrier NSF under Grant No. CHE-0117752 and by the New York
lifetimes. Although not directly examined in this study, our state Office of Science, Technology, and Academic Research

work suggests that the presence of free electrons or holes
SWNT, arising, for example, from impurities or electric
fields, may also induce rapid annihilation of electron-hol
pairs through the Auger process. This effect may play a rol

NYSTAR), and by the Office of Basic Energy Science of the
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