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Ultrafast carrier dynamics in individual semiconducting single-walled carbon nanotubes was studied
by femtosecond transient absorption and fluorescence measurements. After photoexcitation of the
second van Hove singularity of a specific tube structure, the relaxation of electrons and holes to the
fundamental band edge occurs to within 100 fs. The fluorescence decay from this band is dependent
on the excitation density and can be rationalized by exciton annihilation theory. In contrast to
fluorescence, the transient absorption has a distinctly different time and intensity dependence for
different tube structures, suggesting a branching to emissive and trap states following
photoexcitation. ©2004 American Institute of Physic§DOI: 10.1063/1.1640339

INTRODUCTION present experimental results from femtosecond fluorescence
up-conversion and pump—probe measurements on several

The remarkable electronic properties of smgle—walleddistinct nanotube structures.

carbon nanotubeSWNT) indicate a tremendous potential Figure 1 illustrates schematically the electronic density

for novel appllcatloné_. However, spectroscopic access to of states(DOS) of semiconducting SWNT, characterized by
these exquisite qualities has long been hampered by th . o - :
arp van Hove singularities arising from the quasi-one-

strong structural dependence of the electronic density of. . -, .
stateé? together with the diversity of diameters and chiral dimensional nature of nanotub%s“[.he. transition energies
angles of nanotubes as well as aggregation of tubes in aﬁll and E,, are tunable by variation Of_ .the .nanotube
preparations previously availatie® Additionally, the inter- structuré'a'nd generally cor.respond to trgnS|t|on.s in the.near
tube interactions as the result of aggregation mostly wash odft @nd visible spectral regions, respectivéiyDptical exci-

any specific spectroscopic features of intefésthe recent tation resonant with the second subbancEgs of selected
discovery of band-gap fluorescence from a semiconductin§/bes generates an electr@) in the conduction subbanth
SWNT sample rich in individual nanotubes surrounded byand leaves a holg) in the valence subbane,, respectively.
Cy"ndrica' sodium dodecy' Su|fat(§DS mice”eg has made Spatla| confinement in the SWNT leads to considerable en-
it possible to correlate optical spectra with individual tubehancement in the Coulombic coupling between the photoex-
species as a result of their well-defined optical transitidns. cited e andh to create strongly bound excitoHs:* This is

The dual wavelength excitation-emission select¥ithas  followed by intraband relaxation of treandh (c,—c; and

also opened a way to experimental study of separate SWN#,— »;) to the fundamental band gdp,;, where a second
types. A description of the dynamics following excitation is subband exciton leads to either one or two first subband ex-
important to understand the optical properties of SWNT andtitons or unboun@—h pairs*® depending on the energies of
the characteristic time scales of carrier relaxation, which igshe corresponding transitions and the exciton binding
essential to many of their potential applications. Here, weenergy'? In the present study, the femtosecond time-resolved
spontaneous emission and transient absorption are probed at
dAuthor to whom correspondence should be addressed. Electronic mai]‘:he E,, transitions of selected tubes and thus is sensitive to
GRFleming@Ibl.gov the relaxation of the excitons and/erh pairs. The carrier
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experiments, the pathlength of the 1.0 mm sample cell cor-
responded to a typical optical density of about 0.15. During

data acquisition, the samples were circulated using a peristal-
tic pump in the fluorescence experiment, while in the pump—

probe experiment the static sample cell with 1 mm path-

length was continuously translated along the vertical

direction. The stability of the sample was checked by record-

ing the absorption spectra before and after the time-resolved
measurements.

energy

conduction band

RESULTS AND DISCUSSION

In our time-resolved fluorescence experiment, we moni-
tor selected tubes via the following combinations of
density of states excitation/emission wavelengths 567/975, 660/950, 660/
1119, and 660/1244 nm. These combinations select four tube

FIG. 1. Schematic density of electronic states for a single nanotube struc- -
ture. Arrows depict excitatiofqpump/emission (probe wavelengths and Structures(7,6), (8,3), (6,5), and(9,5), according to Ref. 10.

interband transitions: dotted arrows represent the intraband electron and hoRiNC€ the creation of fluorescence photons requires-én
relaxation processes. recombination, the fluorescence signal is determined by the

temporal evolution of thee—h pair population inc,, the
) ) _lowest conduction band state andun, the highest valence
.dynamlcs. revealed by_ transient fluorescence and absorptl%nd state, respectively.Figure 2a) shows the transient
IS de_terr_nlned by the time-dependent product Of,em,ndh fluorescence intensity at 1244 nm for five different excitation
distributions, -and by the sum of these distributions,qengjies Al transients exhibit the same sharp rise at zero
respectively,® and identical dynamics is seen in the tWO yo|ay time within the time resolution of the instrument, indi-
measurements or_1|y Wh&n_andh hav_e identical o_lynamlcs. _ cating that the intraband (c,—c,) andh (v,— »,) relax-

The S'Fr_ategy In sele<_:t|vely prot_)lng the carrier Olynf""m_'csations are faster than 100 fs. However, for positive times the
of a speC|f_|c tube type is ele_ctronlcally resonant excitationy, 5 ascence decays show strong intensity dependence,
and detection. In practice, this strategy is generally acCOMza ey a faster decay with an increase of excitation inten-
plished by varying both the excitatidpump and emission i, | addition, the overall amplitude of the fluorescence

(probe wavelengths according to Ref. 10 to ensure eleCynetics shows apparently nonlinear dependence on the exci-
tronic resonance with thE,; andE;; transitions of a given .00 intensity[Fig. 2b)]. For the tube structureés,3),

nanotube, respectively. A simplification of this general pro-(7,6), and(6,5) exhibiting fluorescence at 950, 975, and 1119

c_edure can be furthe_r_achleved_ for tho_se tubes with suffl-nm, similar behavior is observeédata not shown One pos-
ciently closeE,, transition energies. Owing to the spectral

_ 2 _ sible explanation for this intensity dependence is an exciton—
overlap between theiE,, transitions, the use of a single

exciton annihilation process as the result of the simultaneous

wavelength can simultaneously excite multiple tube Struc'generation of multiple excitons in a single carbon

tures, and consequently, tube-type selective detection can b q,né7 In terms of this model, the kinetic evolution of
realized by simply changing the emissidprobe wave- excitons can be described by
length. Even though we used ultrashort laser pulses for ex-

citation and detection in our experiment the spectral band- dN(t)
width was small enough to ensure selectivity of a specific dt
tube structure.

= —KkN(t)— yN(t)?, 1)

whereN(t) is the mean number of excitons created in the
first subband of a selected tube structlr#&e linear exciton
decay rate, ang the rate of biexciton annihilation. An ana-

Tunable femtosecond excitation puls€¥ fs) with a  lytical solution of Eq.(1) is readily obtained and for the
repetition rate of 250 kHz were generated by an optical parashort-time kinetics, wherkt<1, this solution further simpli-
metric amplifier. The excitation beam was focused to a spofies td®
size of ~30 and~75 um on the sample in the fluorescence N(0)
upconversion and transient absorption experiments, respec- N(t)= , 2
tively. The relative polarization between the excitation and 1+N(0)y-t

probe (gatg beams was set to 54.7° and the instrument reyhereN(0) is the initial number of excitons. As the fluores-
sponse had a temporal width of about 10G4F¥HM). De-  cence intensityl (t), is proportional toN(t), a linear time
tails of the experimental setups are given elsewfet®. gependence of the inverse of the normalized fluorescence
SWNT material was produced by a HIPCO-type generator afytensity, | (t)/1,, is obtained:

Rice University, and the same procedure as described previ-

ously was used to prepare a sample rich in individual nano- ('(t)) 1~< N(t) ) - IN(0) 141 3

tubes in a surfactant-water systé8DS in D,0).° In our o N(0)

EXPERIMENT
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FIG. 2. (a) Normalized time-resolved fluorescence intensity for (&) tube structure at different excitation intensities. The solid lines represent the global
fits according to Eq(2). (b) Plot of the maximum fluorescence intensitigsand the fitted paramet®t(0) vs the excitation intensitiegc) The same data as
in (a) plotted as the inverse of intensity over time.

wherel (t) is the fluorescence intensity at timeandl, the  occurs when two excitons approach each other within the
maximum fluorescence intensity. Plotting the inverse of theso-called reaction radiusRk(), at which two excitons will
normalized fluorescence kinetics shown in Figa)2as a  annihilate immediatel}® At low excitation intensity, the spa-
function of time results in a linear behavior for delay timestial separation between excitons increasesf®., and an-
up to ~10 ps[Fig. 2(c)]. This suggests that exciton annihi- nihilation will require exciton motiort® Such motion will be
lation dominates the dynamics in this time range, even fomediated by Coulombic interactions and since e tran-
the lowest excitation intensity (810 photons/pulse cA) sitions are narrow and have small Stokes sHiftee Franck—
and the assumption &ft<<1 is justified. Condon factors will be large and energy migration rapid.
Detailed analyses of the fluorescence kinetics measured The analysis outlined above implicitly assumes that the
over the full scan rangé~40-50 p3 were performed using dimensionality of exciton diffusion is=2.18 To examine this
Eq. (2) globally, wherey andN(0) were taken as global and assumption, we plotted the inverse of the normalized fluo-
local fitting parameters, respectively. As shown in Figa)2  rescence intensiti(t)/1, versust*?, which should give rise
the various fluorescence kinetics can be well described bio a straight line for strictly one-dimensional diffusional ex-
Eq. (2) and only a minor deviation is seen in the kinetics citon motion'® As shown in Fig. 3, the plot for the kinetics
detected at higher excitation intensity at a delay time-&6f  of the (9,5 tube structure, measured at 1244 nm under the
ps. This global analysis giveg=0.19 ps* andN(0)=4.2,
8.1, 11.5, 21.5, and 37.2 for the five excitation intensities
used. In addition, the values df(0) obtained are plotted in
Fig. 2(b) versus excitation intensity, which shows a nearly
identical dependence to that of the maximum fluorescence
intensity. All these fitting parameters are relative numbers,
which are inversely(for ) or linearly [for N(0)] propor-
tional to the amplitudes of the fluorescence signals. To obtain
absolute values for these parameters, one needs to indepen-
dently determine the mean number of the first subband exci-
tons created in a given tube type at different excitation inten-
sities. This determination requires an accurate absorption
cross section per tube and the branching rétioform first
subband exciton and unbourd-h pairg following the in-
traband relaxation. Both the cross section and branching ratio (Delay Time)"?
are currently unavailable. Ne\_/ert_hele?ss, th-e Si-m”ar depenI;IG 3. Plots off I(t)/I15]7* vs \k for the fluorescence kinetics of tt{@,5)
dence ofN(0) and !0 on excitation |nte_n5|ty[F_|g. 2Ab)] tubé s'tructure for theO highest excitation intensity. The calculated’results,
shows the self-consistency of the analysis outlined above. gptained by assuming a dimensionality of exciton motion beirigictted
From a microscopic point of view, exciton annihilation line) and=2 (dashed ling are also showitsee the text
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highest excitation intensity, shows a clear deviation from asponding intrinsic decay rates, akgl is the constant of ex-
straight line. For a qualitative analysis of the dimensionality,citon quenching by the unbound-h) pair. Using initial
we further calculated the inverse of the normalized fluoreseonditions ofN(0)=a and N.,(0)=1—a, analytical solu-
cence intensity using the values ferand N(0) obtained tions of Eqs.(4) are straightforward to obtain. We modeled
above, assuming that the dimensionatitis either 1 or=2,  the time dependence df(t) by takingk, k,, k3, a, and an
respectively, and the time-independent annihilation rate iramplitude scaling factor as free parameters, reasonable fits to
the 1-D case has the same numerical valug @s ps 2. A experimental data, especially at lower excitation intensities,
plot of the calculated data versti& shows a straight line for can be obtaineddata not shown However, the parameters
d=1, whereas fod=2, it bends upward. As shown in Fig. 3, obtained from the modeling lead to an unrealistically high
the experimental curve measured at 1244 nm closely repercentage of exciton ionization, upe98%, which suggest
sembles the case far=2. This greater than unity dimen- that this mechanism must be of minor importance in our
sionality of exciton motion seems to be intuitively in contra- case.
diction to the one-dimensional structure of ideal nanotubes.  To obtain a different point of view on the carrier dynam-
Such exciton motion may be possible if the physical size ofcs we also studied the transient absorption of SWNT, which
the exciton is smaller than the diameter of the tube and mois sensitive to thee and h distributions independenty. In
tion of the exciton occurs on the surface of the nanotubeshis pump—probe experiment, we selected five tube struc-
Recent theoretical calculations show that the exciton Bohtures, namely thé6,4), (9,1), (6,5), (8,3, and (7,5 struc-
radius is Iarger than the tube dlame]t%?g For example, Spa- tures, by Choosing appropriate pump/probe Wave|ength com-
taru et al™ find that the extent of the excitons in ti&,0  binations, peaking at 581/873, 693/912, 567/975, 660/952,
tube is almost 25 A. We need to emphasize that our analysignd 660/1023 nm, respectivéfyThe pump—probe kinetics
is based on the assumption of purely diffusive exciton momeasured at different wavelengths are generally independent
tion. If the exciton motion is ballistic, as is observed in theof pump intensity (J) for J<2x 10 photons/pulse cf
conduction of nanotubés,the approach used is inappropri- This threshold required to obtain intensity-dependent kinet-
ate and the value af may not have a simple physical mean- jcs in the pump—probe experiment is approximately one or-
ing. Clearly further study, including electronic structure cal-der of magnitude higher than the lowest excitation intensity
culations of the SpeCifiC tubes we have Studied, is required tgsed in the ﬂuorescence up_conversion measurements. F|g_
clarify this point. ures 4a) and 4b) compare the normalized time-resolved
Exciton annihilation does appear to provide an adequatfyorescence decays 6,5 tubes with the corresponding
explanation of the excitation intensity dependence of thgjecays of the pump-induced transmission at the fundamental
fluorescence decays and additionally may provide insighgang gap. The increased transmission in the pump-probe
into the microscopic motion of excitons in SWNT. However, yinetics is caused by a bleach due to the occupation of holes
the dimensionality issue suggests we consider an alternatiyg tpe v, state as well as by stimulated emission from elec-
explanation for the experiential observations. Sipce a subyons in thec, state. The same trends are observed in both
stantial amount of unbouné-h pairs form following the  experiments, namely a faster decay for higher excitation den-
intraband relaxation, diffusion of these-h pairs in the gjiies. In contrast, the pump—probe traces probed at 1024 nm
SWNT*! will result in collisions with excitons, leading to a for the (7.5) tube structure exhibit the opposite trend: The
quenching of excitons. Exciton ionization occurs because thg,quced transmission decay in the first picosecond slows
rapid intrqband rglaxation Iegds Fo the formation of first sub-yown with an increase of excitation density and the change
band excitons with a total kinetic energy comparable 10 Oyt the Kinetics persists to an extremely low pump intensity
even larger than the exciton binding enerds,).* Consid- (2% 10* photons/pulse cA) compared with the results ob-
ering the(9,5) tube as an exalmple., the kinetic energy giveNigined at other pump/probe wavelengths. Furthermore, a
by Ez,— Ey; is about 6860 cm, while the cglcglate&b for  ong-lived induced absorption observed at lower pump inten-
a tube with similar diameter is only 3230 chr'? A quench- i vanishes at higher pump intensities. This distinctly dif-
ing phenomenon of this type was observed previously ifgrent decay behavior at 975 and 1023 nm with the change of
conjugated polymer¥, and can be described by pump intensity indicates the existence of some so far unde-
S* +(e—h)— S+ (e—h)* — S+ (e—h) + phonons, fined charge trap states, which persist after the relaxation of
excitons?® The noticeable difference in the thresholds for
where S represents the exciton arfdstands for an excited intensity-dependent kinetics in the pump—probe and fluores-
species. Neglecting the reformation of excitons from un-cence experiments, together with the opposite trend with the
bounde-h pairs, the dynamics of this quenching processiycrease of pump intensity at 975 and 1023 fsee Figs.

can be described by the following rate equations: 4(b) and 4c)] suggests that the transient species contributing
dN(t) to the pump—probe signal is different to that dominating the
TR KiN(t) —KkoNgn(t)N(1), time-resolved fluorescence. Recombination of unboemd
pairs may lead to photon emission, however, this emission is
dNey(t) ) expected to be spectrally distinct from the radiative relax-
dt —k3Nep(1), ation of excitons, owing to the large, as the result of spa-

tial confinement? However, the unbound andh will con-
whereN(t) andN,(t) are the densities of excitons and un- tribute individually to the pump—probe signafsin fact, a
bound g—h) pairs, respectivelyk; and ks are their corre-  contribution from unbound electrons in SWNT has been ob-
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: sites?%?’ These quenching sites may be formed by chemical
l A impurities and/or structural defects in the SWNT, and their
24 x10

presence has been found to substantially alter the E¥OS.
Furthermore, substantial variation of the tube length in the
preparation may also contribute to the observed nonexponen-
tial decay. A detailed analysis of this nonexponential decay
using SWNT preparations with well-characterized defects/
impurities will enable an exploration of the separate effects
of the static heterogeneity and the quenching of excitons.

8.2 x 10"
85 x 10" .

* ' (6’5)

Fluorescence Intensity

CONCLUDING REMARKS

In summary, the combination of ultrafast fluorescence
and absorption spectroscopy provides a new point of view
into the optical properties of SWNT. The striking difference
between the two types of measurement points to a branching
of carrier relaxation pathways as well as the influence of
trapped states. Receab initio many-electron Green’s func-
tion calculations of the electronic structure of 1180 semi-

, ! conducting SWNT show that excitonic effects dramatically
(7 5) . 1 alter the optical properties and Fig. 1 provides, at best, only
1

Change of Absorbance

a crude caricature of the tube electronic structure. Attempts
to optimize emission yields, for example, will be greatly

aided by an understanding of the factors contributing the
branching driving the carrier relaxation. As a next step we
FIG. 4. (a) Time-resolved fluorescence kinetics probed for (G¢) tube will carry out spectrally resolved pump—probe spectroscopy,
structure at different excitation intensities. The solid lines represent the glowhich has the potential to allow a separate observation of the

bal fits according to Eq2) and the dotted line is the instrumental response. trapped states due to their spectral shift. Also, a direct exci-
(b) Transient induced transmission of the same tube stru¢dsemeasured %(

0 1 10 100
Delay Time [ps]

at different pump intensities. Note that indistinguishable decays were foun ation of selectedt,; transitions will greatly simplify the

at the two lowest intensitiesc) Pump—probe kinetics detected for the tube KIN€tics and hF.JIp identify different relaxation mechanisms
structure (7,5 under different pump intensities, and remarkable kinetic and the states involved.
changes were observed at lower pump intensities.
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