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Abstract. Time-domain spectroscopic studies provide a unique perspective on the
materials properties and the microscopic processes underlying them in carbon nano-
tubes. Ultrafast spectroscopy is used to study the dynamics and kinetics of scatter-
ing and relaxation processes from the femtosecond (1 fs ! 10!15 s) to the picosecond
timescale. This provides crucial information on carrier and exciton dynamics that
underpin a variety of potential applications of carbon nanotubes, from their use as
current-carrying quantum wires, through light-emitting or detecting nanodevices,
to their use in light-harvesting technologies and photovoltaics. Background informa-
tion on the ultrafast spectroscopic techniques of greatest applicability to nanotubes
is also provided.

1 Introduction1

The remarkable advances in the generation and characterization of tunable,
intense, ultrashort light pulses and in optoelectronic detection have made ul-
trafast spectroscopy a powerful tool for studies of electronic and vibrational
excitations in complex systems. By exciting a given system perturbatively
it is now possible to follow various dynamical processes by means of diverse
techniques with high spectral and temporal resolution. Studies of the exci-
tation dynamics in carbon nanotubes began only a few years ago and have
been almost entirely focused on the population relaxation of electronic excited
1 Ying-Zhong Ma and Tobias Hertel have contributed equally to this contribution.

A. Jorio, G. Dresselhaus, M. S. Dresselhaus (Eds.): Carbon Nanotubes,
Topics Appl. Physics 111, 321–352 (2008)
© Springer-Verlag Berlin Heidelberg 2008



322 Ying-Zhong Ma et al.

states. Despite its infancy, this rapidly developing field has been particularly
fruitful for the identification of several fundamental properties and has seen a
continuous emergence of fascinating discoveries. In this contribution, we will
review the major advances in this field.

This review begins in Sect. 2 with an introduction to the experimental
and theoretical background for nonlinear optical spectroscopy. We will first
in Sect. 2.1 introduce typical instrumentation for ultrafast spectroscopy. Sub-
sequently, we will describe briefly in Sect. 2.2 some of the fundamentals of
nonlinear optics and spectroscopy with an emphasis on connecting the phys-
ical quantities of interest to the experimental observables. In Sect. 3, we will
discuss pioneering work on metallic nanotubes, which represents the historic
origins of this exciting field. This is followed by an overview of exciton dy-
namics in semiconducting nanotubes in Sect. 4. Following a general discussion
of exciton dynamics, we will review separately studies conducted under low
and high excitation intensities. In Sect. 5, we will discuss some similarities
between semiconducting nanotubes and !-conjugated polymers. The review
concludes in Sect. 6 with a summary and an outlook for future directions. In
addition to the contributions to this book cited above, the authors also note
a discussion of measurements of the dynamics of radial breathing and the
G-band Raman-active modes in the contribution by Kono et al. as measured
by impulsive excitation techniques.

2 Background

2.1 Instrumentation for Ultrafast Spectroscopy

The key component of any ultrafast spectroscopic setup is a light source that
can deliver femtosecond pulses at desired wavelengths. Today’s Ti:sapphire
mode-locked laser technology has become a standard for such applications
and is commercially available, allowing routine generation of sub-100 fs pulses
near 800 nm with pulse energies from a few nJ to over 1mJ [1] at repetition
rates from 80MHz to 1 kHz, respectively. Frequency-conversion technology
allows extension of the Ti:sapphire output from the near-ultraviolet (UV),
through the visible to the near- and mid-infrared regions [1, 2] (see Fig. 1).
This provides unique opportunities for experimental studies of ultrafast dy-
namics in single-walled carbon nanotubes (SWNTs) and other systems.

The techniques used for ultrafast optical studies can coarsely be divided
into directly time-resolved schemes that employ fast detectors and into gated-
or pump-probe detection schemes that can be performed with slow detectors.

Transient or synchronized di!erential absorption spectroscopy is one spe-
cific type of a variety of femtosecond time-resolved pump-probe spectro-
scopies, wherein an initial pump pulse excites a sample, and the resulting
change of sample absorbance at the frequency " is measured by a probe
pulse at a specific time delay "t [3–5]. The resulting di!erential absorbance
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Fig. 1. Block diagram of the components of a generic time-resolved experiment.
One or more components from each stage may be combined in a specific setup.
Numbers for frequencies and pulse energies reflect approximate values

!!(",!t) is then recorded as a function of the time delay between the pump
and probe pulses, which is controlled by an optical delay line. The intensity
of the probe and/or reference beams may be detected spectrally integrated
or frequency resolved by a single-channel photodiode or by multichannel de-
tection using CCD cameras or diode arrays. Phase-sensitive amplification is
frequently used in conjunction with single-channel detection schemes to en-
hance the sensitivity down to 10!6. Di"erent variants of this technique are
distinguished from one another based on the specific choice of the frequencies
of the pump and probe beams ("p and "pr), their propagation direction (kp

and kpr, which can be collinear or skewed), and their respective polarizations
(#p and #pr). The resulting schemes are referred to as nondegenerate or degen-
erate, interferometric or polarization anisotropy pump-probe spectroscopy, to
name only the most commonly used pump-probe varieties.

Another pump-probe detection scheme is time-resolved photoemission
(TRPE) where a visible pump pulse creates a nonequilibrium electron dis-
tribution and a UV probe pulse monitors the state of the electronic system
by photoemission of electrons from the sample. Energy-selective detection
of photoemitted electrons can be realized using hemispherical analyzers or
by the time-of-flight technique. The photoelectron intensity within a certain
energy interval is then recorded as a function of !t, allowing the extraction
of dynamical information on changes of the nonequilibrium electron distribu-
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tion fne [6–11]. Due to the small mean free path of low-energy photoelectrons,
this technique is mostly limited to the exploration of carrier dynamics in the
vicinity of vacuum/solid interfaces.

Time-integrating detectors can also be used to measure the ultrafast dy-
namics of photoluminescence (PL) decay by means of optical gating tech-
niques, such as Kerr gating or fluorescence upconversion [4, 12–15]. The lat-
ter technique involves mixing of the fluorescence signal with an intense gate
pulse in a nonlinear crystal. The resulting sum-frequency signal is measured
as a function of the time delay between an ultrafast pump pulse used for the
excitation and the gate pulse. The emission wavelength to be probed is se-
lected simply by means of the angle at which the nonlinear crystal is aligned
with respect to the fluorescence and gate beams. The upconverted signal is
usually detected by a photomultiplier connected to a photon counter.

The pump-probe and gating techniques described above typically allow
one to achieve sub-100 fs time resolution but they can occasionally also reach
10 fs or less. Direct measurements of time-resolved fluorescence with a time
resolution of up to about 10 ps, on the other hand, are routinely achiev-
able with fast detectors, e.g., photomultipliers (PMs), avalanche photodi-
odes (APDs) or streak cameras. Time-correlated single photon counting (TC-
SPC) for example, refers to the measurement of fluorescence signals using
single photon detectors, such as APDs or PMs in combination with fast time-
to-amplitude converters that can achieve an overall time resolution of a few
tens of picoseconds [12, 16]. The high detection sensitivity of TCSPC, more-
over, allows the study of individual SWNTs [17]. A time resolution of 1 ps can
be achieved by some streak cameras, which enable simultaneous detection of
both spectral and temporal information [12, 18].

2.2 Basics of Nonlinear Optics

The basis of practically all time-resolved pump-probe techniques is the nonlin-
ear response of a medium to excitation with light. Light–matter interactions
result in frequency-dependent changes of the radiation field as a consequence
of elastic or inelastic scattering and/or absorption by the illuminated sys-
tem. The resulting polarization P of the dielectric medium is coupled to
the external transverse electromagnetic field E(r, t) according to the wave
equation [19]:

!E(r, t) ! 1
c2

!2

!t2
E(r, t) = !4"

c2

!2

!t2
P (r, t) , (1)

where c is the speed of light. Generally, internal electric fields between and
within atoms are on the order of 1010 V/cm and are strong in comparison with
even the most intense laser fields used for spectroscopic applications [20, 21].
To distinguish between linear (P (1)) and nonlinear (PNL) e"ects in the re-
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sponse of the polarization, one commonly expands P in powers of the electric
field strength E(r, t):

P (r, t) = P (1)(r, t) + P (2)(r, t) + P (3)(r, t) + · · ·
! P (1)(r, t) + PNL(r, t) . (2)

The nonlinear polarization PNL carries the complete information needed
for the description of any nonlinear optical process. To calculate PNL, one
needs to solve equations that describe the microscopic light–matter inter-
actions. A semiclassical procedure is usually employed: the external field is
treated classically, whereas the polarization of the system is calculated quan-
tum mechanically. Thus, the system is characterized by the Hamiltonian H0

and its interaction with the external electromagnetic field is described by the
term [22]:

Vint = "µE(t) , (3)

where µ is the dipole moment of the system and E(t) is the time-dependent
electric-field component of the incident light. The evolution of the system
perturbed by an external electromagnetic field can be determined by solving
the Liouville–von Neumann equation [23]:

!"

!t
=

1
i! [H0 + Vint, "] + "̇diss , (4)

where " is the density matrix of the system, [H0 + Vint, "] designates the
commutator between the Hamiltonian of the unperturbed system plus the
interaction with the electromagnetic field Vint and the density matrix ", and
"̇diss refers to dissipative processes, such as radiative and nonradiative decay.
If the electric field is small compared to the internal fields of the system, we
can expand the density matrix operator "(t) in powers of the electric field:

"(t) = "(0)(t) + "(1)(t) + "(2)(t) + · · · , (5)

where "(n)(t) is the nth-order contribution. The corresponding polariza-
tion P (n) is given by the expectation value of the dipole-moment opera-
tor P (n)(t) = #µ|"(n)(t)$. Introducing the nonlinear response function S(n)

the nth-order polarization P (n) can be written as:

P (n)(t) =
! !

0
dtn

! !

0
dtn"1· · ·

! !

0
dt1S

(n)(tn, tn"1, . . . , t1)

% E(t " tn)E(t " tn " tn"1) · · ·E(t " tn " tn"1 " · · ·" t1) . (6)

The derivation of this equation and the functional forms of the first,
second- and third-order response functions can be found in the literature
(see, for instance, [22]). For centrosymmetric systems or isotropic media,
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all even-order polarization terms vanish, and therefore the lowest term in
PNL is P (3). The third-order polarization dominates most nonlinear spectro-
scopies, such as photon-echo, transient grating, pump-probe, Raman scatter-
ing, two-dimensional (2D) electronic spectroscopy, etc. [22, 24]. The pump-
probe signal, for example, is given by [25]:

IPP(!pr,!t) = 2!prIm
! +!

"!
dt#Epr(t#)P (3)!(0,!t, t#) , (7)

where !pr and Epr are the carrier frequency and the electric-field envelope
of the probe pulse, respectively, and !t denotes the time delay between the
pump and probe pulses. Here, Epr also acts as a local oscillator, and a sig-
nificantly amplified signal is achieved through intrinsic optical heterodyne
detection (OHD) by coherently mixing it with a weak signal field along the
same direction. An advantage of OHD is that the signal is linear with the
third-order polarization P (3). Since P (3) is proportional to the third power
of the electric field, the pump-probe signal should be linearly dependent on
the intensity of the pump and probe pulses.

If the timescales on which the charge- and energy-transfer processes occur
are large with respect to the dephasing times of the system, however, the opti-
cal transients can be described semiclassically using the frequency-dependent
absorption coe"cient "(!):

"(!) =
!#2(!)
n(!)c

. (8)

Changes of " in transient spectra can thus be traced to changes of #2, the
imaginary part of the dielectric function, which can be written as:

#2(!) =
2$e

me!

"

i,f

"

k

|Mfi|2%ii(1 ! %ff)&(Ef(k) ! Ei(k) ! !!) , (9)

in which the summation runs over all initial i and final f states with mo-
mentum k, and over the corresponding state populations %ii and %ff that
are coupled to the electromagnetic field by the transition dipole matrix ele-
ment Mfi. For transitions between two specific states |1" and |2" the change
of the absorption coe"cient measured in the transient spectra can then be
related to:

!#2(!) =
2$e

me!
|M21|2[(1 ! %22)!%11 ! %11!%22] , (10)

where !%11 and !%22 denote the population changes. Combining (8) and (10)
for small excitation densities %22 # %11, we finally obtain the semiclassical
expression for the transient absorption signal in the incoherent limit:

!"(!) =
2$e

men(!)c
|M21|2[!%11 ! !%22] . (11)

This incoherent limit is frequently used as a basis for the interpretation of
optical transients.
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3 Metallic Tubes

The electron–phonon (el–ph) interaction in metallic carbon nanotubes (see
also the contribution by Saito et al.) plays a key role for several critical ma-
terials properties such as the temperature dependence of the electrical con-
ductivity [26], their thermoelectric power [27], and possibly superconductiv-
ity [28]. Electron–phonon interactions can also induce subtle changes in the
electronic band structure and open a small bandgap at the Fermi level of
metallic SWNTs [29, 30]. Metallic SWNTs have, furthermore, been found to
carry exceedingly large current densities of 107–108 Acm"2 at room temper-
ature without su#ering current-induced damage [31, 32]. This is indicative of
weak el–ph interactions that facilitate ballistic electron transport over long
distances. We discuss here the first experiment studying carrier dynamics in
metallic SWNTs using TRPE spectroscopy [33], which allows study of the
carrier dynamics in the vicinity of the Fermi level in real time. For a brief
description of the TRPE technique see Sect. 2.1.

Di#erential photoelectron spectra are recorded as a function of pump-
probe delay. The kinetic energy of the photoemitted electrons here allows
the observed transient spectra to be identified with the carrier dynamics in
metallic tubes because semiconducting tubes do not contribute to the density
of states near the Fermi level. The initial electron-gas thermalization is found
to proceed on a 200 fs timescale. The evolution of the e#ective electron gas
temperature from the moment of excitation up to time delays of 6 ps is shown
in Fig. 2. The observed electron-gas cooling can here solely be attributed
to the coupling of electronic and lattice degrees of freedom. The coupling
of a thermalized electron distribution with temperature Te to a lattice at
temperature Tl is generally described by the so-called two-temperature model
of Anisimov et al. [34]:

Ce
dTe

dt
= $('$Te) ! H(Te, Tl) + S(t) , (12)

Cl
dTl

dt
= H(Te, Tl) , (13)

where Ce and Cl refer to the electron and lattice specific heat capacities,
respectively, ' is the electronic heat di#usion coe"cient, S(t) is the source
term describing the energy deposited in the electronic system by the pump
pulse and H(Te, Tl) is the coupling term that describes the coupling strength
between electronic and lattice degrees of freedom. In the low-temperature
limit with electronic temperatures similar to or smaller than the Debye tem-
perature (D, the coupling term can be written as [35]:

H(Te, Tl) =
144)(5)kB*

$!
+

(2
D

(T 5
e ! T 5

l ) , (14)

where )(5) = 1.0369 . . . is the Riemann zeta function, * is the electronic
heat capacity coe"cient and + is the el–ph mass enhancement factor [36]. By
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Fig. 2. Kinetic energy of the photoemitted electrons vs. time delay shows the laser
heating and successive cooling back to the lattice temperature as driven by the
electron–phonon coupling. (From [7])

assuming Tl fixed, a fit of (12) to experimental data yields an extraordinarily
low el–ph mass enhancement factor on the order of (4 ±1) % 10"4 that can
be used to estimate a room-temperature el–ph scattering time of 15 ps [33,
35]. TRPE experiments thereby provide a direct time-domain view of the
extraordinary current-carrying capacity and long ballistic electron mean-free
paths found in metallic or semiconducting SWNTs [31, 37].

4 Semiconducting Tubes

As discussed in the contributions by Spataru et al., Ando, Saito et al., and
Lefebvre et al., the optical properties of semiconducting SWNTs are governed
by excitons, with exciton binding energies being substantial fractions of the
bandgap energies. Measurements on a range of structurally distinct nano-
tube species using two-photon excitation spectroscopy (see the contribution
by Lefebvre et al.) further showed that both the exciton binding energy and
the corresponding bandgap energy scale inversely with the tube diameter [38].
A detailed understanding of the photophysics including spectral properties,
exciton dynamics and their potential correlation with the geometrical struc-
ture of SWNTs are of interest from both a fundamental perspective and novel
applications, in particular, in optoelectronics [39] (see also the contribution
by Avouris et al.). For instance, the diameter-tunable PL emission from semi-
conducting SWNTs is particularly attractive for developing nanometer-sized
near-infrared light emitters, and the realization would be greatly facilitated
if the quantum e"ciencies could be significantly enhanced. A detailed study
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of various competing relaxation pathways with ultrafast spectroscopy should
enable the elucidation of the physical reason for the extremely low quantum
e"ciency (see the contribution by Lefebvre et al.). Similarly, the application
of ultrafast spectroscopy will also allow the quantification of the response
time of semiconducting nanotube-based photodetectors and solar cells [39].

4.1 Exciton Dynamics

The dynamics of excitons is governed by their interactions with phonons, sur-
face defects and impurities, charged carriers, as well as other excitons [12].
These interactions cause a variety of generally competing dynamical pro-
cesses including intra- and intersubband relaxation, exciton dephasing and
migration, trapping at defect and impurity states, as well as nonlinear exci-
ton–exciton annihilation. A detailed study of exciton dynamics will thus pro-
vide fundamental insights into the microscopic aspects of these interactions
and their influences on macroscopic properties, such as spectral lineshape,
relaxation timescale and PL quantum yield, etc.

Resonant excitation of a semiconducting nanotube with femtosecond op-
tical pulses creates a delocalized exciton whose length scale is determined by
the extent of the wavefunction spread over the system under consideration.
Ideally, the coherence size of the exciton is determined by the wavelength
of the excitation field, but a reduction of the size is found in practice due
to the scattering by phonons. Direct excitation of a higher-lying excitonic
state of semiconducting SWNTs such as ES

22 with pulses that are either in
electronic resonance or non-resonance will undergo rapid intersubband relax-
ation to the energetically lowest excitonic state, the ES

11 state, as a result
of exciton–phonon interaction [5, 40, 41]. As recent calculations showed that
each of the exciton states, such as ES

11, ES
22 and so on, corresponds to an

exciton manifold [42], this will further lead to intrasubband relaxation.
Exciton recombination, one of the possible interband relaxation processes,

can be either radiative or nonradiative. If one denotes the corresponding
rate constants as kr and knr, respectively, the PL quantum yield can be
written as , = kr/(kr + knr). Given the typical , value of 10"3–10"4 found
for semiconducting SWNTs dispersed individually with di#erent surfactants
at room temperature [15, 40, 43], it is immediately clear that the exciton
dynamics probed by ultrafast optical spectroscopy must be dominated by
nonradiative relaxation processes. This inference is fully consistent with the
long radiative lifetime, with a timescale of the order of tens of nanoseconds [15,
44–46]. While it remains to be explored what kind of processes are involved
in the nonradiative relaxation and whether they are intrinsic or extrinsic, the
observation of a significantly increased PL yield from free-standing, individual
nanotubes suggests that some extrinsic factors may play a substantial role [47]
(see also the contribution by Lefebvre et al.).

When the intensity of the excitation pulse reaches a level such that the
probability of creating two or more excitons per nanotube is no longer neg-
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Fig. 3. Power dependence of the photolumi-
nescence from a single confocally imaged (6,4)
tube. The tube is excited o!-resonantly at 800 nm
and emission is detected in the 1110-nm range
(from [17])

ligible, the interaction between excitons comes into play. This interaction is
usually termed exciton–exciton annihilation in the language of molecular sys-
tems, and opens up an additional nonradiative decay channel. As a result, an
accelerated kinetic decay and a decreased , value will be observed. The study
of this nonlinear phenomenon provides information on the exciton motion in
this one-dimensional (1D) system [48–53].

The discussion in the following will be divided into two subsections accord-
ing to the excitation intensities employed in the experiments. The excitation
density, i.e., the number of initial electron–hole (el–h) pair excitations per
tube length, can be estimated, for example, using experimental or calculated
photoabsorption cross sections of polyaromatic hydrocarbons [54, 55] as well
as some recent experimental data from ropey and polydisperse SWNTs [54].
Due to the enhancement of exciton oscillator strengths in 1D systems both
data sets probably underestimate the resonant photoabsorption cross sec-
tions - and suggest that - is in the 10"18 cm2 atom"1 range. For SWNTs
with about 1 nm diameter, this implies an on-resonance photoabsorption cross
section per nm of tube length well in excess of 10"16 cm2. Experimentally,
one finds that the power dependence of the PL signal from an individual
(6,4) tube saturates around 5%1015 photons cm"2 if excited o#-resonantly at
800 nm (see Fig. 3) [17]. This intensity corresponds to the excitation of 100 to
500 excitons per micrometer of tube length. In the following, low excitation
densities are thus defined as the fluence range below 2 % 1014 photons cm"2

where the magnitude of optical transients as well as PL intensities scale lin-
early and the dynamics do not depend on excitation power.

4.2 Low Excitation Densities

As mentioned above, exciton dynamics in S-SWNTs depend on the excita-
tion density, i.e., on the number of excitons generated on the tube per unit
length [50, 53]. However, even low excitation densities – as identified by the
linear dependence of transients and PL intensities on laser power – often cor-
respond to the promotion of several excitons per tube. In fact, pump fluences
at which only one exciton is excited per tube are experimentally di"cult to
realize simply because of the large number of atoms within a single tube
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and due to the resulting large photoabsorption cross sections. Hence, our fol-
lowing discussion will be focused on the results obtained under the lowest
excitation possible, in particular, on the data collected using streak cameras
and TCSPC techniques. The high sensitivity of these techniques permits mea-
surements at substantially lower excitation intensities than generally needed
for other time-resolved experiments.

4.2.1 Intersubband Relaxation

Availability of tunable pulses with durations of < 50 fs allows one to resolve
directly the intersubband exciton relaxation processes such as from the ES

22

to the ES
11 states. Manzoni et al. [56] reported so far the only study based

on two-color pump-probe measurements on the SWNTs embedded in a poly-
methylmethacrylate matrix. The authors employed sub-10 fs visible pulses to
excite the ES

22 states of S-SWNTs resonantly, and the subsequent relaxation
was probed at the corresponding ES

11 states at 0.92 eV. The detected kinet-
ics of induced transmission initiates with an instantaneous rise owing to the
ground-state photobleaching, followed by a slower rise with a timescale of
40 fs corresponding to the relaxation from the ES

22 to ES
11 states. Similarly, a

time constant of 65 fs was determined for the relaxation from the ES
33 to the

ES
11 states.

As currently available samples are mostly polydisperse, usually with over-
lapping absorption spectra for at least some of the tube species, separate
determination of the intersubband relaxation times for structurally distinct
S-SWNTs remains to be explored. Future ensemble studies require either
time-resolved PL measurements with an exceptionally high sensitivity and
a time resolution better than sub-50 fs, or, perhaps more straightforwardly,
transient absorption experiments with tunable sub-10 fs pulses provided that
samples containing single tube types are available. The information gained
from these studies will further enable verification of the predicted dependence
of the intersubband relaxation times on nanotube chiralities [41].

4.2.2 Radiative Lifetime

Experimental determination of the radiative lifetime of S-SWNTs was first
reported by Hagen et al. [46] and Wang et al. [15] based on time-resolved PL
measurements on aqueous suspensions of SWNTs wrapped with surfactants.
The experiments were performed by exciting the samples with & 100 fs pulses
around 800 nm and by detecting the PL emission from various tube types with
either a streak camera or by means of Kerr gating. These studies showed
that the initial PL decay occurs on the 10-ps timescale with some variations
from one study to the next. Given the low measured PL quantum yields of
10"3 or less [15, 40, 46, 57], it was concluded that nonradiative relaxation
dominates the decay of the lowest optically active exciton. The radiative
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lifetime was further estimated to be on the order of 10 and 110 ns, respec-
tively. Even longer lifetimes of 260 ns [43] and 3.2µs [58] were reported later
by other groups based on time-resolved PL and transient absorption mea-
surements. In comparison, theoretical calculations of Spataru et al. [44] and
Perebeinos et al. [45] predicted, at room temperature, a radiative lifetime of
the order of & 10 ns or & 50 ns, depending on whether only singlet excitonic
states or both singlet and triplet states are assumed in the thermalization
(see also the contributions by Spataru et al. and Avouris et al.).

It should be pointed out that a significantly increased PL yield up to
& 0.07 was reported recently based on measurements on free-standing, indi-
vidual tubes [47] (see also the contribution by Lefebvre et al.). Whether or
not this will remarkably alter the radiative lifetime still needs to be tested
by determining the PL lifetime.

4.2.3 Correlation of the PL Decay Timescales
with the Tube Diameter

Selective detection of structurally distinct S-SWNTs, one at a time, with
time-resolved PL spectroscopy at low excitation densities have allowed one
to establish correlation of the PL decay time with the nanotube diameter (dt).
Hertel et al. [59] first reported a weak correlation based on the measurements
on 6 small-diameter SWNTs and DWNT cores. In this experiment, several
tube types were excited non-resonantly with sub-100 fs pulses at 795 nm and
the emission from each tube type was spectrally selected and detected with
a streak camera. The authors found that the decay time varies from & 10 ps
for the tubes with dt = 0.76 nm to 30 ps for those with dt = 0.88 nm. Very
recently, Jones et al. [60] reported a detailed time-resolved PL study of 15
di#erent S-SWNT types with dt ranging from 0.76 to 1.04 nm. In this ex-
periment, each desired tube type was separately measured using TCSPC by
exciting resonantly its ES

22 excitonic state and detecting the emission from
the corresponding ES

11 state. The electronic resonance in both the excita-
tion and detection permits the exclusive probing of the tube type of interest.
The authors found that in a 10-ns detection window, the PL decays can be
accurately fitted to a biexponential function with two characteristic time con-
stants. The dominant decay component .1 increases from 60 to 200 ps with
increasing dt, while the lesser component .2 increases from 200 ps to 4.8 ns. As
shown in Fig. 4, strong linear correlations with dt are clearly evident for both
time constants. The authors further proposed an extrinsic and an intrinsic
model to explain the observed biexponential decay behavior.

One of the major discrepancies among the results reported so far is the
dramatic di#erences in the time constant determined by di#erent groups, even
for the same type of tube coated with the same surfactant. For instance, the
lifetime obtained for the (7,5) tube using SDS-solubilized samples varies from
below 10 ps [59] to 29 ps [61] and further to 140 ps [43]. Another discrepancy is
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Fig. 4. Plot of decay times for (a) !1 and (b) !2 against nanotube diameter dt for
15 SWNT species, with dotted lines provided as a guide to the eye. The solid line
in (b) corresponds to the theoretical prediction of the natural radiative lifetime, !R

vs. dt, for these SWNTs according to [45] (from [60])

the functional form needed to adequately describe the PL decay, either mono-
[61], bi- [43, 60] or nonexponential [62], which further connects to a general
lack of understanding of the underlying relaxation processes and relevant
physical mechanisms. The discrepancies may arise from di#erences in time
resolution, detection window, excitation intensity and sample preparation.
Future experimental studies with better time resolution and sensitivity are
highly desirable. Systematic measurements of PL decays at low temperatures
and using samples dispersed with di#erent surfactants are likely to be crucial
for understanding the physical mechanism underlying the linear correlation
of the PL decay times with dt.

4.2.4 Environmental and Temperature E!ects
on Exciton Population Dynamics

As objects with large surface area, SWNTs are expected to be highly sensitive
to their environment, which may strongly a#ect their electronic properties
and excited-state dynamics. Ensemble and single-tube time-resolved studies
at low excitation densities have enabled study of environmental e#ects on
the dynamics underlying radiative and nonradiative decay from S-SWNTs.
Hertel et al. [59] found that the PL decay time is highly sensitive to the
surfactants used to suspend the nanotubes. Figure 5 shows the dependence
of the PL decay of a (7,5) tube in di#erent environments as measured using a
streak camera. Here, the PL lifetime is found to increase from below 10 ps (i.e.,
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Fig. 5. ES
11 photoluminescence decay in a (7,5) tube at room temperature

for SWNTs in di!erent environments. The longest lifetimes are here found for
core tubes of the semiconducting (7,5) tube within double-wall carbon nano-
tubes (DWNTs) suspended by sodium cholate (SC), while the shortest lifetimes
are observed in sodium-dodecyl sulfate (SDS)-suspended SWNTs (from [59])

the instrument response function) to 17 ps when the tube is suspended in SDS,
sodium cholate, and 22 ps if it is the core of another larger tube in a DWNT.
Such a sensitivity of the dynamics to the tube environments was also reported
by Ostojic et al. [63] in an earlier pump-probe study. The authors found that
the dynamics is strongly dependent on the pH of the aqueous solution of
the SWNTs suspension. The detailed mechanisms that cause these e#ects
still await future work, and possibilities may include variation of the exciton
mobility and binding energy induced by environmental changes.

The aforementioned sensitivity of the dynamics to environmental factors
observed from ensemble measurements was also found in single-tube TCSPC
studies at cryogenic temperatures. Hagen et al. [17] found that there are
considerable heterogeneities of the PL decay time that was found to vary
by almost one order of magnitude from 20 ps to about 200 ps at 87 K (see
Fig. 6). The heterogeneities in this study were attributed to the sensitivity to
environmental e#ects or on-tube defects. Specifically, local variations of the
dielectric environment, arising from inhomogeneities in the surfactant coat-
ing, for example, may be linked to changes in the alignment of exciton states.
In the same study the authors also reported on the temperature dependence
of single-tube PL lifetimes, which increase with decreasing temperature until
a constant value is reached at around 60K. In line with the large variation
of the PL decay time found in the single-tube experiment, the kinetics ob-
tained from recent ensemble measurements using time-resolved PL [62] and
pump-probe measurements [64] at di#erent temperatures exhibit more com-
plex decay behavior. For instance, Berger et al. [62] found that the PL decay
measured for the (9,4) tube type contains an initial fast component, which is
temperature independent and is attributed to the presence of small residual
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Fig. 6. Photoluminescence transients (a–c) and corresponding spectra (d–f) of
three di!erent single (6,4) SWNTs observed for excitation at 800 nm. Excited-state
lifetimes at a sample temperature of 87 K for (a) and (b) and 67 K for (c) vary
strongly from one tube to the next. (g) Bar graph of the distribution of all measured
lifetimes at 87K. The gray area on the left is the region not accessible due to the
limited time resolution of the instrument (from [17])

bundles, and a slow component that is strongly dependent on temperature
and is dominated by nonradiative processes down to 40K. The observations
from the ensemble and single-tube studies can either be attributed to the tem-
perature dependence of the nonradiative decay rate or – as proposed recently
– to the di#erent emission strengths and temperature-dependent population
distributions between the bright and slightly lower-lying dark excitons [65].
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Fig. 7. Absorption spectrum (upper panel) and optical transient for ES
22 excitation

at 572 nm of an isopycnically (6,5)-enriched SWNT suspension (adapted from [66])

4.2.5 Transient Absorption
of a Chirality-Enriched SWNT Preparation

Pump-probe spectroscopy provides a complementary means to explore the
dynamics of optically excited states. Optical transients in the absorption
spectra, however, are generally more di"cult to assign to specific electronic
processes if compared to PL studies, which in e#ect simply probe the excited-
state population as given by %ex, the diagonal elements of the density matrix.
If the dephasing times, however, are short with respect to the timescale of
the energy and charge transfer or relaxation processes, we can use (11) for
the analysis of transient spectra of optically active excitons in SWNT sus-
pensions.

Figure 7 shows the absorption spectrum and transient spectrum of a chi-
rality-enriched DNA-stabilized SWNT suspension in the visible and near-
infrared regions [66]. The absorption spectrum is dominated by the optically
active ES

11 and ES
22 states of the (6,5) tube at 993 nm and 572 nm, respec-

tively. Analysis of absorption spectra suggests that roughly 35% of the semi-
conducting tubes in this sample are of the (6,5) type. The high content of one
specific species ensures that the dynamics observed in transient spectra are
likewise dominated by the optical response of this particular species and to a
much lesser extent by other tubes whose spectral features may overlap with
the (6,5) tube. Resonant excitation of either the optically active ES

11 or ES
22

excitons, furthermore, allows mitigation of the influence of transients from
other tubes by at least a factor of 5 due to resonantly increased absorption
at the ES

11 or ES
22 energies [66].

The wavelength dependence of !"(!) is shown in Fig. 8, from which it
becomes evident that the spectral overlap of distinct photobleach (PB) and
photoabsorption (PA) transients can be used to account for the seemingly
complex wavelength dependence of optical transients. The same decomposi-
tion of the transient spectra into two similarly intense PB and PA components
suggests that the PA component is due to a slightly blue-shifted (7.5meV)
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Fig. 8. (A) Optical transients as a function of probe wavelength and pump-probe
delay for a DNA-stabilized (6,5)-enriched SWNT suspension. (B) Photobleach and
(E) photoabsorption crosscorrelation traces at 993 nm and at 954 nm, respectively.
The appropriately weighted sum of these two traces is shown to be able to ac-
count for the complex wavelength dependence of optical transients in (C) and (D).
This illustrates that PB and PA represent two distinct but spectrally overlapping
processes (adapted from [66])

transition [66]. The nature of this transition is currently still subject to de-
bate [67, 68].

The nonexponential optical transients at longer pump-probe time delays
(see Fig. 8) are found to exhibit power-law scaling in time with !"(!) '
t! , where * is found to be !0.45 ±0.03 [66]. The power-law scaling can be
interpreted as being due to some di#usion-limited relaxation process such as
trapping in a disordered system [66] that is possibly associated with some type
of exciton trapping mechanism. Pump-probe spectra from metallic carbon
nanotubes, on the other hand, do not exhibit the power-law scaling type decay
and return to the ground state significantly faster than their semiconducting
counterparts [69].
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4.3 High Excitation Densities

4.3.1 Spectroscopic and Dynamic Signatures
of High-Intensity Excitation

When the intensity of an excitation pulse reaches a level where the probabil-
ity of creating two or more excitons per nanotube is no longer negligible, one
has to consider the e#ects induced by this high excitation intensity. In such
an intensity regime, the interaction between two excitons results in a nonlin-
ear exciton–exciton annihilation process, which involves rapid relaxation of
one exciton by releasing its energy to the second exciton, and consequently
promoting the latter to a higher-energy excited state [70,71]. The occurrence
of this nonlinear process opens up an additional relaxation channel, which
in turn strongly a#ects the exciton population dynamics detected using fem-
tosecond fluorescence upconversion and pump-probe techniques.

Exciton–exciton annihilation in semiconducting nanotubes was first re-
ported by Fleming and coworkers [50]. By employing a femtosecond fluores-
cence upconversion technique and an aqueous solution of micelle-dispersed
HiPco nanotubes, the authors succeeded in measuring time-resolved fluores-
cence kinetics with sub-100 fs resolution. The measurements were performed
on five structurally distinct nanotube species, namely, (8,3), (6,5), (7,5), (7,6)
and (9,5) nanotubes. As an example, Fig. 9a shows the fluorescence kinetics
detected at 1244 nm upon excitation at 660 nm for five di#erent excitation
densities. This combination of the excitation and emission wavelength se-
lects exclusively the (9,5) tube type. As is clearly evident from Fig. 9a, the
fluorescence decays show a strong intensity dependence, with faster decays
as the excitation intensity increases. At the highest excitation intensity, the
majority of excited population disappears within the first 500 fs. In addition,
a nonlinear dependence of the maximum amplitude of the fluorescence sig-
nal on the excitation intensity is observed (Fig. 9b). A plot of the maximum
amplitude versus the square root of excitation intensity shows a clear linear
dependence (see inset in Fig. 9b). A similar decay behavior was observed
for all other selected tube species, i.e., (8,3), (6,5), (7,5) and (7,6) (data not
shown), which emit at 950, 975, 1024 and 1119 nm, respectively.

The strong excitation intensity dependence of the fluorescence decay in
conjunction with the nonlinear correlation between the maximum fluores-
cence amplitude and the excitation intensity are indicative of the occurrence
of exciton–exciton annihilation processes. Quantitative analysis of the fluo-
rescence decays obtained at di#erent excitation intensities further confirms
this consideration. Ma et al. [50] found that the fluorescence decays can be
satisfactorily described by the solution of a simple rate equation:

dnex(t)
dt

= !1
2
*n2

ex(t) , (15)

where nex(t) denotes the population of excitons, and * represents a time-
independent rate constant.
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Fig. 9. (a) Normalized time-resolved fluorescence intensity vs. delay time for the
(9,5) tube structure at di!erent excitation intensities (in photons pulse!1 cm!2)
detected at 1244 nm upon excitation at 660 nm. The solid lines represent global fits
according to the solution of (15). (b) Plot of the maximum fluorescence intensity
Im and the fitted parameter nex(0) vs. the excitation intensities. The dotted line
is drawn to guide the eye. The inset shows Im plotted vs. the square root of the
excitation intensity, and the solid line represents a linear fit to the data points.
After [49]

The occurrence of exciton–exciton annihilation in semiconducting nano-
tubes was subsequently observed by Wang et al. [51]. In this study, the au-
thors employed 150-fs laser pulses centered at a wavelength of 810 nm to ex-
cite an aqueous-solution sample of HiPco tubes dispersed individually with
poly(acrylic acid). The fluorescence emission from various nanotube species
was time resolved by an optical Kerr gating technique. Although the detec-
tion was not tube-type selective, the observed fluorescence kinetics shows a
clear dependence on excitation intensity. Under high excitation intensity, a
fast decay component emerges and its amplitude increases linearly with in-
tensity. The annihilation rate, or the coe"cient for the Auger recombination
of two el–h pairs as termed by these authors, was estimated to be 0.8 ps"1.

A similar intensity dependence of the kinetics was also observed using
femtosecond pump-probe spectroscopy at wavelengths corresponding to the
ES

11 transitions of selective nanotube species [50, 51]. Evidently, frequency-
resolved transient absorption spectroscopy appears particularly useful for
elucidating the exciton–exciton annihilation phenomenon, and its applica-
tion has led to identification of unique spectroscopic and dynamic signatures.
As demonstrated by Ma et al. [48], electronically resonant excitation of the
ES

11 state of the (8,3) tube at 953 nm induces an instantaneous spectral re-



340 Ying-Zhong Ma et al.

sponse at 660 nm, the location of the corresponding ES
22 transition. The as-

signment of this response to the ES
22 transition was confirmed by the similarity

between the kinetics probed at 660 nm for excitation of the ES
11 state and by

direct ES
22 excitation. On the other hand, the dependence of the amplitude

of the transient absorption signal on the intensity of pump pulses at 953 nm
di#ers for the kinetics probed at 660 and 953 nm. The former exhibits a lin-
ear dependence on pump fluence, whereas a saturating behavior is seen for
the data obtained with a 953-nm probe pulse (Fig. 10a). Furthermore, the
kinetics probed at 660 and 953 nm upon resonant excitation of the ES

11 tran-
sition (Fig. 10b) are strongly correlated with each other. This correlation is
manifested by an excellent match between the squared profile of the kinetics
recorded at 953 nm and the kinetics measured at 660 nm (Fig. 10c).

The pump-intensity dependence of transient absorption spectra and of
kinetics have been also observed by others [68, 72–74]. Chou et al. [72] re-
ported two-color pump-probe experiments on an aqueous-solution sample
of DNA-wrapped nanotubes synthesized by the CoMoCAT process, which is
abundant in the (6,5) tube type. Upon excitation at 791 nm where an abun-
dance of a large density of D-band phonons were excited, the kinetics probed
at 990 nm, which is resonant with the ES

11 state of the (6,5) tube type, can
be satisfactorily described by a model function consisting of three exponen-
tial components. The corresponding timescales were determined to be & 0.7,
2–3 and 50 ps for the fast, intermediate and slow decay components, respec-
tively, and the intermediate decay component was identified with the decay
of these phonons. The authors further found that the timescales associated
with the intermediate and slow decay components decrease substantially with
increasing pump intensity. Two-color pump-probe measurements were also
performed by Huang and Krauss [73] on a D2O solution of sodium dodecyl-
benzene sulfonate (SDBS) micelle-dispersed HiPco nanotubes under di#erent
pump fluences ranging from 2% 1013 to 5% 1015 photons/pulse cm2. Follow-
ing a procedure described in [75], the authors extracted time constants of 3.2
and 1.9 ps for the two and three el–h pairs states, respectively (see Fig. 11).
Very recently, Russo et al. [74] reported a two-color pump-probe study on
an aqueous solution of SDBS micelle-dispersed HiPco nanotubes at quite
high excitation fluences corresponding to hundreds of excitons per microme-
ter length of a tube. Analysis of the kinetics obtained for the (8,6) and (7,6)
tube types showed a power-law 1/

(
!t dependence, where !t denotes the

time delay between the pump and probe pulses. The authors ascribed this
behavior to an exciton population relaxation via 1D di#usion-limited two-
body recombination. However, such a time dependence was not observed in
any previous studies, and the reason for the clear discrepancy between this
result and others is currently unknown.
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Fig. 10. (a) Plot of the maximum amplitude of the transient absorption kinetics
probed at 660 nm (filled circles) and 953 nm (open squares) versus the intensity of
the pump pulses at 953 nm. The dashed line is the linear fit of the data obtained
with a 660-nm probe, and the dotted line is drawn to guide the eye for the data
obtained with a 953-nm probe. The inset shows the 953-nm data, plotted vs. the
scale of the square root of the pump intensity. The solid line represents the linear
fit. (b) Kinetics probed at 660 (open circles) and 953 nm upon resonant excitation
of the ES

11 transition of the (8,3) tube at 953 nm. (c) Comparison of the squared
profile at 953 nm (solid line) and the kinetics at 660 nm, both data being recorded
with the 953-nm excitation. All kinetics shown in (b) and (c) are normalized at the
signal maxima, after [49]
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Fig. 11. The 1 el–h pair state dynamics (inset) and 2 (solid circles) and 3 (open
circles) el–h pair dynamics extracted from transient absorption data probed at
1323 nm and fitted to a single exponential decay (solid line) (after [73])

4.3.2 Theoretical Advances

The need for describing and understanding the dynamics under high excita-
tion intensities further stimulated theoretical interests. Wang et al. [51] first
introduced a stochastic model of carrier dynamics for analyzing their experi-
mental data obtained by time-resolved fluorescence measurements under dif-
ferent excitation intensities. The model explicitly includes Auger interactions
and discrete occupancy of nanotubes by carriers, and numerical calculations
showed good quantitative agreement with the experimental data. An analyt-
ical solution of this model was obtained later by Barzykin and Tachiya [52].
Very recently, Wang et al. [53], by attributing the process of the nonlinear
exciton relaxation to exciton–exciton scattering, further derived an approx-
imate expression for the Auger recombination (exciton annihilation) rate in
terms of the exciton binding energy, optical matrix element and reduced car-
rier mass.

One major problem concerning the applicability of (15) to 1D systems was
solved by Valkunas et al. [49] by considering explicitly the origin of the relax-
ation channels and exciton motion. This problem arises from the fact that (15)
or its generalized form, with one or more linear terms in the right-hand side,
is applicable to exciton–exciton annihilation in an extended system whose
size is comparable with or larger than the exciton di#usion radius [70, 71].
For such systems, it is generally assumed that exciton–exciton annihilation
is di#usion limited, and the corresponding annihilation rate depends on the
dimensionality of the system. Use of a time-independent annihilation rate is
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appropriate only for a system with a dimensionality (d) that is equal to or
greater than 2. For systems with reduced dimension such as a SWNT, the
annihilation rate limited by exciton di#usion becomes time dependent, given
by * = *0/t1"(d/2). However, it has been shown that an equation based on
such an annihilation rate does not provide an appropriate description of the
kinetics measured using fluorescence upconversion and transient absorption
methods (with the exception of recent work by Russo et al. [74]). Thus, 1D dif-
fusion as a limiting step for exciton–exciton annihilation does not provide the
basis for a theoretical description of this process. Valkunas et al. [49] solved
this problem by assuming that the nonlinear annihilation process predomi-
nantly proceeds between the coherent excitons within the SWNTs. Within
this concept the results of Russo et al. may be considered as an indication
of exciton–exciton annihilation defined by exciton migration from remote re-
gions of the tube.

4.3.3 Exciton Dissociation

The annihilation of two ES
11 excitons and the subsequent rapid relaxation

from the high-lying excited state back to the ES
11 state creates an exciton

with a large excess energy. If this excess energy is greater than the exciton
binding energy, exciton dissociation may occur. Such a dissociation was in-
deed identified previously in conjugated polymers [76]. Using the femtosecond
transient absorption technique, Ma et al. [77] demonstrated the occurrence
of exciton dissociation in semiconducting SWNTs. Employing pump pulses
centered at 660 and 953 nm, the authors observed a new bleaching band in
the transient absorption spectra, which peaks at 730 nm. This band cannot
be assigned to the exciton transitions of the (8,3) tube type that was inten-
tionally selected by the wavelength of the pump pulses, nor to those species
that were unintentionally excited. Most importantly, the dependence of the
kinetics detected at 730 nm on the intensity of 953-nm pump pulses indi-
cates the occurrence of nonlinear relaxation, and a satisfactory description of
the 730-nm kinetics probed under the highest pump intensity was obtained
with a model involving Auger recombination of charge carriers. This strongly
suggests that the 730-nm band does not originate from an exciton but in-
stead from an el–h continuum [75, 78, 79]. Knowing the nature of this new
band, it is straightforward to calculate an exciton binding energy of 0.41 eV
for the (8,3) nanotube. This value is very close to the experimental results
obtained using two-photon fluorescence excitation spectroscopy [80, 81], and
this determination does not require any assumption for the model for the
el–h interaction.

Since observation of this phenomenon was reported so far only for the
(8,3) tube type, further studies on di#erent semiconducting SWNT species
under similar experimental conditions are highly desirable. Use of chirality-
enriched SWNT samples will be particularly helpful in avoiding ambiguity.
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5 Comparison of S-SWNTs
with !-Conjugated Polymers

The $-conjugated polymers are the first quasi-1D systems that have been
studied extensively over the last 25 years. $-conjugated polymers possess
quasi-1D electronic states and consequently also a 1D density of states. The
lateral quantization may result in structured conduction and valence bands
with subbands and van Hove singularities. The properties of such electronic
systems are determined by the ratio of two characteristic energies, namely
the electron–electron Coulomb interaction, (ECoul) and the confinement en-
ergy, !E of lateral quantization (energy separation, !E between the van
Hove singularities). In many $-conjugated systems ECoul > !E. Under these
conditions it is not possible to consider electrons and holes as independent,
noninteracting particles, as in semiconductor quantum dots or nanorods.

Unsubstituted $-conjugated polymers usually possess inversion symme-
try, and thus their eigenstates are classified as having either even-parity nAg

or odd-parity n#Bu, where both the n and n# are integers that denote the
order within an exciton band. Two important singlet exciton levels (11Bu

and m1Ag) and a double-excitation-type singlet level (k1Ag) are shown in
Fig. 12 [82]; their electron configurations are also shown for clarity. The m1Ag

is a specific excited state above the 11Bu level, whereas the k1Ag excited state
may be due to a biexciton state, i.e., a bound state of two 11Bu excitons.
The m1Ag level is known to have strong dipole moment coupling to 1Bu, as
deduced from the various optical nonlinear spectra of $-conjugated polymers
analyzed in terms of the “four essential states” model [83]. It is therefore
expected that two strong optical transitions form following the 11Bu photo-
generation: PA1 and PA2, as shown in Fig. 12a, where PA denotes photoin-
duced absorption. As the m1Ag state is below the continuum band threshold
state n1Bu, the energy of the PA1 band gives the lower limit of exciton binding
energy. A similarly calculated electronic structure of an S-SWNT is shown in
Fig. 12b, which exhibits multiple energy manifolds n = 1, 2, . . . , etc. Within
each n, there occur optically dark excitons Dn a few kBT below the optically
allowed exciton Exn. The occurrence of these dark excitons represents one of
the di#erences between S-SWNTs and $-conjugated polymers.

Vardeny and coworkers [84] found that the transient absorption spectra
obtained using films of S-SWNTs and two $-conjugated semiconducting poly-
mers, poly(dioctyloxy)para-phenylene vinylene (DOO-PPV) and poly(9,9-
dioctylfluorene) (PFO), are quite similar. As an example, Fig. 13 shows the
spectra collected at !t = 0, and it is clear that all the spectra contain both
negative PA and positive photobleaching (PB) or stimulated emission (SE)
bands. In neither sample do the authors obtain a PA spectrum that increases
at low energy in the shape of free-carrier absorption, viz., !" & !2. In-
stead, the PA spectra are in the form of distinct photoinduced bands PA1

and PA2 associated with specific optical transitions of the primary photoex-
citations in the samples, which are therefore not free carriers. The authors
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Fig. 12. Schematics of the excitonic electronic structures of (a) a light-emissive
"-conjugated polymer and (b) an S-SWNT. In (a) the lowest triplet exciton 13Bu

occurs below the lowest singlet exciton 11Bu. The lowest two-photon state 21Ag

is composed of two triplets and plays a weak role in nonlinear absorption. Tran-
sient PA (photoabsorption) is from the 11Bu to the m1Ag two-photon exciton that
occurs below the continuum band threshold state n1Bu, and to a high-energy k1Ag

state that occurs deep inside the continuum band. In (b), Exn and Dn are dipole-
allowed and dipole-forbidden excitons, respectively (after [84])

further found, through measurements of the kinetics at selected probe wave-
lengths, that the PA and their respective PB (or SE) bands in both polymers
and S-SWNTs are correlated to each other. This correlation is manifested
by very similar dynamics and therefore they should share a common origin,
namely, the same primary excitation, which is the photogenerated exciton.
A similar correlation was also observed by Hertel and coworkers [66] on a
chirality-enriched DNA-stabilized SWNT suspension.

Based on the analysis of the similarities between the transient absorption
spectra and kinetics measured on the films of S-SWNTs and $-conjugated
polymers, Vardeny and coworkers [84] concluded that the origin of the low-
energy PA1 in S-SWNTs is the excited-state absorption from Ex1 and D1
to higher-energy two-photon excitons. The broad nature of the PA1 band
in the S-SWNTs arises from the inhomogeneity of the experimental sample,
with SWNT bundles that contain a distribution of S-SWNTs with di#erent
diameters and exciton binding energies. The authors also speculated that the
n =1 continuum band lies between the peaks of the PA1 and PA2 bands.
This analysis further enabled the authors to construct the vertical dashed
line in Fig. 13c, which identifies the threshold of the continuum band for the
S-SWNTs with the largest diameter in the film. Exciton binding energies of
ca. 0.4 eV are then predicted for those S-SWNTs in the film that dominate
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Fig. 13. Transient absorption spec-
tra at t = 0 of films of DOO-PPV
(a), PFO (b), and isolated SWNT
in polyvinyl alcohol matrix (c). Var-
ious PA, PB, and SE bands are as-
signed. The vertical dashed lines at
EC between PA1 and PA2 denote the
estimated continuum band onset. In
(a) and (b), the vertical dashed lines
were drawn based on the informa-
tion obtained from two-photon ab-
sorption and electroabsorption exper-
iments [84]. The corresponding line in
(c) was drawn by scaling the result
shown in (b) according to the ratio
of their PA1 peak energies (after [84])

the nonlinear absorption, which is similar to the results of two-photon PL
excitation [80, 81] and femtosecond transient absorption [77] spectroscopy.
The successful transferability of the parameters from PPV to S-SWNTs then
suggests that the Coulomb interaction parameters as well as the background
dielectric constants in these two classes of materials are close in magnitude.
This in turn justifies the use of $-electron models for the S-SWNTs, at least
for the S-SWNTs with the largest diameter, which dominate the nonlinear
absorption.

6 Summary

Even though this field of carbon-nanotube research has been in existence
for only a few years, progress in studies of carrier and exciton dynamics
with ultrafast spectroscopy has been both rapid and fascinating. Application
of TRPE, time-resolved fluorescence and femtosecond transient absorption
spectroscopy has enabled elucidation in real time of the el–ph interactions
in metallic tubes, and exciton relaxation processes and the underlying phys-
ical mechanisms in semiconducting SWNTs. It is now clear that excitation
of semiconducting SWNTs with intense &100 fs laser pulses leads to dynam-
ics dominated by a remarkable exciton–exciton annihilation process. Studies
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employing low excitation intensity allow the timescales of the intersubband
and radiative relaxation processes to be determined, along with the intrinsic
spectral and dynamical properties, and the profound extrinsic e#ects of tube
environment and temperature.

On the other hand, there are still significant inconsistencies and/or dis-
crepancies between the results and their interpretations reported by di#er-
ent laboratories, which require further experimental and theoretical studies.
Besides implementation of more sophisticated spectroscopic techniques, we
believe that it is crucial to have samples with well-characterized purities
and distribution of tube lengths. This will enable more precise quantification
of the level of excitation intensity used for experiments. Another, perhaps
equally important, area to explore via controlled studies concerns the poten-
tial e#ects arising from defects and/or unintentional doping during synthesis
or post-growth processing.

We envision the emergence of several new research directions in the near
future. These will include direct assessment of exciton coherence and rele-
vant dephasing timescales, elucidation of the role of phonon and dark ex-
citonic states in the exciton relaxation processes, quantification of exciton
dissociation and discrimination of intrinsic dynamical processes from those
induced by external factors. These new studies will involve time-resolved
mid-infrared, terahertz, two-photon and 2D electronic spectroscopies. Besides
these ensemble studies, time-resolved single-tube spectroscopy with various
time-resolution and detection sensitivities will be also increasingly exploited.
It is likely that the level of research activity in this field will continue to
increase.
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