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Ultrafast relaxation of photoexcitations in semiconducting single-walled carbon nanotubes (S-NTs) were
investigated using polarized pump-probe photomodulation (with 150 fs time resolution and cw polarized
photoluminescence (PL. Both annealed and unannealed thin NT films and D20 solutions of isolated NTs were
investigated. Various transient photoinduced bleaching PB and photoinduced absorption PA bands, which
show photoinduced dichroism, were observed in the ultrafast photomodulation spectra of all NT forms. The PA
and PB decay dynamics as a function of time, t, follow a power law, (t)-“ with a in the range of 0.7 to 1
Whereas the PA bands in S-NTs in solution uniformly decay, the PB bands, in contrast, have different decay
dynamics across the spectrum, which originates from an ultrafast spectral shift. Nevertheless the dynamics of
the PA and PB bands for NTs in solution are the same when the spectral shift is accounted for, indicating a
common origin. In addition S-NTs in D20 solution show polarized PL emission bands in the mid infrared
spectral range that follow almost exactly the infrared absorption peaks of the isolated NTs, as well as their
transient PB spectrum. The PL emission shows a degree of polarization that agrees with that of the transient
photoinduced dichroism. We therefore conclude that the primary photoexcitations in S-NTs are not free carri-
ers, rather they are excitons that are confined along the nanotubes. We found that the transient relaxation
kinetics of the excitons depend on the NT form. The fastest exciton dynamics (with sub-picosecond lifetime)
characterizes the annealed film, whereas the slowest dynamics with lifetime of tens of ps characterizes the
isolated NTs in D20 solution. From the polarization memory decay we could estimate the diffusion constant,
D, and the diffusion length, LD, of the excitons along the nanotube. For the annealed films at room temperature
we found D= 100 cm2s-1 and L”= 100 nm. From the average PL polarization degree, which remains constant
across the PL spectrum, and the transient polarization memory decay, we estimate the PL lifetime in NT
solution to be of the order of 500 ps. This relatively long PL lifetime is dominated by nonradiative decay
processes, which when coupled with the minute PL emission quantum efficiency indicates a very small
radiative recombination rate. The weak radiative transition strength is consistent with recent excited state

calculations that include electron-hole interaction, which predict that excitons in NTs are basically dark.
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I. INTRODUCTION

Carbon nanotubes (NTs) have very interesting
mechanicall and electronic23 properties, which have stirred
the interest of many research groups during the past decade.
Recently developed methods for spatially separating single-
walled carbon NTs SWCNTs have enabled such basic op-
tical studies as polarized absorption45 and Raman
scattering67 on films of unbundled NTs. Photoluminescence
PL emission has been observed for semiconducting (S-)
NTs suspended in D20 solutionsg9 and for single isolated
NTs.710 Recently electroluminescence of single S-NT has
been realized.1112 The PL emission measurements have refo-
cused questions concerning the nature of the primary photo-
excitations in S-NTs. In particular, the role of excitons in the
optical spectra of S-NTs has been reinstated, since excitons
are responsible for the measured PL.810 Very good overlap
was found between the measured bands in the optical absorp-
tion and those in the PL emission spectrum.1314 In addition,
electron energy calculations on S-NTs (in which electron-
electron and electron-hole interactions have been explicitly
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included show a large exciton binding energy, in part be-
cause of the enhanced Coulomb interaction in these quasi-1D
systems.15-23 As a matter of fact, the results of the model
calculations for excitons in NTs are similar to those of exci-
tons in "~-conjugated polymers, which also show large bind-
ing energies,24-26 indicating that excitons in quasi-1D sys-
tems may have common properties.

Recent experimental studies of the nonlinear optical prop-
erties and photoexcitations dynamics in SWCNTs have dem-
onstrated ultrafast kinetics, and therefore potential optoelec-
tronic  applications were proposed. For example,
femtosecond fs time-resolved photoemission measurements
were made on annealed metallic NTs M-NTs , which show
that the excited electron lifetime decreases from 130 fs at 0.2
eV to less than 20 fs at 1.5 eV above the Fermi energy.27
Chen et al.28 reported sub-picosecond relaxation kinetics of
excited states in NT/ -conjugated-polymer composites at
probe energy of 1.55 m, which showed that NTs could be
used for ultrafast switching in optical communication tech-
nology. It has also been shown29 that resonant excitation of
S-NTs enhances the third-order nonlinear optical coefficient,
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y 3, which was found to be as high as 10-7 esu. Lauret et
al.20 discussed the recombination kinetics of photoexcita-
tions in pump-probe measurements under resonant excitation
conditions in S-NTs, which occurs on a 1 ps time scale. They
observed photoinduced bleaching PB when pumping at or
above the interband transitions, and photoinduced absorption
PA when pumping at lower photon energies, which they
attributed to the redshift of the global 7r-plasmon in the NTSs.
Our group3l has recently reported transient photomodulation
spectra of both S- and M-NTs using a low-repetition-rate,
high-power ultrafast laser system that generated large photo-
excitation densities of the order of 5X 1019/cm3. We found
various PB and PA bands in S-NTs that are correlated with
each other. From these findings, we concluded that the pri-
mary photoexcitations in S-NT are excitons rather than free
carriers. In M-NTs, on the contrary, we showed that the pri-
mary photoexcitations are hot carriers. Ostojic et al.32 have
recently reported the transient photoexcitation Kinetics of
S-NTs in D20 solutions, and showed that the decay kinetics
is dependent on the solution PH.

Here we report ultrafast, time-resolved studies of photo-
excitations dynamics of S-NTs in annealed and unannealed
NT films, and for isolated NTs in D20 solution, using a
high-repetition-rate, low-power laser system that generates
photoexcitation density of the order of 1016 cm-3. The low
photoexcitation density enabled us to study the intrinsic pho-
toexcitation dynamics without the complication of exciton-
exciton and/or pump-photon/exciton interactions, which
characterize high power laser systems. For our studies we
used the polarized pump and probe technique where the
probe spans a variety of wavelengths in the mid infrared
spectral range, using transient photomodulation PM spec-
troscopy with 150 fs time resolution.

We found that the transient PM spectra of all of the in-
vestigated nanotube samples contain PA and PB bands that
are similar, but not exactly the same, as those found in our
previous work for annealed NTs.3L When taking into account
the transient spectral shift that we observed in the PB bands,
we conclude that the decay dynamics of the various bands in
the transient PM spectrum characterize a common type of
primary photoexcitation. In addition, the PM bands show
transient photoinduced dichroism or polarization memory in
all NT samples, where (AT/T)n*(AT/T)%; here I and 1
denote pump-probe polarization either parallel or perpen-
dicular to each other, and T/T is the fractional change T
in transmission, T. The prompt polarization memory, P(t),
decays at various rates depending on the form of the inves-
tigated NT sample and the excitation photon energy. The
fastest decay was measured for NTs in annealed films,
whereas the slowest decay was found for isolated NTs in
D20 solution. We found that the polarization memory is con-
sistent with confined photoexcitations, so that the primary
photoexcitations in NTs cannot be delocalized free carriers,
as previously assumed.28-30,32 We also measured PL emission
for isolated NTs in D20 solution and found it to have the
same emission spectrum as the absorption and transient PB
spectra; in addition, the PL is polarized. The PL polarization
degree equals the transient photoinduced polarization
memory that we measured at long times of order of 1 ns .
We therefore conclude that the primary photoexcitations in
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S-NTs are excitons rather than free carriers in continuum
bands. From the minute PL quantum efficiency, the polariza-
tion memory decay in the transient response, and the polar-
ization degree of the PL emission we estimate the radiative
recombination time of NTs in solution to be 3+2 “s.

We also found that the photoinduced exciton dynamics
depend on the NT form; however the various photoinduced
PB and PA bands are basically the same in all three types of
NT samples. The exciton dynamics is fastest for the annealed
samples and slowest for NTs in D20 solution. The different
exciton dynamics and polarization memory decays for the
annealed and unannealed NTs, as well as for the NTs in D20
solution, show that impurities and/or defects in the NTs have
a profound influence on the electronic relaxation processes.

Since NTs are considered to be quasi-1D, the photo-
induced polarization memory may be lost only when the
photogenerated excitons diffuse along a bent NT so that their
direction becomes random with respect to the polarization
direction of the pump beam. From electron microscopy im-
ages we estimate the NT radius of curvature to be about 300
nm in the annealed NT films.333 Using a model for the
exciton diffusion along the bent NTs used before to estimate
soliton diffusion in t-(CH)x (Ref. 35) we could estimate the
exciton diffusion coefficient, D, from the polarization
memory decay dynamics. We found D= 100 cm2s-1 for
S-NTs in the annealed film and much smaller for the unan-
nealed film and for isolated NTs in D20 solution.

1. EXPERIMENTAL

The single-walled carbon NTs used for these studies were
prepared using the HiPco process and were supplied by
CNI1.36 Typically, the raw material contains 85% wt % nano-
tubes and 15% iron catalyst nanoparticles. NTs were dis-
persed in H20 or D20 using the surfactant lithium dodecyl
sulfate. Specifically, 0.4 wt % NTs were added to a 1.2 wt %
LDS aqueous solution. Sonication was then performed using
a VWR Scientific Branson Sonifier 250 with the sample im-
mersed in an ice water bath. Samples were sonicated 20 min
at a power level of 30 W, yielding dark black mixtures. Films
were prepared by successive dip coating of glass substrates
into the H20 solutions. When the NT film is put in a cham-
ber filled with argon gas and heated to 600 °C for 6 h, this
annealing process removes most of the LDS. Otherwise the
unannealed film is used as grown in our optical setup. From
resonant Raman scattering measurements37 we inferred that
our samples contained M-NTs as well as S-NT with an ap-
proximate ratio of 1:2, having a diameter distribution from
0.7 to 1.4 nm with a peak distribution at a diameter of about
1.0 nm.

Dispersions of predominantly isolated nanotubes in D20
were prepared using a procedure based on the method devel-
oped by O’Connell et al.8 The sonicated samples were first
centrifuged in an Eppendorf 5417C centrifuge for 10 min at
700 g. The upper 75% of the supernatant was recovered
using a small-bore pipette, avoiding sediment at the bottom,
and transferred to a Beckman centrifuge tube for further cen-
trifugation. Samples were then centrifuged for 2 h at
100,000xg in a Beckman TL-100 ultracentrifuge with the
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temperature controlled at 4 °C. The upper 50% of the super-
natant was then recovered using a small-bore pipette, avoid-
ing sediment at the bottom, and transferred to a clean tube.
High-speed centrifugation sedimented insoluble NTs as a
pellet, yielding homogeneous gray dispersions.

We used the fs two-color pump-probe correlation tech-
nique with linearly polarized light beams for the transient
pM spectroscopy in the range between 0.55 and 1.05 eV. Our
ultrafast laser system was a 100 fs titanium-sapphire oscilla-
tor operating at a repetition rate of about 80 MHz, which
pumped an optical parametric oscillator OPO  Tsunami,
Opal, Spectra-Physics where both signal and idler beams
were respectively used as probe beams. The pump beam was
extracted either from the fundamental at *=1.6 eV or from
the signal beam at 0.93 eV. To increase the signal to noise
ratio, an acousto-optical modulator operating at 85 KHz was
used to modulate the pump beam intensity. For measuring
the transient response at time t with *=150 fs time resolution,
the probe pulses were mechanically delayed with respect to
the pump pulses using a translation stage; the time t=0 was
obtained by a cross-correlation between the pump and probe
pulses in a nonlinear optical crystal. Typically the pump in-
tensity was kept lower than 5 /nJ cm-2 per pulse, which cor-
responds to 1016 cm-3 initial photoexcitation density per
pulse in the NT films. This density corresponds to less than a
single photoexcitation per NT for the NTs in D20 solution.
The transient PM signal, AT/T(t) is the fractional change in
transmission, T, which is negative for PA and positive for
PB. The pump beam passed though a polarization rotator that
changed its polarization to be 45° to that of the probe beam.
An optical polarizer was used on the transmitted probe beam
to analyze the changes of transmission, T, for both parallel,
AT||, and perpendicular, AT+, polarizations.2 The transient
polarization memory, P(t) = (ATj|-ATL)/(ATj|+AT%), was
then calculated to study its decay. The pump and probe
beams were carefully adjusted to get complete spatial over-
lap on the film, which was kept under dynamic vacuum. In
addition the pump/probe beam-walk with the translation
stage was carefully monitored and the transient response was
adjusted by the beam walk measured response.

For the cw polarized PL emission study, we used the fun-
damental of the Ti-sapphire laser system at 1.6 eV operating
at full power (1.5 W) to excite the isolated S-NT in the D20
solution. The PL emission was collected by a lens with large
F-number, and spectrally and spatially filtered to eliminate
the relatively strong excitation laser intensity. A polarizer
was used to select the PL emission either parallel or perpen-
dicular to the polarization of the pump beam, and a polariza-
tion scrambler in front of the monochromator was used to
detect the two PL components through the spectrometer. The
collected PL emission was then directed onto the exit slit of
a 1/4 m monochromator with 1 nm resolution; a nitrogen-
cooled germanium photodiode was used for the light detec-
tion in the near and mid infrared spectral ranges. The PL
spectrum was corrected for the background system response
obtained when the NT solution was replaced by a solution
from the same solvent that did not contain NTSs.

I11. RESULTS AND DISCUSSION

Typical optical absorption spectra, , for the annealed
and unannealed NT films and isolated NTs in solution are
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FIG. L Absorption spectra a(w) of SWCNTSs in different forms.
(@ Annealed (solid line) and unannealed (dashed line) NTs filrms,
and (b) NTs in D20 solution. The bands A, B and D are due to S-NT
transitions; band C is due to M-NT transition. Black lines with
arrow down up show pump probe photon energies used in this
work.

shown in Fig. 1. Absorption bands A, B, D in Fig. 1a for
the NT films were previously assigned to the various inho-
mogeneously broadened interband optical transitions of the
S-NTs in the sample. The absorption bands in this model are
due to dipole-allowed symmetrical transitions from various
valence subbands to their respective conduction subbands
having the same index, m; namely, m=+1, +2, and %3,
respectively. Band C, on the contrary, is the first interband
transition (m=+1) of the M-NTs in the sample.27,30 The ab-
sorption features related to the quasi-1D character of the NTs
are more pronounced in the annealed sample, in agreement
with the results of Itkis et al.,38 suggesting that the annealing
process purifies the NTs. This can be understood since the
annealing process removes substituent groups that result
from oxidation during nanotube purification. The back-
ground absorption in Fig. 1 a was assigned to the absorption
tail of the -plasmon resonance that peaks at about 5 eV ,
which does not change much as a result of annealing the film
samples.39 It is well known330,32,39 that the absorption bands
of M-NT appear at ho> 1.6 eV and thus the S-NT in our
films are preferentially excited by the pump pulses at
=155 eV. However, the effect of the M-NT cannot be ig-
nored in determining the energy relaxation routes in SWCNT
films, where S-NT and M -NT are bundled together.

In contrast with the SWCNT films, the absorption spec-
trum of NTs in D20 solution Fig. 1b contains a
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number of isolated subbands that belong to bands A, B, and
C, respectively. This shows that the inhomogeneity of the
NTs in D20 solution is smaller than for the films; the NTs are
probably bunched in more specific groups of NTs having the
same diameter compared to those in films, and show less
disorder. It is also noteworthy that the absorption background
in is suppressed in the D20 solution. This is surprising
and calls for revisiting the explanation given for the absorp-
tion tail of NTs in NT films. When comparing Figs. 1(a) and
1(b), we note that peak A in films is at lower photon energy
than the individual peaks in group A of the solution; also the
bands marked B in the solution may in fact also contain
peaks from band C in the films. Since the only difference
between the NTs in films and solution is the NT isolation in
the latter, the decrease in resonant energy shows either that
the Van der Waals interaction in films is of the order of 0.2
eV, or that the exciton binding energy in NTs depends on the
dielectric constant of the surrounding.2 The different reso-
nant energy of band A in films and solution presumably does
not have a profound influence over the transient photoexci-
tation dynamics that is the focus of this work, since the pump
photon energy is above band A in both cases. Also we expect
that traps dominate the exciton dynamics;3lL in this case the
exciton binding energy has little influence over the escape
probability from the traps.40 We also show in Fig. 1the pump
and probe photon energies used in this work; the arrows
pointing down denote the various pump wavelengths,
whereas the heavy arrows pointing up show the probe wave-
lengths.

In Fig. 2 we show the transient PM spectra of S-NTs in
annealed film and D20 solution in the mid infrared range at
t=0. The PM spectra were generated with pump photon en-
ergy at 1.6 eV, which preferentially excites S-NTs; excita-
tions in M-NTs are mainly photogenerated at 1.9 eV and
higher.27,3031 This has also been derived from resonant Ra-
man scattering studies.34142 The PM spectra contain both PB
and PA bands and thus cannot originate from a shift in the
global plasmon;30 these are therefore photoinduced bands as-
sociated with specific optical transitions of the primary pho-
toexcitations in S-NTs.3L The PB bands in both films and
solution are within the spectral range of band A in the re-
spective absorption spectra Fig. 1, and are thus due to ei-
ther fc-space state filling or g-space filling, depending on
whether carriers or excitons are photogenerated in S-NTs at
t=0. From their similar dynamics and polarization memory
decay it was previously concluded3t that the transient PB and
PA bands in the mid-ir spectral range are correlated, and thus
the PA bands are due to optical transitions of photoexcita-
tions that occupy electronic states associated with band A in
the absorption spectrum. Note that the transient PB band is
more structured for NTs in solution than for NTs in films,
which agrees with the observation of more structure for the
absorption subbands in the spectrum for the NTs in
solution.

Figure 3 shows the uncorrected cw PL emission from the
isolated S-NTs in D20 solution plotted together with the
transient PB spectrum Fig. 2 b and in the same spec-
tral range Fig. 1b . The PL is in fact a very weak emission
band with estimated quantum efficiency of less than 10-3
[Refs. 8, 9, and 22]. It is apparent that the PL spectrum
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FIG. 2 Transient PM spectra measured at t=0 of annealed
SWCNT film (a) and NTs in D20 solution (b). Various PAand PB
bands are assigned.

contains isolated emission subbands that are very similar to
the absorption subbands in ; actually there is one-to-one
correspondence between the PL and the absorption subbands.
This shows that the subbands in are due to the same
features that give PL emission. Due to their large binding
energy compared to kBT at room temperature, the PL in
quasi-1D  semiconductors  originates from  exciton
emission 240 The alternative explanation is that the PL emis-
sion is interband in origin.810 If this were true, then the PL
emission spectrum associated with each absorption band
would have shown an asymmetric line shape towards higher
photon energies;43 which is not the case here (Fig. 3). We
therefore conclude that the absorption subbands in are
in fact excitonic. The obtained transient PB spectrum in D20

16 et 1.4
g 14 o / ‘ li22
; 12F \ 5
g 9t \—-\/K1 <€
> ~—
@ 0.8[ o8 &
[ 7]
3 osk £\ PL 3
2 06 / jos E
S 04 w
o

O ool 04

0 L 02

07 08 09 1 11 12 1.3
Photon Energy(eV)

FIG. 3. Comparison between absorption , PL emission, and
transient PB spectra at t=0, for NTs in D20 solution.
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FIG. 4. (Color online) Transient polarized PB response at 0.67
eV for SWCNTs of different forms; both AT and Acomponents
are shown. (a) Annealed film excited with two different pump pho-
ton energies (see inset) and (b) unannealed film

solution also follows the measured subbands in both a(u>)
and PL emission spectra. We thus infer that the primary pho-
toexcitations that lead to the transient PB are excitons. This
is in agreement with the conclusion drawn in our previous
work,3L which was based on the existence of inter-subband
transitions (the PA bands in the transient PM spectrum, as
well as the nonlinear optical response in S-NTs. It is worth
noting that the observed dips and peaks in the PB spectrum
Fig. 3 are sharper than those obtained in the PL and
spectra. This may be due to the nonlinear properties of the
PB response. Whereas the PL emission and are linear
optical processes, the PB response is a nonlinear optical pro-
cess. In fact PB is related to the third-order optical nonlin-
earity, ~(3), whereas a(w) and PL are related to (Ul It is
known that, in general, the optical nonlinear spectra are
much sharper than the corresponding linear spectra.

The exciton dynamics in the unannealed and annealed NT
films were studied by measuring the transient polarized re-
sponse for specific wavelengths within the PB bands, as
shown in Fig. 4. The decay time constants of the obtained
transient decays are summarized in Table I. The transient PA
decays faster in the annealed film compared with that in the
unannealed film. More specifically, the PA decay time con-
stant, r [defined as the time to reach N(0)/3, where N(0) is
the initial exciton density , is about 1 ps in the annealed film
Fig. 4 a , compared with =2 ps for the unannealed film
Fig. 4 b , see Table | . The slower dynamics in the unan-
nealed film is probably due to excess disorder that may give
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TABLE I. The decay time constants, for the transient photo-
modulation response and  for the polarization memory decay, in
various SWCNT films. A stands for annealed films; U is for unan-
nealed films; and S is for NTs in D20 solution. is defined as the
time inps for the initial response, 3 0 to decay to a third of its
value, i.e.,, 1/3 3 0, whereas in films is derived from an expo-
nential fit to the polarization memory decay. Note, however, that the
PM decay curves have long tails due to their power law functional
dependence.

Polarization
Pump  Probe memory
energy energy PM  PMdecay decay time
Type eV eV style time ps ps
u 16 16 PA 2.3 6
A 16 16 PA 0.8 25
u 16 0.96 PB 2 5
A 16 0.96 PB 0.6 2
u 16 0.675 PB 2 5
A 16 0.675 PB 12 34
u 0.96 16 PA 17 6
A 0.96 16 PA 12 35
u 0925 0675 PB 4.2 6
A 0925 0675 PB 17 2.2
S 16 1.01 PB 3 10
S 16 0.97 PB 8 60
S 16 0.83 PB 5 60
S 16 0.66 PA 3 60

rise to shallow traps that slow down the exciton recombina-
tion kinetics in this film.44-46 Annealing heals defects and
removes surfactants, which decreases the states due to shal-
low traps in the electronic density of states.4s When excited
within band A at 0.93 eV [Fig. 4(a) inset], then even the
decay rate of the PA for the annealed film is slower, with
=1.5ps (Table p. This shows that the exciton dynamics is
slower when excited resonantly, in agreement with recent
measurements of Ostojic et al.2

The decay of PB for NTs in D20 solution is much slower
compared to that for NT films Fig. 5 . In addition, it seems
that the decay dynamics changes across the PB spectrum. At
wprobe=1.01 eV, which is close to a dip in the PB and a(w)
spectra (Fig. 3), we obtained for the PB decay r=3 ps [Fig.
5(a) and Table 1], whereas at tprobe=0.97 eV, which is at a
maximum in both PB and spectra Fig. 3 , we obtained
r~8 ps [Fig. 5(@) and Table I], with a tail towards longer
times. This indicates that NTs in solution are also subject to
disorder and inhomogeneity, which might be due to the
added surfactants used for obtaining NT dispersion in solu-
tion. This disorder results in states in the gap, or shallow
traps that may decrease the exciton recombination rate.44-46
The different decay dynamics across the PB spectrum can be
more clearly seen in Fig. 6, where the transient PB spectrum
is depicted. It is seen that the PB spectrum blueshifts with
time for each absorption subband in . Figure 6 inset
summarizes the shift of the PB maximum photon-energy in
the first peak at 0.87 eV versus time. It is seen that the PB
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FIG. 5. Color online Transient polarized PM response of NTs
in D20 solution excited at 1.6 eV and probed at various photon
energies within the PB bands a and PAbands b .

maximum shifts with time by 7 meV in going from t=0 to
t=35 ps; a similar spectral shift can be extracted from the
second PB peak at 0.97 eV.

Such a spectral diffusion process does not occur in the PA
bands Fig. 5b , where a uniform time constant of about 3
ps Table I can be extracted from the data. Since the PA
decay is simpler, we thus focus on its dynamics first. Figure
7 a shows that in fact the PA decay is not exponential; in-
stead, it is a power law of the form (t/t0)-“ where

0.75. The power law decay may originate either from
dipressive transport type process44-47 where the exciton dif-
fusion constant towards recombination centers is time
dependent,28 or is due to a distribution of lifetimes, g(r)
having a tail towards longer time constants of the form
t-(1+«) and a~0.75 .48

For analyzing the composite PB decay, we assume that
there are two transient responses that occur simultaneously.
One is a recombination process that has power law decay
similar to the PA decay analyzed above, which can be de-
scribed by the function t-“ with a=0.75. The other transient
process is a spectral diffusion, where the PB bands blueshift
with time. The transient response across the PB spectrum can
be therefore described by the following equation:

PBi(t) = CMt-“+C2f t) -fi0], 1
where PB:is the response of each of the three subbands seen
in the transient PB spectrum with index (0; CZLi and C2i
are constants, which are different for each subband i ;
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FIG. 6. Color online a Transient PB spectra of NTs in D20
solution at three different times between the pump and probe
pulses; the inset shows the peak position of the PB band at

0.85 eV at various times up to 40 ps. b The calculated transient
decay of the PB band at various probe photon energies using the
model described in the text.

=0.75 is the exponent describing the dipressive recombina-
tion of both PA and PB responses; fit describes the tran-
sient spectral shift diffusion of subband i ; and fio is
fi t at t=0. In Eq. 1 we describe fi t by the relation
frt) =exp{-[E - Ecit)2]/2(SE)2Z}, which is a Gaussian func-
tion centered at Ecj(t) having a width (<), and E is the
photon energy. At t=0 we obtained from the transient spec-
trum of the second PB subband at 0.96 eV namely i=2 in
Eq. (1)] <E=35 meV; for convenience we assume SE to be
time independent and the same for all three obtained PB
subbands. In our model we describe Ec t shift with time by
the equation

Ecit) =Eci0) +Edl 1- ex”- t/th], 2

where Ed,i and t0 are fitting parameters describing the aver-
age transient energy shift for the three PB subbands. The
transient PB dynamics for all wavelengths were fit using
Egs. 1 and 2, and the best fitting parameters are summa-
rized in Table 1. We first let the peak maximum for all sub-
bands shift exponentially with time with t0=13 ps [Eq. (2)]
that we obtained from the transient spectral shift in Fig. 6 a ,
whereas Ed,i were left as fitting parameters best fitting pa-
rameters given in Table Il . Also the relative contribution of
the two transient contributions to each PB subband, namely
the decay due to recombination and the spectral shift, which
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FIG. 7. (Color online Transient polarized PM response of NTs
in D20 solution at various probes photon energies, where both AT
and AT+ components are shown (a) for the PAband and (b) for the
PB band.

is given by the parameter C,=C2ii/ C1;, were left as fitting
parameters (Table I). The calculated decay curves for differ-
ent photon energies using Egs. (1) and (2) and the fitting
parameters in Table Il are shown in Fig. 6(b); they are in
very good agreement with the experimental data shown in
Fig. 5 a . Since the PB decay was fit with the same func-
tional dependence as the PA decay, the agreement between
the model calculation and experiment show that the PA and
PB share a common underlying mechanism, and are in fact
part of the same photoexcitation dynamics process.3l

The most surprising transient response for the photogener-
ated excitons is their photoinduced polarization memory,
where T T . Figure 4 shows the polarization memory
in films, whereas Fig. 7 shows that polarization memory also
exists for NTs in solution, for both PA and PB bands. A
number of theoretical models for excitons in S-NTs have
been recently developed.1523 These models put an upper
limit for the exciton length at few nanometers, and also

TABLE II. Fitting parameters for the PB decay in NTs in solu-
tion. Eci{0) is the peak of the i’s PB subband at t=0, whereas C,
=C2i/ Cj ;is the relative contribution of the spectral shift (C2i) to
the recombination (C”) dynamics [see text; Eq. (1)]. Edi is the
spectral diffusion energy due to the blueshift see Eq. 2 in the
text .

Peak energy Eci 0 eV 0.87 0.96 105
Ci 1.2 0.7 05
Spectral diffusion energy Erfi(meV) 7 8 8

PHYSICAL REVIEW B 71, 125427 (2005)

05
1@ %zOﬁ?SeV
0.4 NT film
. a, ir PB
0.3
02 Ms * 0
01 - U Ms
0 1 2 3 4
Time (ps)
0.35
(b) NT solution
03. X A %:O.YOeV PA° =
0.25 j ;
5 02
] %:O.%ev PB
015 e e
01 1 10 100

FIG. 8. (Color online The polarization memory dynamics in
SWCNTs of various forms. (a) Annealed (at two pump photon en-
ergies) and unannealed films at 0.675 eV (PB and (b) NTs in so-
lution at two different probe photon energies, at 0.96 (PB and 0.70
eV PA, respectively. Fitting lines through the data points for the
polarization memory decay are also shown.

showed that the exciton is mainly polarized along the NT.
Our experimental results are in agreement with these models.
The obtained photoinduced polarization memory shows that
excitons in NTs are indeed localized. Otherwise the polariza-
tion memory would have decayed within the pulse duration
because the photogenerated excitations would simulta-
neously occupy the whole NT length, which is in fact isotro-
pically bended.3334 The prompt polarization memory P 0
decays with time since the photogenerated excitons are quite
mobile and thus may diffuse along the individual NT so that
their induced dipole moment is no longer correlated with that
at t=0 upon their generation (see the Appendix. The tran-
sient polarization memory P(t) decays differently in the vari-
ous NT forms, as summarized in Fig. 8. P(0) is larger in the
annealed film compared with that in the unannealed film
Fig. 8 a ; it is also larger when excited with ir pump. The
smaller P when excited in the visible spectral range shows
that P is somewhat lost during the ultrafast exciton thermal-
ization process from band B (in the visible to band A (in the
mid ir . Also P t decays much slower in the unannealed film
compared with P t decay in the annealed film Fig. 8 a .
This suggests that the NT impurities change the polarization
memory dynamics for NTs in the unannealed film. Exciton
diffusion process along the NT is slower in this type of NT,
probably because of the existence of shallow traps.4446 P{t)
dynamics in isolated NTs in solution Fig. 8 b is very dif-
ferent from those in films Fig. 8 a . First the decay is much
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slower when measured at the peak energy of the PB band.
Second P(t) decays similarly for the PB or PA bands.

We may extract the exciton diffusion constant from the
polarization memory decay using the “exciton diffusion
around the corner” model presented in the Appendix. This
model was previously used to obtain the diffusion constant
of solitons in fibrils of trans-polyacetylene.48 The eventual
loss of polarization memory in the PM response is due to
exciton diffusion along the bent NTs over sufficiently
large distances so that the excited tubes' directions are ran-
dom with respect to the pump polarization. The sufficiently
large distance is related to the NT radius of curvature, R.
In this model see the Appendix Pt is given by
P(t)=P(0)exp(-t/td), where td=R2/4D, P(0) is P at t=0,
D is the exciton diffusion constant, and R is the NT average
radius of curvature in the film. td can be extracted from Fig.
8. It is about 3 ps for NTs in the annealed film, and much
longer for the NTs in the unannealed film and solution. From
the definition of td and its value, and using R =300 nm from
STM images of the NTs in similar films as ours,333% we
estimate D for excitons along the NT in the annealed film to
be D*=100+50 cm2s-1. The relatively large D that we ob-
tained for excitons in NTs is in good agreement with the
large carrier mobility estimated in NTs from electrical trans-
port measurements.4950 When using the Einstein relation that
connects the diffusion and mobility coefficients, then the mo-
bility extracted from the obtained exciton diffusion is of or-
der 4 X 103 cm2(V s)-1; this favorably compares with the
carrier mobility of about 104 cm2(V s)-1 that was extracted
from transport measurements.4950 Moreover, since the
exciton lifetime in the annealed film is about 1 ps Table I ,
we can also calculate the exciton diffusion length,
La=(2Dtd) V2, we get for excitons in annealed NT
Ld > 100 nm. This relatively long diffusion length may ex-
plain why excitons are so susceptible to defects that exist on
the NT surface. It can also explain the partial decay of P t
during the exciton lifetime.

The radius of curvature, R, should not be very different
for NTs in the annealed and unannealed films. Thus from the
slower P t dynamics in the unannealed film we conjecture
that D for excitons in unannealed NT films is much smaller
than in unannealed films, consistent with the much slower
exciton recombination dynamics in these films. R cannot be
easily estimated for NTs in solution and thus we cannot use
the exciton diffusion model to obtain D in solution. Never-
theless, it is surprising that the polarization memory dynam-
ics is so different for NTs in solution. This shows that exci-
tons in isolated NTs in solution are probably quickly trapped,
and this influences their mobility and consequently also their
recombination dynamics.

The polarization memory of photogenerated excitons in
NTs of all forms is not completely lost within the exciton
lifetime. For example, from Fig. 8 a we estimate the decay
time constant of P t, PM to be about 3 ps for NTs in the
annealed film Table | , whereas the exciton recombination
time, ,is about 1 ps in the same film Fig. 4 a and Table | .
The same is true for NTs in solution. Whereas the exciton
recombination time is about 8 ps with a long tail towards
longer times [«probe=0.96 eV, Fig. 5(a) and Table I], the po-
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Photon Energy (eV)

FIG. 9. (Color online The parallel and perpendicular compo-
nents (with respect to the pump polarization of the polarized PL
emission spectrum of NTs in solution. The spectrum of the PL
polarization degree, PPL see text is also shown.

larization memory hardly decays up to 60 ps Fig. 7a .
From this discussion we conjecture that if excitons in NTs
were radiative, then their fluorescence emission would be
polarized.13 It is therefore not surprising that we measured
polarized PL emission from NTs in solution, as shown in Fig.
9. Itis apparent that the PL component, PL with polarization
parallel to that of the excitation pump, is stronger than the
perpendicular component, PL ; this is true for all measured
wavelengths Fig. 9 . We define the PL polarization degree,
PPRL for the cw emission as Ppl=(PL|-PL1)/(PL +PL1).
From the two measured PL components, we calculate PPL
spectrum and plotted it in Fig. 9. PPLremains approximately
constant at P*=0.14 throughout the measured spectrum, with
average fluctuations of the order of 0.03. We note that PP
spectrum does not follow the PL emission spectrum; namely
it does not contain the same dips and peaks as in the absorp-
tion and PL spectra.

From the average cw PL polarization degree P* it might
be possible to calculate the PL lifetime for NTs in solution.
Given that the exciton polarization memory decays with
time, and can be extrapolated to reach P*=0.14 at about
t=500 ps [see Fig. 8(b), for the PB at 0.96 eV, we may
estimate the average emission time PL from the measured
P*. From P(t) decay we obtain rRL*=500+ 100 ps for NTs in
D20 solution. Our estimated PLis not in disagreement with
a more direct measurement of transient PL decay.14 Using the
technique of optical Kerr gating it was measured that PL
mostly decays within the first 10 ps, with a very long tail
towards longer times. The long tail could not be measured,
however, since the optical Kerr gating has a small dynamics
range of one order of magnitude for NTs in solution.14 We
note that the obtained PL cannot be far off, since otherwise
the PL polarization value would have been dramatically dif-
ferent.

The PL emission band is very weak with estimated quan-
tum efficiency, 57, of less than 10-3.89 The most careful esti-
mate of was made in Ref. 14;  was estimated to be
1.7 X 10-4. In general rj is given by the relation43

V= TnJ"r, 3)

where Tnr is the nonradiative recombination lifetime and rr is
the radiative recombination lifetime. Some nonradiative re-
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combination channels in organic semiconductors include ex-
citons recombination through deep traps, intersystem cross-
ing to the triplet manifold, and excitons dissociation into
polarons.4051 The PL lifetime PL is given in this simple
model by the relation43

UTpt=1UTnr+ 1hr. 4

Using Egs. 3 and 4 and the values of PLand  from
above, we calculate Thr=500 ps, whereas rr is estimated to
be about 3 s with an estimated uncertainty of 2 s . This
relatively long radiative lifetime indicates that excitons in
NTs are basically nonradiative; in other words their radiative
transitions are almost dipole forbidden.23 This important con-
clusion should be taken into account in any electron energy
calculation in NTs; this is especially true for models in which
electron-hole interaction is explicitly included in the
calculations.20-23

IV. CONCLUSIONS

The present work reemphasizes that the primary excita-
tions in S-NT are excitons, rather than free carriers in con-
tinuum bands. This conclusion is based on 1 the photo-
modulation spectrum where the PA and PB bands are
correlated to each other, 2 the existence of polarization
memory and its decay, and 3 the similarity between the PL
emission, absorption, and PB spectra of NTs in D20 solu-
tion.

We studied the ultrafast exciton recombination and polar-
ization memory dynamics in single-walled NTs of different
forms, such as annealed and unannealed films and isolated
NTs in D20 solution. We found that the exciton response
kinetics depends on the NT’s environment. When the NT is
relatively free of surfactant and defects, then the induced
disorder is small and the exciton dynamics are fast, of the
order of 1 ps. The exciton response dynamics in unannealed
films and NTs in D20 solution are much slower, and this is
probably caused by shallow traps in the gap that are intro-
duced by structural defects and impurities on the NT surface;
these traps slow down the exciton kinetics. Also, M-NT may
enhance the energy relaxation rate in SWCNT films, where
S-NT and M-NT are bundled together. The shallow traps are
manifested by i slower exciton diffusion towards recombi-
nation centers, which reduces the recombination rate, and i
a slower rate for the exciton polarization memory decay.
From the polarization memory decay in the annealed film we
could extract the exciton diffusion constant, D, and diffusion
length, Ld, using the “exciton diffusion around the corner
model”, which is associated with the NT radius of curvature.
For annealed films we obtained D~ 100 cm2s-1, and
LD~ 100 nm.

We also measured polarized PL emission in NTs in D20
solution with bands that follow the absorption subbands. We
found that the average PL polarization degree P* is constant
at 0.14 across the PL spectrum. From the value of P* and the
exciton polarization memory decay dynamics for NT in so-
lution we estimated the PL lifetime in NT to be about 500 ps.
From this relatively long PL lifetime coupled with the minute
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A

FIG. 10. Schematic representation of the time-dependent pump
and probe polarizations, excitons diffusion and polarization, and the
geometrical relationship between the three.

PL emission quantum efficiency, we estimated the radiative
transition time in NT to be of the order of 3+2 /as.
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APPENDIX: POLARIZATION MEMORY: THE “EXCITON
DIFFUSION AROUND THE CORNER” MODEL

When polarized light pulses are resonantly absorbed by
the medium, the consequent photoexcitations may have dis-
tinct polarization, which may exist for longer time than the
pulse duration. Since NTs are considered to be quasi-1D, and
the excitons localized along the NTs with a wave-function
extent of few nm,1820-23 then polarization memory (PM is
initially photogenerated. The polarization memory can sub-
sequently decay in isolated NTs when the photogenerated
exciton diffuses along a bent NT so that its direction be-
comes random with respect to the polarization of the pump
pulse that causes its generation. A similar model was used
before to obtain soliton diffusion in t-(C H x48

We consider that in SWCNT film the NTs are randomly
oriented in two dimensions. Following light absorption by a
NT, an exciton with its dipole moment along the NT orien-
tation is photogenerated. In addition, we also consider that
each NT has a radius of curvature R Fig. 10 . Two pulses are
involved in the transient PM measurements. The pump pulse
with a linear polarization and the probe pulse with its polar-
ization is either parallel or perpendicular to that of
the pump pulse Fig. 10 . We define as the initial angle
between the pump polarization and the NT principal direc-
tion. At time t after excitation the photogenerated exciton
diffuses along the bent NT to a position forming an angle

respect to its initial position. At that time the angle
between the pump polarization and the NT principal direc-
tion becomes + Fig. 10 . Consequently the angle be-
tween the probe polarization and the direction of the exciton
dipole moment on the NT for the parallel pump/probe polar-
ization configuration is thus + , whereas the angle is
(90° +0+g>) for the perpendicular pump/probe configuration.
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We can now calculate the induced absorption, , assum-
ing that it is a 3 process for the probe parallel and
perpendicular to the pump polarization, respectively, at
time t, averaged over the random NT orientation in 2D:

Aau((p) =c | cos2 0cos2(0+ (p)dd= €°s2 V+ sin2 (p),

Al
. cr .
Aa, (9 €0s2 0 sin2(0 + = — (c0s2 ">+ 3 sin2 /).
A2
The polarization memory is defined as
s Aau(<p)- Aax 1
(<p) S A3

pw = A— /"TTa— BT = ~cos(2")-

During the exciton diffusion motion we assume that the
angle follows a Gaussian distribution because of the ran-
dom diffusion process.22 The obtained polarization memory
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