
Invited Paper

Ultrafast Spectroscopy of Excitons in Semiconducting Carbon 
Nanotubes

C. X. Sheng3, Z. V. Vardeny3, A.B. Daltonb and R.H. Baughman1 

“Department of Physics, University of Utah, Salt Lake City, Utah 84112 

b Department of Physics and UniS Material Institute, University of Surrey, Guildford GU2 7XH U.K. 

c NanoTech Institute, University of Texas at Dallas, Richardson, Texas 75083

Abstract
Ultrafast relaxation dynamics 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 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. Taking into account the PB spectral 
shift observed for NTs in solution, the PA and PB bands are seen to decay together by following a power law in time of the 
form (t)'“, with a  in the range of 0.7 to 1. The PL emission of S-NTs in D:0  solution shows a polarization degree that 
agrees with that of the transient photoinduced dichroism. We conclude that the primary photoexcitations in S-NTs are 
excitons that are confined along the NTs. From the average PL polarization degree and the transient polarization memory 
decay, we estimate the PL lifetime of isolated NTs in solution is of order 500ps. This relatively long PL lifetime is 
dominated by non-radiative decay processes, which when coupled with the tiny PL emission quantum efficiency indicates 
a very small radiative recombination rate, in good agreement with recent theories that include electron correlation.
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1. Introduction

Carbon nanotubes (NTs) have very interesting mechanical1 and electronic “ 3 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 optical studies as polarized absorption 4'5 and Raman scattering 6'7 on films of 
unbundled NTs. Photoluminescence (PL) emission has been observed for semiconducting (S-) NTs suspended in D?0 
solutions 8'9 and for single isolated NTs 7' l0. Recently electroluminescence of a single .S'-NT has been realized IL n . The 
PL emission measurements have refocused questions concerning the nature of the primary photoexcitations 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 P L 810 . Very good overlap was found between the measured bands in the optical absorption and those in the PL 
emission spectrum l3'14 In addition, electron energy calculations of S-NTs in which electron-electron and electron-hole 
interactions have been explicitly included show a large exciton binding energy, in part because of the enhanced Coulomb 
interaction in these quasi-1D systems l>23. As a matter of fact, the results of the model calculations for excitons in NTs are 
similar to those of excitons in 7t-conjugated polymers, which also show large binding energies 24'26, indicating that 
excitons in quasi-ID systems may have common properties.

Recent experimental studies of the nonlinear optical properties and photoexcitations dynamics in SWCNTs have 
demonstrated ultrafast kinetics, and therefore potential optoelectronic applications were proposed. For example, 
femtosecond (fs) time-resolved photoemission measurements were done 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 11. 
Chen et al. _x reported sub-picosecond relaxation kinetics of excited states in NT/7t-conjugated-polymer composites at 
probe energy of 1.55 (j.m, which showed that NTs could be used in principle for ultrafast switching in optical
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communication technology. It has also been shown 29 that resonant excitation of 5-NTs enhances the third order nonlinear 
optical coefficient %(3>, which was found to be as high as 10'7 esu. Lauret et al. 30 discussed the recombination kinetics of 
photoexcitations in pump-probe measurements under resonant excitation conditions in 5-NTs, which occurs on a I 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 red shift of the global 
ji-plasmon in the NTs. Our group31 has recently reported transient photomodulation spectra of both 5- andA/-NTs using a 
low-repetition-rate, high-power ultrafast laser system that generated large photoexcitation densities of the order of 
5xlOl9/cm3. We found various PB and PA bands in 5-NTs that are correlated with each other. From these findings, we 
concluded that the primary photoexcitations in 5-NT are excitons rather than free carriers. In M-NTs, on the contrary we 
showed that the primary photoexcitations are hot carriers. Ostojic et al.32 have recently reported the transient 
photoexcitation kinetics of 5-NTs in D20  solutions, and showed that the decay kinetics is dependent on the solution pH.

Here we report ultrafast time-resolved studies of photoexcitations dynamics of 5-NTs in annealed and unannealed NT 
films, and isolated NTs in D20  solution, using a high-repetition-rate low power laser system that generates a 
photoexcitation density of the order of 10l6/cm3. The low photoexcitation density enabled us to study the intrinsic 
photoexcitation dynamics without the complication of exciton-exciton and/or pump-photon/exciton interactions, which 
characterize high power laser systems. 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) spectroscopy with 150 Is time 
resolution.

We found that the transient PM spectra of all investigated nanotube samples contain both PA and PB bands that are 
similar, but not exactly the same, as those found in our previous work for annealed NTs31. 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)|| £ (AT/T)_; here || and 1  denote 
pump-probe polarization either parallel or perpendicular to each other, and AT/T is the fractional change in transmission, 
T. The prompt polarization memory, P(t) decays at various rates depending on the form of the investigated 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 D:0  solution. We found that the polarization memory is consistent 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 the same emission spectrum as the 
absorption and transient PB spectra; in addition, the PL is polarized. The PL polarization degree equals the transient 
photo-induced polarization memory that we measured at long times (of order of 1 ns). We therefore conclude that the 
primary photoexcitations in 5-NTs are excitons rather than free carriers in continuum bands. From the tiny PL quantum 
efficiency, the polarization memory decay in the transient response, and the polarization degree of the PL emission, we 
estimate the radiative recombination time of isolated NTs in solution to be 3±2 |isec.

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 lor 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.

2. Experimental

The single walled carbon NTs used for our studies were prepared using the HiPco process, and were supplied by ( N'l 
Typically, the raw material contains 85% wt. % nanotubes and 15 % iron catalyst nanoparticles. The NTs were dispersed 
in H20  or D20  using the surfactant lithium dodecyl sulfate. Specifically, 0.4 wt. % NTs were added to a 1.2 wt. ' , I ,DS 
aqueous solution. Sonication was then performed using a VWR Scientific Branson Sonifter 250 with the sample 
immersed 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 
chamber filled with argon gas and heated to 600°C for 6 hours, the annealing process removes most of the LDS. ( )thenx ise 
the unannealed film is used as grown in our optical set-up. From resonant Raman scattering measurements u wt- mimed
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that our samples contained M-NTs as well as S-NT with an approximate ratio of 1:2, having a diameter distribution from
0.7 to 1.4 nm with a peak in the distribution at a diameter of ~ 1.0 nm.

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

For our ultrafast spectroscopy studies, we used the fs two-color pump-probe correlation technique with linearly polarized 
light beams for measuring the transient PM in the range between 0.55 and 1.05 eV. Our ultrafast laser system was a 100 fs 
Ti-sapphire oscillator 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 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/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 intensity was kept lower than 5 |uJ/cm2 per pulse, which 
corresponds to ~ 10l6/cm3 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, AT for both parallel ATy, and perpendicular AT L, polarizations The transient 
polarization memory, P(t) = (ATj - ATj_)/(AT|| + AT j ,  was then calculated to study its decay. The pump and probe beams 
were carefully adjusted to get complete spatial overlap 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 fundamental of the Ti-sapphire laser system at 1.6 eV operating at 
full power (1.5 Watt) 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 perpendicular to the polarization of the pump beam, and a polarization 
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 [A meter monochromator with 1 nm resolution; a nitrogen 
cooled germanium photodiode was used for the light detection 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 NTs.

3. Results and Discussion

Typical optical absorption spectra, a(co), for the annealed and unannealed NT films and isolated NTs in solution are 
shown in Fig.I. Absorption bands A, B, D in Fig. 1(a) for the NT films were previously assigned to the various 
inhomogeneously broadened interband optical transitions of the 5-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 sample21'30. The absorption 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. 35, 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 background absorption in Fig. 1(a) was assigned to the absorption tail of the 
rc-plasmon resonance (that peaks at about 5 eV), which does not change much as a result of annealing the film samples36.
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Figure 1: Absorption spectra, a(co). of SWCNT of different forms, (a) Annealed (solid line) and unannealed (dashed line)
NTs films, and (b) NTs in D20  solution. The bands A. B and D are due to .S’-N'T transitions: band C is due to .M-NT 
transition.

In contrast to the SWCNT films, the absorption spectrum a(co) of NTs in D20  solution (Fig. 1(b)) contains a number of 
isolated sub-bands that belong to band 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 unbundled or bundled 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 a(a>) is suppressed in the D20  solution. This is surprising and calls for revisiting the explanation given for 
the absorption tail of NTs in NT films’6. 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 in solution; also the bands marked B in the solution may in fact also

4 Proc. of SPIE Vol. 5725



contain peaks from band C in the films. Since the only difference between the NTs in films and solution is the NT isolated 
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 The different 
resonant energy of band A in films and solution presumably does not have a profound influence over the transient 
photoexcitation 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 31; in this case the exciton binding energy has little influence over the 
escape probability from the traps37.
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Figure 2: Transient PM spectra measured at t = 0 for an annealed SWCNT Him (a) and NTs in D20  solution (b). 
Various PA and PB bands are assigned.
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In Fig. 2 we show the transient PM spectra of 5-NTs in the annealed film and D20  solution in the mid infrared spectral 
range and at t = 0. The PM spectra were photogenerated with pump photon energy at 1.6 eV, which preferentially excites 
5-NT; excitations in M-NT are mainly photogenerated at 1.9 eV and higher 27-30'31. This has been also derived from 
resonant Raman scattering studies3-38'39. 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 associated with specific optical transitions of the 
primary photoexcitations in 5-NTs31. The PB bands in both films and solution are within the spectral range of band A in 
the respective absorption spectra (Fig. 1), and are thus due to either k-space state filling or Q-space filling, depending on 
whether carriers or excitons are photogenerated in 5-NTs at t = 0. From their similar dynamics and polarization memory 
decay it was previously concluded 31 that the transient PB and PA bands in the mid-ir spectral range are correlated, and 
thus the PA bands is due to optical transitions of photoexcitations 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 in the absorption subbands of the a(co) spectrum for NTs in solution.

T i m e  (ps)

T i m e  (ps)

Figure 3: Transient polarized PB response at 0.67 eV for SWCNT of different forms; both AT|| and ATX component 
are shown, (a) Annealed film excited with two different pump photon energies (see inset); (b) unannealed film.
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The exciton dynamics in the unannealed and annealed NT films were studied by measuring the transient polarized 
response for specific wavelengths within the PB bands, as shown in Fig. 3. The transient PB decays faster in the annealed 
film compared with that in the unannealed film. More specifically, the PB decay time constant, x (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. 3(a)), compared with x = 2 
ps for the unannealed film (Fig. 3(b)). The slower dynamics in the unannealed film is probably due to excess disorder that 
may give rise to shallow traps that slow down the exciton recombination kinetics in this film 4143. Annealing heals defects 
and removes surfactants, which decrease the states due to shallow traps in the electronic density of states42. When excited 
within band A at 0.93 eV (Fig. 3(a) inset), then the decay rate of the PA in the annealed film is slower, with x = 1.5 ps. This 
shows that the exciton dynamics is slower when excited resonantly, in agreement with recent measurements of Ostojic et 
al. 32.
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Figure 4: Transient polarized PM response of NTs in D;0  solution excited at 1.6 eV and probed at various 
photon energies within the PB bands (a), and PA bands (b).
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The decay of PB for NTs in D20  solution is much slower compared to that for NT films (Fig. 4). In addition, it seems that 
the decay dynamics changes across the PB spectrum. At C0probe = 1.01 eV, which is close to a dip in the PB and a(co) 
spectra, we obtained for the PB decay x = 3 ps (Fig. 4(a)); whereas at co,)robe = 0.97 eV, which is at a maximum in both PB 
and a(co) spectra, we obtained x = 8 ps (Fig. 4(a)), 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 solution. This disorder results in states in the gap, or shallow traps that may decrease the exciton recombination rate 
4I'43. The different decay dynamics across the PB spectrum can be more clearly seen in Fig. 5(a), where the transient PB 
spectrum is depicted. It is seen that the PB spectrum blue-shifts with time for each absorption sub-band in a(co). Fig. 5(a) 
inset summarizes the shift of the PB maximum photon-energy in the first peak at 0.87 eV vs. time. It is seen that the PB

(a)

cZJ
_Q
Js.

<1

(b)
Photon E nergy  (e V )

to

_Q
(5

H
< 1

1 .2 

1

0.8

0.6

0.4

0.2

O

- 0.2 
-20 O 20 40 

T i m e  (ps)
60 80

Figure 5: (a) Transient PB spectra of NTs in DiO solution at three different time delays 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.
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maximum shifts with time by 7 meV in going from t = 0 to t = 35 ps; a similar spectral shift was extracted from the second 
PB peak at 0.97 eV.

Such spectral diffusion does not occur in the PA bands (Fig. 4(b)), where a uniform time constant of about 3 ps can be 
inferred. In addition we also found that the PA decay is not exponential; rather, it is a power law in time of the form (t/to) 
where a  = 0.75. The power law decay may originate either from dipressive transport type process4I'44, where the exciton 
diffusion constant towards recombination centers is time dependent28; or is due to a distribution of lifetimes, g(x) having 
a tail towards longer time constants of the form x‘li+a) and a  = 0.75 45.

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 described by the 
function t “ with a  = 0.75. The other transient process is a spectral diffusion, where the PB bands blue-shift with time. The 
transient response across the PB spectrum can be therefore described by the following equation:

PBi(t) = C1.if “ + C2.i[fi( t )-f i(0)], (1)

where PB, is the response of each of the three sub-bands seen in the transient PB spectrum with index (i); C, ; and C2.i are 
constants, which are different for each sub-band (i); a  = 0.75 is the exponent describing the dipressive recombination of 
both PA and PB responses; f,(t) describes the transient spectral shift (diffusion) of sub-band (i); and £(0) is fs(t) at t = 0. In 
Eq. (1) we describe f;(t) by the relation f|(t) = exp{-[E-Ec j(t)]2/2(5E)i'}, which is a Gaussian function centered at Eci(t) 
having a width (5E); and E is the photon energy. At t = 0 we obtained from the transient spectrum of the second PB 
sub-band at 0.96 eV (namely i = 2 in Eq. (1)) 5E = 35 meV; for convenience we assume 5E to be time independent and the 
same for all three measured PB sub-bands. In our model we describe Ec(t) shift with time by the equation:

Ec,i(t) = Ec.,(0) +Ed.,[ 1 - exp(-t/to)], (2)

where E^ and to are fitting parameters describing the average transient energy shift for the three PB sub-bands. The 
transient PB dynamics for all wavelengths were fit using Eqs. (1) and (2). We first let the peak maximum for all sub-bands 
to shift exponentially with time with to = 13 ps (Eq. (2)) that we obtained from the transient spectral shift in Fig. 5(a); 
whereas Ed j were left as fitting parameters. Also the relative contribution of the two transient contributions to each PB 
sub-band (namely the decay due to recombination and the spectral shift, which is given by the parameter C, = C^/Cu) 
were left as fitting parameters. The calculated decay curves for different photon energies using Eqs. (1) and (2) are shown 
in Fig. 5(b); they are in very good agreement with the experimental data shown in Fig. 4(a). Since the PB decay was fit 
with the same functional 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 31.

A surprising finding for the photogenerated excitons in NTs is the existence of transient photoinduced polarization
memory (Fig.3, and Fig.6(a)), where ATy ^ ATl. Fig. 6(a) shows the polarization memory decay, P(t) for isolated NTs in
solution. The existence of polarization memory indicates that excitons in ID .S'-NTs are localized along the NT. This
probably is the result of their relatively large binding energy, which makes them close to Frenkel type rather than Wannier

15-̂ 3type excitons. A number of theoretical models for excitons in S-NTs have been recently developed ‘ ~ . These models 
put an upper limit for the exciton length at few nanometers, and also showed that the excitons are mainly polarized along 
the NT direction. Our experimental results are in agreement with these models.

The polarization memory of photogenerated excitons in NTs is not completely lost within the exciton lifetime. The 
exciton recombination time x is about 8 ps with a long tail towards longer times (o^rohe = 0.96 eV, Fig. 6(a)); whereas the 
polarization memory hardly decays up to 60 ps (inset of Fig. 6(a)). It is therefore not surprising that we measured 
polarized PL emission from NTs in solution (Fig. 6(b)), since PL emission originates from the decaying excitons. It is 
apparent that 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. 6(b)). We define the PL polarization degree, PPL of the cw emission, 
as: Ppl = (PL|| - PLj_)/(PL|| + PL ). From the two measured PL components, we calculated the Ppl spectrum (Fig. 6(b)). Ppl 
remains approximately constant at P* = 0.14 (± .03) throughout the measured spectrum.
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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. 6 (a) inset), we may estimate the average emission time xPL from the measured P*. From P(t) decay we obtain tpl = 
500 ± 100 ps for NTs in D20  solution. Our estimated tPLis not in disagreement with a more direct measurement of 
transient PL decay l4. 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 precisely measured, however, since the optical 
Kerr gating has a small dynamics range of ~ one order of magnitude for NTs in solution l4. We note that the obtained xPL 
cannot be far off, since otherwise the PL polarization value would have been dramatically different.
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Figure 6: (a) Transient polarized PM response of NTs in D,() solution at 0.96eV, where both ATp and AT 
vs. t are shown. The inset is the obtained polarization memory decay, P(t). (b) The parallel and 
perpendicular components (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.
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The PL emission band is very weak with estimated quantum efficiency, r| of less than 10'3 8'9. The most careful estimate 
of t| was made in ref. 14; r) was estimated to be l.7xl0'4. In general r) is given by the relation 40:

r) = T„r/Tr, (3)

where xnr is the non-radiative recombination lifetime, and t ris the radiative recombination lifetime. Some non-radiative 
recombination channels in organic semiconductors include excitons recombination through deep traps, intersystem 
crossing to the triplet manifold, and excitons dissociation into polarons 37 46. The PL lifetime, xPL is given in this simple 
model by the relation 40:

I/'t PL =  l/'cnr+ I/'t r (4)

Using Eqs. (3) and (4) and the values of xPLand ri from above, we calculate xnr = 500 ps; whereas xris estimated to be 
about 3 (isec (with an estimated uncertainty of 2 |isec). This relatively long radiative lifetime indicates that excitons in 
NTs are basically non-radiative; in other words, their radiative transitions are almost dipole forbidden 23. This important 
conclusion 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.

4. Conclusions

The present work reemphasizes that the primary photoexcitations in S-NT are excitons, rather than free carriers in 
continuum bands. This conclusion is based on: (i) the photomodulation spectrum, where the PA and PB bands are 
correlated to each other; (ii) the existence of polarization memory and its decay; and (iii) the similarity between the PL 
emission, absorption and PB spectra of NTs in D2O solution.

We studied the ultrafast exciton recombination and polarization 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 environment. When the NT are relatively free of surfactant and defects, then the induced 
disorder is small and the exciton dynamics are fast, with lifetime 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 introduced by structural defects and impurities on the NT surface; these traps slow down the exciton kinetics. The 
shallow traps are manifested by: (i) slower exciton diffusion towards recombination centers, which reduces the 
recombination rate; and (ii) a slower rate for the exciton polarization memory decay.

We also measured polarized PL emission in NTs in D20  solution with bands that follow the absorption sub-bands. We 
found that the average PL polarization degree P* remains constant at 0.14 across the PL spectrum. From the value of P* 
and the exciton polarization memory decay dynamics for NT in solution we estimated the PL lifetime in NT to be about 
500 ps. From this relatively long PL lifetime, coupled with the tiny PL emission quantum efficiency, we estimate the 
radiative transition time in NT to be of the order of 3±2 usee.
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