THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Intraexciton Transitions Observed in High Stability Doped Single-
Wall Carbon Nanotube Films and Solutions

Neale O. Haugen, Adam B. Phillips, Tieneke E. Dykstra, Suneth Watthage, Michael J. Heben,*

and Randy J. Ellingson™

Wright Center for Photovoltaics Innovation and Commercialization, Department of Physics and Astronomy, The University of
Toledo, 2801 West Bancroft Street, Toledo, Ohio 43606, United States

© Supporting Information

ABSTRACT: Normally hidden excited state transitions were
observed in large diameter single-walled carbon nanotubes for the
first time by controlling the degree of doping. With increased
doping, the normally observed photoinduced bleach (PB) signal
associated with the creation of excitons switched to a photo-
induced absorption (PA). A delay in the onset of the PA signal
made it clear that the absorption was due to an intraexcitonic
transition. The study was afforded by the development of novel
methods that allowed samples to be reproducibly and stably
prepared in specific states. Our results further the understanding
of the photophysics of large diameter single-walled carbon
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nanotube materials, which are promising for a variety of optoelectronic applications.

B INTRODUCTION

Single-wall carbon nanotubes (SWNTs) have been advanced
for use in a variety of electronic and optoelectronic applications
owing to many desirable traits including solution process-
ability,' > mechanical flexibility,* high carrier mobility,> trans-
parency in the infrared spectral region,6 and large nonlinear
susceptibilities.” With respect to photovoltaics technolog}r,
SWNT films have been used as contacts in thin film,® *°
organic,”"" and crystalline Si photovoltaic (PV) devices.'>"
SWNTs are also being pursued as active elements in PV
devices."*™'® In particular, semiconducting SWNTs (s-
SWNTs) are of great interest due to high absorption
coefficients'” and excitonic transitions'® that span the visible
and near IR portions of the solar spectrum. In photovoltaics,
the photoexcitation relaxation mechanisms and dynamics are of
paramount importance, with the focus being on the semi-
conducting SWNT allotropes. As with other PV materials and
devices, the potential energy increase created by light
absorption is harvested only if the photoexcited carriers can
be separated before relaxation processes return the system to
the ground state.

Ultrafast transient absorption (TA) spectroscopy is a
valuable technique for assessing the photoexcitation relaxation
dynamics in SWNT materials and has proven effective for
investigating the dynamics of carrier cooling,'”™>' recombina-
tion,”> and free carrier generation23 in SWNT solu-
tions’"****™*” and films. Due to widespread commercial
availability and easily observed optical transitions in the visible
and near-infrared portion of the optical spectrum, the vast
majority of TA studies to date have been performed on small
diameter (0.8—1.2 nm) SWNTs produced by chemical vapor
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decomposition.14’26’28_34 In contrast, very little work has been
done on larger diameter (1.2—1.6 nm) tubes that are produced
by pulsed laser vaporization (PLV). PLV tubes are of great
interest for optoelectronic applications due to their lower defect
densities. Moreover, their larger diameters may offer advantages
in photonic, electronic, and solar energy conversion applica-
tions.” For example, large diameter tubes have higher carrier
mobilities and lower Schottky barriers when interfaced to metal
contacts, suggesting better performance in next generation field
effect transistors. With respect to solar energy conversion, large
diameter tubes provide more complete absorption in the
infrared and the possibility of multiple exciton generation in the
visible portion of the spectrum,’” as well as high conductivity in
functional contacts.'® Furthermore, large diameter tubes
possess optical transitions that offer complete coverage of all
wavelength bands used in fiber-optic telecommunication
technologies.

There are several reasons for the lack of ultrafast photo-
physical data for PLV tubes. First, due to their larger diameters,
the first semiconducting excitonic transitions (E1) occur at
relatively long wavelengths (1.3—2 pm) that are challenging to
access experimentally. Moreover, the optical spectra are
congested with contributions from multiple species for PLV
tubes because of a larger number of possible tube species at
larger diameters.>® Finally, large diameter tubes are more
sensitive to the environment than their smaller diameter
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counterparts (vide infra), so the intrinsic photophysics may be
obscured by surface effects related to, e.g., doping.

In this report, we compare the steady-state and transient
optical absorption spectroscopy of PLV SWNTs in solution and
in spray-deposited films. In solution, steady-state absorption
spectroscopy shows SWNTs to be well isolated from
interaction with the aqueous solvent when solubilized with
sodium carboxymethyl cellulose (CMC). In contrast, sodium
dodecyl sulfate (SDS) suspended SWNTs show E1 bleaching
due to charge polarization doping by the aqueous solvent.
Consistently, transient absorption measurements of CMC-
suspended SWNTs display a strong photoinduced bleach (PB)
signal as expected for population-induced state filling of the E1
transitions, while SDS-suspended SWNTs display an equally
strong but unanticipated photoinduced absorption (PA).
Ultrasonically sprayed PLV SWNT films prepared from CMC
dispersions initially show only a PB signal similar to that seen
for CMC solution, but removal of the CMC surfactant by
exposure to nitric acid causes the PB signal to be converted to a
PA. The PA can then be switched to a PB by heating the film in
air to remove the residual acid. After heating, equilibration of
the film in laboratory air causes the PB signal to slowly return
to a PA signal over the course of hours. The slow conversion is
due to reprotonation of surface oxide species by reaction with
water vapor in lab air. During this slow conversion, ultrafast TA
spectroscopy revealed that the PA signal occurs later in time
than does the PB. The PA signal can be assigned to an
intraexcitonic transition from a dark state associated with the
El manifold to an excited E2 state. The dark state is only
populated following an E1 transition, which gives rise to the
normally observed PB signal. Doping reduces the oscillator
strength of the PB signal and allows the PA to dominate.
Population of the dark state may be assisted by localized charge
centers associated with protonation and/or the presence of the
oxygen complexes. Though our focus is on PLV tubes for the
reasons discussed above, this study is the first to probe the
carrier relaxation dynamics as a function of doping in any type
of SWNT film. Interestingly, if the heating and cooling is done
in an oxygen-free environment, the surface oxides are
completely removed; the surface is kinetically stable against
reoxidation; and reprotonation does not occur over the course
of several months.

B EXPERIMENTAL SECTION

SWNTs were synthesized by a modified version of the method
outlined by Dillion et al.*® and refluxed in nitric acid to remove
metals. Solids were collected by filtration to form papers and
further purified by combustion of the non-nanotube carbon
phases in flowing CO, at 900 °C.*® Purified SWNT papers
were dispersed in aqueous solutions of 1% (mg/mL) sodium
carboxymethyl cellulose (CMC) or sodium dodecyl sulfate
(SDS) using probe sonication with a Fisher Sonic Dismem-
brator, model 550, with a 1/4” tip, at 100% amplitude for 30
min. The as-synthesized SWNTs exhibited lengths of 1—4 pm
prior to sonication. After sonication the tube lengths were
reduced to an average of 1 um, with tube lengths as short as
300 nm measured via atomic force microscopy (AFM). As-
received D,0 (Cambridge Isotope Laboratories, pH = 7) was
the solvent for solution-based measurements, which were
performed in 2 mm cuvettes. Films were prepared by ultrasonic
spraying via a Sonotech Impact ultrasonic spray head of
SWNTs dispersed with 1% (mg/mL) CMC in deionized H,0
(pH = 7) onto glass microscope slides that were heated to 140

°C during the deposition.” Sets of four to five films were
sprayed in the same deposition run to provide enough samples
for comparative experiments. CMC was removed from the as-
sprayed films by soaking overnight in 4 M HNO; at room
temperature. After surfactant removal, films were rinsed with
deionized water and dried at 80 °C. Collapsed film thicknesses
were ~160 nm for the thick sets of film and ~42 nm for the
thin sets of films, as determined by optical profilometry.
Strongly absorbed nitric acid was removed by heating samples
on a hot plate with a surface temperature of 250 °C for 30 min
in either ambient air or a dry nitrogen glovebox. Films were
stored in ambient air. Steady-state absorption measurements
were performed using a PerkinElmer Lambda model 1050
spectrometer. Transient absorption measurements were
performed using a system based on an amplified Ti:sapphire
Solstice (Spectra Physics) laser pumping two TOPAS optical
parametric amplifiers. Pump and probe pulse widths were ~150
fs. The excitation density of the pump laser was between S X
10" and 2 x 10" photons pulse™ cm ™ for all TA experiments
corresponding to between 20 and 80 excitons/(um of tube
length) (Figure S1, Supporting Information). The pump
wavelength of 1215 nm (1.02 eV) was chosen to lay between
the E1 and E2 excitonic transition peaks (see Figure 1). The
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Figure 1. PLV SWNTs suspended in CMC and SDS dispersions
examined by (a) steady-state and (b) transient optical absorption
spectroscopies (4 pump = 1215 nm, 4 probe = 1690 nm). Times are
cumulative bubbling time, and after each period the sample was
allowed to re-equilibrate.

TA data are presented as Aa/a, so the response is normalized
to the linear absorption coefficient at the probe wavelength
prior to arrival of the pump beam. The repetition rate of
measurement was 2 kHz.

B RESULTS AND DISCUSSION

Surfactant-Suspended SWNT Solutions. Steady-state
and transient absorption optical spectra for solutions containing
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PLV SWNTs are shown in Figures la and 1b, respectively.
When suspended with the organic polymer CMC, PLV tubes
are well dispersed and isolated from one another and do not
flocculate on the time scale of months. The steady-state
absorption spectrum (Figure la) shows prominent contribu-
tions from the E1 and E2 excitonic transitions for the s-SWNTs
in the sample, as well as features associated with the first (M1)
transition for the m-SWNTs and higher energy E3 transitions
for the s-SWNTs. As discussed previously, the E1 band is more
spectrally congested in PLV SWNTs, and individual (n,m)
species in the sample are difficult to discern (see Figure S2,
Supporting Information). Note that this is not evidence for
tube—tube contact or bundling. First, note that the bandwidth
of the van Hove singularity involved in each ground-state-to-E1
transition is ~25 meV.>’ Since the number of possible species
in the PLV diameter range is larger (~36) than in the HIPCO
diameter range (~26) and the average energy difference
between the E1 transitions of PLV tubes of neighboring
diameter is ~30 versus ~60 meV for HiPCO tubes, the optical
transitions for the distribution of PLV tubes are strongly
overlapping. The lack of tube—tube contact in CMC-suspended
PLV SWNTs is supported by the measured lifetimes for the TA
transients (vide infra).

In addition to being isolated from one another, CMC-
suspended tubes show no sign of interaction with the aqueous
solvent environment. In contrast, the entire E1 absorption
envelope is almost completely absent in the absorption
spectrum for the SDS-suspended SWNTs (Figure la). The
loss of oscillator strength for the E1 transitions is due to doping
associated with protonation by the solvent of oxygen species
chemisorbed on the nanotube walls.>**** In doping, electron
density is withdrawn from the delocalized HOMO and
localized at the protonation site. The net effect is a p-type
doping that can be described as a Fermi level shift toward the
valence band.** Spectroscopically, the oscillator strength for the
HOMO-LUMO El transition is dramatically reduced. The
degree of quenching observed is surprising considering that the
samples were in neutral D,0, but the results are consistent with
previous NMR studies on the interactions of PLV SWNT's with
water.*' Comparable E1 quenching across the range of smaller
diameter HIPCO SWNTs in SDS dispersions requires a much
lower pH of 2.5.>® Though the doping mechanism is apparently
the same for both small and large diameter tubes, the
protonated complexes are much more readily formed on larger
diameter SWNTs due to a combination of a higher stability for
the surface bound oxygen species”® and a more labile
surfactant sheath that readily admits solvent species.” It is
surprising that doping is not observed for the CMC-suspended
SWNTs because the CMC and SDS samples were prepared
similarly, and oxygen groups are likely present in both cases.
The strong binding of the cellulosic polymer to the SWNT
surface evidently excludes water and inhibits formation of the
protonated complex.

Because the SDS surfactant sheath is labile,* hydronium ions
can readily access the SWNT surface and protonate surface-
bound oxygen species. With an effective excess of hydronium
ions, the degree of doping has been shown to be strongly
dependent on the concentration of surface oxygen species.*®
Figure la shows the evolution of the absorption spectra as N,
gas is bubbled through the SDS-suspended sample and oxygen
is desorbed from tube walls. After 1.5 h of N, bubbling, the E1
transitions reappear with a peak wavelength that is slightly blue-
shifted relative to the CMC data. This is consistent with larger

diameter tubes in the distribution having a higher affinity for
chemisorbed oxygen.”®*® After 25 h of N, bubbling (including
7 h under ultraviolet light exposure to photostimulate
desorption), the E1 transition envelope is re-established, and
the peak position returns to the unshifted position. After a long
period of bubbling the doping state of the tubes should reach
equilibrium with the surrounding environment wherein weakly
adsorbed oxygen is desorbed and purged, while more strongly
held species remain adsorbed to the SWNT sidewall.
Presumably, the E1 absorbance intensity does not reach the
full intensity seen in the CMC sample due to a small number of
remaining tightly bound species that could be removed with
more aggressive efforts (ie, heating or more intense UV
photodesorption). We believe that the E1 absorbance fails to
fully recover due to slow oxygen desorption from the PLV
tubes, which is consistent with studies on HiPCO tubes in
which stronger oxygen chemisorption was seen for the larger
diameter tubes in the distribution.*®

Figure 1b shows the companion transient absorption data.
The pump wavelength was chosen to excite tubes between the
E2 and E1 absorption features to avoid resonant excitation and
instead broadly couple into the high-energy tail of the E1
envelope (lpump = 1215 nm). The probe wavelength was
adjusted to the peak of the E1 absorption feature, which is close
to the E1 absorption of several tubes in the PLV SWNT sample
(Figure 2).**> For the CMC-suspended tubes, a transient
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Figure 2. Transition energies for the El, and E1 to E2 transitions for
SWNTs in the PLV diameter range (1.2—1.6 nm) following the
assignments by Bachilo and Weisman.*® Vertical black lines at 1.2 and
1.6 nm indicate the approximate limits of the tube diameters within
our samples. Green diamonds indicate E1 — E2 transitions resonant
within the range of our probe measurements (see Figure Sb).

photoinduced bleach (PB) is detected as the transmission of
the sample is increased by state filling of the E1 exciton, as has
been observed by others.””*”*> A biexponential fit to the decay
of the signal indicates two lifetimes with fast (0.8 + 0.2 ps,
~90%) and slow (1.1 + 0.2 ns, ~10%) components (see
Supporting Information). Due to the lack of tube—tube
interactions which could lead to fast energy transfer and the
low excitation fluences which make fast exciton—exciton
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recombination unlikely, we can assign the fast decay to rapid
nonradiative interband recombination within states comprising
the E1 manifold.>"** The origin of the slow decay
component®***® is less clear but could be associated with
the intrinsic radiative lifetime of defect-free PLV SWNTs,*"*8
may reflect coupling of singlet and triplet states,*”* or be due
to slow depopulation of the “dark” dipole-forbidden state that
sits at lower energy with respect to the “bright” dipole-allowed
transition.*

The TA data for the PLV SWNTs dispersed with SDS are
distinctly different. In this case, a prompt PA signal, rather than
a PB, is observed. The origin of the PA is most likely due to
intraexciton E1 to E2 transitions for specific SWNTs in the
PLV distribution. Intersubband optical transitions are strictly
forbidden for the single particle (electron or hole) case.* Such
transitions have been observed with smaller diameter HiPCO
tubes but have not yet been reported for PLV SWNTs.
Korovyanko et al.** excited HIPCO SWNT films above the E2
transition and measured the TA behavior over a wide spectral
range with a broad-band probe. A PB signal was observed over
the range of the E1 transitions as expected for state filling, but a
PA was observed at longer wavelengths. Relaxation of the
photoexcitation to the lowest E1 state offered the possibility of
a photoexcited transition from the E1 manifold to a state within
the E2 manifold and a corresponding PA at a lower energy (see
Figure 2). Since the energy differences, E2 minus E1, are more
varied across a diameter range than are the E1 values
themselves, Yang et al*” used the lifetime of the transient at
the E2—E1 energy to characterize the lifetime of the E1 exciton.
This approach allowed single tube-type data to be straightfor-
wardly extracted from measurements on polydisperse HIPCO
samples.

In our case, doping reduces the oscillator strength for the E1
excitations and allows a PA signal associated with the E1 — E2
transition for certain smaller diameter tubes to be observed.
Figure 2 shows the energies for the El, and E2 minus El,
transitions for SWNTs in the PLV diameter range (1.2—1.6
nm) following the assignments by Bachilo and Weisman.*® The
two horizontal bars correspond to the pump (1215 nm, 40 nm
full width at half-maximum (fwhm), green) and probe (1690
nm, 60 nm fwhm, red) wavelengths used in this study. At the
selected probe wavelength, approximately 1/2 of the tubes in
the PLV distribution have E1 transitions that are too high in
energy to be measured. Considering the bandwidth of the
probe wavelength, ~6 tubes have E1 transitions that are nearly
resonant. Because the doping is strongly diameter dependent,
the E1 transitions in these resonant tubes, which are on the
large side of the diameter distribution, are expected to be more
strongly quenched than in the smaller diameter tubes in the
distribution. If we consider that the E1 transition is
incompletely quenched in these smaller diameter SWNTs,
the observed PA can be assigned to intraexciton E1 — E2
transitions in these specific tubes. The (15,2) and (16,0) tubes
with diameters of 1.270 and 1.278 nm, respectively, have E1l
and E1 — E2 transition energies that are near the 1690 nm
probe wavelength and could account for the PA seen at
wavelengths as short as 1570 nm.

With N, bubbling and the application of ultraviolet light to
accelerate oxygen desorption from the SDS-suspended
SWNTs, the PA signal is slowly converted back to a dominant
PB signal. After approximately 18 h the recovery of the El
absorption feature reached equilibrium with the N,-rich and
O,-deficient environment. The slight blue shift of the El

absorption peak is likely a result of a small population of
strongly adsorbed dopant species, possibly at defect sites or
tube ends, remaining on the tubes following the removal of all
of the weakly adsorbed dopant species. In an attempt to fully
remove all the dopant species from the SWNT surfaces, 7 h of
UV photoexcitation was employed. This succeeded in
decreasing the doping (increasing the E1 transition strength),
to a nearly intrinsic state.

The lifetime of the transient photoresponse also changes
with doping (see Figure 1b). While the CMC solution shows
an E1 PB with a nonzero signal at 14 ps delay, the SDS solution
shows a clear PA signal and no measurable longer-lived
component beyond ~10 ps. Upon bubbling of N,, the PA
begins immediately to convert to a PB with a long-lived (~1 to
2 ns) component (see Figure S4, Supporting Information). The
fast component of the decays (PA and PB) remains nearly the
same in all cases from the fully oxygenated SDS to the CMC
solution. The lack of a slow component in the doped sample
may be indicative of thermalization followed by fast quenching
of the excitons through interactions with dopant complexes on
the surface. This interpretation is further reinforced by noting
that upon full deoxygenation of the SDS solution the PB begins
to exhibit a low amplitude slow component. The molecular
picture is that the SDS surfactant allows water to access the
surface of the SWNTSs where it is able to protonate the
adsorbed molecular oxygen. The removal of the oxygen from
the solution then dedopes the surface of the SWNTs. This
conversion from doped to undoped as a function of
oxygenation is not seen in the CMC solution sample since
the CMC is known to exclude either oxygen or water from the
surface. Most likely water is excluded since the SWNT samples
were prepared in air and are assumed to already have oxygen
adsorbed on the SWNT sidewalls.

We note that Ostojic et al.>* did not report photoinduced
absorption in TA studies of the effect of doping on HiPCO
SWNTs. As stated previously, the doping is weaker in HIPCO
SWNT populations due to the smaller diameters and larger
band gap energies as compared to PLV SWNTs. They reported
a loss of the slow decay component which may be attributed to
an onset of doping such as we have observed, but the doping
was evidently insufficient to induce full extinction of the El
absorption band.

SWNT Films. SWNT films were investigated to further
understand the effects of doping and the origin of the PA signal.
Figures 3a and 3b compare the steady-state and transient
absorption data, respectively, for several SWNT films and
SWNTs suspended by CMC in solution. In Figure 3a, the
spectra for the films were plotted as measured, while the CMC
solution data were normalized to the rising high-energy E3
region and 7 plasmon edge of the data set. This was done to
account for the concentration difference between the films and
the CMC solution. The spectrum for the as-sprayed film closely
matches the CMC reference solution spectrum across the M1
and E2 envelopes, but the El envelope is broadened, red-
shifted, and reduced in amplitude. Evidently, even the relatively
low temperatures employed during the spray deposition and
film drying processes (140 and 80 °C, respectively) allowed
some tube—tube coupling and perhaps a small amount of
surface oxygen protonation and concomitant doping. However,
there is insufficient thermal energy to allow large-scale SWNT
rearrangement and any significant degree of bundling.” The as-
sprayed film displays a PB signal (Figure 3b) that is quite
similar to the CMC solution data as expected for state filling.
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Figure 3. Optical absorption: (a) steady-state spectra of SWNT films
and solution in different doping states and (b) time-resolved transient
absorption changes as measured at the E1 exciton peak (1690 nm)
following excitation at 1215 nm. (c) Fitting of the mixed signal from
the partially doped films; fits are a linear combination of the fully
doped and N,-heated transient responses. Fitting results are reported
in Table 1.

When the data are normalized for the differences in intensity, it
can be seen that the full amplitude of the long-lived transient
for samples in CMC solution is retained for the film.

The CMC surfactant was removed from the as-sprayed film
by soaking overnight in 4 M HNO;.> The process causes the
film to collapse as the CMC is digested and dissolved, and the
thickness of the film is reduced to ~7% of its initial value.
Simultaneously, the high acid concentration produces strong p-
type do%)in§ due to protonation of chemisorbed oxygen
species.>>** Thus, a percolating network of doped SWNTs
is formed, and the sheet resistance of the film decreases by 3—4
orders of magnitude.” As with the SDS-suspended SWNTs in
solution, the introduction of free holes into the valence band of
the doped s-SWNTs bleaches the E1 band. In this case,
however, the E1 absorption feature is removed completely, and
the E2 transition is more strongly affected (Figure 3a). The
companion TA data (Figure 3b) show an intense PA signal that
can be expected from the results for the SDS-suspended
SWNTs (Figure 1b) and the much higher degree of doping
here. The near-complete bleaching of the E1 band and the
partial bleaching of the low energy side of the E2 band in the
steady-state absorption data suggest that no E1 excitons would
be available to participate in the E1 — E2 transition if we

consider resonant excitation only. However, even the small
degree of absorption that remains at 1215 nm is able to prepare
a sufficient population of El excitons, through nonresonant
excitation, that may then be further excited by the 1690 nm
probe to generate a PA signal.

The E1 bleach in acid-doped SWNT films persists for more
than 4 months in laboratory air, indicating the presence of
strongly bound acid species and a stable equilibrium for the
protonated complexes. In similarity to changes in doping due to
purging the SDS solutions with N,, the E1 absorption feature of
the films can be restored by decomposing the complexes that
are responsible for the doping. In this case, heating a strongly
doped film in air to 200 °C for 30 min temporarily and partially
restores the original E1 absorption band (Figure 3a). Here,
rather than reducing the surface concentration of chemisorbed
oxygen species by bubbling N,, the films are dedoped by
thermal deprotonation of the complexes, while the oxygen
species are still present. This latter point may be concluded
from experiments designed to separate the oxygen and
protonation kinetics (see Supporting Information). After
thermal decomposition of the doping complex, the E1 feature
is slowly rebleached as the surface oxygen species are
reprotonated by water in lab air. The time constant for this
process depended on the film thickness and the humidity.
While a significant change in the ratio of the PA and PB
components occurs over the course of hours, time-dependent
TA measurements can be acquired in 20 min (Figure 3b and
3c), and thus the transition can be tracked. Note that the TA
response for SDS-suspended SWNTs was fully converted from
a PA to a PB with as little as 1.5 h of N, bubbling (Figure 1b) in
solution.

Examination of films that are slowly changing allows for
direct comparison of the relative dynamics of the PA and PB
processes. Additionally, the reduced sample thickness for the
films (~100 nm) vs the solutions (1 mm cuvette path length)
improves the measurement’s temporal resolution. Within an
extended solution sample, the probe beam which is noncol-
linear with the pump beam instantaneously samples a range of
delays depending on the angle of noncollinearity. As a result,
the film-based measurements result in an improvement in the
time resolution by ~200 fs and allow for more accurate
measurement of the dynamics. Our observed influence on time
resolution is somewhat larger, perhaps owing to group velocity
dispersion between pump and probe wavelengths within the
solution sample. For example, we note that the fwhm of the PA
decay for SWNT films is ~0.75 ps (Figure 3b), while the
similar transient is ~1.5 ps wide for SDS-suspended SWNTs
(Figure 1b). Thus, the use of films allows us to more clearly
observe that the PA follows the PB process (Figure 3c). In fact,
the overall response for a wide range of doping states can be
modeled quite well using the linear combination of three
exponentials comprising: (i) a single ~140 fs fast rise time for
both the PA and PB processes, (ii) fast (0.61 ps) and slow (2.2
ps) components for the decay of the PB process, and (iii) fast
(0.63 ps) and slow (3.3 ps) components for the decay of the
PA process. The pure PB dynamics were measured from films
that were heated in N, to desorb all oxygen species and
therefore were not reprotonated in lab air over the course of
many months (see Supporting Information), while the pure PA
components were extracted from measurements of acid-doped
films (see Table 1).

Evidently, the states involved with the PB response must first
be populated before the PA can be observed. The relative
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Table 1. Results of Biexponential Fits to the TA Decays of
the Doped and Heated Samples”

time constant

®9 Aa/a (%)
PA PB

sample description fast  slow  fast slow (%) (%)
pure PB (heated in N,) 061 22 -37 -10 0 100
pure PA (acid-doped) 063 33 6.0 2.0 100 0
air Heated NA NA 17 44
air Heated +17.7 h NA NA 23 39
air Heated +23.2 h NA NA 30 36

“The mixed signals were fit to a linear combination of the full-scale
signals. Exposure times to laboratory air are indicated for the last two
air-heated samples.

dynamics suggest that this is true even when the PB cannot be
observed. This is the case for the acid-doped films, where the
PA signal dominates the TA response, but only after a short
delay. To investigate the possibility of free carrier absorption
accounting for the observed PA the mid-infrared photoresponse
of our doped SWNT films was also measured. No detectible PA
was observed in the range of 3—5 ym. Therefore, we conclude
that free carrier absorption cannot explain the behavior we
observe in our doped and partially doped SWNT samples. To
explain this behavior, we consider that the E1 — E2 transition
may first require a bright-to-dark exciton transition. In this
model, photoexcitation at 1215 nm creates excitons within the
high-energy tail of the El exciton absorption band which
rapidly cools toward the E1 absorption edge and equilibrates
within the E1 manifold of states. Ma et al. have described the
theoretical electronic structure of states near the E1 absorption
edge, which includes both optically allowed and dark states,
labeled as (A=, and (B> Their experimental studies with
HiPCO SWNTs indicated a dark-to-bright state transition time
of ~160 fs, consistent with the time scale on which we observe
the switch from PB to PA in partially doped SWNT samples.
Utilizing the electronic structure described by Ma et al, we
propose the scheme shown in Figure 4 to explain the processes
responsible for the dynamical features we observe. It is
interesting to consider that the presence of oxygen species
and the degree of protonation may affect the equilibration
dynamics for the states comprising the E1 manifold. However,
the experiments described here cannot directly comment on
this matter.

EZ
K Probe
therm (P A)
El
- llf'if*_s"_‘*lﬂik ................... 0By (dark)
Pump Probe Keag | Knonrad
(PB)
E,

Figure 4. Model of exciton behavior based on TA measurements: EO,
El, and E2 represent the ground state and first and second exciton
levels. Pump photons create hot E1 excitons, which cool at a rate ky,erm,
and recombine at rates characterized by k.4 and k,,,..g- Thermalized
E1 bright excitons generate a PB when the E1 band is probed. Bright
El excitons transition to the dark state (,B7,) at rate Kiright-dark-
Excitons within the dark exciton state may more strongly absorb probe
photons, promoting them to the E2 state.

To examine the E1 — E2 transitions over a broader range of
tubes species, we investigated stable acid-doped and N, heated
films by TA with the probe wavelength varied from 1500 to
1820 nm. Figure Sa shows the data for the N, heated film

TA Spectrum of a Nitrogen Baked SWNT Film
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TA Spectrum of an Acid Doped SWNT Film
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Figure S. Transient spectral response of the thick sprayed films, after
(a) heating in nitrogen and (b) soaking in 4 M nitric acid for 18 h.
Note the crossover from the PA to the PB at 1540 nm in the acid-
doped film. Tubes with resonant E1 — E2 intraexciton transitions
within the probe range are identified by red circles in (b).

where a pure PB response is observed for every probe
wavelength. Here, the intensity of the PB signal follows the
linear absorption response with a peak at ~1690 nm. In
contrast, Figure Sb shows the data for the strongly doped
samples where PA signals are dominant. The red circles in the
plot mark the approximate wavelengths of E1 — E2 transitions
for tube species with E1 transitions falling within the E1 band
for our PLV distribution.*® The good correspondence between
the expected and measured locations of the intraexcitonic
transitions indicates that our analysis accurately describes the
photophysics in these PLV SWNTs. We note that the
appearance of a small PB signal at ~1520 nm is consistent
with E1 excitation of the (11, 7) tubes species that is at the
small diameter edge of the PLV diameter range. In this case,
there is no corresponding intraexciton transition that can be
excited (see Figure 2).

PLV SWNT films and solutions have been employed using
linear absorption and ultrafast transient absorption spectrosco-
py to reveal how static and dynamic optical properties vary with
the degree of doping by protonation. Our transient absorption
studies revealed that while dedoped SWNT films show the
expected bleach of the El transitions due to state filling by the
El exciton population doped SWNT films show a clear
photoinduced absorption signal. Both the PB and the PA signal
decay with nearly identical dynamics. The PA signal arises from
an intraexciton transition from the dark state within the E1
absorption edge. Since the ensemble of intraexciton transitions
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for PLV-SWNTs overlaps substantially with the E1 exciton
absorption band, the PA contribution to the TA signal is
present even in undoped samples but is dominated by the PB
signal associated with E1 population state filling. We are able to
probe the ultrafast transient absorption signal at the peak of the
E1 band, which simultaneously allows probing of the PA signal
for doped samples. Analysis of the mixed-polarity (PB and PA)
signal in partially doped samples reveals evidence for the
delayed onset of intraexciton absorption relative to cooling to
the bright E1 state. It was also found that doped films can be
thermally dedoped by heating to temperatures >180 °C. Doped
SWNT films thermally dedoped in air do not remain stably
dedoped, whereas films dedoped in a dry N, environment are
stably dedoped, with no propensity to redope in laboratory air
(within a time frame of 10 months). Such a resistance to
doping demonstrates an important effect for electronic
functional layers such as absorber or transparent conductor
layers in solar cells and will be more completely discussed in a
subsequent publication.

B ASSOCIATED CONTENT

© Supporting Information

Studies investigating the power dependence of the transient
absorption signal in PLV SWNT collapsed films, UV—vis—NIR
absorption spectra showing the unresolved nature of the
individual E; absorption features of the various SWNT species
present in the PLV samples, a study of the dependence of the
wavelength of the E; peak on the doping state of the SWNT
ensemble in solution, transient absorption data showing the
long-lived component present in isolated undoped PLV
SWNTs and its disappearance following collapse of the
SWNT films, time-dependent studies of the change in the
transient photoresponse with time in air (i.e, redoping times
for various treatments), and finally a graph of the same data as
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