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ABSTRACT The time scales for interfacial charge separation
and recombination play crucial roles in determining efficiencies of
excitonic photovoltaics. Near-infrared photons are harvested effi-
ciently by semiconducting single-walled carbon nanotubes (SWCNTs)
paired with appropriate electron acceptors, such as fullerenes
(e.g., Cgo). However, little is known about crucial photochemical
events that occur on femtosecond to nanosecond time scales at such

heterojunctions. Here, we present transient absorbance measure-

ments that utilize a distinct spectroscopic signature of charges within SWCNTS, the absorbance of a trion quasiparticle, to measure both the ultrafast

photoinduced electron transfer time (7,) and yield (¢,..) in photoexcited SWCNT—Cq bilayer films. The rise time of the trion-induced absorbance enables

the determination of the photoinduced electron transfer (PET) time of 7, < 120 fs, while an experimentally determined trion absorbance cross section

reveals the yield of charge transfer (¢,e; ~ 38 &= 3%). The extremely fast electron transfer times observed here are on par with some of the best donor:

acceptor pairs in excitonic photovoltaics and underscore the potential for efficient energy harvesting in SWCNT-based devices.
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recombination - trion

emiconducting single-walled carbon

nanotubes (SWCNTs) are robust light

absorbers that have garnered increas-
ing attention as the electron-donating com-
ponent in excitonic photovoltaic devices.'?
One such device consists of a thin film of
chirality-sorted semiconducting SWCNTs
paired with an electron-accepting layer of
Coo> 8 where internal quantum efficiencies
exceeding 85%>® and AM1.5 power conver-
sion efficiencies of ~1% (bilayer)* to 1.7%
(bulk heterojunction)® have been achieved.
In these devices, photoexcited SWCNT ex-
citons are dissociated via interfacial photo-
induced electron transfer (PET) to Cgo. Time-
resolved microwave conductivity (TRMC)
measurements have revealed that the over-
lying Ceo layer leads to an enhancement of
long-lived mobile carriers (compared to a
neat SWCNT film) when the s-SWCNTs are
excited at their first excitonic transition
(S41).° However, TRMC has two important
limitations—a temporal resolution of ~4 ns
and a sensitivity to any mobile charges—
that make it difficult to unambiguously
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identify and temporally track charges asso-
ciated with one phase (SWCNT or Cg),
especially at times relevant to the initial
PET step (presumably femtosecond or pico-
second time-scale).

Distinct spectroscopic signatures of
charges in semiconductors are important
and ubiquitous tools for understanding ul-
trafast charge separation in excitonic photo-
voltaic active layers. Such signatures include
free carrierinduced absorption (IA) in oxides
(e.g., TiO,),"° polaronic IA in semiconducting
polymers,'"'? and intraband electron or
hole IA in semiconductor quantum dots.'>'*
We hypothesized that it would be possible
to quantitatively track ultrafast interfacial
charge separation in SWCNT heterojunc-
tions by using the spectroscopic signature
of a three-body quasiparticle known as a
trion.”” In this case, we reasoned that the
hole remaining on a SWCNT following PET
(induced by a pump pulse) can bind to an
exciton (generated by a probe pulse) to
form a three-particle complex containing
two holes and one electron. The resulting
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“positive trion”, X*, has a distinct optical absorption,
providing an unambiguous signature of ultrafast PET.

Trions were first predicted in 1958 as stable quasi-
particles in semiconductors,'® were first observed ex-
perimentally in 1993 in semiconducting quantum
wells,””'® and, more recently, have been predicted
and observed in quantum dots'®?° and semiconduct-
ing SWCNTs.">2'~25 In SWCNTSs, trion states of singlet
excitons are predicted to have high binding energies,
up to ~14% of the exciton energy.?' Stable trions have
been demonstrated in SWCNTs by means of chemical
doping,’® electrochemical doping,®® and optical
excitation.?*?®> Due to the high trion binding energy,
the trion absorption transition is significantly red-
shifted with respect to the S;; (e.g, AE =~ 170 meV
for (6,5)) and has typically been used as an indicator of
ground-state charges. In ultrafast pump—probe experi-
ments on SWCNTs at high photon fluences, excited-
state charges can be generated through exciton Auger
ionization processes, which can then form trions following
subsequent photon absorption.?* These optically gener-
ated trions appear as an |A that decays within hundreds of
picoseconds.?* In principle, the appearance and decay of
the trion IA in transient absorbance (TA) measurements
should reveal the temporal dynamics of charge separation
and recombination in SWCNT—Cg, systems.

In this study, we examine thin films of (6,5) SWCNTSs
both with and without an overlying Cg, layer, using
1000 nm pump (resonant with S;;) and near-infrared
probe TA spectroscopy. At low pump fluences (<3 x 10'?
photons pulse ™' cm™2), we observe the trion IA around
1174 nm in the SWCNT—Cg bilayer, whereas no trion
IA appears for the neat SWCNT film. The interfacial PET
time constant (rise time of the trion IA) was determined
to be <120 fs, which is limited by the instrument
response of our TA system. In addition, very long
lifetimes for the exciton bleach and trion IA in the
SWCNT—Cgo bilayer suggest efficient separation of
opposite charges into the two phases, which inhibits
carrier recombination. Trion generation is confirmed
through steady-state absorption measurements of
neat SWCNT films (without Cgp) systematically doped
by a p-type dopant. Quantitative calculations of
the hole density in these doped SWCNTs allow for
the determination of the absorption cross section of
the trion, which in turn allows us to estimate the hole
density and charge transfer yield (¢pe: ~ 38 & 3%) for
SWCNT—Cgp films in the TA measurement. These re-
sults represent the first time the trion has been used as
a distinct spectroscopic probe to quantify ultrafast
photoinduced charge separation at a nanoscale
heterojunction.

RESULTS AND DISCUSSION

For this study, we prepared nearly monochiral (6,5)
SWCNT dispersions, using a fluorene-based polymer
dispersant (PFO-BPy). Thin films of (6,5) SWCNTs
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(~9 nm) were prepared with and without an overlying
Ceo layer of approximately 50 nm on quartz substrates.
The neat SWCNT film has a strong absorbance peak at
1000 nm corresponding to the Sy, transition of the (6,5)
SWCNT (Figure 1a).

Other notable absorption features include the
K-momentum phonon sideband (X;) at 862 nm?® and
second excitonic transition (Sy;) at 574 nm. The (6,5)
SWCNT solution used to prepare the thin films also
contained small amounts of (7,6), (7,5), and (6,4) mi-
nority species, which were identified using photolumi-
nescence excitation (PLE) spectroscopy (Figure 1b). In
the SWCNT—Cg film, the S, peak is red-shifted due to
an increase in the local dielectric constant from the Cgg
layer. An absorbance shoulder of Cgo can be observed
at ~420 nm, and some scattering by the Cg, layer
induces a positive offset of the bilayer spectrum.

In the bilayer, PET occurs at the interface between
the SWCNT and Cg, films due to a sufficient thermo-
dynamic driving force of the type Il heterojunction
present between the (6,5) SWCNT and Cgo.”%” To eluci-
date the PET time constant, TA spectra were collected
for the SWCNT and SWCNT—Cg thin films, pumping at
the S,; transition of (6,5) nanotubes (1000 nm) and
probing in the near-infrared (900—1300 nm). For the
SWCNT film, a strong bleach of the S;; exciton transi-
tion appears at 1004 nm and recovers completely
within ~1 ns (90% recovery within ~20 ps, Figure 1c).
Bleaching of the S;; transition in photoexcited (6,5)
SWCNTSs occurs because of both phase-space filling and
Coulomb interaction between excitons.>* In contrast, the
S;1 bleach occurs at 1008 nm for the SWCNT—Cg film
(Figure 1d) and persists for the full length of our experi-
mental resolution (5.6 ns). The red-shift of the bilayer S,
bleach results from an increased local dielectric constant
from the presence of Cso and is consistent with Figure 1a.
In addition, an IA arises at ~1174 nm at times immedi-
ately following the pump pulse and persists for the entire
5.6 ns experimental window (Figure 1d). We attribute this
new long-lived peak to the absorbance of positive trions
(X™) following PET at the SWCNT—Cg, interface; in this
case, holes remaining on the SWCNT after PET bind to
excitons generated by the probe pulse. This IA is shifted
by 174 meV from S;,, consistent with previous observa-
tions of trions generated (via exciton Auger ionization)
in (6,5) SWNCTs in TA experiments®* or luminescence of
(6,5) SWCNTs doped with ground-state holes or elec-
trons.'>?® Figure 1e demonstrates the stark contrast
between the TA spectra of the SWCNT and SWCNT—Cg,
films at long pump—probe delays (e.g., 300 ps). At these
long delays, the neat film displays only a very weak
bleach signal, whereas the bilayer film displays a strong
S1; bleach and X' IA.

It is important to note that the trion IA is not
observed for the neat SWCNT film (Figure 1c), even at
early times. This result is consistent with previous
TA measurements where the trion |A was not observed
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Figure 1. (a) Linear absorption spectra of the thin films of (6,5) SWCNT before (black) and after (red) Cgo deposition. (b)
Photoluminescence excitation (PLE) map of (6,5) SWCNT solution after removal of ~99% of the PFO-BPy polymer, with the
minority nanotube species labeled. Differential absorption spectra for a thin film of (c) (6,5) SWCNT and (d) (6,5) SWCNT—Cq, for
the first 300 ps after time zero following excitation at the S, excitonic transition. The trion (X*) peak appears in the SWCNT—Cq,
film at 1174 nm (purple stripe) in (d). (e) Comparison of the differential absorption spectra of the SWCNT (black trace) and
SWCNT—Cg, (red trace) films at a delay time of 300 ps. The pump fluence for (c) through (e) is 3 x 102 photons pulse™" cm™

(0.006 exciton nm™").

for (6,5) SWCNTs in solution for pump fluences below
5 x 10'? photons pulse™' cm~22* In those experi-
ments, a trion IA was observed only at sufficiently
high pump fluences (5 x 10" to 2.5 x 10'* photons
pulse ' cm™?) due to the fact that large exciton
densities result in collision-induced exciton Auger
ionization, where an exciton is dissociated into free
carriers that can then bind to excitons (from the probe
pulse) to form trions.>* In our experiments, we used low
pump fluences (<3 x 10'? photons pulse ™' cm™2) to
remain within the regime where the differential ab-
sorption intensity of Sq; increases linearly with pump
fluence (Figure S1) and where the trion IA is absent for
the neat SWCNT film. At early times (~100 fs), there is
a broad, short-lived peak centered at 1130 nm (AE ~
130 meV) for the neat SWCNT film that decays within
~5 ps (Figure S2a), which has previously been assigned
to biexciton formation.>**® Figure S2 demonstrates
that the S;; bleach and 1130 nm biexciton IA arise
from the same (6,5) exciton population in the neat film
and that the biexciton feature contributes minimally to
spectra observed for the photoexcited bilayer. We also
note that charge transfer, and subsequent trion forma-
tion, is not expected to occur between the photo-
excited SWCNT and ground-state polymer (PFO-BPy)
because large-band-gap polyfluorene polymers are
expected to form a type | heterojunction with semi-
conducting SWCNTs.2%3° The high PL intensity of the
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PFO-BPy (6,5) SWCNT dispersion (Figure 1b) and lack of
a trion 1A in the neat SWCNT sample (Figure 1c) further
confirm that charge transfer from SWCNTs to PFO-BPy
does not occur.

The decay kinetics of the S;; bleach for both the
SWCNT (black traces) and SWCNT—Cg, (red traces)
films are shown in Figure 2a. It can readily be seen that
the S;; bleach recovers at a faster rate in the neat SWCNT
film compared to that of SWCNT—Cg,. The decays are fit
to a sum of three exponentials convoluted with our
instrument response function (~120 fs, Figure S3).

At early times, the bleach kinetics in the SWCNT film
are dominated by a fast decay, followed by two longer
lifetimes (150 fs, 2.5 ps, and 23 ps, black fit line). A
similar fit to the bilayer film (red fit line) reveals that the
two shortest time constants associated with exciton
decay are reduced to ~112 fs and 1.9 ps, as a result of
the competing electron transfer decay pathway. A
third time constant of ~290 ps is necessary to fit the
data; a fit of the trion IA (Figure 2d, vide infra) indicates
that this time constant represents the decay of the
charge population resulting from PET. Figure 2b de-
monstrates that the bleach for the SWCNT film is fully
recovered by 1.2 ns, whereas the S;; bleach persists in
the SWCNT—Cqgq film beyond 5.6 ns. This long-lived
bleach results directly from the charge population (i.e.,
Pauli blocking) that now resides on the SWCNTSs follow-
ing PET, with the long decay times reflecting the
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Figure 2. (a) Normalized transients of S, exciton bleach for SWCNT (black, A,,ope: 1004) and SWCNT—Cq films (red, Apobe:
1008 nm) at early times. The red and black lines correspond to three-exponential fits to the raw kinetic traces (see text). (b)
Bleach decay dynamics for SWCNT (black) and SWCNT—Cg (red) for full experimental window (out to 5.6 ns). (c) Normalized
X* trion IA at 1174 nm. Blue line is an integrated Gaussian fit, giving a rise time of ~120 fs. (d) Full kinetic trace for the X" trion

IA, with its corresponding biexponential fit (blue line). The laser pump fluence for all panels is 3 x 10" photons pulse

(0.006 exciton nm™").

inhibition of carrier recombination due to charge
separation in two distinct phases. Ultimately, the bleach
dynamics are quite complex since a bleach arises from
both charges and excitons, and furthermore a nonunity
exciton dissociation yield (vide infra and refs 3, 4, 8,
and 9) implies two populations of excitons are probed:
(1) excitons that decay with the intrinsic kinetics of a
neat SWCNT film and (2) excitons that decay due to
photoinduced electron transfer. This complexity under-
scores the advantage of tracking PET with a signature
that is sensitive only to the presence of charges.

Since the trion A indicates the presence of charges
created by pump-induced interfacial charge separa-
tion (with no contribution of excitons), the rise time of
the trion IA (Figure 2c) is a clean measure of the PET
time (7pe), With the decay (Figure 2d) representing
charge recombination (z,.). The blue line in Figure 2c
shows an integrated Gaussian fit of the trion rise time
that reveals 7, &~ 120 fs. This fast rise time indicates
rapid electron injection into the Cg layer in the bilayer
film (7per < 120 fs, IRF (instrument response function)-
limited), where excitons are readily dissociated at the
interface and the remaining holes on the SWCNTs form
trions with excitons created by the probe pulse. The
trion IA rise times and corresponding fits for several
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different pump fluences ranging from 1.7 to 8.3 x 10'?
photons pulse ™' cm 2 are displayed in Figure $4; all fits
consistently return 7, values on the order of our IRF,
with an average value of 125 + 14 fs. Convolution of
the IRF with a biexponential decay yields charge recom-
bination time constants (z,c) of 340 ps and 16 ns, at 30%
and 70% of the decay, respectively (blue fit line, Figure 2d).
Since the majority of carriers recombine with a time
constant that is considerably longer than our experimen-
tal resolution (5.6 ns), future TA experiments on micro-
second time scales and TRMC studies will be employed to
measure the full recombination kinetics. For complete-
ness, early and long time transients of the neat SWCNT
film at 1174 nm (shoulder of the biexciton IA) are shown in
Figure S5.

The schematic in Figure 3a summarizes the process
of trion formation in the SWCNT—Cg, bilayer that
enables us to track charge generation: (1) formation
of SWCNT excitons by the pump pulse; (2) dissociation
of the excitons at the SWCNT—Cg interface by PET to
the Cgo layer; and (3) direct optical excitation (IA) of
trions in the SWCNT by the probe pulse.

Importantly, analysis of the trion IA kinetics in Figure 2
reveals two very important photophysical phenomena
for SWCNT—Cgq heterojunctions: (1) exciton dissociation
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Figure 3. (a) Schematic of trion formation in the SWCNT—Cg film examined in this study involving (1) exciton generation in
the SWCNT induced by the pump pulse, (2) exciton dissociation resulting from electron transfer from the SWCNT to Cg, and
(3) optical excitation of a trion by the probe pulse. (b) Schematic summarizing the measured ultrafast electron transfer time
from the SWCNT to Ce, followed by slow carrier recombination.

occurs with an extremely fast time constant of
Tpet < 120 fs, and (2) electron—hole recombination
across the SWCNT—Cg interface occurs on much
slower time scales (hundreds of ps to >5 ns) (Figure 3b).

Our assignment of the trion |A in the TA measure-
ment is confirmed through systematic doping of neat
SWCNT films using the p-type dopant triethyloxonium
hexachloroantimonate (OA),>' producing a new peak
in steady-state absorption at the trion energy (1.063 eV,
1166 nm). OA acts as a single-electron oxidant, where
charge transfer from SWCNTs to bound SbClg™ ions
creates holes in the SWCNT valence band.>' The amount
of adsorbed OA was varied to controllably vary the hole
density from 0.04 to 0.28 nm™" (vide infra), with increas-
ing hole density producing a concomitant decrease in
the Sy, and increase in the X intensities (Figure 4a).
Bleaching of the exciton transition occurs because of (1)
state filling due to doped holes and (2) reduction in the
exciton binding energy due to screening of the electron—
hole Coulomb attraction. Absorption spectra of the
hole-doped SWCNTs were fit with a series of Voigt
peaks, corresponding to the (6,5) S;; and X transi-
tions, and other minority SWCNT S;; transitions.
Figure 4b shows the absorption spectrum and corre-
sponding Voigt peaks for the doped SWCNT film at a
hole density of 0.08 nm™", while the Voigt analysis for
the other doped samples is shown in Figure S6.

The inset in Figure 4b demonstrates a direct correla-
tion between the S;; bleach (increased AT/T) and the
X" absorbance (increased AA/A) as the hole density
increases within the film, indicating a transfer of oscillator
strength from the exciton transition to the trion transition.
For comparison, the trion peak from steady-state absorp-
tion measurements is plotted with the trion IA from TA
measurements in Figure 4c (green and black dots,
respectively), along with Voigt fits (solid green and black
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lines, identical fwhm). An 11 meV red-shift of the trion IAin
TA measurements of bilayers, relative to the steady-state
measurements of doped neat films, is consistent with
the 13 meV red-shift of the S;; bleach, since both shifts
result from an increase of the local dielectric constant of
SWCNTs due to the presence of Cgo. Thus, Figure 4
confirms that the ~1174 nm IA observed in TA measure-
ments on the bilayer sample is consistent with the trion
optical transition induced by chemical hole doping and
can be attributed to probe-induced trion formation.

Voigt analysis of films doped in the ground state
with controlled hole densities allows us to calculate a
calibration constant (trion cross section, oy ;) for trans-
forming X" peak intensities in TA measurements to
hole densities in SWCNT—Cg, bilayer films following
PET. In turn, since the absorbed photon flux controls
the initial exciton density in the SWCNT layer, we can
calculate the important quantity of interfacial exciton
dissociation yield. The hole density (N;,) induced by OA
doping was estimated using an equation described by
Matsuda et al.> that relates the change in S;; absorp-
tion intensity to the injected hole density (N},):

Ad 0 Nh
1-=11—-/1 ———/Ny | +— (1
Ao En@ YN | Ty O

Ineq 1, Ap and A4 are the integrated absorbance inten-
sities before and after doping, Ny is the hole density at
which the S;; is completely bleached in SWCNTs, and
0/Epin(0) describes the screening-induced reduction in
exciton binding energy (taken here as ~0.88, previously
calculated).3® N, was estimated to be ~1.22 nm~' for
the (6,5) SWCNTSs using the relationship

No = 2mnEpin(0) (2)

4
h
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Figure 4. (a) Absorption spectra of progressively OA-doped SWCNT films with their corresponding hole densities (hm ™). (b)
Multipeak fit of the absorption spectrum of the doped sample with a hole density of 0.08 nm ' using Voigt function analysis. The
S11, X*, and other nanotube species are indicated. The S;; and X" intensities obtained after fitting each doped sample to the
Voigt function were used to determine the relative change in the transmittance of the S;; (AT/T) and the absorbance of X
(AA/A) (inset). (c) Normalized absorbance of the trion after OA doping (green dots) and after pump laser excitation at 3 x 10"?

photons pulse™’

cm~2 (black dots). The solid lines are Voigt fits to each peak. (d) Trion absorption cross section (o) as a function

of hole density for several doped nanotube films. The inset shows the Voigt peak fits of the trion peak for different doping levels.

where my, is the hole effective mass (~ 0.14m,, where
me is the mass of an electron) and E;,(0) is the exciton
binding energy (278 meV for (6,5) SWCNTSs, normalized
to & &~ 4) 3%

A calibration curve of AA/A (S;;) versus hole den-
sity (Figure S7a) was generated using eqs 1 and 2 to
determine the experimental hole density, Ny, imparted
by various OA doping levels. Next, the X* peaks ob-
tained from the Voigt analysis (inset, Figure 4d) were
used to correlate trion peak intensity (ODy_) with the
hole density imparted by various OA doping levels
(Figure S7b). In Figure S7b, the optical density of the X
peak was normalized by the optical density of the S;,
peak to allow for the analysis of SWCNT films with
arbitrary thicknesses. Additionally, an S;; absorbance
cross section of 2 x 10" ¢cm?/C atom was used to
calculate the trion absorbance cross section, oy, as a
function of N, (Figure 4d). In the OA-doped films, the
trion intensity grows sublinearly with increasing hole
density (Figure S7b), begins to saturate at ~0.3 nm™ ',
and by 0.5 nm™" is completely saturated. At a hole
density of 0.5 nm ™', or equivalently 1 hole per 2 nm
length of tube, the saturation behavior is consistent
with the measured exciton size of 2.0 + 0.7 nm in (6,5)
SWCNTSs.*® Hence, the exciton occupies a space where only
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one hole would be able to bind to form a trion, and any
additional holes present would not form a trion.

An empirical exponential fit to the data in Figure S7b
is given by

ODy:
ODs,,

= 0.0674 — 0.0676e ~2'->N (3)
and was used to calculate the hole density, N,(X™),
generated in TA measurements on the SWCNT—Cgq
film. Using eq 3, the hole density, N,(X™), generated in
SWCNTs following Sq; excitation (and subsequent inter-
facial PET) in TA measurements can be determined by
the trion IA intensity (AAx. ), which is normalized by the
S11 intensity of the neat SWCNT film (AAy, /ODs;4).
Using the initial exciton density (Ney = IoF s, Where Iy is the
incident photon density and F is the fraction of absorbed
light) introduced into SWCNTs from the pump pulse, we
can calculate the yield of interfacial charge transfer, gpet
where ¢pee = Ni/loFa. The resulting charge transfer yields
are given in Table 1, with an average being 38 =+ 3%.
The method described here should enable the mea-
surement of photoinduced charge transfer (electron or
hole) to or from any SWCNT species, as long as spectral
congestion (from other SWCNTs or from features of the
complementary donor or acceptor) does not interfere
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TABLE 1. Hole Densities and Charge Transfer Yields

power (nW) Ney (nm~") NyXT) (hm™") Dpet
70 0.0026 0.0011 0.41

0 0.0033 0.0012 0.36

10 0.0041 0.0014 0.34
130 0.0048 0.0019 0.39

with the observation of the trion IA. As a demonstration,
TA measurements were also performed on (7,5) SWCNT
and SWCNT—Cg bilayer films. A trion |A also appeared in
the differential absorption spectra of the (7,5) SWCNT—
Ceo film at 1230 nm (shifted by 170 meV with respect to
the Sy bleach), consistent with reports of the energy shift
between S;; and X' for electrochemically doped (7,5)
SWCNTs.?® The kinetics of the S, bleach and X IA (Figure
S8) were qualitatively similar to that of the (6,5) films,
indicating ultrafast PET and slow charge recombination.

METHODS

SWCNTs produced by the CoMoCat method (SG65i)
were purchased from Southwest Nanotechnologies, and poly-
[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,60-[2,20-bipyridine])]
(PFO-BPy) was purchased from American Dye Source. SWCNTs
were dispersed in ~2.5 mg/mL PFO-BPy in toluene through tip
sonication (1/2 in. probe) for 30 min at 40% intensity (Cole-
Palmer CPX 750) in a bath of cool (18 °C) flowing water. The
dispersion was then centrifuged for 5 min using an SW32Ti
rotor (Beckman) at 13200 rpm and 20 °C. The supernatant,
containing predominantly (6,5) SWCNTs, was removed for
further processing, and the pellet was discarded. The (6,5) SWCNT
dispersion was then centrifuged for 20 h at 24 100 rpm and 0 °C to
remove excess polymer. In this case, the resulting supernatant
(containing free solution-phase polymer) was discarded, and the
pellet (containing the (6,5) SWCNT material) was redispersed in
toluene. This polymer removal process was repeated twice until a
1:1 SWCNT:PFO-BPy mass ratio was obtained.

Next, the (6,5)-enriched SWCNT dispersion was used to
prepare thin SWCNT films on quartz substrates (22 mm x
10 mm x 1 mm). The substrates were cleaned prior to film
deposition by sonication in separate baths of toluene and
acetone and were then exposed to oxygen plasma for 5 min.
Films were prepared through ultrasonic spray deposition3®
using a dispersion flow rate of 0.25 mL/min and gas flow rate
of 7.0 std L/min. The nozzle power was fixed at 0.8 W, and the
substrate was heated to 130 °C to allow for evaporation of the
solvent. After spraying the films, they were soaked in a hot
toluene bath (80 °C) to remove some residual polymer and
better couple SWCNTs within the film. A thin layer of Cgq
(~50 nm) was deposited on SWCNT films via thermal evapora-
tion at a pressure of <1 x 107° Torr and a deposition rate of
0.5 A/s. In order to ensure the SWCNT and SWCNT—Cq, films
were in an inert atmosphere during the transient absorption
experiments, the quartz slide containing the samples was
introduced into a helium glovebox, and another quartz slide
was sealed on top of the sample using a polymer film (Surlyn,
Solaronix) heated to 90 °C. The polymer was cut into a hollow
frame so that it sealed only the outer edges of the slide and did
not interfere with the sample.

In order to dope neat (6,5) SWCNT films (for Figure 4),
solutions of triethyloxonium hexachloroantimonate in dichlo-
roethane were prepared using a method described by Chandra
et al®' with the following concentrations: 0.001, 0.01, and
0.1 mg/mL. The films were soaked in these solutions for 1 h at
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CONCLUSIONS

We demonstrate the first temporal resolution of ultra-
fast (<120 fs) exciton dissociation at a SWCNT:fullerene
interface by utilizing probe—pulse-induced trion forma-
tion as a transient spectroscopic signature of the resulting
charges. The strategies developed here may prove ben-
eficial for quantifying charge separation in a broad range
of semiconductor systems with sufficient trion binding
energies, such as single-layer MoS,,*” and can also probe
PET for a number of other technologically interesting
applications (e.g., solar fuel production and catalysis). The
fast PET times between SWCNTs and Cg, and are on par
with some of the best donor:acceptor pairs currently used
in excitonic photovoltaics and are consistent with low
reorganization energies and/or strong electronic cou-
pling. Technologically, our results suggest tremendous
potential for SWCNT—Cg, heterojunctions in applications
such as thin-film photovoltaics.

70 °C and then dipped in acetone to remove excess dopant.
Soaking in the 0.001,0.01, and 0.1 mg/mL OA solutions resulted
in hole densities of 0.05, 0.24, and 0.28 nm™", respectively. The
doped films with hole densities of 0.05 and 0.24 nm™~" were
allowed to sit for approximately 1 h to produce hole densities
of 0.04 and 0.08 nm™", respectively.

Steady-state absorbance measurements were carried out on
a Varian Cary 500 spectrophotometer. The thickness of each
layer was estimated using the optical density of the S;; at
1000 nm and the Cg, peak at 422 nm (absorption coefficient,
1.21 x 10° cm™").**° PLE maps were acquired using a home-
built Fourier transform spectrometer.*® Femtosecond pump—
probe TA experiments were performed on a 1 kHz regenera-
tively amplified Ti:sapphire laser system that produces 4 m)J
laser pulses at 800 nm. The Ti:sapphire laser pumps an optical
parametric amplifier to generate 1000 nm light, which was
chopped at a rate of 500 Hz and used as the excitation pump
pulse. Passing a portion of the amplified 800 nm light through
a sapphire plate generated a near-infrared continuum probe
pulse (800 nm < Apope < 1700 nm). The probe pulses were
delayed in time with respect to the pump pulse using a
motorized translation stage mounted with a retroreflecting
mirror. The pump and probe beams were spatially overlapped
at the quartz slide, and the sample was excited through the
nanotube layer first. Typical averaging times for data collection
were 5—8 s, at each pump—probe delay, to achieve high
signal-to-noise ratios. The instrument response function was
determined by measuring the nonresonant response of the
pump and probe pulses in ZnSe (Figure S3). At 1115 nm, a
Gaussian fit yielded an instrument response time of 117 £ 5 fs.
The probe beam was spectrally dispersed on an InGaAs
detector that has a sensitivity range of 800—1600 nm. The
measurements were carried out from 3 ps before time zero to
5.6 ns after time zero. The excitation pulse energies used
ranged from 0.14 to 1 nJ pulse™".
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