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The primary photoexcited species in excitonic semiconductors is a
bound electron—hole pair, or exciton. An important strategy for
producing separated electrons and holes in photoexcited excitonic
semiconductors is the use of donor/acceptor heterojunctions, but
the degree to which the carriers can escape their mutual Coulomb
attraction is still debated for many systems. Here, we employ a
combined pump—probe ultrafast transient absorption (TA) spectro-
scopy and time-resolved microwave conductivity (TRMC) study on
a suite of model excitonic heterojunctions consisting of mono-
chiral semiconducting single-walled carbon nanotube (s-SWCNT)
electron donors and small-molecule electron acceptors. Comparison
of the charge-separated state dynamics between TA and TRMC photo-
conductance reveals a quantitative match over the 0.5 microsecond
time scale. Charge separation yields derived from TA allow extraction
of s-SWCNT hole mobilities of ca. 1.5 cm? V-1 s7* (at 9 GHz) by TRMC.
The correlation between the techniques conclusively demonstrates
that photoinduced charge carriers separated across these heterojunc-
tions do not form bound charge transfer states, but instead form free/
mobile charge carriers.

Introduction

In organic semiconductors and/or materials with reduced dimen-
sionality (e.g semiconducting polymers, single-walled carbon
nanotubes, and monolayer transition metal dichalcogenides), the
primary excited state produced by absorption of a photon is often
an exciton, a Coulomb-bound electron-hole pair.*® To produce
electricity or fuels with such ‘excitonic’ semiconductors, it is
essential to dissociate excitons into uncorrelated charge carriers,
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New concepts

The cornerstone of excitonic solar cells is the efficient conversion of
bound electron-hole pairs, or excitons, into free carriers across an
interface between electron donor and acceptor components, where a
thermodynamic driving force leads to photoinduced charge separation.
Time-resolved spectroscopic studies are critical for probing this charge
separation process. Such studies provide crucial mechanistic insights
related to overcoming or bypassing deleterious bound interfacial charge
transfer (CT) states, enabling device efficiency improvements. Our study
uses transient absorption (TA) and time-resolved microwave conductivity
(TRMC) - commonly employed independently but seldom combined - to
provide a deeper understanding of photoinduced charge separation for
model donor/acceptor heterojunctions. Out study demonstrates that the
rigid bonds, low reorganization energy, and highly delocalized charge
carriers in s-SWCNTs appear to limit the formation of CT states. This
suggests that (i) chemical structure offers a means to control interfacial
charge separation processes and (ii) the spectroscopic approach
employed here can be applied to a broad array of heterojunctions
formed between excitonic semiconductors.

electrons and holes, that have appreciable mobility. Donor/
acceptor heterojunctions are thus crucial interfaces where a
thermodynamic driving force facilitates photoinduced electron
transfer from a donor semiconductor to the acceptor semiconductor
(or hole transfer in the opposite direction) to dissociate photo-
generated excitons.*™® Despite the ubiquity of donor/acceptor
interfaces in devices like organic photovoltaic (OPV) solar cells,
the mechanisms underlying charge separation across these
interfaces are still actively investigated. Low dielectric screening
of the electron-hole Coulomb potential in many excitonic semi-
conductors and interfaces can lead to bound interfacial charge-
transfer (CT) states that can impede efficient charge separation.”
The precise role of CT states in the progression from excitons to
uncorrelated carriers is heavily debated,”® ! and many studies
have suggested mechanisms (e.g. hot CT states, carrier delocali-
zation, etc.) by which CT states may be bypassed.”
Semiconducting single-walled carbon nanotubes (s-SWCNTs) are
excitonic semiconductors with a number of promising properties
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for various opto-electronic applications such as OPVs,"” photo-
detectors (PDs),”® sensors," and quantum information pro-
cessing.'>*® In heterojunctions with a number of organic electron
acceptors, s-SWCNT films show high charge generation yields in
the visible and near-infrared that depend sensitively on the thermo-
dynamic driving force available for charge separation.>'”>° In OPV
devices, s-SWCNT films have shown high values for both internal
and external quantum efficiency (IQE and EQE),>*>* and it has
also been suggested that CT states are absent, leading to low
nonradiative open-circuit voltage (Voenonrad) 10ss.>* The photo-
dynamics of exciton dissociation and charge recombination
processes at heterojunctions between s-SWCNTs and various
electron acceptors such as fullerenes,*'”**?° perylene diimides
(PDIs),” and two-dimensional (2D) molybdenum disulfide
(MoS,) monolayers*® have been explored, and the charge separa-
tion processes therein occur rapidly, in the range of 120 fs-1.6 ps,
with charge recombination times often exceeding 1 us. The
ultrafast charge separation and long-lived charge separated states
from s-SWCNT-based heterojunctions are often attributed to a
high degree of charge carrier delocalization in the s-SWCNTs
phase, resulting in the fast extraction of charge carriers from the
donor-acceptor interface after exciton dissociation.®'7'%2%:2526
However, the fundamental nature of charges in s-SWCNTSs is still
debated, with some studies suggesting that poor dielectric screening
yields localized charges that are not truly free carriers.””*®

Here we demonstrate that quantitative comparison of charge
dynamics with different time-resolved spectroscopy techniques
can provide crucial insight into how truly ‘free’ charge carriers
are once they have been separated across an excitonic semicon-
ductor donor/acceptor heterojunction. In particular, transient
absorption (TA) is a common technique whereby charge carriers
can be spectrally identified and tracked over time scales ranging
from femtoseconds to milliseconds. While TA can spectrally
identify charge carriers (e.g. via polaron signatures in semicon-
ducting polymers® and anion/cation signatures in small
molecules),®® this technique typically cannot differentiate
between free and localized charges.?! Previous analyses have
specifically noted for semiconducting polymers that charge
signatures in the visible region of the spectrum cannot distin-
guish between free and trapped charge carriers.’’ Thus, to
identify the contribution of free charges to TA spectral signatures
requires careful correlation between TA spectra/dynamics and
other measurements which conclusively identify mobile carriers.
Time-resolved microwave conductivity (TRMC) probes the time-
dependent conductance of photoinduced free charge carriers
which can absorb microwave radiation. However, TRMC measures
the optical conductivity over a narrow microwave spectral range
(e.g. ca. 8-10 GHz for X-band), and thus cannot provide spectral
information of free charge carriers.

While the quantitative comparison of TA and TRMC dynamics
should clearly provide important insights into the nature of
charge generation in donor/acceptor heterojunctions, such com-
parisons are surprisingly rare in the literature. Of a handful of
existing studies,**® only one is performed on an organic donor/
acceptor heterojunction,* with the rest applied to a single organic
semiconductor. In this study, we rigorously compare TA and TRMC
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charge carrier dynamics to investigate a series of model donor/
acceptor heterojunctions consisting of s-SWCNTs and organic
electron acceptors. While the exceptionally long charge separation
lifetimes and high carrier mobilities of s-SWCNTs make these
heterojunctions a promising model system for spectroscopically
probing charge carriers, a quantitative comparison of TA and
TRMC techniques has never been performed for such systems.
In heterojunctions formed between (6,5) s-SWCNTs and PDI
electron acceptors, we find a near-perfect match of the TRMC
photoconductance dynamics to the dynamics of photoinduced
charges measured by TA. This result suggests that the charges
generated in such heterojunctions are truly ‘free’ and not
localized in CT states, despite the low dielectric screening
expected at the donor/acceptor interface. The results also
provide clarity to the debate over the contribution of free versus
localized charges to the TA spectral signatures observed for
charges in s-SWCNTs. Finally, the correlation between TA and
TRMC allows us to estimate the hole mobility in the s-SWCNT
films for a number of different heterojunctions, which we find
to be in the range of ca. 0.7-2.7 cm® V' s~ ' at 9 GHz (average
value of 1.5 £ 0.6 cm®> V' s7 ).

Results
Ground-state and transient absorption spectra

In this study, we probe charge generation across bilayer hetero-
junctions formed between two different near-monochiral s-SWCNT
thin films (dominated by either the (6,5) or (7,5) species) and three
different electron acceptors (Fig. 1a). One electron acceptor is the
Ceo fullerene'”*"**263738 and the other two are perylene diimide
based electron acceptors'®'® that we abbreviate hPDI2-pyr-hPDI2
and Trip-hPDI2. Exemplary ground-state absorption spectra of neat
films and bilayers of s-SWCNTs and hPDI2-pyr-hPDI2 are displayed
in Fig. 1b, and those for s-SWCNTs with Trip-hPDI2 or Cg, are
shown in ESLT (Fig. S1). All three of these electron acceptors form
Type-1I heterojunctions in which there is a thermodynamic driving
force for photoinduced electron transfer from the s-SWCNT donor
to the acceptor, as well as photoinduced hole transfer from the
acceptor to the s-SWCNT donor. #9226

The absorption spectra of the neat films exhibit the primary
characteristics shown in previous studies.®'**>?° Neat films of
s-SWCNTs have excitonic absorption bands at 998/1047 nm
(S11) and 574/654 nm (S,,) for (6,5)/(7,5) SWCNTs, respectively.
The K-momentum phonon sidebands (X;)*° are also located at
855/891 nm for (6,5)/(7,5) SWCNTs. Absorption in the ultraviolet
region corresponds to the polyfluorene wrapping polymer and
S-SWCNT S;; absorption. The neat films of PDI-based electron
acceptors show monomeric and aggregate S; absorption bands
of hPDI2-pyr-hPDI2 at 555 and 602 nm (Fig. 1b), respectively,
and vibronic progressions of Trip-hPDI2 starting from 401 and
555 nm (Fig. S1, ESIf)."® Neat films of Cg, have weak S; and
strong S, bands at 612 and 436 nm (Fig. S1, ESI}), respectively.

Fig. 1c shows the TA spectra of s-SWCNT/electron acceptor
bilayers, in which the pump photon wavelength was chosen to
primarily excite the electron acceptors to induce hole transfer.

This journal is © The Royal Society of Chemistry 2021
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(a) Molecular structures of electron acceptors and s-SWCNT electron donors, (b) ground-state absorption spectra of SWCNT — hPDI2-pyr-hPDI2

bilayers and neat films, (black: hPDI2-pyr-hPDI2 neat film, dotted: (6,5) SWCNT neat film, dashed: (7,5) SWCNT neat film, red: (6,5) SWCNT — hPDI2-pyr-
hPDI2 bilayer, blue: (7,5) SWCNT - hPDI2-pyr-hPDI2 bilayer), (c) TA spectra of SWCNT - electron acceptors at 100 ps (hPDI2-pyr-hPDI2 and
Trip-hPDI2) and 300 ps (Cgo) pump—probe delays, excited at 415 nm (hPDI2-pyr-hPDI2 and Trip-hPDI2) and 450 nm (Cg). Spectra are offset for clarity,

with the AA = 0 line provided for each spectrum.

The pump-probe delay of 300 ps was used for s-SWCNT/Cg,
bilayers instead of 100 ps for s-SWCNTs/PDI-based acceptors
bilayers due to significant exciton diffusion effect for the thick
Ceo layer (90 nm).>® The two representative TA features of
charge carriers within s-SWCNTs are Sy, ground state bleaching
(GSB) and trion induced absorption (X') at 170-180 meV lower
than S;; energy level."”>*?® Note that the X" designation is
based on the original assignment by Matsunaga et al.,’® where
this absorption represents the creation event of a charged
exciton (trion). Most importantly for the current study, this
peak indicates that photoinduced charge transfer has generated
holes in the s-SWCNT network. All s-SWCNT/PDI-based acceptor
bilayers show GSB at 1008/1050 nm and X" at 1178/1223 nm for
(6,5)/(7,5) SWCNTs, respectively. At similar pump photon fluences,
neat (6,5) or (7,5) s-SWCNT films do not exhibit the X" induced
absorption, but only show a relatively short-lived GSB. The direct
comparison of TA features of s-SWCNT neat film and bilayer is
shown for the (6,5) SWCNT - hPDI2-pyr-hPDI2 bilayer in ESI, T

(Fig. S2(a)).

This journal is © The Royal Society of Chemistry 2021

The absence of the X' peak in neat films indicates that, when
pumped at low photon fluence (<3 x 10" photons cm™ 2 pulse ),
charge generation in neat films is below the limit of detection for
the TA experiment. As shown previously,'*>***¢ the concomitant
observation of the GSB and X' peak (Fig. 1c), along with the long
GSB and X' lifetimes (Fig. S2 and Table S1, ESI), indicate that
all of the bilayers studied here produce charges via photo-
induced interfacial charge transfer, producing a charge-separated
state that consists of holes in the s<SWCNTs and electrons in the
acceptor phase.

Comparison of TA and TRMC kinetics

We now turn to a comparison of TA and TRMC dynamics for
charges separated across s-SWCNT/acceptor bilayers. For this
comparison, we primarily discuss (6,5) s-SWCNT bilayers
with PDI-based acceptors, and (7,5) s-SWCNT bilayers are
discussed in the SI (Fig. S3 and S4, ESIf). All TA dynamics
discussed here track charge carrier (hole) spectral features
arising from s-SWCNTs, since the large oscillator strengths

Mater. Horiz., 2021, 8,1509-1517 | 151
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and narrow peak widths of these transitions allow us to follow
charge dynamics while keeping the absorbed photon fluence as
low as possible.

As demonstrated by Fig. 1c, all of the heterojunctions exhibit
the S;; GSB and X' induced absorption peaks following exciton
dissociation across the heterojunction interface. Since both
peaks correspond to holes produced by exciton dissociation,
their kinetics should be identical, as can be seen in Fig. 2a for
the (6,5) SWCNT/hPDI2-pyr-hPDI2 bilayer. This equivalence
also holds for other bilayers (Fig. S2, ESI{) and allows us to
use the S;; GSB kinetics (with higher signal-to-noise than X"
kinetics) to compare to TRMC-measured hole dynamics.
Since all exciton-related processes such as exciton diffusion/
dissociation and exciton-exciton annihilation are complete for
all bilayers within the instrument response function (IRF) time
of the nanosecond pump-probe laser spectroscopy setup,
~300 ps, the GSB decay dynamics in this comparison solely
track the recombination of holes in s-SWCNTs with electrons in
the acceptor phase. What we cannot discern from the TA
measurement is the degree to which the TA spectral features
arise from free/mobile holes, trapped holes, or some combi-
nation of both.

In contrast to the white light probe laser of the TA measure-
ment, TRMC measures time-dependent absorption of a micro-
wave probe. The microwave probe is absorbed only by charge
carriers with appreciable mobilities (free charge carriers),
resulting in measurement of high-frequency (~ 9.9 GHz) photo-
conductance (AG). AG is proportional to the photoinduced free

View Article Online
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carrier generation yield (¢) and the sum of the high-frequency
free carrier mobilities (Zpu):

AP(1)

= —KAG(?) (1)

AG = Bqe - IgFa - 9Zp 2)

where AP(f) is the time-dependent change in microwave probe
power absorbed by the sample, K is an experimental sensitivity
factor of the measurement, f§ = 2.2 and is the ratio between the
long and short axes of the microwave guide, g. is the elementary
charge, I, is the incident photon flux, and F, is the fractional
pump laser absorption by the sample (determined from film
absorptance). The photoconductance decay dynamics represent
the loss of free charge carriers by charge recombination and/or
the reduction of carrier mobility by processes such as trapping. To
compare the TA and TRMC dynamics, the different instrument
responses of each measurement (ca. 300 ps for TA and ca. 4 ns for
TRMC in open cell configuration) must be accounted for. Thus, in
Fig. 2b and c, we convolve the TA dynamics with a 4 ns instrument
response function (IRF), as discussed in the ESIt (Fig. S5).

Fig. 2b and ¢ demonstrates a near-quantitative match for the
TA and TRMC dynamics for (6,5) SWCNT bilayers measured for
conditions probing both hole and electron transfer. These
matching dynamics strongly suggest that the photoinduced
charge carriers created by exciton dissociation in these (6,5)
SWCNT bilayers are predominantly free charge carriers that are
not bound in a charge transfer state. These results demonstrate
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Fig. 2 (a) Normalized S;; GSB and X* TA kinetic profiles of (6,5) SWCNT — hPDI2-pyr-hPDI2 for hole transfer up to 450 ns, Comparison of normalized TA
and TRMC kinetic profiles of the (6,5) SWCNTs bilayers for (b) hole transfer (Aexc = 400 nm) and (c) electron transfer (Aexc = 1000 nm) (top: hPDI2-pyr-hPDI2,
bottom: Trip-hPDI2). All profiles are normalized to the peak value. The absolute s-SWCNT Sy; GSB kinetic profile is convolved with the IRF of TRMC in the
open cell configuration (~4 ns FWHM Gaussian) for comparison with the TRMC kinetic profile.
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that, in this prototypical Type-II s-SWCNT heterojunction, the
GSB and X' peaks observed in TA following interfacial exciton
dissociation are characteristic spectral features of free/mobile
excited-state holes. While trapped charges may also have similar
spectral features (see Discussion below), it is clear that free charges
produce strong GSB and X' peaks. These are important conclu-
sions that add clarity to the debate over the fundamental nature of
charges (and charge-related spectroscopic signatures) in s-SWCNT-
based heterojunctions, and we further discuss the implications for
these conclusions in the Discussion section below.

Charge separation yield and s-SWCNT hole mobility

The combination of TA and TRMC measurements can provide not
only qualitative information regarding the relative contribution of
free charge carriers to that of the total photoinduced charge
carrier population, but can also give quantitative information on
the interfacial charge separation (CS) yield (¢) and s-SWCNT hole
mobility (u,). TRMC provides the product of the CS yield and the
sum of the carrier mobilities (¢Zp):

OZp = @y, + 1) 3)

(a)
01f. ... o=,
G
2
€
o
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where . and uy, are the electron and hole mobilities, respectively.
In the present study, following interfacial exciton dissociation, the
charge-separated state consists of holes in the s-SWCNT thin film
and electrons in the small-molecule film. From TA measure-
ments, interfacial CS yields can be estimated by utilizing empiri-
cally determined absorbance coefficients for charge-related
spectroscopic signatures.”®”> Thus, as we demonstrate here,
the yield of charges extracted from TA and the yield-mobility
product extracted from TRMC can be combined to estimate the
9 GHz s-SWCNT hole mobility.

We first describe the extraction of the yield-mobility product
from TRMC measurements of charges produced by exciton
dissociation in six distinct s-SWCNT donor/acceptor hetero-
junctions. Fig. 3a and b shows the fluence dependence of pXpu
for these heterojunctions, studied under selective excitation
conditions that either induce photoinduced hole transfer (PHT)
or photoinduced electron transfer (PET), respectively. The ¢pXu
value is plotted as the CS yield-mobility product at ¢t = 0
((¢pZp)s=0) that is extracted by a global multi-exponential analysis
of the fluence-dependent TRMC decays. As demonstrated in our
previous studies, extrapolating ¢Xu values to ¢ = 0 accounts for
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Fig. 3 (a) and (b) show the CS yield — carrier mobility product (pZu) vs. absorbed photon fluence (/gFa) for all s-SWCNTs — electron acceptor bilayers in
(a) hole transfer and (b) electron transfer. The solid lines are empirical fits to eqn (4), used to estimate the low-fluence limit to pZu and to interpolate pXpu
values appropriately for TA/TRMC comparisons. A fit is not shown for the neat (6,5) film, due to the low signal-to-noise ratio and the uncertainty
associated with the low-fluence saturation behavior. (c) and (d) compare Sy; AT/T and TRMC AG vs. [oFa for hole transfer at (6,5) SWCNT heterojunctions

paring with (c) hPDI2-pyr-hPDI2 and (d) Trip-PDI2.
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carrier loss processes that may occur within the 4 ns pump
pulse, since the yield-mobility product decreases with increasing
fluence.'”*”** While this reduction of pZu at high fluence could
potentially result from a decrease in charge carrier yield and/or
mobility, comparison to fluence-dependent TA measurements of
the peak GSB magnitude (Fig. 3c and d) demonstrate that
increasing fluence primarily contributes to a decrease in carrier
yield. The GSB magnitude is proportional to the total population
of excitons and/or charges and does not depend on charge
carrier mobility. Thus, the strong correlation between the
fluence-dependent GSB and ¢Xu magnitudes is consistent with
the expectation that second-order loss processes (e.g. exciton—
exciton annihilation)*”*"*> limit the initial exciton population
and ultimate exciton dissociation yield as the fluence increases.
This correlation also suggests that exciton-charge annihilation®?
does not play a substantial role in limiting the free carrier yield
in the TRMC measurement.

The fluence-dependent yield-mobility products are fitted by
an empirically demonstrated dependence of photoconductance
on absorbed fluence due to second-order loss processes:*”

A
4
1+ /BIoFa + CIoFa) )

(PZp),—o = (

where 4, B, and C are empirical fitting parameters. A represents
the saturated yield-mobility product ((¢Xp)sa) that best repre-
sents the low-fluence yield-mobility product where non-linear inter-
actions are absent. The fit lines allow us to interpolate pZu values
over a wide range of fluences so that we can match the fluence used
in a particular TA measurement. These interpolated Xy values are
combined with the CS yield values extracted from the analysis of TA
measurements. Tables 1 and 2 summarize the yield-mobility
product, carrier yield, and carrier mobility values for electron and
hole transfer in all of the heterojunction combinations.

As discussed in our prior studies, the extended pi network
and rigidity of s-SWCNTs lead us to the conclusion that the
s-SWCNT hole mobility significantly exceeds the electron mobilities
in the organic electron acceptors studied here (i, > pe)."”?” As an
example, the 9 GHz hole mobility was estimated to be in the range
of ca. 0.2 ecm® V' 57" for (7,5) s-SWCNTs (originating from
CoMoCAT SWCNT source)’” and ca. 1.1 em® V' s~ for HiPCO
thin films containing five primary s-SWCNT species.'” These values
are much larger than the electron mobility of ca. 0.01 cm®* V' s~ *
estimated for evaporated Cg, films.>” While measurements or
estimates of the 9 GHz electron mobilities do not exist for these
PDI-based acceptors, space-charge limited current (SCLC)
measurements** suggest electron mobilities that are about two
orders of magnitude smaller than found in evaporated Cg,
films.*® As such, the sum of the mobilities in our current
measurements should be dominated by the s-SWCNT hole
mobility (Zu = un + ge & upn) and the @Xp values in Tables 1
and 2 reduce to Zu = @uy,.

To deconstruct the s-SWCNT hole yield-mobility product
(pun) and estimate the hole mobility, we use TA to estimate the
charge carrier yield (¢) generated by photoinduced charge
separation. The interfacial CS yields (¢) for s-SWCNT - electron
acceptor heterojunctions is calculated as ¢ = N/Nex = Np/IoFa,
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Table 1 CS yield, yield—mobility product, and s-SWCNT hole mobilities
from hole transfer. PHT yields in parentheses are corrected for photon
absorption in the s-SWCNT layer. up, is calculated from uncorrected CS
yield

hPDI2-pyr-hPDI2  Trip-hPDI2 Ceo
Yield-mobility product (¢pXu)
(6,5) SWCNT  0.077 0.099 0.093
(7,5) SWCNT 0.130 0.136 0.096

Charge separation yield (¢ppr)

(6,5) SWCNT  0.066 (0.059) 0.056 (0.055)  0.039 (0.033)
(7,5) SWCNT  0.131 (0.137) 0.18 (0.211) 0.050 (0.044)
s-SWCNT hole mobility (1)

(6,5) SWCNT 117 1.77 2.38

(7,5) SWCNT 0.9 0.76 1.92

Table 2 CS yield, yield—-mobility product, and s-SWCNT hole mobilities
from electron transfer

hPDI2-pyr-hPDI2 Trip-hPDI2 Ceo
Yield-mobility product (¢pXu)
(6,5) SWCNT 0.104 0.269 0.384
(7,5) SWCNT 0.116 0.189 0.388
Charge separation yield (¢pgr)
(6,5) SWCNT 0.153 0.18 0.21
(7,5) SWCNT 0.133 0.070 0.263
SWCNT hole mobility (u)
(6,5) SWCNT 0.68 1.49 1.82
(7,5) SWCNT 0.87 2.70 1.48

where Ny, is the hole density created by exciton dissociation, Nex
is the initial photogenerated exciton density, I, is the incident
photon density, and F, is the fraction of absorbed photons
(absorptance). The determination of Ny, is based on a previously
developed method that considers the dependence of the S;;
GSB and X' intensities on carrier density.>®*> To obtain the
maximum X' intensity from TA spectra, the spectral contribu-
tions of charges were separated from those of excitons by global
analysis based on singular value decomposition (SVD).>**®

The interfacial CS yields from both PHT and PET are listed in
Tables 1 and 2, respectively. The CS yields are then used to calculate
s-SWCNT hole mobilities following exciton dissociation by PHT
and PET (Tables 1 and 2, respectively). Parenthetical PHT yields in
Table 1 are corrected for the small amount of photon absorption by
the s-SWCNT layers,*® but uy, is calculated from uncorrected (total)
CS yield. The s-SWCNT hole mobility values obtained from this
analysis cover a range of 0.68-2.7 cm® V! 57!, with an average
value of 1.5 + 0.6 cm® V' s~ . Notably, the magnitude of this range
is consistent with the results of our recent study cross-correlating
dark microwave conductivity and DC conductivity to estimate the
9 GHz hole mobility in doped (6,5) s-SWCNT networks.*’

Discussion

The matched TA and TRMC dynamics and reasonable charge
carrier mobilities extracted from the analyses described above

This journal is © The Royal Society of Chemistry 2021
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suggest that (1) the excited-state charges produced by exciton
dissociation across prototypical Type-II s-SWCNT heterojunc-
tions are primarily free charge carriers, and (2) by extension,
free/mobile excited-state holes produced in such a heterojunc-
tion give rise to strong GSB and X' peaks in the TA spectra.
Here, we discuss the implications of these results, both from
the standpoint of s-SWCNT photophysics and from the broader
standpoint of carrier generation in heterojunctions of excitonic
semiconductors.

It is important to note that some or all charge carriers separated
across many heterojunctions formed between low-dielectric semi-
conductors cannot escape the Coulomb attraction of the opposite
charge carrier, even when that carrier resides in another material.
Charge transfer excitons (CTEs), consisting of a Coulomb-bound
electron in the acceptor and hole in the donor, are ubiquitous
features in many such heterojunctions.” For example, strongly
bound CTEs (binding energy ~ 90 to 200 meV) called interlayer
excitons (ILEs) are the typical result of interfacial exciton dissocia-
tion in numerous heterojunctions formed between two transi-
tion metal dichalcogenides (TMDCs).**>' CTEs have also been
identified in numerous TMDC heterojunctions with small
molecules.’>* In organic donor/acceptor heterojunctions, CTEs
have been observed in sensitive sub-bandgap absorption and
photoluminescence measurements, along with some evidence of
very small photocurrents in quantum efficiency measurements
of photovoltaic devices.”> While some CTEs may dissociate into
free carriers, a number of analyses suggest that such CTEs can
inhibit free charge generation and reduce the voltage of OPVs.” >
Importantly, s-<SWCNTs possess many of the properties that have
been suggested for overcoming this interfacial Coulomb attrac-
tion - e.g. rigid bonds, low reorganization energy, and highly
delocalized charge carriers.”®'%>¢

The results of the current study demonstrate that photogenerated
charges in model s-SWCNT donor/acceptor heterojunctions do
not ultimately produce Coulomb-bound CTEs, since such inter-
facial excitons would not be probed by TRMC. Classen et al.
recently noted that the large open-circuit voltage of s-SWCNT/
fullerene solar cells was consistent with the lack of an observable
charge-transfer state absorption feature in external quantum
efficiency (EQE) measurements.>* While such EQE studies can
identify the contribution (or lack thereof) of charge-transfer
states to photocurrent generation via sub-bandgap absorption,
they cannot rule out the possibility that some fraction of
separated charges form CTEs following absorption at or above
the s-SWCNT or fullerene optical bandgaps. Our study conclu-
sively demonstrates that such a mechanism does not occur in
these prototypical s-SWCNT heterojunctions. The quantitative
match of TA and TRMC dynamics observed here contrasts
markedly with the only other study we are aware of comparing
TA and TRMC dynamics following exciton dissociation across
an organic heterojunction.?® In that study, the TRMC dynamics
of charges separated across a polymer/fullerene heterojunction
were dominated by a population of long-lived mobile carriers
while the relatively short-lived TA dynamics were dominated
by the fast recombination of the majority of photogenerated
carriers.*®
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Our results also provide clarity regarding the spectral signatures
of excited-state mobile charge carriers in TA measurements of
s-SWCNTs - namely whether or not such features reflect the
presence of free or localized carriers (or both). This question
has been debated for the ground-state charges in doped (6,5)
s-SWCNTs, where the primary spectral changes to the UV-Vis
absorption spectra are GSB and trion induced absorption features
that are nominally identical to the features observed in our TA
measurements for excited-state charges.”®"” It is sometimes
proposed that the charge carriers in doped s-SWCNTs are pre-
dominantly localized near the dopant site as a Coulomb-bound
“mirror charge” or “charge puddle”,*® analogous to the excited-
state CTEs discussed above. However, Ferguson et al. paired 9
GHz and direct current (DC) conductivity measurements to con-
clude that a significant portion of charge carriers in doped (6,5)
S-SWCNT films are “mobile” or free charge carriers.”” Consis-
tently, a recent study employing charge modulation spectroscopy
also observed GSB and X" spectral features for mobile free charge
carriers in electrostatically doped (6,5) s-SWCNT thin films.?” The
current study conclusively demonstrates that concomitant GSB
and X' peaks are ubiquitous spectroscopic signatures of free/
mobile excited-state charges in photoexcited s-SWCNTs-based
donor/acceptor heterojunctions. While localized charge carriers
may also contribute to these spectral features in some doped
s-SWCNT samples or photoexcited heterojunctions, using these
peaks to discriminate between localized and delocalized carriers
may hinge upon deducing a more nuanced appreciation of the
effect of localization on the relative oscillator strengths, peak
widths, and energies of such transitions. Alternatively, spectral
characteristics of charges at much lower energies (e.g. mid-
infrared) may prove more promising for making this distinction,
as has recently been demonstrated for some semiconducting
polymers.>*>°

Finally, we note that our combined TA/TRMC analysis is also
useful for determining the excited-state carrier mobility for
systems where estimates are available for charge carrier absorp-
tion coefficients.>>*"! It is encouraging that the s-SWCNT hole
mobilities extracted by our analysis only vary by a factor of ca. 6
across all of the twelve unique experimental combinations. We
also conclude that the average mobility value is in a sensible
range when contextualized with other recent analyses.’” For
example, the hole mobility in (7,5) SWCNT/Cg, heterojunctions
was recently estimated to be 0.2 cm® V™' s~ ' by utilizing solar
cell quantum efficiency measurements to estimate carrier yield
for similarly prepared heterojunctions.’” While the average
(7,5) hole mobility extracted here (1.5 £ 0.6 ecm®> V™' s7") is
appreciably larger than that estimate, there is significant
difference in s-SWCNT tip-sonication time in the current
(15 min) and previous (60 min)*” studies. Studies from our
own group and others have found that shorter sonication time
yields longer tube lengths and lower defect densities,®* >
which in turn translate to higher luminescence quantum
yields,®* film conductivities,®® and higher solar cell quantum
efficiencies.®® Since these improvements all result from a
reduced probability for carrier scattering or trapping events,
the charge carrier mobility (and by extension the yield-mobility
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products) of (7,5) SWCNTs in this study should be larger than
that in our previous study.’”

While the similarity between TA and TRMC kinetics suggests
that the charge carriers produced by exciton dissociation are
predominantly free charge carriers, the charge separation
yields for these heterojunctions are still relatively low. Low
charge separation yields in s-SWCNT heterojunctions can be
traced, in part, to the relatively fast exciton decay and inefficient
transverse exciton diffusion.*® As shown in Fig. S2(b) (ESI{),
nearly 80% of the initially excited exciton population decays
within 10 ps. Bindl et al. also demonstrated a relatively short
cross-plane inter-tube exciton diffusion length of ca. 5 nm,*
similar to the ca. 5 nm exciton diffusion length found by
Dowgiallo et al. in Cey thin films.** The thermodynamic driving
force also plays an important role in the charge separation
yield.>®* Even in SWCNT heterojunctions of <5 nm SWCNT
layer thickness, Wang et al. found low overall device IQEs with PDI
acceptors, due to relatively low charge transfer driving force.®* We
are currently investigating the impacts of thermodynamic driving
force and molecular structure on charge separation in a systematic
series of SWCNT-PDI heterojunctions.

Conclusions

In this study, we performed a correlated spectroscopic analysis on
heterojunctions of s-SWCNTs and organic electron acceptors by
transient absorption and time-resolved microwave conductivity.
Combined analysis from two different spectroscopic techniques
provides insights into the charge carrier separation process and
charge carrier spectroscopic signatures that cannot be gleaned
from either technique alone. The close correlation between TA and
TRMC dynamics for (6,5) SWCNTs heterojunctions points to free
charge carriers, and not interfacial charge-transfer states, as the
primary outcome of exciton dissociation in these model systems.
Quantitative analysis also demonstrates that excited-state carriers
in s-SWCNTs have appreciable mobilities, with an average value of
1.5 + 0.6 cm® V"' s~ . The cross-analysis approach demonstrated
here provides a roadmap for better understanding exciton disso-
ciation and charge separation in a wide variety of donor/acceptor
heterojunctions containing excitonic semiconductors.
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