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Semiconducting Single-Walled Carbon
Nanotubes in Solar Energy Harvesting
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ABSTRACT: Semiconducting single-walled carbon nanotubes (s-
SWCNTs) represent a tunable model one-dimensional system with
exceptional optical and electronic properties. High-throughput separation
and purification strategies have enabled the integration of s-SWCNTs into
a number of optoelectronic applications, including photovoltaics (PVs). In
this Perspective, we discuss the fundamental underpinnings of two model
PV interfaces involving s-SWCNTs. We first discuss s-SWCNT—fullerene
heterojunctions where exciton dissociation at the donor—acceptor
interface drives solar energy conversion. Next, we discuss charge extraction
at the interface between s-SWCNTs and a photoexcited perovskite active
layer. In each case, the use of highly enriched semiconducting SWCNT
samples enables fundamental insights into the thermodynamic and kinetic
mechanisms that drive the efficient conversion of solar photons into long-
lived separated charges. These model systems help to establish design rules
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for next-generation PV devices containing well-defined organic semiconductor layers and help to frame a number of

important outstanding questions that can guide future studies.

photon sources for, for example, telecommunications or

ince their discovery in the early 1990s,"” single-walled
S carbon nanotubes (SWCNTs) have been studied

intensively for their unique optical, electrical, and physical
properties, as well as for myriad devices and applications.
SWCNTs can have either semiconducting or metallic electronic
structure depending on their diameter and chiral angle,
geometric properties that are captured by the unique “(n,m)
chiral indices” assigned to each particular SWCNT species. Many
applications depend critically on particular optical and/or
electrical properties, such as charge carrier density and type,
band gap, and frontier orbital energy levels. As such, the ability to
effectively separate semiconducting (s)- and metallic (m)-
SWCNTs was a crucial turning point in the evolution of
SWCNT research in the mid- to late 2000s.”~° In the past 10
years, a number of different high-throughput separation
techniques have been developed,”® and the past 5 years have
witnessed a strong resurgence of both fundamental and applied
SWCNT research, based on the ultrapure SWCNT's that are now
available.

S-SWCNTs are advantageous for a number of important
applications. They emit light in regions of the electromagnetic
spectrum in which blood and tissue have little absorption and
autofluorescence, making them attractive for biological imag-
ing.g_11 Narrow emission line widths, tunable within the region
of the spectrum utilized for telecommunications, make them
attractive as elements in telecommunications systems (e.g.,
optical switches, signal converters, or signal 1‘egenerators).12_14
Isolated sp* defects have also been shown to enable highly
efficient single-photon emission, encouraging their use as single-
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quantum computing.'” The tunable (and moderately large) s-
SWCNT band gap, along with very high carrier mobility, have
enabled their demonstration in both high-performance narrow-
channel field effect transistors (FETs) and thin-film FETs.'™ "
S-SWCNTs are also useful in thermoelectric (TE) energy
harvesting applications, in part due to the fact that the one-
dimensional density of states (DOS) imparts s-SWCNTs with
very large Seebeck coefficients (thermopower).'”*° When these
high thermopowers are paired with the ability to tune the carrier
density via doping and extremely high charge carrier mobilities
and conductivities, s-SWCNT thin films produce large TE power
factors that are on par with the best semiconducting polymers.

Semiconducting SWCNTs occupy a
unique space in the world of semi-
conductors, with properties that span
those of organic molecules, semicon-
ducting polymers, and solid-state
semiconductors.

When analyzing their utility in solar energy harvesting, it is
important to consider that s-SWCNT's occupy a unique space in
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Figure 1. SWCNT energy harvesting systems covered in this Perspective. (a) Schematic of the SWCNT—Cg solar cell. (b) Charges are generated
in these devices by photoinduced electron transfer (PET) or photoinduced hole transfer (PHT) at the SWCNT—Cg, interface. (c) J—V curve of a
representative SWCNT—Cg solar cell. (d) Schematic of a MaPbl, solar cell, using a s-SWCNT interfacial layer to extract holes. (e) Fast PHT is
observed from MAPDI; to s-SWCNTs, while recombination is slow. (f) J—V curve of a representative MAPbI, solar cell with and without a s-
SWCNT hole extraction layer, only showing the fourth quadrant. Panels (a—c) are adapted from ref 60 with permission from the Royal Society of
Chemistry, and panels (d—f) are adapted from ref 93 with permission from the Royal Society of Chemistry.
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Figure 2. Basic properties and separations of s-SWCNTs. (a) (Left) Single-particle DOS for m- and s-SWCNTs. (Right) Optical transitions, such
as the depicted S, ;, are excitonic, with a characteristic binding energy (E,). (b) Three different excited states of s-SWCNTs. (c,d) Photos (photo
credit to Dennis Schroeder, https://images.nrel.gov) and absorption spectra of highly enriched s-SWCNT inks prepared by polyfluorene
extraction. (e) AFM image of a s-SWCNT film prepared by ultrasonic spraying of an ink similar to those shown in panel (c). Panel (e) is reprinted

with permission from ref 20 Copyright 2016 American Chemical Society.

the world of semiconductors, with properties that span those of
organic molecules, semiconducting polymers, and solid-state
semiconductors. In many ways, their delocalized 7 electron
system imparts properties that evoke those of small conjugated
molecules, oligomers, or semiconducting polymers. In other
ways, their well-defined extended periodic lattice and relatively
small carrier mass invoke comparisons to inorganic solid-state
semiconductors. S-SWCNTs have molecule-like absorption,
with extremely narrow excitonic and vibronic resonances, and
also have defined chirality, in which mirror-image enantiomers
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exhibit strong circular dichroism.”! However, unlike their
molecular analogues, s-SWCNTSs have gigantic aspect ratios
with a regular periodic lattice that may extend for thousands of
unit cells, a property much more in line with inorganic
semiconducting nanowires. Absorption of photons by s-
SWCNTs creates bound electron—hole pairs, or excitons, with
a characteristic binding energy (E,) and correlation length
(&,).7** S-SWCNT excitons are tightly bound, which is typical
for the Frenkel-type excitons characteristic of molecular solids,
but the size of the exciton is much larger than the lattice constant,
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more in line with the Wannier excitons’ characteristic of covalent
inorganic semiconductors. As with semiconducting polymers,
charge transport in s-SWCNTs is facilitated by the extended &
electron network. However, s-SWCNT's are quite rigid and have
small effective carrier mass,** high charge carrier mobility,25 and
low internal reorganization energy,26 in strong contrast to typical
semiconducting polymers that are dominated by polaron
transport.27

The intriguing properties discussed above make a compelling
case for the study of s-SWCNTs as active elements in a number
of energy-related technologies, such as batteries, fuel cells,
photovoltaics (PVs), solar fuels, and TEs. In this Perspective, we
will focus specifically on concepts and studies related to solar
energy harvesting, in which electromagnetic radiation in the
visible and infrared regions of the spectrum are converted into
electricity. In particular, we will examine the fundamental
mechanisms governing the function of s-SWCNTs in two
model PV energy harvesting schemes, one where the s-SWCNT's
serve as a primary absorptive component of the active layer and
another where the s-SWCNTs serve as passive charge extraction
layers for perovskite solar cells (Figure 1).

Basic Properties of Semiconducting SWCNTs. Numerous reviews
have covered the fundamental electronic structure of single-
walled carbon nanotubes; therefore, we refer the interested
reader to these reviews for a more detailed treatment.”® Most
important for the current discussion is the fact that SWCNT's can
have either semiconducting or metallic electronic structure,
depending on the particular diameter and chiral angle of the
SWCNT in question. Statistically, in most SWCNT syntheses, 1/
3 of the SWCNTs are metallic and 2/3 are semiconducting.
Figure 2a displays calculated DOSs for representative s- and m-
SWCNTs. Each type of SWCNT has sharp peaks in the DOS
called van Hove singularities (VHS) that arise from two-
dimensional quantum confinement. In m-SWCNTs, there is a
finite DOS in between the lowest conduction and valence VHS,
and the lowest-energy ground-state electrons reside at the Fermi
energy in the middle of the gap. In contrast, s-SWCNTs have no
DOS in between the lowest-energy conduction and valence VHS,
and the lowest-energy electrons (in undoped s-SWCNTs) reside
at the top of the valence VHS.

Commonly synthesized s-SWCNTs (e.g, with diameters
between ~0.7 and 2.0 nm) have electronic band gaps (the energy
difference between the lowest-energy conduction and electron
VHS) in the range of 0.5—1.7 eV. Strong Coulomb interactions
give rise to significant electron—hole binding energies such that
photoexcited electron—hole pairs in s-SWCNTs are stabilized as
bound excitons, with exciton binding energies in the range of
02-0.5 eV (Figure 2ab).”® The optically active excitonic
transitions are narrow, with resolution-limited line widths on the
order of ~40 peV having been recently measured for isolated s-
SWCNTs at 4 K.*° Inhomogeneous broadening leads to room-
temperature excitonic line widths on the order of 40 meV (for a
single (n,m) species) for the ensemble samples that are typically
utilized in macroscopic applications.”” S-SWCNT excitonic
transitions have strong absorption coefficients, in the range of
4400 M~'em ™!, with oscillator strengths in the range of 0.010 per
carbon atom (cross section of 1-2 X 1077 cm?/C).*" The
oscillator strengths for excitonic transitions are related to the
spin, symmetry, and momentum selection rules associated with
both the single-particle DOSs from which a particular transition
is derived and many-body interactions.”” The dominant bright
transitions are [-momentum singlet excitons arising from VHS
of equivalent quantum number (1) where An = 0 (e.g, Si1, S,
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S,;) and with transition dipole parallel to the s-SWCNT axis. A
variety of weakly allowed and/or dark transitions are also present
for s-SWCNTs, including dipole-forbidden excitonic transi-
tions,””** weakly allowed cross-polarized transitions (e.gy S1z
S11, Sa4 etc.),”* vibronic transitions (e.g., K-momentum, herein
denoted X, etc.),>>*** and spin-forbidden transitions (e.g,
triplets, T), T, etc.).”® Finally, many-body quasi-particles, such as
biexcitons™ and trions (a three-body particle consisting of an
exciton bound to a charge),*”*" are also commonly observed in
photoexcited s-SWCNT's due to the strong Coulomb interaction
(Figure 2b). The utilization of s-SWCNTs in PV applications
depends crucially on this rich spectrum of optical transitions for
this unique semiconductor.

Separations of SWCNTs to Achieve Highly Pure s-SWCNTs.
Tremendous progress has been made in the separation of
SWCNTs into type-pure samples over the past decade. Many
techniques are now available, each technique having potential
advantages and disadvantages in terms of yield, throughput, and
requirements for postseparation workup. The four predominant
routinely utilized separation techniques are density gradient
ultracentrifugation (DGU),”* gel column chromatography
(Gce),* aqueous two-phase extraction (ATPE),** and
selective polymer extraction (SPE).*® The first three are all
aqueous separation techniques, while SPE is typically performed
in organic solvents such as toluene.

All of the aqueous techniques rely on the diameter- and
electronic structure-specific packing structure of surfactant
mixtures on SWCNT surfaces. DGU is based on the influence
of this packing structure on the SWCNT buoyant density. In
GCC, the separation mechanism relies on the influence of these
packing structures on the adsorption affinity for a stationary gel
such as agorose or dextran.*>*” ATPE relies on the influence of
these packing structures on the SWCNT hydrophobicity and the
resulting affinity for one of two phases with varying hydro-
phobicity (typically poly(ethylene glycol) and dextran). The
most commonly employed surfactants in these separations are
sodium dodecyl sulfate (SDS), sodium cholate (SC), and sodium
deoxycholate (DOC), and DNA-based variations on these
techniques have also been very effective at producing samples
highly enriched in particular (n,m) species. All of the techniques
have demonstrated successful separations based on electronic
structure (semiconducting versus metallic), diameter, chiral
angle (specific (n,m) species), and even optical isomers of
specific species (left- versus right-handed enantiomers).*"****

SPE is a relatively rapid method for producing highly enriched
s-SWCNTs.*® This method relies on the large difference in
noncovalent binding affinity for polyfluorene (and some other)
polymers on either s- or m-SWCNTSs.*” Thus, simply sonicating
a polydisperse batch of as-synthesized SWCNTs with an
appropriate concentration of a wide variety of polyfluorene
polymers, followed by light centrifugation, produces dispersions
that are highly enriched in s-SWCNTSs. The method has now
been used to produce highly enriched s-SWCNT dispersions
using starting materials from any synthetic method and diameter
distribution. Certain polyfluorene polymers disperse all s-
SWCNTs within a raw soot without selecting specific species,
while others are highly selective for certain (n,m) species or
families of s-SWCNTs (e.g., near-armchair).”® Recent advances
to this technique include the development of “degradable”
polymers that incorporate specific bonds between monomer
units that can be attacked following extraction.’’™>* The
methods of postextraction degradation include breaking imine
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Figure 3. Estimating exciton diffusion lengths in SWCNT—Cg, bilayers. (a) Comparison of the experimental EQE to the EQE predicted by using
the model in panel (b) for a solar cell with a 10 nm (7,5) SWCNT layer and a 32 nm Cg layer. (Inset) J—V curve for the device. (b) 2D map of
predicted Jy. for devices with varying (7,5) SWCNT and Cg layer thickness. (adapted from ref 60 with permission from the Royal Society of
Chemistry). This prediction assumes a capture length (L, the length scale over which excitons are effectively transported to the interface to be
dissociated) of 10 nm for the SWCNT layer and 15 nm for the Cg, layer. L does not include reflection of excitons at surfaces opposite the
heterojunction interface and is thus an upper limit for the exciton diffusion length, Ly,. (c,d) Transient absorption spectra of charged (c) (7,5) s-
SWCNTs and (d) (6,5) s-SWCNTs following PET or PHT at the SWCNT—Cy, interface. (e¢) The SWCNT bleach (S,;) and trion induced
absorbance (X*) can be used as reporters to track exciton diffusion to the SWCNT—Cy, interface. In panel (e), two different models are used to
estimate a diffusion length, Ly, of ~5 nm in the Cg layer for a (6,5)—Cg, bilayer. Panel (e) is reprinted with permission from ref 41 Copyright

2016 American Chemical Society.

or hydrogen bonds with acids, photodegradation, and decom-
plexation of dative transition metal coordination bonds.

For a number of reasons, our own recent work on energy
harvesting with s-SWCNTSs has focused almost exclusively on
samples generated by selective extraction with polyfluorenes
(Figure 2c—e). This technique has been shown to generate
extremely high purities of s-SWCNTs, with metal impurities as
low as 0.001% suggested by recent FET studies.'® The technique
also has very high yield and throughput,® generating high-
concentration inks rapidly (Figure 2c), an important quality for
scalable deposition and fabrication of energy harvesting devices.
The technique enables the extraction of a wide variety of s-
SWCNT band gaps (Figure 2d), making it quite versatile for
generating inks and thin films that can harvest energy in various
regions of the spectrum. Finally, the inks generated by selective
extraction are easily integrated into scalable deposition
techniques, such as ultrasonic spraying, that enable the rapid
deposition of uniform thin films with controllable thickness
(Figure 2e). Because the inks utilize organic solvents, they can be
deposited directly onto surfaces that degrade in contact with
water, such as perovskites.

S-SWCNTs as Active Elements in Solar Energy Harvesting.
SWCNT solar cells represent one variation of a broad class of
PVs that can be termed excitonic solar cells.” In excitonic solar
cells, the primary quasi-particle created by absorption of a photon
is an exciton, where the electron and hole are Coulombically
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bound with an exciton binding energy well in excess of the
thermal energy (kT). To generate the separated charge carriers
needed to produce photocurrent, excitonic solar cells typically
feature a donor—acceptor interface where a thermodynamic
driving force of appropriate magnitude supplies the requisite
energy to dissociate excitons via interfacial charge transfer. The
thermodynamic driving force (AG) is related to the frontier
orbital energies of the donor and acceptor species, as well as the
exciton energy of the component being photoexcited through the
equation

AG =P, — EA,l - E,_ (1)

In eq 1, IPy is the ionization potential of the donor, EA, is the
electron affinity of the acceptor, and E,, is the energy of the
exciton (optical band gap of the component being photoexcited).
The exciton energy in turn incorporates the binding energy

Eex = Eel - Eb (2)

In eq 2, E, is the electronic band gap (energy difference between
the IP and EA of the component being photoexcited) and Ej, is
the exciton binding energy.

To understand how an excitonic solar cell functions and to
optimize the efficiency of such a PV, it is important to consider a
series of fundamental steps that occur over a variety of time
scales. The most important events include (1) absorption of a
photon to create an exciton, (2) diffusion of the exciton to the
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donor—acceptor interface, (3) dissociation of the exciton via
interfacial electron or hole transfer, and (4) migration and/or
diffusion of each charge carrier to the appropriate electrode
where it is collected. This series of desired steps is in constant
competition with a number of undesired pathways that can lead
to loss of the energy associated with photon absorption,
including (1) exciton recombination, (2) exciton—exciton
annihilation or other collisional Auger processes, and (3) charge
trapping and/or recombination. This competition between the
events that lead to the successful collection of energetic charge
carriers and the deleterious events that deactivate excitons and
charges all comes down to the relative rates of the numerous
events that excitons and charges undergo.

Here, we discuss what has been learned about the mechanisms
and rates of these various processes for SWCNT donor—
acceptor PV blends. Two general types of SWCNT organic PV
blends have been studied extensively, polymer—SWCNT blends
where the SWCNTs act as electron acceptors®®®” and SWCNT—
fullerene bilayers and blends where the SWCNTs act as electron
donors.”****138=% We focus here on the latter class of materials
because the studies of these types of interfaces have focused
heavily on the direct contribution of photoexcited SWCNT's to
the design and function of the solar cell. SWCNT—fullerene
bilayer solar cells were first demonstrated by the Arnold group in
2011.%° In these solar cells, photoexcited excitons created in
either the SWCNT layer or fullerene layer can be dissociated at
the SWCNT—fullerene interface by either electron or hole
transfer, respectively. Figure 3a shows a J—V curve and external
quantum efficiency (EQE) spectra for a representative s-
SWCNT—Cy, thin-film solar cell. Contributions to the photo-
current from both the (7,5) s-SWCNT (electron transfer to Cy,)
and the Cg, (hole transfer to (7,5)) can be seen in the EQE.
Because these devices are quite thin and contain a reflective silver
electrode on the back of the cell, the optical field within the
device depends sensitively on the exact thickness of each layer.*’
Thus, the relative contributions of either the s-SWCNT or
fullerene layer can be tuned and can also be modeled by using the
thickness and optical constants of each layer to calculate the
position-dependent optical field within the device (Figure 3b and
predicted EQE in Figure 3a).%’

Exciton Diffusion. The first important requirement for these
bilayer heterojunctions, following photon absorption, is the
successful transport of excitons within either layer to the
SWCNT—fullerene interface. Arnold, Zanni, and co-workers
have performed a number of studies on exciton diffusion within
thin s-SWCNT films, utilizing both photocurrent studies on
bilayer devices and ultrafast optical studies on bare s-SWCNT
films.”~"* Early device studies demonstrated that the diffusion
length of s-SWCNT excitons (Ly) to the SWCNT—fullerene
interface was quite short, in the range of 5—10 nm. This value of
L, is far below what has been measured for the intratube L,
(several hundreds of nm) and points to tube—tube junctions as a
limiting factor for exciton transport in s-SWCNT networks. Ly
appears to be limited, at least in part, by the residual polyfluorene
polymer that remained within these thin s-SWCNT films and
presumably acts as a barrier to efficient intertube exciton
hopping.

Recent studies from the Wisconsin group have utilized
polarization-sensitive one-dimensional and two-dimensional
ultrafast transient absorption (TA) to follow exciton transport
within thin films containing either multiple s-SWCNT species or
one primary s-SWCNT species (e.g,, (7,5)).”"> These studies
suggest multiple mechanisms for exciton transport, depending
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on the s-SWCNT distribution and amount of residual
polyfluorene wrapping polymer within the film. For multispecies
films containing residual polymer, some excitons transferred
rapidly from the initially excited s-SWCNTSs to other s-SWCNTSs
with equivalent or smaller band gaps, with time scales in the
subpicosecond range. Another subpopulation of excitons was
found to diffuse to the tube—tube crossing points and hop from
tube to tube on a slower time scale of several picoseconds. In
studies comparing films with and without polyfluorene, the time
scale for diffusion-assisted hopping between SWCNTs is
dramaticall;r faster (subpicosecond) without the wrapping
polymer.”>”* This is an encouraging result and will likely lead
to bilayer devices with improved Ly. Our own studies suggest that
the identity of the polymer, in particular, the degree to which
particular polymers leave open space on the SWCNT surface,
may play an important role in determining the de4gree of exciton
diffusion within the bulk of the s-SWCNT film.”

Excitons generated within the fullerene phase must also diffuse
to the interface, where interfacial hole transfer drives charge
separation. This exciton diffusion process can be followed in real
time using TA spectroscopy.”’ In this experiment, spectral
signatures of charges in the s-SWCNTs are used as reporters to
track the time required for excitons to diffuse through the
fullerene layer to the interface and dissociate. In TA experiments,
two distinct s-SWCNT signals can be used as signatures of
charges in the s-SWCNTs (Figure 3c,d): (1) a photoinduced first
exciton (S,;) bleach and (2) a photoinduced absorg)tion caused
by the absorbance of a trion quasi-particle (X*).*>*" A trion is a
three-body quasi-particle that consists of an exciton bound to a
charge carrier (Figure 2b). Due to the strong Coulomb
interaction in s-SWCNTs, trions are quite stable at room
temperature, with an absorption energy ~170 meV below
S,,.>7¢ Using the S, and X transitions as reporters for charges,
we found an exciton diffusion length of ~5 nm within the
fullerene phase.*" This technique was also developed, essentially
simultaneously with our own studies, for tracking exciton
diffusion in C,, layers by using the photoinduced absorption of
hole polarons in a semiconducting polymer as the reporter for
interfacial charge transfer.”’

Exciton Dissociation. Once at the interface, excitons are
dissociated to produce the requisite unbound charges. As
captured in eqs 1 and 2, the thermodynamic driving force for
exciton dissociation arises from the energetic offsets in the
frontier orbital energies of the donor and acceptor. However, the
rate of this process depends on several critical parameters of the
interface in question: (1) the thermodynamic driving force for
photoinduced electron transfer (PET) (AGpgr), (2) the donor—
acceptor electronic coupling (Apgr), and (3) the reorganization
energy (4). As described originally by Marcus, these parameters
define the rate constant of PET (kpgr) at a given temperature (T)

-(4 + AGPET)2:|

kpgr = Appr exp[ AAkT
B

()

The reorganization energy quantifies the response of the system
to the charge transfer event. The photoinduced charge transfer
event takes the donor—acceptor pair from being electrically
neutral (uncharged) to a state where the donor is positively
charged and the acceptor is negatively charged. Importantly, this
change in charge state leads to molecular-level changes in, for
example, bond lengths and angles for both the donor and
acceptor and any surrounding molecules (solvent, matrix, etc.).
The energy required to initiate these changes is captured as the
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generation in a (7,5)—Cg, bilayer, measured with TRMC. (b) The magnitude of the photoconductance (®) ) depends crucially upon the s-
SWCNT diameter/bandgap in a multichiral s-SWCNT—Cg, bilayer, suggesting a dependence on the energetic driving force for interfacial PET
(AGpgr). (Reprinted with permission from ref 58 Copyright 2016 American Chemical Society). (c) This dependence on AGpgy is confirmed by
pairing (7,5) s-SWCNTs with fullerene acceptors that have precisely controlled electron affinities. The relative yield of exciton dissociation can
be modeled within the Marcus framework to estimate a reorganization energy (Apgr) of ~130 meV. (Adapted from ref 26 with permission from
Nature Publishing Group). The kinetics of (d) interfacial PET and (e) charge recombination can be followed with TA by following the trion
induced absorbance. (f) Recombination can also be tracked over longer time scales using TRMC. Global modeling of the TRMC transients are
consistent with a recombination process that is limited by capture and emission at traps or states at the SWCNT—Cy, interface. (Panel (f) adapted

from ref 59 with permission from the American Physical Society).

internal reorganization energy (4, — donor—acceptor) and
external reorganization energy (4., — surrounding medium).

In a series of recent studies, we set out to unravel the
dependence of PET rate and yield on the energetics of model s-
SWCNT-—fullerene donor—acceptor bilayers (Figure
4).26405859 1 geveral studies, we used time-resolved microwave
conductivity (TRMC, probe energy of ca. 9 GHz) to follow the
yield of charge carriers following photoexcitation of s-SWCNTs
in either single-species films (Figure 4a,c) or multispecies films
(Figure 4b). Following excitation of a (7,5) s-SWCNT—Cg,
bilayer, the 9 GHz photoconductance “action spectrum” overlays
the excitonic absorption features of the (7,5) s-SWCNT (Figure
4a), demonstrating that charges are created by dissociation of
(7,5) excitons at the interface.” In a bilayer film with multiple s-
SWCNT species, the yield of charge carriers depends strongly on
the diameter of the s-SWCNT being optically excited (Figure
4b),>® suggesting that AGppr (eqs 1—3) may play a key role in
determining the efficiency of PET.

To better understand the dependence of interfacial exciton
dissociation on AGpgr, we took advantage of fullerene acceptors
modified with trifluoromethyl (CF;) electron-withdrawing
groups for systematic tuning of the fullerene electron affinity
values.”® The frontier orbital energies of fullerenes are sensitive
to the number, position, and type of functional groups appended
to the fullerene cage. We measured the yield of photoinduced
charges that occurred following photoexcitation of model s-
SWCNT donor layers when these layers were paired with
fullerenes that systematically modified AGpgr. Because the yield
of photoinduced charges is intimately linked to the relative rates
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of PET and other competing pathways, eq 3 can be rearranged to
capture the dependence of the PET yield on AGpgr and A.°° As
shown in Figure 4c for the (7,5) s-SWCNT, the yield of
photoinduced charges initially rises with increasing driving force,
reaches a peak, and then decreases as the driving force continues
to increase. The initial rise represents the “normal region” within
the Marcus formulation, whereas the subsequent decline in yield
at high driving force represents the “inverted region”. Simulating
the driving-force-dependent yield in Figure 4c enables extraction
of the PET reorganization energy, which was found to be in the
range of ~130 meV. This low reorganization energy is likely
dominated by the fullerenes and suggests that delocalized
charges make relatively minor perturbations to C—C bonds in s-
SWCNTs.

TA has also been used to explicitly measure the interfacial
electron transfer kinetics for s-SWCNT—fullerene combinations
near the peak of the Marcus curve, that is, with optimized driving
force (Figure 4d).*” As discussed above, the photoinduced S;;
bleach and photoinduced trion absorption (X*) can both be used
to track the generation of charges on s-SWCNTs. We tracked
these spectral signatures following photoexcitation of both (6,5)
and (7,5) s-SWCNTs at the lowest-energy S;; transitions. In
both cases, we observed an instrument response-limited rise time
for the X" induced absorption, indicating that PET from either
(6,5) or (7,5) to Cg, occurs on the time scale of <120 fs.*” This
fast PET time scale is likely related to the fact that, as
demonstrated by the driving-force-dependent measurements
discussed above, the free energy curves of these donor—acceptor
combinations enable barrierless PET.*®
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Charge Recombination. Once charges are separated across the
SWCNT —fullerene interface, the lifetime of the separated
charges is an important factor determining the ultimate device
performance. We have studied recombination of charges
separated across the nanotube—fullerene interface (SWCNT*—
Cgo ) in detail using both femtosecond TA and TRMC (Figure
4e,f). In TA measurements, the slow disappearance of the trion
induced absorbance can be used to track charge recombination to
~$§ ns. For (6,5) and (7,5) s-SWCNTs with Cq, a simple
biexponential fit to the trion decay dynamics suggested that the
dominant recombination occurred with a time constant of >16
ns (Figure 4e).*” The TRMC measurement is sensitive only to
mobile charges and enables the resolution of much longer time
scales. In this experiment, for a SWCNT—C, bilayer containing
five different s-SWCNT species, we observed decay dynamics
that again could be fit empirically with biexponential kinetics.>®
In this case, a significant number of mobile charge carriers were
lost within the first 100 ns, but a large number of charges also
persisted for the entire measurement window, that is, >500 ns.

In a follow-up TRMC study, we attempted to better
understand the origin of the decay kinetics, simplifying the
analysis by looking at a single-species (7,5)—Cg bilayer.”” In this
case, we identified a kinetic scheme that described the data well
via global kinetic analysis covering up to 4 orders of magnitude in
volumetric carrier density. The analysis suggested that capture
and emission of charge carriers at traps or states at the SWCNT—
Cyo interface limits the recombination in SWCNT—Cy, bilayers
(Figure 4f). The simulations returned trapping and detrapping
rate constants of k, & 7 X 107 s7' and kg =~ 2 X 10" 57,
respectively, and a bimolecular recombination coefhicient of y, &
1 X 107" cm* carrier™ s7%.

An important conclusion from the suite of measurements
discussed above is the large discrepancy between the rates for
interfacial charge transfer and charge recombination in
appropriately designed SWCNT—fullerene interfaces. For
SWCNT—fullerene pairs with an optimized thermodynamic
driving force, charge transfer occurs on the time scale of ~100 fs,
whereas unbound charges survive for many hundreds of
nanoseconds or longer before recombining. This long-lived
charge separation is a key factor enabling the efficient solar
photoconversion for these donor—acceptor PVs in the visible
and near-infrared. However, it is important to note that this type
of long-lived charge separation can be realized in a number of
different systems that utilize s-SWCNTSs, not just donor—
acceptor heterojunctions where the s-SWCNT' s act as active light
absorbers. In the next section, we focus on recent studies
demonstrating the efficient extraction of long-lived charge
carriers by s-SWCNTSs in prototypical perovskite solar cells,
where the s-SWCNTs are passive (optically) charge extraction
layers.

S-SWCNTs as Passive Charge Extraction Layers in High-
Efficiency PVs. SWCNTs have been studied for over a decade
now as passive charge extraction layer elements in PV
devices.”*”*" In these solar cells, the primary function of the
SWCNTs is to efficiently collect charges (most often, but not
always, holes) from the photoexcited active layer. The SWCNT
network can be utilized as an interfacial layer in between the
active layer and a metallic electrode, or the SWCNT network can
serve as the metallic electrode itself. Furthermore, the SWCNT
layer can be utilized as a transparent electrode/layer on the side
of the solar cell facing the incoming solar flux or can be used as a
“back electrode” where transparency is irrelevant. Finally, the
electronic characteristics of the SWCNT —absorber junction can
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vary from Ohmic to rectifying (e.g, Schottky junction),
depending on the intended characteristics of the PV device in
question. SWCNT charge extraction layers have now been
utilized in a wide variety of solar cells, including Opy,/58185,86
CdTe,*”* CIGS,* silicon (both p- and n-type),” "' and
perovskite devices.*>**”*

In this section, we focus on the most recent application of
SWCNT charge extraction layers in hybrid organic—inorganic
perovskite solar cells®”**”>** as this application seems uniquely
poised for producing high-efficiency, inexpensive, and stable PV
devices.”” Perovskites are a broad class of compounds with the
formula ABX;, where A and B represent different cations and X
typically represents a halide anion.” Habisreutinger et al. first
demonstrated the use of SWCNT hole extraction layers in
perovskite PV devices,”® where the perovskite absorber layer was
the prototypical MAPbI;; in this case, the cations are
methylammonium (MA, CH;NH,") and lead (Pb*") and the
anion is iodine (I7). These initial studies demonstrated that hole
transport layers of PZHT-wrapped SWCNTs (containing both s-
and m-SWCNTs) enabled perovskite solar cells with >15%
power conversion efficiency. Moreover, intercalation of an inert
polymer matrix (PMMA or polycarbonate) into the SWCNT
hole transport materials (HTMs) dramatically improved the
stability of devices with respect to both thermal stress and water
ingress.”” A subsequent study from the same authors
demonstrated that composite HTMs prepared from P3HT-
wrapped SWCNTs and spiro-OMeTAD enabled extraction of
holes without the need for doping of the spiro-OMeTAD layer.**
Because mobile lithium dopant atoms within spiro-OMeTAD
HTMs may contribute to degradation of the perovskite active
layer, this strategy affords undoped HTMs that should ameliorate
one of the several degradation mechanisms known to affect these
solar cells.

While these initial studies demonstrated proof-of-principle for
the use of SWCNTSs to extract charges from perovskite active
layers, there are still numerous questions regarding the principles
of operation and fundamental design rules for these novel
HTMs. These questions include the following: (1) How do the
frontier orbital energies of the SWCNTSs and the perovskite
active layer control the interfacial band alignment? (2) How does
the band alignment control the kinetics of charge transfer and
recombination across the SWCNT—perovskite interface? (3)
How do the charge extraction and recombination kinetics
correlate to device efficiency and stability metrics? To begin
answering some of these questions, we recently undertook two
studies that focused on the use of highly enriched s-SWCNT' for
hole extraction from the MAPbI, perovskite active layer.”>”* The
studies focused primarily on a model SWCNT system that was
enriched with nearly exclusively (6,5) s-SWCNTs (wrapped with
a bipyridine-based polyfluorene copolymer). The use of such a
highly enriched sample, with primarily one s-SWCNT species,
has some clear advantages for making unambiguous conclusions
regarding the questions listed above. As opposed to polydisperse
samples of SWCNT species, this model system is more like a
molecular system, with well-defined redox potentials associated
with the electron affinity and ionization potential of the (6,5) s-
SWCNT sample. Additionally, at the single-species level, s-
SWCNT optical absorption spectra have narrow excitonic
resonances (that overlap little with perovskite absorption
features) that facilitate the temporal tracking of charge and
exciton populations with time-resolved spectroscopy.

Interfacial Band Alignment at the SWCNT—Perovskite
Interface. Our first study looked primarily at the detailed band
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Figure 5. Thermodynamics and excited-state kinetics of the s-SWCNT—perovskite interface. (a) AFM images of the MaPbl, surface without (left)
and with (right) a (6,5) s-SWCNT layer. (b) Absorption spectra of neat (6,5) s-SWCNTs, the neat MAPbI, film, and the MAPbI, film with the
(6,5) layer. (c) Schematic of interfacial band bending in the (6,5) s-SWCNT layer at the SWCNT—MAPDI; interface, as measured by
photoelectron spectroscopy. (d) Tracking hole extraction at the SWCNT—MAPbI, interface using the MAPbI, bleach at 750 nm (inset). (e)
Tracking hole extraction at the SWCNT—MAPbI, interface using the (6,5) S, bleach at 1000 nm (inset). The slow rise of the signal can be
modeled to extract the hole diffusion constant and diffusion length within the MAPbIL, layer (gold trace). (f) Tracking hole back transfer and
recombination at the SWCNT—MAPDI, interface (following hole extraction by (6,5) SWCNTs) using the (6,5) SWCNT bleach at 1000 nm
(inset). (Figures adapted from ref 93 with permission from the Royal Society of Chemistry).

alignment at the s-SWCNT —perovskite interface, using photo-
emission spectroscopy.94 Ultrasonic spraying of the (6,5) s-
SWCNT HTM gives us fine nanometer-scale control over the
HTM thickness, enabling the deposition of s-SWCNT HTMs
with thicknesses varying from 2 to 20 nm (Figure Sa,b). For every
s-SWCNT thickness, we utilized (1) ultraviolet photoemission
spectroscopy (UPS) to follow the work function and valence
band region and (2) X-ray photoemission spectroscopy (XPS) to
examine core-level spectra of both the perovskite and SWCNT
layers. These measurements uncovered some important proper-
ties of the s-SWCNT—MAPDI, interface. First, the measure-
ments demonstrated that there is no energetic barrier for hole
extraction at the s-SWCNT—MAPDI; interface. Second, the
measurements demonstrated that the Fermi energy of (6,5) s-
SWCNT layers sprayed onto MAPbI; systematically changed as
the thickness of this layer was increased. The thinnest layers were
n-type, but the Fermi energy shifted back to p-type as the
thickness increased to 20 nm. Such variation was not observed
for (6,5) thin films sprayed on gold reference substrates, in which
case they were p-type for all thicknesses, indicating that
interactions at the s-SWCNT—perovskite interface induced
these variations. Core-level spectra indicated that the most likely
explanation for this effect could be traced to a ground-state
electron transfer from the methylammonium moiety in the
perovskite active layer to the (6,5) s-SWCNTs in the immediate
vicinity of the interface. The lead and iodine core levels did not
change, indicating that the primary interaction at this interface
occurred between the two organic components.

The ultimate result of the interfacial dipole formed at the s-
SWCNT —perovskite interface is beneficial band bending within
the s-SWCNT layer. In this case, the s-SWCNT valence band
levels are shifted toward vacuum as a function of distance from
the MAPbL,—s-SWCNT interface (Figure Sc). Importantly, this
band bending leads to a ~0.4 eV barrier for a hole to traverse
from the s-SWCNT layer back into the MAPDI; layer once it is
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extracted by the s-SWCNT HTM. Thus, the interfacial band
alignment uncovered by photoemission measurements suggests
that (1) highly enriched s-SWCNT networks (typified by a
model (6,5) s-SWCNT system) should be able to extract holes
via barrier-free charge transfer from a model perovskite active
layer and (2) once extracted, the holes in the s-SWCNT network
must surmount a sizable energetic barrier for back transfer into
the perovskite active layer.

Photoinduced Interfacial Charge Transfer at the SWCNT—
Perovskite Interface. We next utilized time-resolved spectrosco-
py to study the influence of the interfacial thermodynamics on
the kinetics of excited-state charge transfer across the MAPbI;—s-
SWCNT interface for a 240 nm thick MAPDI; active layer
(Figure 5d—f).”” In this case, the spectrally narrow excitonic
resonances of the model (6,5) s-SWCNT HTM, in particular, for
the S;, exciton bleach and the trion induced absorption, served as
sensitive indicators of the arrival of holes in the (6,5) HTM
following photoexcitation of the perovskite active layer. Addi-
tionally, following the temporal evolution of the MAPDI; exciton
bleach at ~750 nm afforded simultaneous tracking of the charge
carrier population within the perovskite active layer (Figure Sd).
The perovskite layer was excited at relatively low fluence through
the side opposite that where the s-SWCNT HTM was deposited,
such that a negligible exciton population was generated in the s-
SWCNT layer and the bulk of the hole population must diffuse to
the interface before being transferred to the (6,5) nanotubes.

Immediate observation of a small signal (both exciton bleach
and trion) from the s-SWCNT HTM upon photoexcitation of
the MAPDI; layer demonstrated that the interfacial hole transfer
to the s-SWCNT HTM was rapid (subpicosecond), as expected
for the barrier-free band alignment discussed above.”* This small
instantaneous signal slowly grew in over the course of several
nanoseconds as holes within the MAPbI; diffused to the s-
SWCNT interface and transferred into the (6,5) nanotubes
(Figure Se). Modeling the growth of this signal allowed us to
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estimate a hole diffusion constant of ~0.3 cm® s™' and a hole
diffusion length of ~1 ym within the MAPbI; layer. Once
extracted, holes were extremely long-lived within the (6,5)
HTM, with ~20% of the population still remaining after 400 s
and S;; bleach decay time constants of ~40 and 420 us (Figure
5f). This extremely long-lived charge separation is consistent
with the barrier to hole back transfer observed by photoemission
measurements (Figure 5¢).”*

Interestingly, we found that the s-SWCNT HTM extracted
charges significantly more rapidly than both the spiro-OMeTAD
hole extraction layer and the TiO, electron extraction layer, as
evidenced by control TA measurements at the perovskite band
edge (750 nm). For our 240 nm thick perovskite layers, we find
that diffusion-limited charge transfer from the photoexcited
perovskite layer to either a compact TiO, layer or spiro-
OMeTAD is relatively inefficient over a S ns time scale. These
results agree with a number of recent studies that demonstrate
poor charge extraction from these “prototypical” charge
extraction layers. For example, Leng et al. estimate a hole
extraction time constant of ~8 ps for spiro-OMeTAD via TA
measurements at 760 nm,”® whereas our studies demonstrate
subpicosecond hole extraction for s-SWCNT HTMs. With
regards to electron extraction, several groups have found
compact TiO, layers to be inefficient in extracting photo-
generated electrons from MAPbI; (especially relative to other
layers such as fullerene- and SnO,-based electron transport
materials (ETMs)),”””® although they suggest differing mech-
anisms for the effect. For example, Wojciechowski et al. suggest
that electrostatic barriers created by interface states are to
blame,”® whereas Correa Baena et al. suggest that the electron
affinity of TiO, lies too close to vacuum to extract electrons from
MAPbL, without considering interface states.”” Finally, our study
demonstrated that the extraction of holes by the s-SWCNT
HTM actually improved the ability of the compact TiO, ETM to
subsequently extract electrons from the MAPbI, active layer.”*
The mechanism for this interesting “cooperative” effect is unclear
but is likely related to the beneficial effect that efficient removal of
holes by the s-SWCNT HTM has on interfacial kinetics at the
TiO,—MAPDI; interface and/or the relative energetics of the
resulting quasi-Fermi level for electrons in the absence of holes in
the active layer.

The fast hole extraction and slow recombination observed for
s-SWCNTs on MAPDI; active layers directly translated to
improved device performance.” In this case, we used thin (5—15
nm) s-SWCNT interfacial layers between the MAPbI; active
layer and a traditional doped spiro-OMeTAD HTM. The thin
interfacial layers significantly improved the device photocurrent,
fill factor, and stability and also reduced the hysteresis typically
observed between forward and reverse J—V scans (Figure 6).
This correlation between interfacial charge transfer kinetics and
stability/hysteresis is consistent with a recent study by Ahn et. al
that identified interfacial charge trapping as an important
mechanism in perovskite device degradation.”” Considering
our own time-resolved measurements and those from the
literature,””~”” minimal J—V hysteresis and improved device
stabilities can likely be realized by simultaneously utilizing an
ETM and HTM that extract charges rapidly, such as a SnO, or
fullerene-based ETM paired with SWCNT-based HTM.

Current Prognosis and Future Research Directions. While much
progress has been made with regards to using s-SWCNT as
absorptive active layers in thin-film solar cells, the efficiencies still
remain low (<5% for multispecies and <2% for single-species).
This is significantly below the potential efficiencies attainable,
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Figure 6. Improvement of perovskite J—V hysteresis and device
stability by SWCNTs. A thin (ca. 5 nm) (6,5) s-SWCNT interfacial
layer significantly improves the (a) J—V hysteresis and (b) device
stability by extracting holes more efficiently than spiro-OMeTAD
(Figures adapted from ref 93 with permission from the Royal Society
of Chemistry).

given the high absorbance coefficients for s-SWCNTs. As an
example, Arnold et al. estimate that a hypothetical 150 nm thick
film comprised of 10 s-SWCNT species absorbing at wavelengths
shorter than 1200 nm would absorb 86% of the solar spectrum
below 1.1 eV (Figure 7a).”® Tune and Shapter utilized numerical
simulations to determine the potential power conversion
efficiencies of single-species s-SWCNT PV devices, as well as
hypothetical tandem devices fabricated from the combination of
four single-species devices.'” Their simulations, which consid-
ered only photons harvested by absorption in the s-SWCNTs,
revealed that a single-species device with (7,5) s-SWCNTs could
attain efficiency in the range of ~7%, whereas a four-species
tandem device could attain efficiency as high as 28%."" These
calculations underscore the potential of solar energy harvesting
through the highly absorptive s-SWCNT excitonic transitions.

The difficulties in bridging the gap
between current and potential per-
formance metrics are due, in large part,
to many of the unique attributes of s-
SWCNTs, especially when fabricated
into the macroscopic thin films needed
for efficient solar energy harvesting.

The difficulties in bridging the gap between current and potential
performance metrics are due, in large part, to many of the unique
attributes of s-SWCNTs, especially when fabricated into the
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Figure 7. Sunlight harvesting potential of s-SWCNTs and some strategies for approaching this potential in future studies. (a) Modeled absorption
spectrum of a polydisperse mixture of 10 s-SWCNTs (red) along with AML.5 solar spectrum (blue) (Reprinted from ref 28 with permission from
the Royal Society of Chemistry). (b) Modeled optical absorption for a tandem solar cell consisting of four individual cells of different (n,m)
species absorbing strongly below 1100 nm. The numerical simulation used in this analysis yields a calculated power conversion efficiency of
28.3% (Reprinted from ref 100 with permission from the Royal Society of Chemistry). (c) (Top) Structure of three different oxygen-related
adducts on a segment of (6,5) SWCNT. Schematic of the potential profile along the length of the tube showing potential traps (exciton sinks)
created by each of these adducts (Reprinted with permission from ref 104 Copyright 2016 American Chemical Society). (d) Simulated exciton
harvesting depth (Ly) as a function of average s-SWCNT length and defect density. The white circle represents an estimate of Ly for a typical
(7,5) s-SWCNT thin film, as determined by Wang et al. (Reprinted with permission from ref 107 Copyright 2016 American Chemical Society).
(e) FET mobility and maximum electrical conductivity for thin films of s-SWCNTs, where the films contain residual sorting polymer (~50% by
mass) or the sorting polymer has been completely removed following film deposition.

macroscopic thin films needed for efficient solar energy
harvesting. S-SWCNTs are essentially 100% surface, implying
that both environment-related nonradiative exciton recombina-
tion rates and interfacial charge carrier recombination rates can
be quite high. In deposited thin films, the s-SWCNTs tend to
orient predominantly within the plane of the film, the opposite of
what is desired for efficient transport of excitons and charges in
the cross-plane direction. The high intratube exciton and charge
carrier diffusion lengths imply that these quasi-particles sample
hundreds of nanometers or more along a nanotube (or bundle)
during their lifetime. This can amplify the deleterious effects of
exciton and charge carrier trapping, even for extremely small
defect densities. Just as many of the positive attributes of s-
SWCNTSs make them quite promising for solar energy
harvesting, these less ideal attributes present the community
with a compelling set of fundamental challenges to overcome.
Some of the primary challenges are discussed here: improving
the length scale over which excitons are harvested, understanding
the effects of defects on primary photochemical events such as
transport, trapping, and recombination of excitons and charges,
and understanding the effects of non-nanotube impurities (e.g.,
wrapping polymers) and interfacial properties on these same
primary photochemical events.

An important reason for the current deficiency in PV device
efficiencies for s-SWCNT absorber layers is the short diffusion
lengths for excitons in the direction transverse to the plane of a
typical s-SWCNT thin film. Whereas the intrananotube exciton
diffusion length can be hundreds of nanometers, this value drops
precipitously to ~5—10 nm for the internanotube exciton
diffusion length within a thin film. One potential solution to this
issue is for highly enriched s-SWCNT thin films to be deposited
with alignment of the s-SWCNTSs perpendicular to the
underlying transparent conducting substrate (e.g, FTO). As
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demonstrated in Figure 7a, these aligned s-SWCNT “forests”
would not need to be very tall and could certainly be shorter than
the frequently reported range for the s-SWCNT intratube
exciton diffusion length (<200 nm) to nearly quantitatively
capture the available solar spectrum. Unfortunately, there have
been no successful attempts to realize this type of macroscopic
vertical alignment for highly pure s-SWCNTs. There are many
examples of growing aligned forests of carbon nanotubes,
primarily by chemical vapor deposition.'”" Yet, none of these
examples have demonstrated specificity for the growth of s-
SWCNTs; many of these syntheses result in few-walled or
multiwalled CNTs, and the syntheses that result in aligned
SWCNT forests contain a statistical ratio of 1/3 m-SWCNTs.
Because these m-SWCNTs would short-circuit a PV device,
these samples are not useful for thin-film PV devices. There have
been reports of postsynthesis methods for selectively removing
m-SWCNTs via electrical breakdown, ' but it is unclear if these
strategies could ever be refined to a point where m-SWCNT's
were quantitatively removed from forests. It is thus a challenge to

It is thus a challenge to the community
to come up with creative ways for
growing or fabricating highly aligned
and highly pure s-SWCNT forests.

the community to come up with creative ways for growing or
fabricating highly aligned and highly pure s-SWCNT forests. One
could envision some of the necessary steps, such as anchoring
separated s-SWCNTSs to substrates at tube ends and/or growing
forests of s-SWCNT's from small vertically anchored “seeds” with
specific electronic structures. Perhaps there are also synthesis
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conditions (e.g., mildly oxidizing) that hinder the growth of m-
SWCNTs or selectively etch m-SWCNTSs during CVD forest
growth.

The effects of defect levels on exciton and charge carrier
transport are also still poorly understood in s-SWCNT active
layers. Our recent studies suggest that recombination is mediated
by trap states,” but the identity of these trap states and their
effect on exciton/charge transport are still unclear. A number of
recent studies have demonstrated that sp* sidewall defects on s-
SWCNTs generate localized exciton sinks with energies in the
range of 150—300 meV below the optically bright singlet exciton
level (Figure 7c).""'*7'° Upon initial submission of this
Perspective, no studies had considered the impact these sp*-
related defect sites may have on the exciton harvesting length
within electronically coupled s-SWCNT thin films. However, a
new study by Wang et al. used diazonium-functionalized
polyfluorene-wrapped (7,5) s-SWCNTs as a model system
with systematically controlled sp> defect density.'”” They
showed that moderate levels of covalent sp* defects led to a S-
fold reduction of the EQE for s-SWCNT—Cy, bilayer solar
cells."” While this study considers diazonium-functionalized s-
SWCNTs as a model system, oxygen-related sp® defects produce
exciton traps with similar depths (Figure 7c).'"'% Thus, the
nearly universal practice of processing SWCNTSs in ambient
conditions via high-intensity ultrasonic shear implies that at least
low levels of oxygen-related defects may be ubiquitous in s-
SWCNT dispersions and thin films. The Monte Carlo model
developed by Wang et al. suggests that even very low levels of
defect densities (at a level of ~1 sp* defect per micron of s-
SWCNT) can limit the exciton harvesting length to less than 10
nm for s-SWCNTs with lengths of 1 um or shorter (Figure
7d).""”” Reducing this defect density to a value of ~0.1 pm™"
while simultaneously maintaining long (>2 gm) s-SWCNTs can
dramatically increase the exciton harvesting depth 10- to 20-fold,
to ~100 nm."”” Looking forward, these considerations suggest
that maintaining very mild conditions in the initial debundling
and disgersion step, for example, by employing shear force
mixing'”® (instead of tip sonication) in rigorously oxygen-free
conditions, may significantly boost exciton capture lengths by
maintaining long and relatively defect-free s-SWCNTs.

The mechanisms underlying charge separation and recombi-
nation in s-SWCNT-based active layers are still at a fledgling level
of understanding. As with all organic PV active layers, it is
puzzling how truly free charges are generated in such a low-
dielectric medium, instead of charges that are separated across
the donor—acceptor interface, but still bound by a Coulomb
potential. In typical polymer-based OPV active layers, such
electron—hole pairs are often described as “bound interfacial
radical pairs” or “charge transfer states”'*”''” and in some cases
have been identified spectroscopically as low-energy optical
transitions with very low oscillator strength. Such entities are still
completely unexplored in s-SWCNT active layers and to our
knowledge have not been observed spectroscopically. In
polymer—fullerene solar cells, it is thought that the maximum
open-circuit voltage may be directly related to the energy of the
charge transfer state.'”” Thus, detailed study of the energetic
landscape at s-SWCNT—acceptor interfaces and the effect of
these thermodynamics on carrier recombination is a fruitful
direction.

In further probing the energetic landscape of these active
layers, it is also important to consider the impact of the sp’
defects described above, along with dangling bonds at s-SWCNT
ends, on carrier transport, trapping, and recombination. While
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the energy of sp® defect-induced exciton levels has now been
explored in detail by multiple groups, the energy of single-particle
midgap states (i.e., electron and hole trap states) is relatively
unexplored, to our knowledge, either experimentally or
theoretically. It is important to point out that the open-circuit
voltages measured for single-species (e.g., (7,5)) s-SWCNT—Cg,
bilayer solar cells are significantly lower than what should be
achievable.®*%® This deficiency may be related, in part, to trap-
mediated recombination,® which lowers the quasi-Fermi energy
of charge carriers. Thus, it would be very useful to study (1) the
carrier density-dependent transport within single-species s-
SWCNT films and (2) time-resolved studies on carrier
recombination in single-species s-SWCNT—Cy, bilayers, where
the s-SWCNTs in each of these studies are either systematically
modified with varying levels of covalent sp® defects or dispersed
with the mild conditions described above. It is also feasible that
unique trap states are created at the interface between s-
SWCNTs and acceptors such as fullerenes. As with the charge
transfer excitations discussed above, we suggest that the
theoretical and experimental exploration of such interface-
specific electronic levels represents a fruitful future direction for
these PV active layers. These interface states may be particularly
important for bulk heterojunction (BHJ) s-SWCNT—fullerene
devices. While these devices are a potential solution to the
problem of poor exciton harvesting depths, they also have
significantly more interfacial contact area, which can exacerbate
issues of recombination through interface-related midgap states.
It is important to note that, while this BHJ configuration has
produced more efficient devices than single-species bilayer
devices, the fill factors in BHJ devices are significantly reduced
(~35% in BHJ devices®' versus ~60% in bilayer devices’”*). In
their recent study across 15 different OPV donor—acceptor
combinations, Bartesaghi et al. suggest that the competition
between recombination and extraction of free charges correlates
well with the device fill factor.""

Another uncertainty with regards to s-SWCNT active layers is
the effect of what can be generally termed the immediate
dielectric environment. Broadly speaking, the highly enriched s-
SWCNT samples used for energy harvesting thin films can be
produced by either aqueous or organic solvent-based separations.
Organic-based separations, namely, selective extraction using
polyfluorene-based polymers, have produced the most efficient
monochiral devices, but it not intuitively clear why this is the
case. One potential detriment for aqueous-based separations is
the known propensity of water molecules and protons to adsorb
on both the s-SWCNT exterior and within the endohedral
volume. Such adsorption is known to dope p-type s-SWCNTs
and increase nonradiative exciton recombination.''* In organic
polyfluorene-based separations, the polyfluorene polymer is
difficult to remove quantitatively; therefore, s-SWCNT networks
typically have significant polymer remaining in the thin film, at a
mass concentration of up to 50%. Recent studies have
demonstrated that this residual polymer can significantly reduce
exciton diffusion lengths within s-SWCNT networks”” and that
the particular identity of the polymer may even play a role in
transport properties.”” However, because these studies are
sometimes performed by comparing polyfluorene-extracted s-
SWCNTs to s-SWCNTs obtained via aqueous separation
procedures,”” it is difficult to draw concrete conclusions
regarding the ultimate improvements that may be realized by
full removal of the wrapping polymers.

Importantly, several groups have recently demonstrated
wrapping polymers with relatively weak intermonomer bonds
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Figure 8. Suggestions of future studies to better understand the thermodynamics and kinetics of model perovskite—SWCNT interfaces, as

discussed in detail in the main text.

(e.g, either H-bonds or imines) that can be “decomposed” into
monomers by simple treatment with a weak acid such as
trifluoroacetic acid (TFA).”*"'"* Our own recent studies
demonstrate dramatic improvements to electrical transport for
polydisperse s-SWCNT networks when using such removable
polymers, suggesting that residual polyfluorene polymers tend to
reduce charge carrier mobility (Figure 7e).”" We suggest that the
next logical step toward improving s-SWCNT PV active layers is
the application of these removable polymers to the extraction of
the narrow small-diameter s-SWCNT populations that have
produced the most efficient PV devices to date. It is also feasible
that these studies may elucidate the role of the wrapping polymer
in other processes beyond charge/exciton transport, such as the
possible role that the polymers may play in either interfacial
charge transfer or recombination kinetics.

Many of the purely materials-based questions discussed above
for SWCNT active layers are also relevant for SWCNT charge
extraction layers in perovskite solar cells. As one example, any
processing modification (e.g., using removable wrapping
polymers, identifying defect levels) that generally improves
charge transport in SWCNT films will likely improve the
performance of a SWCNT-based charge extraction layer.
However, such modifications may have unintended consequen-
ces for an interface that is still poorly understood mechanistically.
For example, the role that the wrapping polymer plays in
facilitating charge extraction and/or inhibiting recombination is
still unclear. To date, most device studies have used SWCNT
HTMs where the SWCNTSs were dispersed with P3HT,*>**
whereas our recent time-resolved studies utilize polyfluorene-
based polymers.””* P3HT has been demonstrated to be a good
single-component hole extraction layer for MAPbI, devices;'"*
therefore, it is unclear if this polymer plays any role in charge
extraction and/or recombination when used in concert with
SWCNTs in a composite HTM. It is also feasible that wide-gap
polyfluorenes in some cases may help to establish an energetic
interfacial barrier for recombination. To further clarify the role of
wrapping polymers in SWCNT HTMs, future studies are needed
that compare the use of both “inert” (e.g., polyfluorenes) and
“active” polymers (e.g., P3HT) that remain in the SWCNT film,
as well as fully removable polymers (Figure 8).

There are also a number of open questions regarding the
mechanistic function and broad applicability of both SWCNT
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thin films and other HTMs in perovskite solar cells. For example,
how universally can SWCNT's be used as HTMs for perovskite-
based absorbers? In other words, when we change the identity of
the perovskite absorber, what changes are required for the
electronic properties of the SWCNT HTM? For example, can
SWCNT-based HTMs effectively extract charges from widely
varying inorganic/organic active layers where the perovskite
band gap increases by >1 V relative to MAPbI; and/or from
inorganic/inorganic perovskite active layers where the interfacial
chemistry may deviate substantially from inorganic/organic
layers? While it is intuitive to envision that the SWCNT band gap
and band edge positions are important for optimizing charge
extraction at the perovskite—SWCNT interface, especially when
the band gap/band edge positions of the perovskite change
appreciably, there are currently no data to support this
hypothesis. Some studies have even suggested that large changes
in band edge positions for a series of organic HTMs do not
appreciably affect device voltage or power conversion efficiency,
suggesting Fermi level pinning at the perovskite—HTM
interface.'”> S-SWCNT samples with varying diameter and
Fermi energy could help probe this effect in greater detail.

Furthermore, our time-resolved studies have focused thus far
on purely semiconducting SWCNT HTMs, demonstrating
interfacial band bending, fast hole extraction, and very slow
recombination. It remains to be seen if these beneficial traits exist
for HTMs composed of m-SWCNT's or mixed samples with both
types of nanotubes. Intuitively, one might think that m-
SWCNTs, which are conducting in their ground state, would
produce a HTM with lower series resistance. However, one
might also expect that m-SWCNTs could perhaps promote
recombination at the SWCNT—perovskite interface. DFT
calculations have even predicted for other absorber layers such
as CdTe that ground-state charge transfer (such as that observed
in our photoelectron spectroscopy experiments) between s-
SWCNTs (but not m-SWCNTs) and the semiconductor
absorber produces the appropriate energetics for charge
extraction.”” Thus, systematic spectroscopy and device studies
are needed that compare SWCNT HTMs with widely varying
electronic structure, including (1) varying ratios of m- and s-
SWCNTs, (2) varying diameters (and hence band gap/band
edges) of s-SWCNTs, and (3) varying perovskite composition
and band gap (Figure 8).
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The implications of answering the fundamental questions
discussed above for interfaces between perovskite absorber layers
and charge extraction layers are quite significant as this system
represents a viable pathway toward inexpensive, solution-
processed solar cells with efficiencies rivaling or exceeding
those of the current silicon devices that dominate the market.
SWCNT hole transport layers represent a versatile model system
with well-defined electrical and optical properties that can aid in
probing the thermodynamic and kinetic factors that foster high
efficiency and stability in these promising devices. Organic
charge extraction layers have shown tremendous promise for
extraction of both charge carrier types and improvement of
perovskite device stability, and it is entirely feasible that this
application may be one of the first to capitalize on the unique
properties of SWCNTs in a widely deployed PV technology.

The implications of answering the
fundamental questions discussed here
for interfaces between perovskite ab-
sorber layers and charge extraction
layers are quite significant as this
system represents a viable pathway
toward inexpensive, solution-processed
solar cells with efficiencies rivaling or
exceeding those of the current silicon
devices that dominate the market.

In summary, the recent progress in separating highly pure
single- and few-species samples of semiconducting SWCNT's has
enabled detailed fundamental studies on how these novel
semiconductors harvest solar energy. In particular, the formation
of well-characterized heterojunctions between s-SWCNTSs and
other organic or inorganic semiconductors affords a careful
correlation between the thermodynamic and kinetic aspects of
interfaces designed to produce high yields of long-lived separated
charges. The understanding gleaned from these studies can
inform the rational design of solar energy harvesting systems
containing s-SWCNT's and/or other nanoscale semiconductors,
toward the ultimate goal of efficient and inexpensive PVs and
solar fuels.
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