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Carbon Nanotubes for Photovoltaics: From Lab to Industry

Laura Wieland, Han Li, Christian Rust, Jianhui Chen,* and Benjamin S. Flavel*

The use of carbon nanotubes (CNTs) in photovoltaics could have significant
ramifications on the commercial solar cell market. Three interrelated research
directions within the field are crucial to the ultimate success of this endeavor;
1) separation, purification, and enrichment of CNTs followed by 2) their
integration into organic solar cells as a photosensitive element or 3) in silicon
solar cells as a hole selective contact. All three subtopics have experienced
tremendous growth over the past 20 years and certainly the performance of
the silicon-based cells is now rapidly approaching that of those on industrial
production lines. With a view to these three research areas, the purpose of
this Progress Report is to provide a brief overview of each field but more
importantly to discuss the challenges and future directions that will allow CNT
photovoltaics to move out of the research lab and into end user technology.
These include efforts to upscale CNT purification, improvements in power
conversion efficiency, increased light absorption, the identification of new
material combinations, passivation strategies, and a better understanding of

charge separation and energy transfer within these systems.

1. Introduction

The atomic structure of a single walled carbon nanotube
(SWCNT) is described by their chirality and is defined by the
two integers (n,m), which describe the theoretical “roll-up” of
a graphene lattice. As shown in Figure 1a, the integers (n,m)
originate from the chiral vector, C}, = na, + ma,, which describes
the number of steps along the graphene lattice basis vectors (a,
and a,) in real space,l and which makes an angle 6, known as
the chiral angle, with the zig-zag or g, direction. There exist two
limiting cases of 0° and 30° and these are referred to as zig-zag
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and armchair nanotubes, respectively.
All other nanotube conformations (0° <
6 < 30°) are referred to as being chiral. In
this 1D system, circumferential electron
confinement results in SWCNTs that are
either metallic (m) or semiconducting (s)
and the innate ability of small changes
in diameter to impart large changes in
the spectral position (size) of absorption
maxima (bandgap) of the SWCNTs.!'*2l For
each chiral species these maxima appear
as sets of discrete excitonic transitions
(S11, Sz2, S3s...etc.) in the infrared, visible,
and ultraviolet and the ability to tune them
with structure has made SWCNTs one of
the most intensively studied nanomate-
rials of the past two decades.!

SWCNTs meet all of the requirements
for next generation technology to become
flexible and potentially made entirely
from carbon to aid disposal at the end
of the product life-cycle. Applications for
SWCNTs can be found across all fields of science including
photonics, telecommunications,’! batteries,® fuel cells,” high
frequency transistors,!®l biosensors,” novel memory devices,!!’!
molecular contacts,™l and cancer research.’? In particular, their
chirality dependent bandgap, chemical stability, conductivity, and
hole selectivity have made them attractive for new generation solar
cells and light sensitive elements.!®! For example, there are 200
species in the diameter range of 0.6-2 nm, which have first (Sy))
and second (S,,) optical transitions ranging from 2.57 eV (visible)
to 0.5 eV (near-infrared) and these already cover a majority of
the solar spectrum (400-2000 nm), Figure 1d. Being solution-
processable and fiber-shaped, CNTs can easily be integrated into
different types of solar cells with distinct functions. For example,
as a photoactive layer in organic solar cell, a transparent elec-
trode in silicon and perovskite solar cells or as counter electrode
in dye-sensitized solar cells.>) However, despite their promise,
the number of real-world applications for SWCNTs in the photo-
voltaics (PV) industry continue to remain limited. The reasons
for this are manifold and include the comparatively lower power
conversion efficiency (PCE) and device area of SWCNT-based
technologies, which drive simple cost-benefit arguments to retool
existing production lines, ongoing challenges to orientate and
control the structure of CNT films in a scalable manner, spurious
health concerns associated with the use of CNTs!®l and impor-
tantly, the fact that it is still not possible to selectively synthesize
SWCNTs of arbitrarily defined chirality. Most synthesis methods
produce a 2:1 mixture of many semiconducting and metallic
chiral types and even the CoMoCAT synthesis process,”! which
is well known to be highly enriched in small diameter (6,5), still
contains at least 15 other chiral species in low concentration.
Research efforts to achieve chiral specific growth are ongoing
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Figure 1. a) The chiral vector (C;) describes the “roll-up” of a theoretical graphene sheet and defines the integers (n,m). b) Extraction of chiral species
using polymer wrapping in organic solvents and c) in aqueous with surfactants in a two-phase extraction process (ATPE). d) Theoretically possible
(n,m) species in the diameter range 0.6-1.5 nm. Representative spectra highlight the variability of the first (S;) and second (S,,) optical transitions for
CNTs in this diameter range. The (n,m) species data are obtained from refs. [31a,34,35¢,38,40].

and various approaches, including metal-catalyst free nanotube
cloning of single chirality seeds,® the use of bimetallic solid
alloy catalysts, and bottom up synthetic strategies using carbo-
naceous molecular end-cap precursorsi?”! have demonstrated an
ability to synthesize a limited number of chiral species.3

In the research laboratory, postsynthesis separation has
offered a solution to this problem, but, these are complicated
techniques that are coupled to small quantities, low yields, poor
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reproducibility, the use of expensive chemicals and only have
easy structural selectivity to small diameter semiconducting
species. Before industry can become interested in the use of a
new chemical they want to ensure that it can be supplied, or
at least produced repeatedly and reproducibly in large quanti-
ties. This is especially pertinent for photovoltaics due to the
desire to make large area coatings and films. In order to pro-
vide the reader with a point of reference, within our research
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group we typically require =4-8 ug of (6,5) to create a 5-15 nm
thick film with an area of =3.8 cm?. This can be extrapolated
to =0.5 mg for a comparable film with an area common to the
photovoltaics industry (M2+ wafer: 245.71 cm?). With the excep-
tion of (6,5), the current batch size of (n,m) purified SWCNT is
in the sub-microgram range and it is thus difficult to engineer
any new process with such a restricted supply. It is therefore
becoming increasingly important that postsynthesis processing
techniques consider the end point for SWCNTs as a material
rather than just the isolation of pure samples. For photovoltaics,
milligram scale batches are required now and there must be a
realistic strategy to scale up in a cost-effective manner should it
be required in the future.

In the following sections we will discuss the current capacity
of leading separation techniques in terms of their yield, batch
size, chiral selectivity and cost of preparation. Each technique
affords (n,m) pure SWCNTs but we will outline differences in
the quality and processability of the resultant SWCNTs and it
will be seen that the material requirements for use as photosen-
sitive elements in organic solar cells are different from those
of hole selective contacts in silicon cells. In depth reviews on
the topics of CNT separation/?!l the use of SWCNTs in organic
photovoltaics?#?2 and CNT:Si heterojunctions!??3! already
exist. We therefore focus on the challenges and future direc-
tions for these technologies and attempt to draw a roadmap for
the use of carbon nanotubes in the photovoltaics industry.

2. Separation and Purification

After two decades of development, postsynthesis purification
techniques are capable of sorting the 2:1 mixture of CNT soot
according to their diameter,?¥l length,?’ wall-number,?°! elec-
tronic property,?’! chirality,® and even enantiomeric type.*’!
Highly selective separation techniques have been developed in
aqueous and organic solvents and these have facilitated many
proof of principle investigations.?*3% For organic photovol-
taics the simplicity of the organic-based polymer extraction
method has resulted in it becoming a key technology. With this
method, commercially available raw soot can be combined with
commercially available polyfluorene (PFO) polymers to obtain
either (6,5) or (7,5) in a two-step process involving sonication
or shear force mixing followed by centrifugation® (Figure 1b).
Despite its impressive selectivity, it is important to mention that
the method cannot be arbitrarily applied to all raw soot, that it
is limited to these two chiral species, that the yield of separa-
tion is low and often highly variable and that PFO is expensive.
Additionally, the use of polymer extraction is contradictory to
the goal of having 300+ unique (n,m) chiral nanotubes, with a
whole array of tailorable optical and electronic properties, and
this has lead researchers to search for other polymer/nanotube
combinations®"32 but a decade of work by multiple groups has
added no other bulk purifiable (n,m)s. Nevertheless, a polymer
method, especially one involving gentle shear force mixing, is
attractive because it affords long (=2 um) SWCNTs with few
defectsB®!d and an exceptionally high semiconducting content
(99.99+%).131933 This means that there are fewer opportunities
for exciton quenching on the SWCNT and this ensures long
lifetimes and high quantum yields.
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Using pricing from common chemical suppliers it is pos-
sible to make an estimate of the cost/gram of (6,5) from
polymer extraction and it immediately becomes clear why this
method continues to remain unattractive for industry. Using
laboratory conditions, polymer wrapped (6,5) is estimated to be
€36 00073 000 per gram! Details pertaining to this calculation
can be found in Figure S1 of the Supporting Information. The
cost of a single large area film mentioned in the introduction
would therefore be €0.29-0.58 (8 ug). Obviously, this is only
an estimate and it is possible to make arguments about cost
reductions associated with economies of scale and thus the
real production cost being much lower, or indeed that other
research groups have a better yield than us (0.025-0.05%), but
it is unlikely that these will reduce the price of (6,5) to a level
that is comparable to traditional organic photovoltaic materials
like P3HT, Cg, or PC;BM. These all range between €200 and
1880 per gram. Fortunately, if the issue of yield and the price
of materials were to be resolved, both shear force mixing and
centrifugation are highly scalable techniques for industry and
this would allow for the batch size to be scaled.

By contrast, the available library of single chiral SWCNTs
from aqueous based techniques far surpasses that of polymer
extraction and these methods typically produce larger quanti-
ties. Figure 1d shows all of the (n,m) species currently isolat-
able by the two techniques.?¥ Notably, aqueous methods have
not only been shown to separate many more semiconducting
(n,m)s but they are also sensitive to metallic species and enan-
tiomers.13°! However, they are associated with a lower semicon-
ducting content compared to polymer extraction,3® shorter
nanotubes (=0.6-1.1 um)B and a significantly more complex
experimental method. The difficulty of aqueous methods stems
from the use of surfactants like sodium dodecyl sulfate (SDS),
sodium cholate (SC), or sodium deoxycholate (DOC) to disperse
the raw CNT soot.2122437] Unlike selective polymers, surfactants
disperse all CNTs in the raw soot, but within these there exist
small structural differences in their coating around different
diameters,®¥ around the metallic and semiconducting subpop-
ulations®* and to a lesser extent around (n,m) species or enan-
tiomers.! Tt is these differences in the surfactant shell which
modulate the interaction of the CNTs with a third medium for
separation.!! In early work, gel mediums such as sephacryl or
agarose were shown to be highly sensitive to the variable sur-
factant structure around a CNT.0#2l Since then many groups,
including our own have worked on upscaling these tech-
niques,¥ but, researchers have struggled with inhomogenei-
ties in gel packing between experiments, nonspecific adsorp-
tion, and loss of nanotubes on the columns, and the need for
multiple steps and columns.¥ In a related direction, Hersam
and co-workers?’l have shown that density gradient ultracen-
trifugation (DGU) is sensitive to differences in the surfactant
coating around a CNT by taking advantage of the different
buoyant density of (n,m) species. Certainly, the (n,m) selectivity
of DGU is comparable to gel-based techniques but the absence
of an immobile phase (gel) to which nanotubes can adsorb is a
clear advantage. However, DGU is typically performed on small
volume rotors and the marginal difference in surfactant coating
around each (n,m) species requires the highly controlled lay-
ering of race layers and an extended centrifugation time
(hours). Despite protracted discussion between the different
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sides as to which method is better the reality is that all of these
techniques are reliant upon one highly expensive component
(gels or density gradient mediums) and time has proven that
the reproducibility and throughput of these techniques is not
sufficient to bring chirality sorted CNTs into an industrial set-
ting and each suffer large losses of raw material.

In our opinion, a possible solution to these problems
came in 2013 when Khripin and co-workers* introduced the
aqueous two-phase extraction (ATPE) process. This method has
since proven to be rapid, highly sensitive, and like DGU does
not require a stationary phase. ATPE is reliant upon aqueous
solutions of polyethylene glycol (PEG) and dextran (DX). These
polymers are miscible for all concentrations below a two-phase
coexistence curve of compositions (a so-called “tie-line”) above
which they phase separate into a hydrophobic (PEG rich) top
and hydrophilic (DX rich) bottom phase.* Separation is then
sensitively related to the different solvation energy of these
two phases for CNTs[21? which is controlled by their surfactant
coating.! Similar with other aqueous-based sorting method,
concentration, and competition between the surfactants deter-
mine the ATPE separation. In competition for the SWCNT sur-
face, at equivalent surfactant concentrations it is often observed
that the binding affinity follows the order DOC > SC >> SDS,
each of them also depending on SWCNT (n,m) type.*l As a ref-
erence point an SWCNT coated entirely by DOC or SC will be
located in the DX phase and an SWCNT-coated entirely by SDS
will be located in the PEG phase. Experimentally ATPE relies
upon the sequential removal and readdition of CNT containing
top or bottom phases to clean opposing phases (Figure 1c). A
modulation of the SDS/DOC/SC ratio is used to control the
surfactant shell around the SWCNT and thereby the phase in
which they are found. Likewise, the addition of strong oxidants,
reductants,* salts "4 or changes in temperature and pH*>%
can influence SWCNT partitioning. By partitioning CNTs
between the two phases followed by the removal of the phase
with the undesired species, it is possible to eventually arrive at
conditions (up to eight steps can be required) where only one
(n,m) species is isolated in either the PEG or DX.

In principle ATPE is a highly scalable technique, with the
batch size determined entirely by the size of the container used
for the two phases and the mass of SWCNTs. In the labora-
tory an upper limit is usually defined by practical limitations
to shake, extract, recombine, and centrifuge large volumes, not
to mention increased interfacial trapping for high nanotube
concentrations.l*¢0 A conservative estimate for (6,5) from
ATPE is ~€8300-13 000 per gram and if pretreatment steps like
rate-zonal purification or simple precentrifugation are used,
this increases to =€12 000-24 000 per gram due to initial losses
of raw soot, Figure S2 of the Supporting Information. ATPE
costs =8 times less than polymer extraction, but it is still far
from being a cheap process and this is primarily associated
with the high cost of dextran and DOC. Species such as (8,3) or
(9,4) from ATPE from the CoMoCAT raw soot can be estimated
at =€94 000-147 000 per gram. Here the high cost is predomi-
nately related to the expense of the raw soot and the low con-
centration of target (n,m) species within it.

For an industrial application it is important to resolve the
increased experimental involvement of ATPE relative to polymer
wrapping. The separation of (6,5) described in Figure S2 of
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the Supporting Information requires =2 h of laboratory work,
despite the actual separation including centrifugation occur-
ring within 5 min. This is due to the requirement of having to
remove the top and bottom phases carefully by hand, adjust-
ment of surfactant concentration at each step and multiple steps.
Removal by hand is acceptable for proof-of-principle experi-
ments but it is unlikely to be acceptable for industry. Counter
current chromatography and the closely related technique of
centrifugal partition chromatography offer a realistic solution
and remove the need for user interaction and can perform
cascade separations sequentially and inline. These techniques
are based on continuous liquid-liquid phase partitioning and
are capable of performing all steps including mixing, centrifu-
gation and extraction of the two phases in an automated flow
through manner. For this reason they are already being used in
the separation of natural products,® biological products,!*®52
and enantiomers®®l by the chemical and pharmaceutical indus-
tries and recently, Zhang et al.” and Knight et al.”® performed
preliminary experiments on SWCNTs. Although there are still
many issues with the use of these techniques, including the
high viscosity of the two-phase components and low stationary
phase retention which leads to low separation purity,>¥ this
single-step process looks promising to provide industrial-scale
single chirality (n,m) species in the future. Industrial systems
capable of handling well over 1 L of solution already exist and
this would place the processable batch size to 1 g raw soot and
would provide 200 mg of (6,5) in one run!

3. Carbon Nanotubes in Organic Solar Cells

Organic solar cells with CNTs in the photoactive layer com-
monly use s-SWCNTs as an electron donor in combina-
tion with Cyy or fullerene-derivates as the acceptor to form
a type II heterojunction. Exciton dissociation at their inter-
face drives solar energy conversion and this requires a min-
imum energy known as the thermodynamic driving force
(AG).[223] AG is defined as the difference between the ioniza-
tion potential of the donor (IPp) and the electron affinity of
the acceptor (EA,) minus a component associated with the
exciton self-energy, which can be calculated from the elec-
tronic bandgap (E.) of the CNT minus the exciton binding
energy (E,). AG = |I[Pp — EA,| — [Eq—E).?? Characteristic
exciton binding energies for carbon nanotubes range from
0.2-0.5 eVl Exciton dissociation occurs only if the net driving
energy is greater than zero and this concept is often simplified
to be the energetic offset between the lowest unoccupied mole-
cular orbitals (LUMOs) of the donor and acceptor.'3 Alterna-
tively, s-SWCNTs have also been used as an electron acceptor
in combination with materials such as poly(3-hexylthiophene-
2,5-diyl) (P3HT) or poly(3-octylthiophene) (P30T).[12d:57)
SWCNT-based solar cells have almost exclusively been fab-
ricated in bilayer stacks between an indium tin oxide (ITO)
substrate and metals like silver or aluminum (Figure 2a).>® Car-
rier selective layers such as poly(3,4-ethylenedioxythiophene):-
poly(styrenesulfonate) (PEDOT:PSS),[2>58<  bathocuproine,
or MoO;P®% are also usually used to aid charge separation.
Researchers have been motivated by the goal to use the chirality
dependent optical properties of a SWCNT to match the solar
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Figure 2. Typical organic solar cell architectures where the CNTs is either a) a thin film[** or b) used in a blend.**"! EQE measurements from leading
c) thin film ((6,5)/PC;;BM)% and d) blended (P3HT s-SWCNT/PC,BM) architectures.>®"l e) Variation of EQE ((6,5)/Cqo) with the nanotube dispersion
techniquel®® and f) absorption spectra of commonly used, or suggested, components for these solar cells. Reproduced with permission.>#d Copy-
right 2011, American Chemical Society. Reproduced with permission.[58 Copyright 2014, American Chemical Society. Reproduced with permission.1%¢l

Copyright 2018, John Wiley & Sons.

spectrum,*>8260] and early simulations by Tune and Shapterl®!

have predicted the possibility of broadband light absorption. The
authors simulated the light harvesting ability of mono- and poly-
chiral films and found that a mixture of (6,4), (9,1), (7,3), and (7,5)
can collect up to 28% of the AML5 solar spectrum. Likewise,
work by Arnold et al.’¥ has predicted that a 150 nm thick film
of 10 small diameter s-SWCNTs (0.8-1.4 nm) would be capable
of absorbing 86% of the solar spectrum up to 1200 nm. How-
ever, as discussed later, the practical use of polychiral samples or
thick films is complicated by energy transfer within the film(®
and trapping in small diameter species, along with a significant
fraction of the generated excitons ending up in dark nonradiative
states.[%3] Most investigations have therefore targeted single chiral
films of (6,5) or (7,5) and an example external quantum efficiency
(EQE) measurement is shown in Figure 2c.[°8¢

In closely related devices, s-SWCNTs have also been blended
with polymers such poly(3-hexylthiophene-2,5-diyl) (P3HT).l72!
In this direction, researchers have capitalized upon existing
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organic photovoltaic material combinations (i.e., P3HT/
PC;BM) and the goal has been to push their performance
by extending light absorption in the infrared (IR).8>3%64
SWCNT/fullerene blends are rarely prepared.l® Figure 2b
shows a leading example from the Hersam group, in which
zinc oxide nanowires are additionally used as an electron
transport layer.’8®l These also interpenetrate the active layer
to minimize the collection length and reduce variations in
layer morphology.*8>>*¢4 A representative EQE measurement
is shown in Figure 2d. In this design, incident photons up to
700 nm are absorbed by P3HT (peak at 440 nm/®®)) and PC;BM
(peak at 400-750 nmP8) and an EQE of 50% is reached. The
IR (800-1100 nm), contribution from the SWCNTs is markedly
lower, with maximum EQEs of about 3% achieved. Neverthe-
less, broad light absorption in the visible has led this polychiral
blend to be current PCE record holder for the field at 3.2%.5
Unsurprisingly, the ability to increase PCE by increasing light
collection from CNT unrelated components has not escaped
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the rest of the field. For the SWCNT/fullerene bilayer cells,
those made with PC;BMP8%7 are likewise also generally
more efficient than those from Cg®®%8] due to broader light
absorption (Figure 2f). For example, (6,5)/PC;BM cells from
Classen et al.l’®l have reached PCEs of 2.9%, despite EQE from
the SWCNTs remaining at 26%, which is lower than the 43%
in the work by Shea and Arnold!®®! with (6,5)/Cg, who only
reported a PCE of 1.02%. The device area of these headline solar
cells is 1.2 mm2 for the SWCNT-P3HT/PC,;BM blend®” and
2.0 mm? for work of Classen et al.’® The (6,5)/PC;BM cells
were also upscaled to 10.4 mm?2 and a PCE of 2.7% achieved.

For organic solar cells, high performance is related to
SWCNTs with a high semiconducting purity, and those which
are low in defect content and long (1.1 um) in order to avoid
exciton quenching.®®! As described previously, PFO deriva-
tives and shear force mixing have been exceptionally suc-
cessful in this regard.31¢3326% The use of organic solvents also
simplifies film formation and dispersions can be deposited
directly on the device with spin-coating,*®d doctor blading,°%
or ultrasonic spraying.””! With the exception of the SWCNT-
P3HT blends, where P3HT aids dispersion of the CNTs and
a dichlorobenzene solution facilitates spin-coating the use
of aqueous dispersions has been considerably more difficult
and device performance much lower. Material incompatibili-
ties have meant that films from aqueous dispersions must
usually be prepared separately and laminated onto the device
by either dissolving a membranel”Vl or through wet-transfer
processes.[124132 Examples include, Jain et al.”’® who prepared
a 100 nm filtered film in a (6,5)/Cqo device with PCE of 0.10%,
or similar work from our group, where a super thin (6,5)
layer prepared by evaporation driven self-assembly was used
and a PCE of 0.14% for a 10.5 mm2 area were achieved.[?>13
Isborn et al.’? have also dispersed s-SWCNTs and Cg in a
water/methanol mixture using graphene nanoribbons (GNR),
which allowed for 7-10 nm thick layers to be electrosprayed
and final (6,5)-C)-GNR/PC4BM cells achieved a PCE of
1.14%.

The type of residual species left on the nanotube sidewall
are also very different for aqueous and organic dispersions
and these play an important role in energy transfer, exciton
lifetime, and finally the overall performance of the solar cell.
For aqueous dispersions, the surfactants can usually be washed
away with water and pristine films of CNTs obtained, albeit it
should be mentioned that complete removal of the membrane
or transfer agent is often difficult to ensure. For organic disper-
sions a minimum polymer content is required to disperse the
CNTs and this ends up in the assembled device. The exception
to this is work by Joo et al.”}l who developed an unwrapping
method by selective chelation of BPy to remove the PFO-BPy in
a post treatment process. Despite initial concerns that residual
polymer content might be detrimental to performance, it actu-
ally turns out to enhance the exitonic lifetime by shielding the
nanotube from the surrounding environment.[02¢%8374 Polymer
wrapped SWCNTs have exciton lifetimes of =1 ps, whereas
ATPE-purified SWCNTs are closer to =300 fs°%7°] and efficient
solar cells require long excitonic lifetimes to ensure maximum
exciton migration to the donor-acceptor interface.[2*627]
Bilayer solar cells achieve this via exciton transfer at nano-
tube crossing points. Nevertheless, the absence of polymer
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also results in strongly coupled SWCNTs, which enables rapid
downhill energy transfer to the smallest bandgap SWCNT,
and this can trap excitons and impede transfer between larger
majority chiralities.[62¢!

On the issue of the dispersion technique itself, aqueous dis-
persions are almost exclusively prepared via ultrasonication
whereas shear force mixing (SFM) is becoming increasingly
common popular for polymer wrapped dispersions.!31¢0368]
Recently, the Arnold group showed that energy transfer in
s-SWCNT films prepared by SFM is 20% more efficient than
those of sonicated samples.%3] The longer, pristine nano-
tubes from SFM improved the probability that an exciton will
transfer to the next SWCNT rather than finding a defect site
and becoming trapped. This improves interfiber hopping and
increases exciton diffusion to the interface. By preparing solar
cells from PFO-BPy wrapped (6,5) exposed to different degrees
of harshness in their dispersion; extended and brief ultra-
sonication and shear force mixing, they were able to show an
improvement in FF and V,. for the SFM sample, Figure 2e.[%"]
EQE from the CNTs also depends on the defect density”® and
exciton lifetime, and the SFM sample achieved 49% (4.2 ps)
compared to 38% (3.0 ps) and 28% (2.1 ps) for the brief or
extended sonication samples, respectively.[68]

Regardless of the specific steps involved to manufacture a
film, the necessity of excitons created within that film to trav-
erse a considerable distance to the interface is a significant
drawback of the bilayer design.?>”7] Obviously, thicker films
would absorb more light, create more excitons, and thus lead to
more efficient solar cells but if most of those excitons never lead
to free carriers, then thicker films are not beneficial. In fact,
this effect can already be seen upon comparison of the work
by Jain et al.”" using a 100 nm (6,5) film to that by us with
a 2-3 nm thick film."?>13 Except for the thicker film and the
hole transport layer PEDOT:PSS in our stack the two devices
are identical, but both obtained PCEs of =0.1%. An optimum
thickness clearly exists and this is defined by the exciton diffu-
sion length in SWCNT films. Using ultrafast spectroscopy®?278l
or photocurrent measurements in bilayer devices the exciton
diffusion length has been determined to be 5-10 nm./>82602:622]
For reference the exciton diffusion length in Cg is =5 nm."72
As such, the EQE at the SWCNTs and J,. of the device linearly
increase with SWCNT film thickness until 5-15 nm is reached
and an abrupt decrease is observed.®®%"] Consequently, all
high performance SWCNT/fullerene solar cells consist of
SWCNT films of only a few nanometers.32%.65] Fortunately,
Bindl et al.’% have predicted that a 4 nm thick film is enough
to approach internal quantum efficiency of 100%. Experimen-
tally, C, thickness of 30-120 nm are used.3260>.6570 Although
this is much thicker than the exciton diffusion length in Cqp,
it is an approach used to smooth out inhomogeneities in the
SWCNT film, and more importantly to optimize the electric
field intensity within the layer stack such that it is matched to
the physical position of the SWCNTs within the device and their
optical transitions using transfer matrix calculations.'370.76]

Complications associated with the short exciton diffusion
length in the photoactive layers are certainly not unique to
SWCNT solar cells. The broader organic photovoltaics com-
munity has been faced with this problem for decades and has
thus developed the bulk heterojunction to address it.’”l In
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these architectures, morphology control is essential and inef-
ficient intermixing of the donor/acceptor and the formation
of large domains will only further hinder exciton dissocia-
tion.B% For an SWCNT/fullerene blend the 1D structure and
stiffness of the CNTs make the morphology of these blends
difficult to control.??l Furthermore, solvent systems capable of
simultaneously dispersing SWCNTs and Cg, in high concen-
tration are rare.®®”?l The (6,5)/PC;BM bulk heterojunctions
by Classen et al.’® therefore suffered reductions in J, and FF
(L91 mA cm™2 and 0.33) compared to the bilayers.

An alternate solution is the pre-formation of an aerogel and
the subsequent interpenetration of either donor or acceptor
within these. In this direction, Ye et al.BU have already pre-
pared an SWCNT aerogel by cocasting a mixture of PMMA and
s-SWCNTs in chlorobenzene followed by the removal of the
PMMA with acetone. PC;;BM was then infiltrated within the
aerogel and solar cells with Voc = 0.56 V, Jsc = 72 mA cm2,
FF = 0.41, and PCE = 1.7% with a 100 nm thick active layer
were obtained. Importantly, PCE and J,. were found to increase
for SWCNT thickness up to 100 nm. Although these results
are encouraging, the sacrificial matrix approach is limited by
the possibility of PMMA residues.l®®? Chemical cross-linking
of the nanotubes to form an aerogel may offer a solution to
this problem. The Schaffer group have used p-Diiodobenzene
to covalently link the sidewalls of unsorted CNTs followed
by critical point drying to form an aerogel.®? Cross-linking
has the added benefit of enhanced structural integrity of the
SWCNT aerogel,®3 and the same chemistry can be used to
lock fullerenes in place.® However, an increased Ip/Ig ratio
after cross-linking suggests that this comes at the expense of
increased trap sites for the excitons. Setaro et al.®] provide
a solution to this problem and have shown that the use of
azidodichloro-triazine as cross-linker is capable of preserving
the 7-conjugation of the CNTs.

Toward increasing the light absorption of SWCNT solar cells
by using other (n,m) species, mixtures thereof or indeed large
diameter species it is necessary to find new acceptor molecules.
With view to the discussion on thermodynamic driving force, AG,
Cgo has a LUMO at —4.05 eV and SWCNTs vary from —3.65 eV
for (6,5) to —4.04 eV for larger diameter species (1.8 nm).'?" The
requirement of AG for exciton dissociation therefore places an
upper limit on the nanotube diameter at =1 nm for Cg(.['?" This
corresponds to roughly 20 possible species and the internal
quantum efficiency (IQE) for (n,m) species approaching this
limit decreases.2>°%2%] Larger diameters require acceptors
with higher electron affinity. Modification of Cg is the obvious
route and Thly et al.®% prepared a series of fullerenes with var-
ious electron withdrawing groups to tune the electron affinity.
In their work, laser vaporized SWCNTs, mainly (11,9), showed
the best electron transfer yield in combination with Cgo(CF3),.
Nonfullerene acceptors including perylene diimide based
acceptors or ITIC-4F have also been investigated recently by
Wang et al.’”! Bilayer devices from small and large diameter
nanotubes where prepared but the highest IQE (50%) was still
for the smallest of nanotubes (0.78 nm). This is despite litera-
ture suggesting LUMO positions of —4.14 to —4.19 eV for these
acceptors,’®”! which in theory should better match a diameter
of 1.4 nm. This discrepancy may be explained by cyclic voltam-
metry measurements placing the LUMO position of ITIC-4F at

Adv. Energy Mater. 2020, 2002880 2002880 (7 of 18)

www.advenergymat.de

—3.99 eV, but the authors also point out that very little is known
about these heterojunctions and that nonfullerene acceptors
with higher electron affinity are still required.!8®!

In a related direction, endohedral filling of the SWCNTs with
dye molecules may further extend the light harvesting capa-
bility of these solar cells, and photoinduced energy transfer
from the organic dye to the s-SWCNTs has already been
observed with PL and photocurrent spectroscopy.®! Molecules
including quaterthiophene (4T),* squarylium dye (SQ),®%*%U
p.p’-dimethylaminonitrostilbene (DANS),®2l and ferrocenylthi-
ocarbonyl based dyes!®®l have all been placed inside a SWCNT.
However, these all require a minimum diameter of SWCNT
(=1.1 nm),P*® known as the sieving diameter, which places
them outside the diameter range accessible to Cg as an acceptor.
Furthermore, whilst dye filling will increase the visible/UV
light absorption of the nanotube, it is important to remember
that large diameter SWCNTs in combination with nonfullerene
acceptors would already capture most of the incident light in the
visible and IR regions. As shown in Figure 2f, ITIC-2F already
absorb light between 550 and 800 nm./®”d The additional effort
to fill an SWCNT is thus only beneficial when it extends the
light absorption of the combined active layers and not just the
SWCNT. Dyes with absorption bands in the UV would comple-
ment SWCNT/NFA cells, whilst (6,5)/Cg cells require dyes in
the visible but their small diameter prohibits encapsulation.

3.1. Future of Carbon Nanotubes in Thin Film Photovoltaics

Despite being a convenient system to study excitonic and
energy transfer processes within carbon nanotubes themselves,
it is hard to envisage that their use as light sensitive elements,
at least under the constraints of current designs, will become
an industrially attractive technology in the near future. It is
possible to argue that CNTs will find their niche in infrared
sensing, but it is difficult to argue why competing solar cell
technologies such as perovskites, copper indium gallium sele-
nide (CIGS), cadmium telluride (CdTe), and organic solar
cells, which have achieved PCE values of 18-25%,° should
be replaced by CNTs. There are still too many challenges that
need to be addressed before organic CNT solar cells are able
to compete with these systems. Primarily these are associated
with improvements in the light absorption of the solar cells and
the correspondingly low efficiency. It must become possible to
use the entire range of s-SWCNTs (small and large diameter)
and strategies to reduce excitonic trapping in mixtures of (n,m)
species are required. The rapidly growing field of nonfullerene
acceptors should in principle provide a solution to the first
problem, but these remain expensive and to date have not been
shown to enable the use of any chiral species not already acces-
sible with Cg,. For this reason, and taking into consideration
difficulties to completely isolate different (n,m) species from
each other in a film, the use of thick single chiral films in the
form of an aerogel in a bulk-heterojunction design is attractive.
These will help to overcome the short exciton diffusion length
in SWCNTs and the increased optical density of the absorption
tail located left and right of the central maximum will increase
overall absorption. Ideally the aerogel will have pores sizes
similar to the exciton diffusion length and cross-links between
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the individual CNTs and/or acceptors should offer the best effi-
ciency in terms of architectural considerations. In light of the
high performance of the aforementioned thin film technolo-
gies, it will also be important to continue research on blended
systems. Certainly, because these are built on established mate-
rials combinations, they have a much higher probability of
reaching competitive PCEs. In truth, perhaps the most sensible
way to utilise CNTs as a light sensitive element is to extend the
light absorbed by other materials into the infrared rather than
struggling to harvest broadband light with a narrow absorber.

Alternatively, narrow absorption bands and the tailorable
electronic property of SWCNTs are advantageous for use as trans-
parent conductive electrodes?>l or hole transport layers. Exam-
ples of these can already be found for perovskite,[®* CIGS,"]
CdTe,® and organic solar cells.””) In organic solar cells, P3HT-
dispersed SWCNTs used as a hole transport layer achieved a PCE
of 7% for PTB7/PC;BM and this is comparable to cells with
PEDOT:PSS. In CIGS solar cells the CNTs replace the ZnO
transparent oxide and in CdTe solar cells they are the semitrans-
parent back contact. These cells have achieved PCEs of 12.4%
and 13% PCE, respectively.””8] Improved hole extraction has
also been demonstrated for perovskite solar cells by introducing
an SWCNT interlayer between the perovskite and the hole trans-
port layer spiro-MeTAD.[%l Replacing spiro-MeTAD with P3HT-
dispersed SWCNTs and PMMA or polycarbonate lead to PCEs
of =13%.% Likewise, an aerosol-synthesized SWCNT film as
transparent electrode infiltrated by spiro-MeTAD approached
a PCE of 16%/"" and acid treated double walled carbon nano-
tubes exceeded 172%.234 Recently, undoped SWCNT hole trans-
port layers coupled with PMMA or undoped spiro-MeTAD have
enabled stable 174% or 20% PCE perovskite solar cells!'®l and
Jeon et al. have shown that triflic acid doped CNTs as transparent
electrodes outperform the metal counterpart in a perovskite solar
cell with 18.8% and 18.4% PCE achieved. Flexible perovskite
solar cells, made with SWCNTs!['®! on both sides of the device
have also been demonstrated and these pave the way to indus-
trial processes like roll-to-roll fabrication.

4, Carbon Nanotubes in Silicon Photovoltaics

Si-wafer-based solar cells currently dominate the global PVs
market and they have done so now for roughly three decades.
Their high PCE, high-stability, long-lifetime, and a scalability
of the steps required for their fabrication have led to the devel-
opment of a product with a high performance/cost ratio and
an estimated market share > 90%.[1° Despite rapid advances
in competing and emerging fields (perovskites, organics, and
CIGS solar cells'%)), continued process refinement and new
cell architectures have allowed silicon to persist as the leading
photovoltaic technology. These include a series of high-effi-
ciency designs from the early aluminum back surface field
(Al-BSF) cell'®® to the recently industrialized passivated emitter
and rear cell (PERC)!%! and in the future to the scaled silicon
heterojunction (SHJ) and interdigitated back contact (IBC or
HJ-IBC) cells.' % High-quality surface passivation strategies
and carrier selective contacts!'®® have played a key role in their
development and cutting-edge research cells (HJ-IBC) achieve
power conversion efficiencies of 26.7%.1%4!
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These high PCEs are very close to the theoretical maximum
of 29.4%,M but, each new design has been coupled with an
increase in complexity. Dielectric passivation schemes with
Si0,,M1 Al0;M) SiN,, ™ and hydrogenated amorphous
silicon (a-Si:H)M™ have become increasingly important and
these require high-vacuum and/or high-temperature pro-
cesses for their deposition. Likewise, carrier-selective contacts
require phosphorus/boron doping of bulk silicon or thin films
thereof. Doping of bulk silicon is the most popular method to
fabricate a p—n junction and is achieved by high-temperature
diffusion or ion implant technology to form p* (boron) or
n* (phosphorous) regions near surface of the wafer.® Thin
amorphous silicon films are doped by plasma enhanced chem-
ical vapor deposition combined with toxic boron/phosphorous
gas precursors.'V] Together these steps have a negative impact
on the final performance/cost ratio of the cells. As such the
solar cell most commonly found on domestic rooftops is still
the Al-BSF cell and this is due to its simple design and com-
paratively high PCE.["®l These cells usually cost 0.21 $/W but
since 2018 they are slowly being displaced by the PERC design
on industrial production lines.

Figure 3a summarizes the development of silicon photo-
voltaic technology from 2010 to 2020 with the associated cost
and global annual production. Incremental improvements in
PCE with new designs, Figure 3b, are now offset by dispropor-
tionate increases in cost, which in light of the theoretical PCE
maximum creates a bottleneck for future design improvements.
Research therefore focusses on two aspects; 1) breaking the the-
oretical limit in PCE and/or 2) reducing the fabrication cost. The
former has recently been achieved by perovskite/silicon tandem
cells.'™ The later will require the development of low tempera-
ture processes and inexpensive novel materials for passivation
and carrier-selective contacts. To this end research must be
directed toward the replacement of the doped silicon layer with
dopant free heterocontacts which can be evaporated, spin, and
spray coated.?%l These strategies should mirror the simplicity of
Al paste printing used in the Al-BSF cell, but with the important
exception that they should not involve a metal-semiconductor
contact as this leads to recombination losses and has limited the
Al-BSF design to a PCE of =20%.1% Promising candidates to
achieve this include; spin-coating of PEDOT,12%121l cesium car-
bonate (Cs,CO5),122 MoO,,123l and most recently CN'Ts, which
form a hole selective contact to n-type silicon. Currently, due to
the use of mostly unsorted raw material containing CNTs with
different bandgaps and electronic types, it has been difficult to
identify the physical nature of the CNT:Si junction as simply
a Schottky, metal-insulator-semiconductor or p-n junction"?4
but in our work we have found that the Barden model fits the
device physics well.l24]

Fortunately, relative to the rigid purity constraints of the
organic cells, the material requirements of CNTs as a hole
selective contact are much more relaxed and raw soot has even
been used. These can cost as little as =€30 per gram. For CNT:Si
solar cells, chiral selection is typically limited to raw soot and/
or chiral species with optical transitions located outside the
spectral range of silicon (350 1100 nm), thus maximizing light
absorption by silicon, and/or to large diameter species due to
their increased conductivity.?3*1244125] Either way, unlike the
organic cells, aqueous methods are much better suited due to
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Copyright 2017, AIP Publishing.

their pristine surface, which maximizes the CNT:Si interfacial
area. A high semiconducting content has to date been shown to
be less important.

Since early work by Wei et al.l®®l reporting a PCE of
1.3%, there has been significant interest in developing this
technology,?* but until recently PCEs have remained <17%.
These low efficiencies can mostly be attributed to the solar
cell design employed and this was in turn a result of technical
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difficulties to integrate CNTs. In most cases, researchers
employed an architecture resembling that of an organic solar
cell with a window or frame like geometry defined in the
middle of a silicon wafer.32124126-127] [y this geometry, a SiO,/
Si wafer is etched to reveal a small silicon opening in the SiO,
and the surrounding SiO, is coated with Au, Ag, or Pt/Ti. This
design was successful for many years because it allowed for
the CNT film to be processed separately and later transferred
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to the window. Contacts to the silicon (hole selective) and the
metal (top contact) were also easily achieved and the CNT film
remained the uppermost layer (front side of the cell), and this
made it possible to test various chemical dopants.'?*d Most
importantly, this design facilitated the use of inherently porous
CNT films and avoided metal penetration during evaporation/
sputtering of the top contact (Figure 3d).

Upon comparison to Figure 3b it can be seen that this
device geometry is highly unusual. No other architecture used
commercially has the carrier selective contact placed above the
metal top contact nor do they include a window. Fundamen-
tally the window geometry is limited and it is unlikely that it
will ever reach industrial production lines. This architecture is
useful in testing new combinations of materials in the labora-
tory but the area is usually small (0.008-2 cm?)1?*"! and it is
difficult to scale up without compromising PCE. The require-
ment of a window also increases the ineffective area, where
no light is collected, and it is not possible to perform a good
wet chemical process (e.g., RCA) without removing the SiO,
frame. These are all basic prerequisites for high-efficiency
crystalline Si (c-Si) solar cells to be industrialized.?!) More
specifically, difficulties to scale up in this design are caused by
the CNTs having to assume multiple roles; 1) as a hole selec-
tive layer (intended) and 2) as a transparent conductive layer
(unintended).'?) These two roles are not commensurate and
the trade-off between them is captured by the a opc/ogp figure
of merit from Hu et al.3% To date, most of the improve-
ments in the field can broadly be summarized as an optimi-
zation of the figure of merit and this has been achieved by
doping the CNTs with HNO3,®! superacid,'#7>132] AuC], 33
SOCL,, 134 CuCl,/Cu(OH),,** and Nafion.'®" In hindsight
this has developed CNT films to become closer to ITO in
its function as a transparent conductive layer than as a hole
selective contact. In fact, researchers have been so concerned
with the figure of merit that few groups even considered inter-
face passivation, antireflective coatings!™”! or light man-
agement,*8 device geometry or the use of a back surface in
their devices. This is a peculiar observation, especially in light
of their well-established importance in the broader field of
silicon photovoltaics. However, to be fair, the porosity of the
CNT film once again made the use of traditional passivation
layers like a-Si:H or SiN, from CVD difficult due to adhesion
problems of the seed particles and mostly research came from
CNT specific laboratories.

Recently, Chen et al.’®° developed a passivation scheme
involving organic thin films that rivals traditional dielec-
tricsM20] and which most importantly is compatible with
a porous CNT film.[314] The method is reliant upon spin-
coating polymers with a sulfonic functional group (—SO;H)
and the ability of these to spontaneously form suboxides
(Si—O—R) at the silicon surface.? This solution processed
passivation scheme can achieve an effective minority carrier
lifetime of 9.6-28.6 ms, as shown in Figure 3¢, and is in line
with hydrogenated amorphous Si or SiO, film-passivation
schemes used in the current PV industry.'20 Unlike con-
ventional chemical passivation or field-effect passivation, an
electrochemical grafting passivation of silicon via electron
transfer at polymer/silicon hybrid interface, is suggested to
be responsible for the passivation mechanism.*2? The inset
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in Figure 3c shows first-principles total-energy calculations
of PSS molecule grafted on the H-terminated Si surface and
the schematic chemical formula of PSS. Based on this electro-
chemical passivation, the interface state is switchable, with its
features of enhanced passivation due to external conditions,
such as an O, atmosphere or an applied bias voltage.ll To
date, PSS,3%  poly(2-acrylamido-2-methylpropanesulfonic
acid)’,l*2a] polystyrene-block-poly(ethylene-ran-butylene)-block-
polystyrene-sulfonated-cross-linkable ~ (PS-b-PERB),*24 and
Nafion!"** have been used for this purpose. On their own,
these polymers are insulating and when cast onto a porous
film they work to fill the void space between the CNTs and the
silicon surface. In 2020, we used this to our advantage and
spin-coated Nafion onto CNT:Si solar cells. This resulted in
the formation of a passivated charge selective contact (PCSC)
consisting of two mixed interfacial regions; 1) a region in
which carbon nanotubes contact silicon and are responsible
for exciton dissociation and hole transport; 2) nanoscale sil-
icon areas passivated by Nafion to ensure high minority car-
rier lifetimes. In addition to passivation, the Nafion layer also
acted as an antireflective coating and nanotube dopant.l*4
The thickness of the Nafion film was tailored to ensure that
the uppermost CNTs could still be electrically contacted, but
by filling the voids in the film an effective physical blocking
to metal penetration during electrode evaporation was also
created.*4] This allowed us to employ solar cell architectures
resembling those in Figure 3b, in which the metal contact is
placed directly on top of the CNT/Nafion film.

Two industry standard device geometries were fabri-
cated, one with a front-junction design and the other with
the CNTs placed on the rear of the device (Figure 3e). Both
designs allowed for the entire wafer to be used and areas of
up to 16 cm?*4l with PCEs approaching 19% were reported.
Importantly, the back-junction architecture was new to the
field and addressed many of the design-related challenges
for carbon nanotube silicon solar cells. Namely, the CNT
film no longer had a dual-purpose role as hole transport and
transparent conductive layer. On the rear of the device, CNTs
function solely as a hole transport layer and factors like film
morphology and alignment are less important. With view to
the future we believe that a back-junction design is the more
appropriate way to utilize CNT in Si solar cells. Further in
2020, we combined CNTs and Nafion into a single ink that
could be spin-coated in a single step and this was applied
to an architecture taken directly from industrial production
lines.961%4] I a comparatively simple design, consisting
of a phosphorous-diffused front surface field (FSF), an SiN,
antireflection layer, and a screen-printed silver grid with an
H-pattern of busbars on the front, a CNT/Nafion ink were used
to replace the doped junction on the rear, Figure 4a,b. A power
conversion efficiency of 21.4%, an open-circuit voltage (V,) of
654 mV, a short-circuit current density (J) of 39.9 mA cm™
and a fill factor (FF) of 82% on a device area of 4.8 cm? were
obtained. The high J,. was confirmed by EQE and its inte-
grated current density curves, Figure 4b, which is close to
the EQE level of the SHJ solar cells.'¥] An FF of 82% sur-
passes all previous work for CNT-Si heterojunction solar cells,
while being a record for dopant-free contact architectures,
including hole-selective MoO, and PEDOT based Si solar
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roadmap to achieve higher efficiencies with CNT:silicon photovoltaics.

cells.[123146] We speculated that the high FF was related to the
CNTs themselves and that it was a result of their higher car-
rier mobility.”] Due to the work function difference between
p-type CNTs and n-type silicon a built-in potential is estab-
lished and the use of dopants only further enhances the work
function of the CNTs and band bending at the interface. For
example, in our work, Nafion doping altered the work func-
tion of the CNT film from 4.6 eV (undoped) to 5.1 eV and this
corresponded to an enhancement of built-in potential from
0.41 to 0.7 V.1 A PCE of 20.1% was obtained on an indus-
trial size (245.71 cm?) wafer. Currently this is the largest area
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and highest performance achieved by a CNT:Si solar cell and
compares favorably to the boron doped and dielectric passi-
vated n-type silicon cell in the same design (PCE: 21.08%, V.
661 mV J: 39.43 mA cm™2) but has the important advantage
of not requiring high temperatures or vacuum equipment.
This suggests that the combination of low-dimensional mate-
rials with an organic passivation will be a new strategy to
high performance photovoltaics. A unique benefit to the use
of CNTs is their tunable band structure, which may lead to
further improvements in built-in potential, especially at the
CNT:Si interface, in the future.

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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4.1. Roadmap for CNTs in Silicon Photovoltaics

Toward the real-world application of CNT:Si technology it is
almost certain that future designs with improved PCE will
take inspiration from the broader silicon PV field. As outlined
above p-type silicon solar cells using Al-BSF technology have
dominated the market for many years, but now, due to their
higher efficiency, absence of light-induced degradation of the
dopant and double-side electrical generation, solar cells built
around n-type silicon are forecast to become the next gen-
eration main stream technology.¥! To date, the drawback of
n-type technology has always been a higher fabrication cost
and longer production lines relative to the Al-BSF cell. This
was primarily associated with the high temperatures required
for boron diffusion to form the p* emitter layer, additional
wet chemical cleaning steps and the use of AgAl pastes to
improve the contact between the electrode and p* layer. The use
of a PCSC in the form of a CNT:Nafion ink already dramati-
cally reduces the complexity of fabrication and allows for all of
the benefits of n-type solar cells to be obtained with a close to
p-type process (Figure 4d). In a very simplistic design, fabrica-
tion of cells from both types of silicon can consist of only six
main steps: silicon surface texturing; front dopant diffusion to
yield the FSF followed by SiN, deposition; screening printing
of the front fingers; CNT:Nafion coating, and Ag metallization
on the back. In the simplest examples, the single-step deposi-
tion of a CNT:Nafion layer is analogous to a-Si:H(p)/a-Si:H(i) or
SiN,/Al,O5/c-Si(p*) layer stacks, which are commonly used as
the emitter of n-type silicon solar cells.

Clearly, the front of the device is still prepared with indus-
trially standardized processes, but, it is precisely here where
we predict the next developments for CNT:Si solar cells to
occur. Several possibilities for future designs are highlighted
in Figure 4d. Despite the relatively high PCE of our work,!*4l
previous cells employed an FSF comprised of a diffused phos-
phorous n* region with an SiN, layer for passivation.l*#l In
this homo-FSF design, direct metal-silicon contact and imper-
fect SiN,, passivation limit the final obtainable V.19 A better
scheme is to adopt the SHJ design, where typically a ITO/a-
Si:H(n%)/a-Si:H(i) layer stack is used as a passivating contact.
In principle, the SHJ design avoids carrier recombination at
the metal contacts, but the large absorption coefficient of
a-Si:H means that even a few nanometers have significant
parasitic photon absorption and lead to reductions in current
(Jsc)-12%3 In a tunnel oxide passivated contact (TOPCon) design
the amorphous silicon layer is replaced by wide bandgap SiO,,
but the phosphorous doped polycrystalline layer still contrib-
utes to high free carrier absorption at long wavelength.['*] In
an even more advanced architecture, wider bandgap materials
such as LiF, TiO,, and TiON[20212824150] capy be selected and the
doped silicon layers replaced by dopant free asymmetric het-
erocontacts (DASH cell).® Although these cells are dopant
free, they are still reliant upon thin intrinsic amorphous sil-
icon and suffer parasitic absorption. Nevertheless, using these
three relatively simple improvements on the front we predict
PCEs of =23% for CNT:Si cells. The ultimate advancement of
the DASH concept will be to develop n-type CNT inks to com-
plement the existing p-type inks and these will allow for truly
low temperature and cheap CNT(p)/n-Si/CNT(n*) cells to be
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built. However stable n-type dopants for the CNTs are rarel'>?

and finding one that can simultaneously disperse the CNTs in
analogy to Nafion will be challenging. Additionally, this archi-
tecture reintroduces issues associated with light absorption by
the CNT film on the front and the necessity to use (n,m) pure
CNTs to avoid it. In this regard the number of studies on truly
chiral pure samples is limited and use of mixed chirality films,
dopants and a poorly defined interface has precluded precise
determination of the junction physics and operating principle
behind CNT:Si solar cells."2#1#10.153] Tt may still be possible
to achieve V. enhancements using (n,m) pure samples that
have an appropriate band alignment to silicon. Rear metalliza-
tion is also still a cost contributor, whether that is to deposit
Ag or Al, and the use of Ag nanowire inks or low temperature
metal pastes designed by Zielke et al.'™ may offer an alter-
native in the future. These completely omit vacuum equip-
ment and high-temperature processes. But ideally it is best to
have a transparent conductive layer on rear of the cells to take
advantage of double-side electric generation. Here the mate-
rial strategy could be carbon-based materials like graphene or
CNTs, !5 especially small diameter metallic CNTs, due to their
long wavelength transmittance.

As with all PV technologies, stability is an important con-
sideration and the CNT:Si heterojunction cells are no excep-
tion. Several research groups have reported long term stable
devices."?72136156] However, in all cases the PCE was below 20%
and accelerated stability testing such as 80 C/80 RH for high
performance devices (>20%) is still lacking. In the roadmap
provided above the CNTs are considered to be a stable material
and the main problem for device stability is associated with the
organic passivation strategy. For organic materials the inclu-
sion of oxygen and water usually affect the device performance
and stability mainly depends on exposure to the atmosphere.
As a dopant, Nafion is regarded to be very stable or even per-
manent™! with the sheet resistance of Nafion doped SWCNT
films shown to be unchanged for more than 600 days. This
has allowed for Nafion doped devices to maintain a constant
PCE for more than 120 days.*® On the other hand, the surface
passivation afforded by Nafion when exposed to ambient con-
ditions was found to be stable for only a period of hours and
continued to degraded over several days.*?3 This was ascribed
to the hygroscopic nature of the Nafion layer. In a related work,
Chen et al.'2 showed that the stability of a sulfonic group
based passivation scheme can be increased to 430 days with
the use of an ALD-Al,0; encapsulation layer. It is expected that
after final encapsulation of the CNT:Si cells and incorporation
into a module by the photovoltaics industry that the issues sur-
rounding stability can be solved but it will be a challenging
target going forward.

5. Conclusion

Carbon nanotubes are a versatile material with multiple poten-
tial functions for photovoltaics. In principle, all elements of a
solar cell, from the light sensitive component to carrier selec-
tive contacts, layers for passivation and transparent conducting
films can be replaced by carbon nanotubes and their com-
posites. Advanced processing techniques have seen the yield

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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and purity of single chiral species increase dramatically and
it is now possible to realistically consider their application to
industry. However, the high cost of chirality pure CNTs, regard-
less of the separation method used, does continue to make
them somewhat of an exotic material. For this reason, the
development of growth methods with a chiral preference will
continue to be important, but, it is unlikely that it will ever be
possible to selectively grow all chiral species. In an industrial
setting, growth and separation will thus continue to be syner-
gistic rather than one being a solution for the other. Due to the
high yield, lower cost, and ability to access many more chiral
species, aqueous methods certainly seem the better choice for
large area coatings, but it is imperative that the quality of the
resultant nanotubes reaches that of organic techniques. This
includes the carbon nanotube length, semiconducting content,
defect level, control over the ingress of ions or water and the
development of simple film formation techniques.

In order for the industrial uptake of carbon nanotubes to
occur they must find their niche because they are faced with
strong competition from alternative materials and/or photo-
voltaic designs. As a photosensitive element in organic solar
cells, the low efficiency of these devices on their own currently
precludes their direct use and this is despite high efficiency in
the infrared. In view of the success of tandem silicon/organic
or silicon/perovskite solar cells, perhaps the future will be
witness to the use of organic-CNT solar cells on the rear of
these cells or indeed in a tandem architecture with CNT:Si
cells. These would certainly take advantage of the unique
infrared peaks of the CNTs and lead to highly efficient devices.
However, current matching between the two cells will be dif-
ficult and will require a twofold increase from the organic-CNT
cell and thus significantly thicker CNT films. Unless the dif-
ficulties to achieve thicker films can be resolved, the varying
optical properties of CNTs may therefore be more useful in
organic solar cells as a tailorable transparent hole selective con-
tact or conductive electrode rather than the absorber. Certainly,
as a hole selective contact in silicon photovoltaics, devices
are approaching performance values which are competitive
with current industrial cells and a clear roadmap toward even
higher efficiencies has been provided. Without doubt a solu-
tion processable passivation scheme is highly attractive and
enables the use of porous nanomaterial networks. Although,
before these cells can become truly relevant it is impera-
tive that stability issues associated with the use of Nafion are
resolved, either through advanced encapsulation strategies or
the use of replacement materials such as sulfonated poly(ether
ether ketone). The use of carbon nanotubes in a passivated
charge selective contact scheme will also need to be offset
against other 1D and 2D materials, such as flakes of graphene,
black phosphorous or MoS,, which have also been shown to
form an extended porous network and act as carrier selective
contacts. Nevertheless, the future use of CNTs in photovoltaics
appears to be bright and the barriers to application are dimin-
ishing rapidly.
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