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Emerging solar cells, namely organic solar cells and perovskite solar cells, are the thin-
film photovoltaics that have light to electricity conversion efficiencies close to that of silicon
solar cells while possessing advantages in having additional functionalities, facile-
processability, and low fabrication cost. To maximize these advantages, the electrode
components must be replaced by materials that are more flexible and cost-effective.
Researchers around the globe have been looking for the new electrodes that meet these
requirements. Among many candidates, single-walled carbon nanotubes have demonstrated
their feasibility as the new alternative to conventional electrodes, such as indium tin oxide and
metals. This review discusses various growth methods of single-walled carbon nanotubes and

their electrode applications in thin-film photovoltaics.
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1. Introduction

Energy is one of the biggest challenges that our society is facing. Global warming and
the energy security have prompted society to look for pollution-free and renewable energy
sources. Among the different renewable energies available, solar energy is by far the most
abundant and cleanest. Photovoltaics, more generally known as solar cells, are semiconducting
devices that convert solar energy into electricity, potentially meeting the world’s energy
demands while avoiding carbon-emissions. Solar cells have received much attention, especially
in the last ten years, because of growing concerns over the energy security. Among different
types of photovoltaics, silicon solar cells give power conversion efficiencies (PCEs) of over
26% with excellent durability. This technology has already reached the market, and the products
are readily available. However as recent technologies, such as flexible smartphones and IoT
(internet of things), evolve into more versatile and portable electronics, there is a shift of
demand from performance-centric technologies to versatility-oriented technologies. In other
words, the paradigm is shifting to flexible, wearable, and light-weight electronic devices.
Energy-generating devices are also following the same path. This means that the thin-film solar
cell technologies, such as organic solar cells (OSCs)!!*l and perovskite solar cells (PSCs),*]
are considered to be the wave of the future with their critical attributes of being ultra-thin (<1
mm), light-weight, and solution-processable.[®! These emerging thin-film solar cells have the
potential to equal or surpass the PCE of silicon solar cells while having major advantages in
terms of production cost, enhanced design and a variety of new functionalities. Furthermore,
tandem photovoltaics!”), which are combined solar cells of PSCs, silicon solar cells,®! or
OSCs1% are another new and promising category for the future photovoltaic technology.
Despite different names of solar cell types, the device structure is largely the same. They

commonly share the typical configuration of one photoactive layer in the center, two charge
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selective layers above and below the active layer, and two electrodes at each end—at least one
of which has to be transparent so that sunlight can pass through it. While there has been an
intense efficiency race within the emerging thin-film solar cell community, less attention has
been paid to other features, such as flexibility and stability. These traits can be enhanced by
using new electrodes and charge-selective layers. Not only the functionalities but also
photovoltaic performance is heavily dependent on the electrode and the charge-selective layers.
Many scientists around the world, thus far, have focused on these layers by developing novel
materials and modifying conventional materials to push the boundaries of current thin-film
photovoltaic technology.

Abundant and mechanically resilient carbon allotropes are composed of carbon atoms
only, yet manifest different electronic properties depending on their configurations and
arrangements. Of the carbon species, carbon nanotubes (CNTs) are promising materials to be
incorporated into the thin-film solar cells owing to a wide range of properties ranging from
conductors to semiconductors with different bandgaps based on their atomic structure. While
the CNTs can have a multiple number of walls, single-walled carbon nanotubes (SWNTs)
discovered by Iijima and Ichihashi,'!! can have higher transparency and conductivity!!?! than
multi-walled carbon nanotubes (MWNTs) because of the difference in their optical
transmittance for the same current density. For this reason, SWNTs have already been exploited
as electrodes in many electronic devices, replacing both brittle indium tin oxide (ITO)
transparent electrodes and expensive metal electrodes.['>~16],

In this review, we discuss selective synthetic growth methodologies of SWNT
conductors, and the progress made in the electrode application of SWNTs in the emerging thin-
film solar cells. The synthetic growth section is divided into two parts, ‘Classical CVD methods’
and ‘Recent trend in SWNT synthesis’. We review them chronologically to show their history
and highlight the progress of the classical preparation methods as well as the new trend. In the

second part of the review, we discuss SWNT-electrode applications in the emerging thin-film
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solar cells, specifically OSCs and solid-state-sensitized solar cells, with the latter including dye-
sensitized solar cells (DSSCs) and PSCs, from their prototypes to the most recent reports. The
electrode applications are divided into the transparent electrode application section and top
electrode application section. In section 3.3., we discuss thin-film solar cells in which both
electrodes are SWNTs. The methodological approaches, problems, and expected benefits differ
greatly, depending on the type of electrode being substituted. The scientific details and
prospects of the applications are reviewed thoroughly. In the concluding part of this review, the
future research outlook on the SWNT-electrode applications in the emerging thin-film solar
cells is discussed. Furthermore, areas which deserve further investigation for the advancement

of this field are outlined point by point.

2. Synthesis of SWNT Films for Electrode Application

Early studies on the production of SWNTs were centered around arc discharge and laser
ablation, in part because SWNTs were discovered as a by-product of an arc discharge process
for preparing metal nanoparticles and endohedral fullerenes.!'!) However, researchers quickly
realized that a more effective method was necessary for the advancement of SWNT research
and industrial applications. When chemical vapor deposition (CVD) appeared, it was
recognized by the SWNT research community to be a promising method. Among several
prototype works conducted in parallel, the two most widely recognized reports were published
by Dai et al. in 1996,1'7 and Kong et al. in 1998.1"®) After those seminal studies, CVD quickly
emerged as the predominant method for SWNT synthesis due to its relatively low cost, high
efficient, and scalable nature. Now it has been 20 years, and a great deal of exciting progress
has been made with more than thousands of papers in both academia and industry. It would be
impossible to cover all of the outstanding work done by the whole SWNT research community.

Therefore, we focus on a brief history of CVD synthesis and highlight those, which made a
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significant impact on the electrode applications. Because the epicenter of this review is the
electrode application in the emerging photovoltaics, the perspective and discussion will be
centered around the morphology and properties of the SWNT products. Specifically, we discuss
different types of SWNT films produced by different process. Our main goal in this section is
to help distinguish the difference between the SWNT film syntheses.['! During the growth of
CNTs using the CVD method, nanoparticle transition metal catalysts play a vital role, because
the nanotubes are grown directly on them. Accordingly, we introduce two types of CVD-
utilized SWNT film syntheses based on the form of catalysts: One of the methods is introducing
the catalysts in a gas-phase, in which both the catalysts and the reactant gas of carbon-
containing molecule (hydrocarbon, alcohol, etc.) are fed into a furnace. The other method is
using the catalysts embedded on a substrate. In this method, the catalysts are fixed at a certain
position and heated under a flow of gas of carbon-containing molecule in a furnace. The former
method has an advantage of easy control of the CNT orientation. Thus, the former method is
suitable for a large-scale synthesis on account of the nanotubes being free from the catalytic
supports. The latter method can be further classified into two based on the shape of their catalyst
supports: gas phase growth and supported growth. The schematics showing these two major
CVD protocols are presented in Figure 1a, b and c. It should be noted that the supported growth

can be described as the on-substrate growth when a large and flat wafer is used as a support.

2.1. Classical CVD methods
2.1.1 Gas-Phase Growth

Traditional production methods of SWNTs, such as arc discharge of metal-doped
carbon!'!l electrodes or laser vaporization of metal-doped carbon targets,?°! were limited to
macroscopic scale quantities. Gas-phase CVD, on the other hand, has the potential for a large-
scale SWNT production since it is a continuous process involving both catalyst particle

formation and SWNT nucleation.!*!] Direct product collection in the absence of support material
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reduces the amount of processing steps and costs. Many groups have investigated gas-phase
continuous flow production of thick MWNTs (called Endo fiber). These studies typically
involve passing a mixture of carbon source gas and organometallic catalyst precursors through
a heated furnace. The organometallics decompose and react, forming clusters on which
MWNTs nucleate and grow. Endo and colleagues carried out studies on the production of
MWNTs by this method, using mixtures of molecules such as ferrocene and hydrocarbons.
However, the operating conditions and growth mechanism of the SWNT production process
were substantially different from those of the MWNTSs production, resulting in a much smaller
tube diameter with only a single graphene shell.

The earliest gas-phase production method was the high-pressure carbon monoxide
(HiPco) process, which was developed at Rice University by Smalley and collegues (Table 1:
Process A).1?2 HiPco was the first process that allowed the production of gram-scale quantities
of SWNTs, and triggered an explosion of studies on various properties of SWNTs. Large-scale
production (>10 g/day) of high-purity SWNTs is possible through this method.!**! Even today,
many research groups utilize the HiPco process to produce starting materials for various SWNT
applications. Also, HiPco SWNTs are most thoroughly studied SWNTs by optical methods due
to their high-quality and suitable diameter range. What is more, the HiPco process can be said
to be the forebear of the other SWNT production processes, for its remarkable influence on the
subsequently developed methodologies of not only for the electrode applications but also for
the purely semiconducting SWNT productions. For this method, an Fe-containing organic
precursor, Fe(CO)s, is introduced into the hot zone of a furnace and decomposed to form nano-
sized Fe particles under high-pressure (10-30 atm) and high-temperature (900-1100 °C).[2*!
Heating decomposes Fe(CO)s into Fe(CO)a, where n = (0—4), produces Fe atoms condensed
into clusters. The clusters then serve as catalytic nuclei upon which the SWNTs nucleate and

grow in the gas phase via CO disproportionation (the Boudouard reaction): CO + CO = CO2

+ SWNTs. The raw HiPco product contains a high weight percentage of catalyst particles. After
6
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(2] Another significant

a purification process, the metal impurity can be reduced to <0.1%.
aspect of the HiPco process is a use of the oxygen-containing molecule, CO, as a carbon source.
This brought a major impact for the developments of other CVD methods that came later, for
example, CoMoCAT, which also uses CO as a carbon source (Table 1: Process B),[*>) and
alcohol catalytic CVD (ACCVD), which uses ethanol (Table 1: Process C).!*-*7] Ethanol later
became one of the most popular carbon sources for the laboratory-scale production of SWNTs.
An obvious drawback of the HiPco process is the harsh growth requirements of a high
temperature and 10-30 atm of a CO flow. Therefore, efforts were made to develop a new process
that has milder growth conditions. A few years later, H. M. Cheng et al. proposed an approach,
in which instead of using Fe(CO)s and CO, ferrocene as the Fe catalyst precursor and benzene
as the carbon source were employed. This was one of the earliest gas-phase production methods
which allowed a growth in an atmospheric pressure (Table 1: Process D).?®! These
modifications resulted in long rope-like strands containing mostly SWNTs. As no high-pressure
system is used, the reactor is much simpler compared with the HiPco process. Using this method,
the same group recently obtained isolated SWNT networks for a conductive transparent film
application (Figure 2a-c).*>*% The film is highly conductive, having a record low sheet
resistance of 41 ohm sq.” with 90% transmittance at 550 nm of wavelength (Figure 2d). After
acid doping, the sheet resistance further decreased to 25 ohm sq.™!, which is close to that of ITO.
Such superior performance is attributed to two important characteristics of the produced film.
First, the length of the SWNTs is long (tens to hundreds of micrometer) and the SWNT network
has less bundles (85% tubes isolated). Second, the SWNTs are linked by graphitic carbons,
which made the junctions of metallic and semiconducting SWNTs near-ohmic contacts.
Further progress was reported by introducing thiophene as a promoter for the SWNT
production. The role of sulphur in thiophene in the SWNT synthesis is still not fully understood
even today, but sulphur is widely used as an additive for the CVD production of SWNTs, such

as enhanced direct injection pyrolytic synthesis (eDIPS) (Table 1: Process E).*!) The eDIPS
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process was first proposed about 10 years ago at AIST by Saito and collegues!®?], and has since
been domestically scaled up. eDIPS is classified as the gas-phase growth, but a toluene solution
of' nanoparticle catalysts is injected into a vertical reactor through a spray nozzle. In this process,
the concentration (solubility) of the catalyst is crucial for high-yield, but too much high
concentration can lead to aggregation of the nanoparticles. So, the development of catalysts,
which has excellent solubility in organic solvents, is important for a successful large-scale
production using the eDIPS method. eDIPS traditionally uses catalysts that are derived from an
Fe-containing compound (ferrocene), but a more efficient growth can be achieved by using
different hydrocarbons as the carbon source from ethylene to various aromatic liquids.(**
Different carbon sources also results in producing SWNTs with different ranges of diameter
and chirality.?*! Due to a high temperature used in eDIPs, even mass-produced eDIPS SWNTs
have high crystallinity. Their G/D ratio, which is the intensity of the “graphitic” G-band over
the intensity of the “disorder” D-band, as measured by Raman spectroscopy, exceeds 100; the
higher value indicates higher crystallinity of SWNTs. SWNTs prepared by eDIPS are
commercially available. The examples of gas-phase CVDs described above usually produce
SWNTs as fluffy powder, long ropes, or bulky aggregates.

One of the major breakthroughs in the electrode applications of SWNTs is the floating-
catalyst aerosol SWNT synthesis, which produces free-standing and uniform thin films
collected directly on a filter paper (Table 1: Process F).*3) In this process, CO or ethanol are
used as a carbon source, and CO2 are sometimes introduced as an additional gas.*7] The film
obtained by filtering the gas phase contains very long, high-quality SWNTs in a random
network with high uniformity (Figure 2e). Films prepared in this method are highly flexible
and have an ITO-comparable sheet resistance (< 80 Q sq.”! with 90% transparency). Therefore,
these films are perfect for the electrode applications. By controlling the bundling of SWNTs in
the gas phase, isolated SWNT-dominant networks can even be obtained.!*3°! Due to the small

bundle size and narrow diameter distribution of these SWNTs, now the films can be produced
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in diverse colors (Figure 2f). These colored SWNT films are obtained by a COz-assisted CVD,
in which the concentration of CO:z is to tuned to control the chirality and diameter range of the
products (Figure 2g-i).[*! These colors are originated from the sharp absorption of SWNTs
with a narrow diameter distribution and the absence of bundle- or impurity-induced background
absorption. The electrode applications of these SWNT films in the emerging thin-film
photovoltaics have already been demonstrated by many groups. Thus far, this type of SWNT-
electrodes has been found to be the most promising for the photovoltaic electrode applications

for both transparent and non-transparent, especially for the flexible application.

2.1.2 Supported Growth

In contrast to the previous growth techniques where the formed catalysts are floating in
a gas phase, the supported growth utilizes active catalyst particles that are fixed on a supporting
material. The supporting materials are usually porous oxides with nano-spaces and large surface
areas. The nano-spaces hold the catalyst particles and are spacious enough for the SWNT
growth which requires few nanometers of space in general. The large specific surface area
provides more nucleation sites for more efficient growth. Zeolite is one of the good examples

(1) The necessity of regular zeolite pores and

of these catalyst supports (Table 1: Process G).
the correlation between the pore size and nanotube diameter, however, are still under debate,
There are also reports on a successful growth by silica, alumina (Al203), MgO, and other metal
oxide nano-power.[*?! These materials are directly implanted onto the supporting materials.
However, in both zeolite and oxide nano-powder’s cases, a specific catalyst loader is needed,
which differentiates this approach from the gas-phase growths discussed above.

One of the successfully established supported growth techniques is the CoMoCAT
process?> developed by Resassco and colleagues (Table 1: Process B). This process is readily

used in preparing commercially available SWNTs and the starting materials used in many

research. As can be deduced from its name, this process uses a novel binary catalyst: Co-Mo.
9
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This combination was a classical model catalyst for efficient growths of SWNTs, and prompted
further studies exploring other binary catalyst combinations. One of the distinct features of
CoMoCAT SWNTs is their small diameter. Photoluminescence excitation-emission mapping
indicates that CoMoCAT SWNTs are (6,5)-enriched, though we do recognize that the
photoluminescence has a limited detection range and cannot detect metallic tubes. In this system,
Mo is believed to stabilize Co and keeps it from aggregating into larger particles. This
understanding and mechanism have also influenced many later studies.

The discovery of ACCVD by Maruyama et al. was also the important contributions
made to the CVD synthesis of SWNTs (Table 1: Process C).?®! Unlike CO and methane, which
are toxic and requires a high temperature, respectively, alcohol is an environmentally friendly
and cheap carbon source; in the case of CoMoCAT process, CO is used as a carbon source and
magnesia is used as a catalyst support. Another unique advantage of ACCVD is that a use of
alcohol allows much milder reaction condition, particularly a low growth temperature down to
550°C. A more recent report has shown the operating window which can be lowered even
further down to 400°C.[**' ACCVD-produced SWNTs are usually clean and free of amorphous
carbon, which is attributed to the etching effect by oxygen atom in ethanol. Ethanol has quickly
become one of the most popular carbon sources for the laboratory-scale production of SWNTs.
The first vertically aligned SWNT array was also produced by ACCVD.*¥ Due to the wide
operating window of the ACCVD process, the range of SWNT diameter and chirality can be

widely modulated.[*! For example, (5,4) tubes with ultra-small diameters can be produced by

this method.[**) The ACCVD process, despite having the advantages of low temperature and

clean growth, has yet to be commercialized due to some limitations, specifically requirement
of a low working-pressure.
In the on-substrate growth, the catalysts are loaded onto a flat wafer. This leads to a

unique feature of the on-substrate growth, which is that the SWNTs can be aligned horizontally
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or vertically on a substrate. However, application of the on-substrate growth of SWNTs is rarely
reported in solar cells because of the limited production quantity of SWNTs owing to the limited
surface area of the flat substrates. Yet, the on-substrate growth is the most representative system
for many fundamental studies, such as those who endeavor to understand the properties and

growth principles of SWNTs.

Here we briefly review the history and highlight recent breakthrough in the growth of
semiconducting arrays. When the catalyst is loaded onto a flat wafer at a high density, SWNTs
support each other and lift off the substrate due to the crowding effect, resulting in a high-
density forest-like SWNT array standing on the substrate. This phenomenon was first
discovered by Murakami et al. in the name of ACCVD2 process (Table 1: Process H).[**! The
key importance to growing a vertically aligned SWNT (VA-SWNTs) array is ensuring that the
catalysts are small, dense, and efficient (Figure 1e). The small size is to retain growth selectivity;
the high density is to form an array; and the high efficiency is important for growing SWNTs
long enough to form a macroscopic array. As a follow-up of this work, “super-growth” process,
in which enhanced growth efficiency was achieved by incorporating a trace amount of water
into ethylene CVD (Table 1: Process I), was reported./*®! This super-growth process was later
demonstrated in many proof-of-concept applications, and recently been used in mass
production by Zeon Co. Inc.*”! In a VA-SWNT array, the catalyst particles sit on the substrate
and stay only at the substrate-SWNT interface. The array itself is, therefore, pure. The top of an
array is usually a crust of tangled SWNTs, which help the SWNTs grow simultaneously at the
same rate. Consequently, the SWNTSs have a similar length, and the entire film is highly uniform.
Thanks to these geometric advantages, many elegant studies have been conducted using this

system, including demonstration of growth kinetics by ex or in situ monitoring***°! and

[50,51 [52-54]

anisotropic optical/electronic properties,>*>!) manipulation/patterning of the CNT films,
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modulation of the SWNT structure,>> 7! and fabrication of a high-efficiency filter.l*8 There is
even a VA-SWNT electrode application in Si solar cells.>”!

The other alignment that can be achieved on a substrate is a parallel growth. One of the
earliest examples is a gas-oriented growth, which usually produces sparse but long SWNTs
parallel to the substrate (Table 1: Process J).1°%] In this type of growth, tubes fly along the
gas flow, and the catalyst are located at the tips of the SWNTs. The mechanism of this growth
is the well-accepted “kite” model.!®! The catalyst can remain active for many hours and produce
half-meter CNTs!%! or CNT bundles with a tensile strength over 80 GPa.[®*! The history and
recent progress is well summarized in a good review paper.[%®! Crystal lattice-assisted growth is
a favored strategy for practical growth of horizontally aligned SWNTs (HA-SWNTs) (Table 1:
Process K) (Figure 1f). In this method, the atomic arrangement of the surface rather than the
gas flow, unlike the previous example, guides the growth of SWNTs.7-%] The most effective
substrates were sapphire and single-crystal quartz. High efficiency with good alignment can be
achieved on many cuttings and facets with little influence from the gas flow. This method
produces pure SWNTs because MWNTs are too thick to be aligned with the lattice and cannot
grow out of the catalysts. Also, the density of SWNTs can be much higher than the previously
mentioned flow-guided methods. Much progress has been achieved in the development of this
process for demonstrations of selective growth or removal,[’%! high-density growth, "' and etc.
High-density HA-SWNT arrays are believed to be the most promising SWNT material for
electronics and even the first CNT computer was demonstrated using this type of SWNTs.[%!
However, many fundamental issues remain to be addressed. In particular, the purity of
semiconducting tubes is still not satisfactorily high, even though tremendous efforts have been
made to date. Further, the SWNTs in the array having diverse lengths and wafer non-uniformity
is another issue to be resolved. One of the recent progress in this method is the work by the
Jiang and collegues at Tsinghua University. They succeeded in growing 99.9% pure

semiconducting SWNT arrays by switching the electric field in situ during the CVD synthesis
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(Figure 3)."¥] The concept behind this work is that extra electrons in the region of catalyst
particles modulate the re-nucleation barrier, which leads to a highly-selective renucleation of
semiconducting SWNTs. (Figure 3a) In this work, they used SEM contrasts to identify metallic

74761 which is a highly convenient and reliable

SWNTs from their semiconducting conterparts,!
technique developed by the same group for imaging horizontal SWNT arrays (Figure 3b).
Using this technique, the junctions between the metallic and semiconducting SWNTs are
clearly visualized (Figure 3c¢). The authors predict that the metallic impurity may be further
reduced down to 1 ppm when the average diameter of SWNTs is tuned to 1.3 nm. In addition,
since the produced SWNTs are almost defect-free, an FET fabricated on hundreds of SWNTs
shows a high ON/OFF ratio together with a high ON current. This breakthrough, if extendable
to other growth conditions, is expected to accelerate the development of SWNT-based
electronic devices.

Overall, SWNT films outperform MWNTs as an electrode despite low dispersibility.
Thus far, randomly oriented SWNTs produced by gas-phase growth has been the most
promising for the electrode applications. We are continuing to improve the conductivity and

transparency of this SWNT films from the synthesis level. On the same note, we are in search

of HA- and VA-SWNT electrode applications as well.

2.2. Recent trend in SWNT synthesis
2.2.1. Chirality Selective Growth from Solid Catalyst

Chirality-controlled production is considered the Holy Grail in the SWNT community
that right synthesis conditions have been sought after over decades.””? However,
characterization and quantification of the chirality population of an as-grown sample are
challenging, let alone understanding the mechanism that governs SWNT chirality. Early
attempts were mostly based on photoluminescence, which does not visualize all SWNTs. One

breakthrough was reported by Li and colleagues, who proposed a novel catalyst using the
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combination of Co and W.!”8! This Co-W combination forms an intermetallic Co7Ws compound,
which is solid at a high temperature. These solid catalysts follow a vapor-solid-solid model and
selectively produce (12,6) SWNTs from the (0,0,12) facet. In this work, they used Raman
spectroscopy to check all SWNTs one-by-one and obtained statistical data that were difficult to
achieve before. Together with the absorption spectroscopy, atomic force microscopy, electron
diffraction, the Raman results provide strong evidence for the high selectivity, which exceeds
95%. The mechanism was interpreted based on DFT calculations, which revealed a facet-
dependent energy match. Using this strategy, (14,4)-, (16,0)- and (18,7)-enriched SWNTs could
be prepared.[””# The selectivity of the Co-W catalyst was confirmed in the follow-up study,
where Co-W catalysts were prepared by a different method and an intermediate structure of
CosWsC was identified.®!] In contrast to the previous strategy in which catalyst structure and
facet determined the chirality, Zhang and colleagues proposed that both catalyst symmetry and
the SWNT growth kinetics are important. They used rather unique Mo2C and WC catalysts to
produce (12,6) and (8,4) SWNTs with a selectivity of 80%. Since the catalysts were prepared
on a sapphire substrate, the obtained SWNTs were horizontally aligned. Such well aligned,
high-density, (2m,m)-selective growth is expected to advance the electrode applications of
SWNTs in electronics.®?

There are also reports on the selective growth of other chiralities of SWNTs, particularly
near the armchair, though the mechanism is not well understood. For example, Chen and
colleagues obtained (9,8)-enriched SWNTs from a supported catalyst. 3334 They emphasize the
importance of sulfur in the Co/SiO2 catalyst. To incorporate S into catalyst preparation, they
started from CoSOs precursor and confirmed that the use of a sulfate-promoted catalyst is the
key. 85 In this process, calcination of the catalyst is found to be critical for the SWNT selectivity,
as the catalyst is converted into different Co species at different pre-treatment temperatures. (8¢
Another example is the successful synthesis of (6,4) nanotube, which was previously produced

in a much lower abundance than other nanotubes with similar diameters, e.g. (6,5). #"! In this
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report, the authors tuned the oxidation degree of Co and found a small difference in the

oxidation degree resulting in a drastic change from (6,5) to (6,4) nanotubes.

2.2.2. High yield SWNT cloning

Cloning is an ideal concept for producing single-chirality SWNTs. However, research
in this direction has been progressing slowly because of the two main challenges: the low
efficiency in cloning growth and the unavailability of single-chirality seeds. In recent year, great
progress has been made on both of these challenges, making cloning more practical for a
structure-controlled growth of SWNTs.

One of the main contributors to this research direction is Zhang and colleagues at Peking
University. They showed the first experimental evidence that a SWNT can extend its length
without changing their chirality. The extended part duplicated the structure of the parent SWNT
(or called seeds), so this process is named to be SWNT cloning (Figure 5a).[%8! In this process,
no additional catalyst is involved and carbon precursors are directly added to the open-ends of
an SWNT. The growth rate is, therefore, very slow. Furthermore, since SWNT extends only at
the activated edge, the cloning success ratio is not high: only a few percentages of SWNTs can
extend its original length from the original recipe. A recent report by the same group proposed
a microwave-assisted CVD method, in which the damaged parts of the original SWNTs can be
regenarated and SWNTs can curl themselves at moderate CVD conditions.®! With the
assistance of a microwave, the activation ratio can reach 100%. This method is expected to
achieve a high yield SWNT cloning.

The second challenge is that SWNT cloning should be achieved from single-chirality,
pre-defined SWNT seeds. This was demonstrated by Zhou and colleagues. They employed the
chirality-pure SWNTs from DNA-assisted separation, and confirmed that the cloning growth
of (7,6), (6,5) and (7,7) nanotubes can be achieved (Figure 5b). ! This is the first

demonstration of SWNT cloning from a pre-defined, and solution processed SWNTs, which
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opened up the possibility of combining two different approaches: a solution-based chirality
sorting and vapor-based CVD growth. Using a similar approach, they also studied the growth
dynamics of various SWNTs with different chiralities, and clearly evidenced that the growth
rate of a near armchair nanotube like (6,5) is higher than a near zigzag (10,1) nanotube. °!! The
lifetime of these two tubes are, however, found to be opposite.

Lastly, we emphasize another different approach of growing structure defined SWNTs
from molecular rings. This research direction is pioneered by Itami and colleagues at Nagoya
University. Their scenario can be interpreted as an extreme condition of SWNT cloning, where
the starting seeds do not exist but only organic-chemistry-synthesized molecular rings
(cycloparaphenylenes) do.[°>°¥] This is an excellent strategy for controlling the structure of the
SWNTs, because the starting molecules can be designed according to the target chirality. In
their proposal, armchair SWNTs may be produced with diameter ranges from 1.2 nm to 2.2 nm
using available cycloparaphenylenes molecules. The key issue here is the stability of the ring
molecules. In a more recent synthesis, they successfully solved this long-lasting problem and
obtained a carbon nanobelt, which is a closed loop of fully fused edge-sharing benzene rings
(Figure 5c¢). ¥ This molecule is expected to produce (6,6) nanotubes. However, there is a
significant gap in the operation condition between organic molecule synthesis and SWNT CVD
production.

While these long-awaited breakthroughs are encouraging and attracting great attention,
controlled production techniques are still far from perfect. For example, only a few types of
chirality can be selectively produced. The mechanism for chirality selectivity and the origin of
SWNT chirality in CVD are also under debate.l””! Efficient and reliable characterization on
structures of catalyst is still not easy. ° However, there is room for further improvement of
yield and growth uniformity. We still need more patience before chirality, property, structure-

controlled SWNT films appear and play a key role in electronics including the thin-film solar

cell.’”]
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3. SWNT-electrode Applications in Emerging Thin-film Solar Cells

3.1. Problems of Conventional Electrode

A vital feature common to photovoltaics is their transparent conductor through which
light travels before reaching the photo-active layer. Conventionally, ITO or fluorine-doped tin
oxide (FTO) have been used as the transparent electrode because of their exceptionally high
conductivity and transmittance unparalleled by any other materials. However, there have been
many attempts to replace these metal oxide transparent conductors due to their high cost arising
from limited abundance.”®! In addition to this, the brittleness of the metal oxides is said to be
the sole limiting factor for the flexible application of solar cells.””! Therefore, the alternative
transparent electrode has to be not only highly conductive and transparent but also mechanically
resilient, cost effective, and easy to fabricate.['%194 In this regard, SWNTSs are considered to
be a good candidate for a transparent conductor, because SWNTs have good optical
transparency over a broad range of wavelengths along with high electrical conductivity.[*:195
1071 Moreover, the SWNT-electrodes have much higher mechanical resilience than ITO, while
possessing an advantageous work function of around —5.0 eV, which is similar to that of ITO.
The potential raw cost of SWNT fabrication is also lower than that of ITO, owing to the
abundance of carbon on the earth’s surface. Metal electrodes, which are normally used as the
top charge collector, also have problems. Although they do not hinder the flexible applications
because of their ductile nature, they are expensive and tedious to deposit for their high melting
point. Costly thermal deposition has to be used via a shadow mask method, which leads to a

waste of materials. Even though there are solution-processable metal electrodes, such as silver

paste, their conductivity is lower than that of thermally deposited metal electrodes, and the
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material cost is still high. In addition to the fabrication cost, metal electrodes lower the stability

of PSCs, which will be discussed in detail in a later section.

3.2. SWNT-electrodes in Organic Solar Cells

As environmental and energy conservation problems have surfaced globally, thin-film
solar cells have attracted great interest among the researchers. Of the different types of solar
cells, silicon solar cells are dominant in the current photovoltaic market, owing to their high
PCE and stability. Nevertheless, the weight, rigidity, and high cost of silicon are still a barrier
to a mass production at an industrial level. OSCs, however, can obviate the shortcomings of
silicon solar cells because they possess low-cost processability and flexible applicability, as
well as the potential to exhibit PCEs as high as those of silicon solar cells. Subsequent to the
Nobel prize-winning discovery of conductive polymers,['% solution-processed bulk-
heterojunction organic photovoltaics were reported in 1995.'%1 Three to four years later,
starting around 1999, there was an inundation of publications on bulk-heterojunction OSCs and
a dramatic increase in the reported PCEs of the solar devices. The rate of increment was around

(119 The reason for such an explosion of OSCs was the tantalizing prospect that

65% every year.
OSCs might supersede silicon solar cells on account of their superior qualities of light weight,
flexibility, and printability.['!'"!!3] Initially, OSCs harnessed conductive organic compounds,
such as polymeric electron donors and fullerene-based electron acceptors. In addition to the
lack of batch-to-batch reproducibility of the polymers, both fullerene derivatives and polymers
have limited stability in air. Both species become oxidized in air and aggregation can undo the
bulk-heterojunction mix over time; moreover, fullerenes dimerize and decompose to different
compounds. Furthermore, their limited light absorption range and limited charge mobility

constrain the photovoltaic efficiency. Owing to these problems, the maximum PCEs of

traditional OSCs could not exceed 11%, which is considerably lower than the PCEs of
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conventional silicon solar cells—about 25%. Nevertheless, in recent years, there have been
breakthroughs in OSCs with the discovery of stable low-bandgap polymers!!!*!!3 and non-
fullerene acceptors!''®!7], Now the PCE exceeds 13% with higher stability ascribed to the fact
that the bulk-heterojunction mixture is retained as a result of the non-aggregative nature of non-
fullerene acceptors and their intrinsic stability. CNT electrode application has been following
the trend of OSC development. Introduction of new materials to OSC systems means that the

compatibility between CNTs and the new materials should be tested.

3.2.1. SWNT as Transparent Electrode

The first report of SWNTs replacing the ITO electrode in OSCs was published by
Chhowalla and colleagues at Rutgers in 2005.1''8! The SWNT-electrode-based OSCs produced
a PCE 0f 0.99%, which was higher than that of the ITO-based control devices; they ascribe the
excellent performance to the three-dimensional nature of the interface between the SWNTs and
the poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM)
nanocomposite (Table 2: Device A, Figure 6a). This work is particularly significant as the
SWNT-electrode was solution-processed as opposed to the vacuum-deposition of ITO. They
controlled the SWNT volume which had a direct influence on the surface resistivity of the films.
Griiner and colleagues at UCLA further improved a similar device architecture by using much
more transparent and highly conductive SWNTs via a transfer printing method, involving
dimethylpolysiloxane (PDMS),!!'”) and employing a more optimized photo-active layer
thickness.["?! Their OSC devices were fabricated on PET substrates for flexible demonstration.
These flexible SWNT-based OSCs produced a much higher PCE of 2.5% while possessing
excellent mechanical flexibility (Table 2: Device B, Figure 6b). They also controlled the
SWNT film resistivity by tuning the amount of SWNTs. Subsequently, Chhowalla and
colleagues reported flexible SWNT-based OSCs using filtration-transferred SWNT films as a

cathode rather than as an anode.!'?!) The device was an inverted-type architecture where ZnO
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nanowires are grown on SWNTs. In general, it is difficult to deposit metal oxides on carbon
electrodes because of different surface wettability. They used the ZnO nanowire growth method,
which allows the coating of ZnO on carbon electrodes. A PCE of 0.6% was recorded with no
record of accurate photovoltaic parameters but a J-V curve (Table 2: Device C, Figure 6c¢).
The fact that the series resistance (Rs) and shunt resistance (Rsu) seem to be low from the J-V
curve, which indicates that the low efficiency was caused because that the ZnO nanowires had
little or no doping effect on the SWNTs. In addition, the energy levels might not have aligned
well.['® Franghiadakis and colleagues!'?* reported on a spin-coated SWNT-electrodes in OSCs
which has a similar structure to the devices reported by Griiner and colleagues!'?” (Table 2:
Device D, Figure 6d). Although their exhibited PCE of 1.2% was lower than 2.5% PCE
produced from the flexible devices reported by Griiner and colleagues, who used spin-coated
SWNT-electrodes which has a substantial merit for its low-cost processability and large-size
applicability. They used HiPco-synthesized SWNT solution stabilized by the surfactant, sodium
dodecylsulfate (SDS) to disperse in a solvent. Moreover, they used poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) alone as an electrode without
SWNTs, but the performance was not high. However, this approach became the seed for the
future work involving PEDOT:PSS electrodes (Table 2: Device E, Figure 6d).['>*! Another
fascinating aspect of this work!1??! is that the solution-processed SWNT films are submerged in
ethanol (EtOH) for the removal of the SDS. This improved the conductivity of the film
substantially. Kim et al. also reported solution-processed SWNT-electrode-based OSCs in
2010.1'2* They reported a PCE of 2.3% owing mainly to the use of LiF before Al deposition
and HNOs doping. They compared the use of different surfactants for the SWNT solution: They
tested a SWNT solution free of surfactants in dichloroethane, aqueous SWNTs with added SDS,
and aqueous SWNTs with added sodium dodecylbenzenesulfonate (SDBS). The SWNT
solution with no surfactant and the OSCs that had been spray-processed with the SDS-added

SWNT produced PCEs of 2.3% and 2.2%, respectively, which were comparable to the 2.3% of
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the ITO-based OSCs (Table 2: Device F and G). It is worth noting that the spin-coated SWNTs

without surfactant produced higher PCEs, but the spray-coated surfactant added-SWNT-
electrodes showed higher conductivity. They spin-coated EtOH on top of the SWNT-electrodes
to improve the wettability during the fabrication, but there was no attempt to remove the
surfactants. Hersam and colleagues!'?®! reported ITO-free OSCs utilizing SWNT-electrodes
with varying metallic tube compositions sorted by density gradient ultracentrifugation (Table

).[126] To minimize the roughness of SWNT films, they employed dip-

2: Device H, Figure 6e
coating of SWNT aqueous solutions containing 2% w/v Triton X-100 [Ci4H220(C2H4O)n;
n=10], followed by soaking in HNO3 to remove residues. Such process was time-consuming
but offered a high degree of control over the film thickness and roughness. It was fascinating
and enlightening that they focused on different CNT compositions, and CNTs with 100%
metallic SWNTs were indeed the best for the electrodes in OSCs. This was followed by the
work of Salvatierra et al., who used thin films of polyaniline/CNT nanocomposites as a
transparent electrode in fluorene-thiophene polymer (F8T2)-based OSCs (Table 2: Device I,
Figure 6f and 6g).['>” Polyaniline is reported to be more conductive and chemically stable than
PEDOT:PSS.I"?%129] This work is noteworthy because they used a new solution-processed
method to produce transparent CNT electrodes, and a new organic photo-active layer was
employed. Thus, it is worth mentioning in this review, even though the CNTs that they used
were not SWNTSs, but multi-walled CNTs.[1*%) A great leap in PCE occurred when Jeon et al.
used a low-bandgap polymer system on MoOx-doped SWNTs (Table 2: Device J, Figure
7a).[31 Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl} {3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) simply known as PTB7 and phenyl-
C71-butyric acid methyl ester (PC71BM) were used as electron donors and acceptors,
respectively in OSCs. Using low-bandgap polymers, such as PTB7, results in high photovoltaic

performance on account of the longer wavelength absorption that leads to a high Jsc, and higher

mobility which translates to a high fill factor (FF).!'32l PTB7 has a low-lying highly-occupied
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molecular orbital (HOMO) which induces a high Voc. The PTB7-based OSC devices produced

a PCE of 7.31% when ITO was used as the electrode. MoO3-and-PEDOT:PSS-deposited
SWNT-electrode-based OSCs produced a PCE of 5.3%. Thermal annealing the MoO3 next to
the CNTs in an anaerobic condition was reported by Bao and colleagues!'*}! of Stanford
University to produce effective and stable doping. MoO3 turned into MoOx after the doping
with x being between 2 and 3. Trap sites were created by heating MoO3 to a high temperature,
and the electrons in the CNTs hopped onto the MoOx. The same approached was used in this
work and MoOx-doped SWNT-OSCs exhibited a PCE of 6.0%, which was the record-high
efficiency among the SWNT-transparent-electrode-based OSCs in 2015 (Table 2: Device K).
Beside the record high efficiency, the significance of this work comes from the analysis of
SWNT-electrodes with different transparency. SWNT films which 65% of 550 nm wavelength
light is being transmitted (subsequently referred to as T65% SWNT), T80% SWNT, and T90%
SWNT were compared in OSCs. The higher the transparency of the SWNT-electrodes, the
lower conductivity of the SWNT-electrodes was. As SWNT-electrodes with both the maximum
transparency and conductivity are desired in OSCs, it was discovered that the T65% SWNT-
electrode performed better for the PTB7-system devices, due to the intrinsic high absorption of
longer wavelengths. In addition, flexible applications were demonstrated using the two types
of plastic substrates, polyimide (PI) and polyethylene terephthalate (PET). PI has a glass
transition temperature greater than 200 °C, which is higher than that of PET. As MoOx doping
requires high-temperature annealing, PI was tested, in spite of the fact that PI has a lower
transmittance than PET. Pl-based flexible SWNT OSCs produced a PCE of 3.4%, which—
surprisingly—was lower than that of PET-based flexible SWNT OSCs in which MoOs3 was not
annealed (Table 2: Device L. and M). There was a clear difference in Jsc arising from the lower
transparency of PI; however, the FF was surprisingly similar in both types of devices. A cyclic
flexural test showed that the PET-based flexible OSCs was much more mechanically robust

than the PI-based flexible OSCs (Figure 6b). Maruyama and colleagues of The University of
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Tokyo demonstrated the same OSCs with SWNTs electrodes using small molecule
diketopyrrolopyrrole (DPP(TBFu)2) (Table 2: Device N, Figure 6¢).l'*! It was the first small-
molecules OSCs using SWNT-electrodes. The small molecules have attracted many OSC
researchers owing to their high absorption coefficient, fast charge transport, and enhanced
miscibility with the fullerene acceptors.l*#13] In addition, they have lower batch-to-batch
variation and are easier to modify than their polymer counterparts. However, the performance
was not as high as the low-bandgap polymer case. The high open-circuit voltage (Voc) and FF
were high, but the short-circuit current density (Jsc) was substantially low. According to the
analyses conducted, it was found that the morphology of the small molecule-based bulk
heterojunction layer was remarkably poor when spin-coated on SWNT-electrodes. We
surmised that the small molecules might have seeped into the CNT network and this led to the

separation of the small molecule donors from the fullerene acceptors.

3.2.2. SWNT as Top Electrode

CNT or any other carbon electrode material has rarely been reported for use as top
electrodes in place of metals in OSCs, on account of the difficulty in laminating carbon
electrodes and doping them. Because of the chemical and physical sensitivity of the organic
active layer, the application is extremely difficult. For instance, soft organic active layers can
be damaged during the lamination of CNT. Moreover, it is a general practice that we apply
solvents to improve the interface between the top CNT electrode and the layer underneath.
However, in the case of OSCs, casting non-polar solvents on top of CNT electrodes will damage
the active layer. Further, applying polar solvents will damage the hole-transporting layers as
well as crumple the CNT electrode, which is hydrophobic. Considering these facts, Matsuo and
colleagues at The University of Tokyo came up with a novel methodology of SWNT top
electrode application and their doping.'*¢! A normal type architecture with ZnO electron-

transporting layers and MoOs3 hole-transporting layers was used. Metal electrodes were replaced
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by SWNT films to produce metal-free OSCs for window applications (Figure 8a). Figure 8b
shows the different types of OSCs fabricated in this work. In order to achieve doping without
damaging other layers underneath, two novel fabrication methodologies were invented (Figure
8c and 8d). The HNO3 doping sandwich-transfer method uses another glass substrate on which
an HNOs3-doped SWNT-electrode is pre-laminated. The pressing force of the top electrode
substrate improves the interface between the carbon electrode and the underlying layer, giving
a PCE of 4.1% for the T60%-SWNT (Table 2: Device O) and 3.7% for the T90%-SWNT
(Figure 8c¢). The MoOx doping bridge-transfer method is slightly more burdensome in terms of
its fabrication. It requires a specially designed shadow mask for the deposition of MoO3 on
SWNT. This procedure was necessary to anneal the entire MoOs-deposited SWNT film
mounted on a holder (Figure 8d). In this way, thermal damage to the OSC system could be
avoided during the thermal annealing of SWNTs. However, the PCE was not as high as that of
the devices produced by the HNOs doping sandwich-transfer method. We ascribe the low
efficiency to the poor contact between the SWNT-electrode and the active layer. There are two
possibilities: One is that there is no external force applied to press the SWNT-electrode, and
another is that some portion of the SWNT film is crumpled while it hangs precariously over the

holder during the fabrication process.

3.3. SWNT-electrodes in Solid-State-Sensitized Solar Cells

3.3.1. Dye-Sensitized Solar Cells

DSSCs, also known as ‘Gritzel cell’ is based on a semiconductor formed between a
photo-sensitized anode and an electrolyte. It was originally co-invented by Grétzel and O'Regan
at UC Berkeley in 1988 and later published with a descent PCE of approximately 7.9% in
1991.137) It was sensational at the time invention as it involved low-cost materials during a

simple fabrication, which allowed the use of conventional roll-printing techniques. The
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invention of DSSC served a critical role in the field of emerging thin-film solar cells. It can be
said that DSSCs are the harbinger and an inspiration for PSCs, and indeed most of DSSCs
researchers now have moved to the PSC research. Analogous to other solar devices, DSSCs
have two electrodes in which one of them is called ‘counter electrode/working electrode’ and
the other is called ‘transparent electrode’.[!*®13°] There have been many attempts to replace

those electrodes by CNTs. In this section, we briefly go over those reports in a chronological

order.

SWNT as Counter Electrode or Transparent Electrode

Expensive Fluorine-doped tin oxide (FTO) substrates coated with a catalytic amount
of platinum have been used as counter electrodes in DSSCs, because of their high
electrochemical activity. In this case, a low-cost electrode with high electrochemical activity
is required to boost the practical utility of DSSCs. Titanium dioxide nanoparticles are widely
used as the working electrode in DSSCs because they provide higher efficiency and more
robustness than any other metal oxide semiconductor investigated.!'*”) Occasionally carbon
has been used as a catalyst of the counter electrode, because the overvoltage of the iodide/tri-
iodide reduction at the carbon catalyst is kept low; see, for example the work by Kay et al.,
who applied carbon films to the counter electrode of a DSSC and obtained a reasonable PCE
(Figure 9a).'*!l Yanagida and colleagues applied SWNTs (purchased from Carbon
Nanotechnologies Inc.) and nano-horns as the counter electrode in DSSCs with a liquid
electrolyte!'*?! to the best of our knowledge, this was the first time this had been attempted
(Figure 9b). They expected that the favorable contact between nano-fibrous SWNTs and the
electrolyte should produce high PCE by enhancing the electrochemical activity of the
electrode. Indeed, they obtained a PCE of 4.5%, which is comparable to that of the platinum-

sputtered FTO-based standard DSSC devices. This was followed another study by Jang et
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al.,l"* who investigated the effects of applying acid-treated SWNTs to TiOz in DSSCs. Dye-
functionalized SWNTs with the acid treatment at the TiOz/electrolyte interface had a
significant effect on photocurrent-voltage characteristics. The DSSCs that used acid-treated
and dye-functionalized SWNTs achieved a 25% increase in Jsc, which indicates the improved
contact between the acid-treated SWNTs and the TiOz2 particles by enhanced light scattering
of TiOz clusters. The Voc also increased by around 0.1 V. This is due mainly to the basicity of
the TiO2 interface having NH groups of ethylenediamine moieties of the anchored dyes on
SWNTs. Kamat and colleagues reported SWNTs in DSSCs as both electrodes and charge
transporters.!'*l The SWNTs functioned as conducting scaffolds in DSSCs to produce a PCE
0f 0.2%, which is twice as high as the 0.09% PCE of the devices without SWNTs. TiO2 was
scattered onto the SWNT film, improving photo-induced charge separation and transport of
carriers to the electrode. Achieving the charge equilibrium between TiO2 and SWNTs was
paramount for the solar cell performance. In 2010, Li et al. reported novel titanium nitride
(TiN)-CNT counter electrode-based DSSCs which produced a PCE of 5.41%.1!%31 The TiN-
CNT electrodes were prepared by thermal hydrolysis of TiOSO4 on CNTs and subsequent
nitridation in an ammonia atmosphere. TiN nanoparticles in the 5-10 nm range were
dispersed on the surface of the CNTs. TiN demonstrated high electrocatalytic activity for the
reduction of tri-iodide ions, because the electronic structure of the metal nitrides is analogous
to that of the noble metals. The identity of CNTs was not described in the reported
communication, but we surmise it was a mixture of single- and multi-walled CNTs from the
provided transmission electron microscope (TEM) images. In the same year, Ouyang and
colleagues published a work involving coating gel binder-free films of CNTs in which SWNT
and MWNT films were used in DSSC devices. The CNT films were dispersed in low-
molecular-weight poly(ethylene glycol) (PEG) through mechanical grinding, ultrasonication,
and subsequent removal of PEG by heating. SWNT counter electrodes-based DSSCs showed

high PCE and higher stability compared with the Pt counter electrode-based control devices.
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A CNT-PEDOT core-shell counter electrode in a DSSC was reported by Im and
colleagues.!'*¢] A stable CNT-PEDOT counter electrode was synthesized by chemical
oxidative polymerization of 3,4-ethylenedioxythiophene (EDOT) using FeCls and
dodecylbenzene sulfonic acid (DBSA) as the oxidant and surfactant, respectively (Figure 9c).
Whereas control devices using CNTs only and PEDOT as the counter electrode produced
PCE:s of ca. 3.88% and 4.32%, respectively, the DSSCs using a CNT-PEDOT core-shell
counter electrode gave a PCE of approximately 4.62%, owing to the improvement in FF, that
arose from the increased electrical conductivity of the CNT/PEDOT composite. This can be
attributed to the doping effect of slightly acidic PEDOT on CNTs. The vertically-aligned
CNT forests described by Hill and colleagues can be used as counter electrodes for tri-iodide
reduction in DSSCs.!"*”! They used FTO as the growth substrate. Fluorine was leached from
FTO at high temperatures by the process gases, reducing tin oxide to tin metal islands on
native oxide. Vertically-aligned CNT forests grown on such substrates were used in DSSCs
and produced a PCE of 5.2%, which is lower than the 6.6% of the platinum counter electrode-
based DSSCs. Despite the higher Voc, lower Jsc and FF led to the lower PCE. The lower Jsc
and FF came from the lower catalytic effect and high resistance of the vertically-aligned CNT

forests, respectively.
SWNT as Both Electrodes

Sun and colleagues reported using SWNTSs as both electrodes in DSSCs in 2012.148!
They used ultrathin titanium-sub-oxide to modify SWNT conductive films and harnessed
them as the transparent electrode in DSSCs. In addition, for the counter electrode, they used a
bilayer of SWNTs and carbon black. The PCE of the DSSCs with both electrodes fabricated
from SWNTs depended heavily on the added amount of carbon black and the modification of
the ultra-thin titanium sub-oxide. There was an acceleration of electron transfer kinetics at the

counter electrode by the carbon black and an inhibition of mass recombination at the
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transparent electrode/electrolyte interface by the ultra-thin titanium-sub-oxide, respectively.

The best PCE obtained was 1.37%.

3.3.2. Lead Organohalide Perovskite Solar Cells

Since the first demonstrations of the prototype PSC by Miyasaka and colleagues,!'*’!
organic—inorganic halide PSCs have attracted a great deal of attention of the researchers around
the globe, because of their ability to soar up the PCE through the heated efficiency race.”! The
real competition began when Park and colleagues!!*" and Snaith and colleagues!'! reported
novel methods of All-Solid-State Submicron TiO: filled with 2,2',7,7'-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9'-spirobifluorene (spiro-MeOTAD) and mesoporous alumina,
respectively to boost the PCE of PSCs in 2012. After 6 years of continuous leaps in fundamental
insights and fabrication know-hows, PSCs have become one of the emerging thin-film
photovoltaics with its best certified efficiency of 23.3% as of today. Now the production at an
industrial level is being discussed based on its high PCE, yet there are number of imminent
problems to address before commercialization. The prospect of their flexible application and
commercialization depends on the flexibility of the used materials, fabrication cost, and stability

(99.152] the conventional transparent electrode ITO is the

of the devices. According to literatures,
sole layer that limits the flexible application as they cause crack under severe bending cycle.
Also, the price of ITO is constantly rising and takes up a huge portion in a PSC fabrication. [*®
Therefore, the replacement of ITO is crucial to both flexibility application and
commercialization of PSCs. This is the same situation as OSCs, but the stark difference can be
found in the metal electrode. The stability of PSCs is closed linked to ion migration and
moisture barrier-ability of the top electrode, which is different from OSCs.['**! Conventional
metal electrodes have problems of oxidation, ion migration, and poor barrier-ability, let alone

the expensive material cost and deposition cost.!!3*156] This led the researchers to focus on the

replacement of the metal electrode in PSCs more than the replacement of ITO. The fact that the
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perovskite layer does not dissolve in non-polar solvents made the metal electrode replacement
by CNT films easier than that in OSCs. Hydrophobic CNTs can be densified using non-polar
solvents, which do not damage the perovskite layer, yet totally destroys organic photoactive
layer in the case of OSCs.

This section provides an overview of the application of SWNTs as electrodes in PSCs,
replacing ITO and metal in one or both of the electrodes. We start with the case of ‘SWNT as

Top Electrode’ because much research has been done on this approach.

SWNT as Top Electrode

The first demonstration of SWNTs as the top electrode in PSCs was reported by
Mhaisalkar and colleagues.!'>”! They fabricated n-i-p mesostructured perovskite solar cells and
laminated aerosol-synthesized SWNT films on top. They discovered that the SWNT film can
function as both a hole-transporter and as an electrode. While the mechanism was not specified
in the article, the improvement of a relatively low PCE of 6.3% to 9.9% upon the addition of
spiro-MeOTAD implies that the charge selectivity of the aerosol-synthesized SWNT films,
which are a mixture of semiconducting and metallic SWNTs, was not enough to replace the
hole-transporting materials (Table 3: Device A and B, Figure 10a). Also, they tested the
device performance when the light is shone from the ITO side and SWNT side. The
performance was better when the light was shone from the ITO side, on account of higher
transparency of ITO over SWNTs. When a separate reflector was introduced on the SWNT side,
the PCE increased marginally, revealing that there is a non-reflective limitation to the SWNT
top electrode yet it is not significant. In their conclusion, the authors mention that the low
conductivity of the SWNT films is one of the limiting factors and that the photovoltaic
performance can be enhanced using dopants on the SWNTs. This is regarded to be challenging
even to this day, because the SWNT film is laminated on top of various layers and any attempt

to dope it can damage the underlying layers.[**) One year later, Wang et al., reported a flexible
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solar cell in which TiO2 nanotube arrays were grown on a TiCls-treated Ti foil electrode and
capped by MAPbI3. This was followed by the aerosol-synthesized CNTs (SWNT+DWNT)
densified using a spiro-MeOTAD solution (Table 3: Device C and D, Figure 10b).!'>*! Owing
to the thin metal foil substrate, the fabricated solar devices were flexible and could retain their
efficiency even after 100 bending cycles. While the PSCs without TiCls treatment showed a
PCE of 4.83% (Table 3: Device C), TiCls treatment increased the Voc by approximately 200
mV, producing a substantially higher PCE of 7.38% (Table 3: Device D). This approach was
particularly original because of the way that the researchers harnessed the Ti component for
both the conductor and as an electron-transporting layer.['®! PCEs were generally low, this can
be ascribed to the fact that light could only be shone from the CNT sides. As discussed
before,!37] a relatively low transmittance of CNT limits performance of solar devices. A more
advanced follow-up to the work of Mhaisalkar and colleagues was conducted by Aitola et al.,
using mixed formamidinium lead iodide-methylammonium lead  bromide,
(FAPbI3)0.8s(MAPbBr3)0.15.1%°! Mixed formamidinium lead iodide-methylammonium lead
bromide PSCs have been reported to produce higher efficiency and stability than
methylammonium lead triiodide perovskite MAPbI3, because of the large bandgap and more
compact cubic perovskites.!'*)l Again, in this work!!>?!, the SWNT film alone could not function
fully as a hole-transporter. PSCs without spiro-MeOTAD produced a PCE of 11.0% (Table 3:
Device E). The photovoltaic performance increased to 15.5% when spiro-MeOTAD was added
to the SWNTs. Interestingly, however, Jsc did not increase; only Voc and FF increased when
the spiro-MeOTAD solution was added (Table 3: Device F). They confirmed that spiro-
MeOTAD does not have any doping effect on SWNTs and it is solely the aerosol-synthesized
SWNTs that have the charge-selective function. Considering that the gold electrode-based
control PSCs gave a PCE of 18.8%, the PCE of 15.5% by using the mixed cation perovskite
and multi-laminated SWNTs is high but could be improved even further (Figure 10c). The

investigation was continued in the same architecture, but this time they employed cesium-added
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mixed formamidinium lead iodide-methylammonium lead bromide,
Css(MAo.17F Ao.83)95sPb(l0.83Bro0.17)3 to produce an even higher PCE of 16.6% (Table 3: Device
G).I'!l Moreover, they investigated the thermal stability of the devices by subjecting them to
an elevated temperature of 60 °C, which is a commonly used temperature for stability testing
of photovoltaics.['® They measured the continuous time-evolution of the J-V curves and the
J-V metrics over the course of the aging and found that the SWNT-based devices possessed
superior long-term thermal stability compared with the gold electrode-based control PSCs
(Figure 10d). A notable difference came from the substantial reduction in Voc of the control
devices which was attributed to the gold ion-migration-induced degradation of the perovskite

r.[182) Kim and colleagues reported PSCs in which CNT paste was applied using the doctor

laye
blade method. The CNT paste was purchased from Carbon Nano-Material Technology Co., Ltd.
and was mostly multi-walled CNTs. They achieved 10.7% efficiency without the use of spiro-
MeOTAD, and the two-step fabrication method was used to embed the perovskite into the
network of CNTs (Table 3: Device H).'®3 Jang and colleagues reported paintable carbon
electrode-based perovskite solar cells using CNT dripping.['**! Again, multi-walled CNTs and
the perovskite layer were entangled together. Without using spiro-MeOTAD, they achieved the
best PCE of 13.6% (Table 3: Device F). The CNT-based PSCs lasted much longer than spiro-
MeOTAD- and gold-based control devices during the stability test. Thus far, all of the
aforementioned SWNT-based PSCs have replied on a TiO2 electron-transporting layer and
spiro-MeOTAD as the hole-transporting material. TiOz is responsible for severe hysteresis,
owing to trapped charges between the metal oxide and the perovskite interface, which directly
impacts the degradation of the perovskite solar cells, undermining the device stability.[!]
Spiro-MeOTAD is well known to be thermally unstable, especially at temperatures above 80 °C,
which might be the reason why the stability test by Aittola et al.,['®!) was conducted at 60 °C
166-168] 1p,

and their SWNT-based PSCs showed excellent stability over a long period of time.!

order to maximize the stability potential of the SWNT-based PSCs, Choi and colleagues
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developed a novel PSC structure, in which a fullerene layer was used as the electron-
transporting layer while a nanocomposite of SWNT and P3HT was used as the electron-
blocking top electrode (Figure 11a).['%1 The device structure was coined ‘carbon-sandwiched
PSC’. It was discovered (through a combination of simulation and experiment) that the lower
chemical capacitance of the fullerene compared with TiO2 contributes to the reduced hysteresis
and longer-lasting durability of the perovskite layer. In addition to this, adding polymeric hole-
transporting layers, such as P3HT and poly(triarylamine) (PTAA), to SWNTs instead of spiro-
MeOTAD resulted in a much better stability, because the polymer/SWNT combination
functioned as a more effective moisture barrier and also had better thermal stability. Even
though employing spiro-MeOTAD in the carbon-sandwiched PSCs produced a PCE of 17.0%,
the devices did not last as long as the polymer-mixed carbon-sandwiched devices according to
the stability test result (Table 3: Device H). The reason that PTAA- and P3HT-mixed devices
exhibited superior barrier properties—and thus better stability—is that the longer chains of
polymers can wrap around SWNTs, thereby effectively sealing the SWNT film. Furthermore,
the conjugated polymers induced n—r interactions with the SWNTs, forming supramolecular
nanohybrids.'’”! Unlike the staggered conformations of PTAA, P3HT has a planar
conformation. This allows P3HT to have stacked crystallizations, leading to a more closely
packed structure. This is why the P3HT-added PSCs showed a much higher stability than the
PTAA-based devices, although the PCE performance was lower for the P3HT-based PSCs. The
polymer-containing devices produced moderate PCEs of 15.3% for PTAA (Table 3: Device I)
and 13.6% for P3HT (Table 3: Device J), respectively. However, their stability and low-cost
advantages are far greater than in the devices that employed spiro-MeOTAD. In particular, the
P3HT-based carbon-sandwiched PSCs were so much stable that the encapsulated devices
maintained their PCE more than 2000 hours under operating conditions without a UV filter in
ambient light (Figure 11b). Having witnessed the potential of SWNT-laminated PSCs, we have

collaborated with Yang and colleagues at UCLA by incorporating a new type of perovskite and
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the top-SWNT doping through collaboration with the The limitations of SWNT-laminated
PSCs lie in the SWNTs not being reflective, and SWNTs having lower conductivity than metals.
Therefore, for SWNTs, it was essential to come up with PSCs in which the perovskite photo-
active layer can absorb maximum light before it reaches the top SWNT, and to increase the
conductivity of SWNTs via a suitable doping method. As a solution to this, we incorporated a
formamidinium perovskite layer as the active layer to maximize the light absorption and
trifluoromethanesulfonic acid (TFMS) vapor doping to dope the SWNT-electrode without
damaging the neighboring layers (Figure 12a).['"!] Compared with the previously mentioned
mixed cations, Css(MAo.17FA0.83)95sPb(lo.s3Bro.17)3, (FAPbI3)o.ss(MAPbBr3)0.15, and MAPbI3;
purely FA-based perovskite, FAPbIs has a small bandgap (Eg) of approximately 1.4 eV, which
is the ideal bandgap for the Schockley-Queisser model (Figure 12b).l'”2] This means that
FAPDI3 has the highest Jsc at the expense of Voc among other types of perovskite layers, and
thus can absorb the maximum amount of sunlight extending to a wavelength of 850 nm.
However, because of its intrinsic instability, the pure FAPbIs perovskite is difficult to realize.
Yang and colleagues at UCLA developed a technology in which a small amount of 2D
perovskite addition surrounds the 3D FAPbI3 perovskite grains, protecting them from
moisture.'®! Here, application of this 2D/3D FACsPbls architecture enabled the successful
fabrication of PSCs based on CNT top electrodes; these PSCs featured very high values of Jsc,
as well as achieving the vapor doping of TFMS.['*! A mild vapor doping of SWNT top
electrode allowed a fine control of the energy level alignment between the valence level of
FAPbIs and the SWNTs, which led to the increase in Voc (Figure 12¢). Thirty seconds of vapor-
doping time was the optimal time for the overall device performance, because longer vapor
doping for more than 30 s resulted in an acid-base reaction between TFMS and the 4-tert-
butylpyridine (t-BP) in the spiro-MeOTAD solution (Figure 12d). In addition to this, a new
electron-transporting layer, SnO2 was employed in SWNT top-electrode-based PSCs for the

first time; the more widely used TiO2, as mentioned, has a problem of severe hysteresis due to
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index mismatch and high chemical capacitance. Moreover, TiO: triggers trapped-charge-

165.175.176] Although replacing TiO2 by Ceo greatly

induced degradation of the perovskite layer.!
improved stability by removing hysteresis, fullerene is still vulnerable to oxidation and will be
oxidized by oxygen in the air at some point.'®! SnO> has been reported to produce less
hysteresis than TiO2, and because it is more stable than Ceo, it will not undergo as much

[177.178] Combining all of those factors in one device, a PCE of 17.6% was

oxidation in air.
achieved, which is a record high among the carbon-electrode-based PSCs (Table 3: Device K,

Figure 12e).

SWNT as Transparent Bottom Electrode

The SWNT film can not only be used as the top electrode but also as the transparent
electrode as demonstrated in the OSC section 3.2. The very first replacement of the
conventional metal oxide transparent conductor by a carbon electrode in PSCs was
demonstrated by Matsuo and colleagues.!!’’! Inspired by the MoOx doping of SWNT
transparent electrode in OSCs (Table 2: Device L),!'*3! the same approach was used to dope
SWNT transparent electrode in PSCs.['”) MoOx doping which worked in the case of OSCs did
not work in PSCs because of the fact that MoOs was not energetically compatible with the
perovskite layer. There was an energy level alignment mismatch between MoOs and
MAPDI;.[18181] The incompatibility of MoO3 was investigated using an impedance study, and
different approaches were proposed to effectively dope the SWNT transparent electrodes in
PSCs. To avoid MoOs, three different methods of doping were showcased: One of the three
methods was to apply HNO3, which is a very effective—yet short-lived—dopant, before spin-
coating PEDOT:PSS on top. The second method was to modify PEDOT:PSS by adding 0.5
wt% of a polyoxyethylene(6) tridecyl ether (Sigma Aldrich Chemical Co., Inc.) surfactant to

make the solution hydrophobic. Because the SWNT-electrode is intrinsically hydrophobic
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without any treatment, it is imperative to control the wettability of the PEDOT:PSS solution to
achieve a uniform coating. The last method was to dilute the PEDOT:PSS solution with
isopropyl alcohol (IPA) to modify the wettability of the solution, similar to the second method.
In the case of HNO3 doping, various concentrations of HNO3 were tested. As HNO3 is difficult
to handle, corrosive, and toxic, it is important to know if diluted HNOs3 has the same doping
effectiveness. HNO3 diluted in water by different volume percentages was used to dope SWNTs,
and PSCs were fabricated using the doped carbon electrode. The result showed that HNO3
retained the same doping effectiveness down to 35 v/v% according to the four-probe
measurement, vis-NIR spectroscopy, Raman spectroscopy, and photovoltaic performance
(Figure 13a). In particular, the precise p-type doping effect can be quantified by analyzing the
upshifted G and 2D Raman spectroscopy bands arising from the phonon stiffening effect, and
quenching of the van Hove singularities (EM11, ES22, ES11). All the data pointed to the doping
effect of HNO3 remaining unchanged down to the 35 v/v% dilution. Accordingly, the highest
PCE of 6.32% was obtained from 35 v/v% HNOs-doped SWNT transparent electrode-based
PSC (Table 3: Device L, Figure 13b). Given that the ITO-based PSCs gave a PCE of around
9%, achieving a 6.32% efficiency from indium-free PSCs was quite an encouraging result at
that time. When the surfactant-added PEDOT:PSS was used on the SWNT-electrode directly,
a low PCE of 2.71% was obtained (Table 3: Device M). This was due to the fact that the
perovskite film coating did not give a high-quality film. We attribute the problem to the
surfactant-added PEDOT:PSS-soaked SWNT-electrode exhibiting low surface energy, which
shortened the anti-solvent dropping time-window. The photovoltaic efficiency was much better
for the PSCs to which IPA-diluted PEDOT:PSS had been applied; although their performance
was not as high as that of the HNOs-treated devices, 4.27% was obtained without utilizing
dopants (Table 3: Device N). In fact, the acidic nature of PEDOT:PSS functioned as a mild
dopant and contributed to lowering the sheet resistance. Finally, flexible PSCs were fabricated

on PET substrates using HNOs3 as a dopant, giving a PCE of 5.38% (Table 3: Device O, Figure
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13c¢). Although the performance of the flexible PSC dropped to 4.60% after enduring a severe

cyclic flex test, the efficiency was high enough to generate a reasonable amount of electrical

171 discussed a possible impediment due to an

power. Apart from the efficiency, the lette
energy level mismatch between the valence band of MAPbI3 and the Fermi level of HNO3-
doped SWNT (Figure 13d). It was observed that the series resistance (Rs) of the PSCs was
abnormally high when strongly p-doped SWNT-electrodes were used. A detailed analysis using
impedance spectroscopy showed that irrespective of the intrinsic sheet resistance (Rsheet),
SWNT-electrodes with a Fermi level lower than -6.0 eV manifested high resistance when the
holes move from perovskite to the electrode. Nearly a year later, Choi and colleagues reported
PSCs using transparent graphene electrodes and claimed that MoO3 is, in fact, compatible with
MAPbI; if an ultra-thin (2 nm or less) layer of MoOs is used.['®” They demonstrated an
extremely high PCE of 17% from graphene-based ITO-free PSCs, and there was no dopant used
during the fabrication. The comparison involving single-layered graphene and SWNTs was

.11 The devices were compared and contrasted in terms of photovoltaic

conducted by Jeon et a
performance and mechanical properties (Figure 14a). For the photovoltaic performance,
single-layered graphene-based PSCs produced a higher efficiency of 14.2% compared with
12.8% for the SWNT-based PSCs. This was when the ITO-based control devices were typically
producing a PCE of 17.8% (Table 3: Device P and Q). The overall device efficiencies reported
in this work were lower than in the previous report because we had increased the size of the
active area and the fabrication was performed during a humid summer season. The main reason
for the higher PCE of the graphene-based PSCs was Jsc. The graphene-based PSCs produced a
Jsc of 21.2 mA cm™ whereas the SWNT-based PSCs produced Jsc of 17.5 mA cm™. The main
reason for the higher Jsc was the higher optical transparency of the single-layered graphene. Its
transmittance from the UV-vis spectroscopy was even higher than that of ITO (Figure 14b).

The Voc was the same because the Fermi levels of the single-layered graphene and SWNT were

very similar according to the photoelectron yield spectroscopy (PYS). In the case of the FF, the
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SWNT-based PSCs showed a higher FF than the single-layered graphene-based PSCs. We

attributed this to the higher Rsheet of the SWNT-electrode compared to the single-layered
graphene electrode. As opposed to tenuously connected single-layered graphene, SWNTs are
known to have a low number of defect sites, which leads to higher conductivity. In terms of
morphology, the SWNT-electrodes displayed much rougher surfaces than the single-layered
graphene in the atomic force microscopy (AFM) topographic images. To test the mechanical
resilience of the carbon-electrode-based PSCs, a four-probe measurement and Raman
spectroscopy were conducted before and after a stretching and bending test. The four-probe
measurement shows that after a 200-cycle flexural test, the Rsheet of the single-layered graphene
electrode increased by approximately 150 €, but only a marginal change was recorded from the
SWNT-electrode.'3+186] This was due to the defect formation at the grain boundaries of the
graphene films, which the SWNT films did not possess. G band and D band shifts of Raman
spectroscopy can visualize how the stretching affects the carbon electrodes. The shift of these
peaks with strain is an intrinsic property of hexagonal carbon rings that can be defined by the
Griineisen parameters. The Griineisen parameters describe how changing the volume of a
crystal lattice affects the vibrational Raman frequency of the phonons within the lattice.!!87-1%8]
The second-order two-phonon process responsible for the 2D band is caused by the scattering
of two iTO phonons near the K point. This mode is independent of defects but dependent on
strain.['®) There were stronger shifts of the G and 2D bands in the single-layered graphene
electrodes than in the SWNT-electrodes when they were stretched and bent. This indicates that
graphene is more susceptible to stress and strain than SWNTs when the same magnitude of the
tensile or flexural force is applied. This makes sense as the SWNT films have an entangled
geometry of nanotubes, which requires more stretching before the hexagonal carbon rings can
be distorted in shape. However, single-layered graphene has a totally flat geometry that allows
immediate warping of the original benzene rings when stretched. The difference was more

clearly manifested when the SWNT films and the graphene films were used as the transparent
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conductors in PSCs and underwent a severe cyclic flexural test. By the time the number of
bending cycles reached ca. 700, the PCE of the single-layered graphene-based PSCs started to
drop before that of the SWNT-based PSCs (Figure 14c¢). It was concluded that the single-
layered graphene electrode has the upper hand when it comes to photovoltaic performance.
Whereas, the SWNT-electrode has advantages in terms of mechanical resilience,
reproducibility owing to easy transfer, and ease of processing. With the result being a tie, when
one determines a preference between these carbon electrodes, it should be based on which

aspects of solar cells one values more.

SWNT as Both Electrodes

Analogous to OSCs, both electrodes can be made up of carbon electrodes within the
same system. We demonstrated PSCs in which SWNT-electrodes functioned as both anode and

e.[1% Initially, we thought that the advantage of using

cathode in an inverted device structur
SWNT for both electrodes would lie in its facile and low-cost processability. Unlike the thermal
evaporation of metal electrodes and sputtering of ITO, SWNT can easily be laminated. This
means that the right structural configuration can be contrived, it is possible to maximize the
potential of SWNT-electrode. There are a number of important advantages to using the SWNT-
electrodes: The fact that they are laminated means that PSC fabrication can be roll-to-roll
(R2R)-processed. The R2R-process is extremely important from an industrial perspective as
the process can shorten the Takt-time (the average time between the start of production of one
unit and the start of production of the next unit, when these production starts are set to match
the rate of customer demand.).['”] The R2R process can also save material costs, and enable

large-size device production. Moreover, the carbon materials are cheap and abundantly

available as opposed to the metals used for the conventional electrodes. Therefore, we chose
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the inverted-type architecture for this study because of its low-temperature processability and
solution processability for this study. To obtain a high efficiency in the inverted PSCs, rather
complicated multiple layers of electron-transporting materials were necessary: for example, a
configuration of ITO/PEDOT:PSS/MAPDI3/Cso/bathocuproine(BCP)/LiF/Al. Such stacking
gave a PCE of 17.0%, but the materials used were expensive, and thermal evaporation steps in
vacuum were unavoidable. However, any process involving a vacuum chamber increases the

(1921 PSCs are often presented as a low-cost, solution-processable

fabrication cost drastically.
technology that enables flexible solar cells, but the reality is that if the fabrication process
involves a vacuum chamber, then it becomes a high-cost process with no advantage for flexible
substrates (Figure 15a). Using vacuum chambers in an industrial line means that the fabrication
process must be frequently interrupted while a large volume is pumped down to high-vacuum
levels; moreover, the installation costs are very high. In addition, the process has to rollback
which increases the processing time and causes damage due to bending, static electricity, and

5.1 One of the merits of flexible technology

physical contact with the substrates of other layer
is R2R processability of the plastic substrates; however, involving a vacuum chamber means
that the process has to be a sheet-to-sheet (S2S) process, rather than a R2R process if we want
to achieve a low-cost process. Consequently, we postulated that a simplified vacuum-free
structure would be more suitable for the PSCs with both electrodes based on SWNTs—even at
the expense of the PCE loss. The simplified PSCs with a configuration of
ITO/PEDOT:PSS/MAPbI3/PCBM/AL produced a PCE of 12.8%. As most of the previously
reported carbon electrodes have been anodes, this work emphasizes the importance of SWNT
cathode demonstrations. Carbon conductors in air are slightly p-doped. Stable and effective n-
dopants for carbon electrodes have not been reported to the best of our knowledge.['**1%] This
makes SWNT cathodes difficult and unattractive. However, in order to achieve PSCs with

electrode based on SWNTs, it is paramount that high-performance PSCs in which the SWNTs

function as a cathode is realized. When a very thick SWNT cathode (transmittance of 50% at
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550 nm wavelength) was laminated from the top and densified using a PCBM solution, a high
PCE of 10.5% was obtained. It was found that the application of the PCBM solution decreased
Rsheet as measured by the four-probe; and the Raman G and D bands shifted to the left, which
may serve as an indication of an n-doping effect. When HNO3-doped highly transparent SWNT
films were used as the anode, a PCE of 9.8% was produced (Table 3: Device R). This is a
remarkable improvement from the previous report in which a PCE of 6.32% was obtained
(Table 3: Device L). This is ascribed to the adoption of a new PSC fabrication technique, called
the adduct method.""””! Having confirmed that the SWNT films can function either as anodes
or as cathodes in PSCs, the two systems merged into one. Various device configurations were
tested and the most optimized structure was found to be SWNT-
P3HT/PEDOT:PSS/MAPbI3/SWNT-PCBM, in which 50% transparent SWNT films were used
as the anode and PCBM-mixed 90% transparent SWNT films were used as the cathode. The
sunlight was incident on the cathode side. P3HT was necessary for the solar cell to function;
we conjecture that this is due to the energy band alignment. Both-SWNT-electrode PSCs
produced a PCE of 7.32% and the device structure could potentially be non-stop R2R
processable (Table 3: Device T, Figure 15b). Moreover, the cost analysis showed that the
PSCs with both electrodes composed of SWNTs cost only 57.6% of the conventional PSCs,
and when considering industrial-scale scale production, this figure went down even further to
32.9% (Figure 15¢). In reality, the difference in the fabrication cost will be even greater if we
consider the set-up costs and running costs. Moreover, the mechanical properties of the PSCs
where both electrodes were SWNTs were superior to those of the single-SWNT-electrode-
based PSCs, especially in terms of flexibility. Subsequently, Luo et al., reported PSCs with
both carbon electrodes being carbon-based; they used a CNT anode and a graphene cathode.!'*®]
Their dual-carbon-electrode PSCs produced a PCE of 11.9% (Table 3: Device U). The high
performance came from the fact that they adopted a normal architecture for the PSCs, and

highly transparent single-layered graphene was used as the front electrode. Their flexible PSCs
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with both electrodes being carbon-based demonstrate superior mechanical robustness against
bending cycles at a curvature radius of 4 mm in comparison with ITO-based control devices.
The flexible PSCs with both electrodes being carbon-based retained 86% of their original PCEs
even after 2000 bending cycles. The identity of the CNT back electrode they used is not fully
described; however, we conjecture that it employed multi-walled CNTs from their ca. 10 nm-
thick-diameter.'”) Such an all-carbon concept will open up new avenues for versatile

applications of carbon.

4. Conclusion

Up to this point, we have looked into the applications of SWNTs as transparent
electrodes in the emerging thin-film solar cells. This review touched on the syntheses of SWNT
electrodes and went over their applications in organic solar cells, DSSCs, and PSCs. By looking
at the research direction of the SWNT-electrode photovoltaic applications, it is clear that the
SWNT-electrode replacement is extended to dual CNT electrode systems in which CNTs are
used as a pair, or in a combination with other carbon electrodes. It is our prediction that the
application of CNT electrodes will be extended to tandem devices.!**”! Considering this trend,
there is no doubt that the excellent properties of SWNTs give them the potential to become the
next-generation electrode for photovoltaic devices. Here, we would like to conclude this review
by going through five key aspects of SWNT electrodes that should be worked on to ensure their
viability in emerging thin-film photovoltaics.

The first aspect is that the synthesis and fabrication of SWNTs can and should be made
easier. Currently, compared to past developments, the synthesis and the control of their
properties have gotten somewhat easier.l*°!l As we discussed in section 2, for electrode use, it
is important to obtain longer SWNTs with more consistent diameters. In addition, the SWNTs

should be either fully metallic or a mixture of metallic and semiconducting. This means that the
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chirality control of SWNTSs is important. It is preferred that we want to develop fully metallic
SWNTs for the electrode usage in OSCs, because charge selectivity of SWNTs plays little or
no role in OSC devices. On the other hand, for the top electrode in PSCs, the charge selective
function of SWNTs is equally important so that a mixture of metallic and semiconducting
properties of SWNTs is desired. The orientation of the SWNTs is also important because most
SWNT-electrode-based photovoltaics utilize randomly oriented SWNTs. To the best of our
knowledge, VA- or HA-SWNT electrodes in emerging solar cells have not been demonstrated,
unlike silicon solar cells. We expect such SWNTs with a specific orientation can also prove to
be beneficial to OSCs and PSCs. In terms of the fabrication process, aerosol SWNT-electrodes
already have the enormous advantage of being laminated, "'l which is much more promising
for the large-size photovoltaic fabrication than the wet transfer of other carbon electrodes.
However, this advantage can become even greater with the solution processing of CNT
electrodes. The solution processability of CNT electrodes has already been successfully
demonstrated by many groups as mentioned in this review (Table 2), but their performance is
not quite as good as that of the laminated SWNTs. Further progress in the development of the
solution-processed CNT electrodes can open up more opportunities for CNT-electrode-based
photovoltaics. Effective removal of surfactants from solution-processed CNT electrodes can be
one way to advance their performance while doping CNTs in their solution state can be another
way. There are also crude, but effective, mechanical approaches. For example, overlaying CNT
grids on top of CNT electrodes has been reported to boost the conductivity.[?°>2%] Capitalizing
on the unique properties of double-walled CNTs is another viable option.[*!?°*] Double-walled
CNTs are as transparent and conductive as SWNTSs, yet manifest highly a dispersible nature,
akin to MWNTs, that can lead to high-performance electrodes when spin-coated. Many
challenges remain; however, there are many avenues to the next level of CNT electrodes.
Secondly, the dc to optical conductivity ratio of an electrode,?®! which is the

transparency divided by the resistance is the factor that differentiates between ITO-based
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photovoltaics and SWNT-based photovoltaics. Neither the transparency nor the conductivity of
CNT electrodes is comparable to those of ITO or metals yet. While it is necessary to improve
both the transparency and conductivity, it is important to give more attention to the conductivity
at the expense of transparency if the SWNT electrode is not being used as the transparent
electrode. Therefore, the conductivity is a more pressing limitation and the biggest bottleneck
for SWNT electrodes.

We can improve the conductivity either by focusing on the synthesis level of SWNTs,
or by relying on post-treatments, such as dopants. One of the ways to improve the synthesis
process itself would be to remove metal catalysts, because the metal particles have no function
after the growth process. An easier approach, however, would be to use p-dopants. Many papers
have already been published reporting on stable and effective dopants for carbon electrodes.
Recently polymeric acid, which is as effective as the conventional acidic dopants but shows
almost immeasurable durability time has been discovered. Likewise, there are countless
materials to be explored that can potentially function as effective and stable dopants.

Energy level alignment is the third point to consider. The Fermi level of the CNT plays
a crucial role in achieving high-performance photovoltaics. In general, carbon electrodes have
been reported to have Fermi levels of —4.5 to —5 eV. The Fermi level can be tuned by various
dopants. Materials like acids and PEDOT:PSS will p-dope CNTs, decreasing the values of the
Fermi level. Strong acids like HNO3 and TFMS can shift the Fermi level to more than —6.0 eV.
As discussed in the previous section,[!”!!7°] the energy level matching between the Fermi level
of CNTs and the valence band of perovskite is an important factor that determines Voc. Fine
tuning of the energy level by means of effective and stable doping is a worthwhile research
topic for the future. For the CNT cathodes, obtaining the right Fermi level to minimize energy
barriers is particularly crucial-much more than for the CNT anodes. Cs2CO3 and PCBM are
two of the examples of n-dopants used to reduce the Fermi level for electron collection at the

cathode.l"® Carbon cathodes have not been studied as much as the anodes; hence, this is also
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a fascinating and important area to explore, especially for the development of all-carbon solar
cells.

The surface properties are the fourth point. Wettability is an essential factor in solar cell
fabrication. The fact that CNT electrodes are hydrophobic limits the type of materials that can
be deposited on top and the deposition methodology as well. Therefore, controlling the surface
energy of CNT electrodes can directly impact the cost and ease of the fabrication process. There
are numerous chemical treatments that enable this. In many cases, these treatments also have a
doping effect. Therefore, it is possible to control both wettability and Fermi level at the same
time. Further, the intrinsic surface roughness of CNTs affects the device performance and
reproducibility.'83] Hence, more attention should be paid to the surface morphology
improvement either by controlling the growth process of SWNTs or by post-treatments. Again,
various dopants can overcoat the SWNTs to fill in the network. Materials like polymers are
particularly effective for this.[1®”]

Lastly, the functionality of SWNTs has not been fully explored. The flexibility aspect
is already well known; there is no question about their mechanical resilience, and SWNTs
were found to be more flexible than even single-layered graphene (Table 3: Device P and
Q).I'"¥31 However, there are other traits that we have not yet investigated. For example, it has
been only recently demonstrated that the inertness of SWNTs leads to enhanced stability
compared to metal electrodes that cause ion migration (Table 3: Device G).!'!! Furthermore,
researchers have overlooked the merit of SWNTSs as a moisture and air barrier, which means
that SWNTSs can serve an excellent encapsulating function (Table 3: Device J).['*! For thin-
film photovoltaics, stability under ambient conditions is vital for commercialization. The
photoactive materials of these type of cells are rather unstable in air, and the barrier properties
of plastic encapsulation are simply not good enough. Therefore, it is necessary to develop a

flexible barrier that can passivate the device effectively. CNTs have shown some promise in
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this regard, yet the current research in this area has not been sufficient. Further study will
surely lead to the pathway to air-stable thin-film solar cell devices.

As reviewed above, substitution of electrodes plays a crucial role in the emerging thin-
film solar devices and has been the subject of much research, which continues to this day. With
the improvement on the properties of SWNTs at both synthesis and engineering levels, we can
expect remarkable continuing advancement in the solar cell research. We have no doubt that

there is still room for improvement to expedite this carbon-electrode research.
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gas phase growth supported growth

vertically aligned array

Bulk aggregates random network film

Figure 1. Schematics of the three major CVD synthesis protocols developed so far: (a) gas
phase synthesis, (b) supported synthesis and (c) so called the on-substrate synthesis under a
category of the supported synthesis. Different morphologies of SWNT product used in solar
cell applications: (d) bulk aggregates, (e) vertically aligned array and (f) random network
film.
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Figure 2. Large area SWNT films produced from floating and aerosol CVD: (a) SEM image
(b) enlarged SEM image, (c) TEM image and (d) sheet resistance of highly isolated SWNT film
produced from floating CVD (Reproduced with permission®! copyright 2018, AAAS); (e)
optical images of SWNT films produced from aerosol CVD, (f) optical images, (g) chirality
distribution, (h) diameter distribution histogram, and (i) optical absorption spectra of pristine
colored SWCNT films produced from aerosol CVD with addition of CO2 (Reproduced with
permission!*’! copyright 2018, American Chemical Society).
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Figure 3. Highly pure semiconducting SWNT arrays grown by electro-twisting. (a) Schematic
of reversing the electric field during CVD and its effect to SWNT chirality; (b) SEM image of
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large area semiconducting SWNT arrays; (c¢) metal- semi junctions formed during in situ
switching the electric field (Reproduced with permission!’?! copyright 2018, Nature publishing

group).
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Figure 4. Chirality-specific growth of SWNT on solid catalyst: (a) DFT simulation of chirality
selection on different facets of WesCo7, (b) population distribution obtained from experiments,
and (c) a schematic to achieve growth of (2m,m) SWNTs by combining symmetry matching
and dynamic control (Reproduced with permission!’”! copyright 2018, Cambridge University
Press).
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Figure 5. (a) Schematics of cloned growth of SWNTs from short segments (Reproduced with
permission'®®! copyright 2009, American Chemical Society). (b) Improved cloning growth from
chirality pure nanotube seeds (Reproduced with permission®® copyright 2012, Nature
publishing group). (c) Successful synthesis of a carbon nanobelt that may be used for producing
single-chirality SWNTs (Reproduced with permission®¥ copyright 2017, AAAS).
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Figure 6. a) Schematic diagrams of the OSC devices with ITO as a transparent electrode (left)
and SWNTs as the transparent electrode (right) (Table 2: Device A) (Reproduced with
permission from Appl. Phys. Lett. 2005, 87, DOI: 10.1063/1.2132065. Copyright 1998
American Chemical Society). b) J-V curves of the flexible OSCs using ITO (red circle) and
SWNT (black circle) as a transparent conductor (TC) with its structure and a picture as insets
(Table 2: Device B) (Reproduced with permission from Appl. Phys. Lett. 2006, 88, DOI:
10.1063/1.2187945. Copyright 1998 American Chemical Society). ¢) J-V curve of the
flexible OSCs from Table 2: Device C with its picture as an inset. (Reproduced from Ref. 121
with permission from the Royal Society of Chemistry) d) Schematics of the OSCs from Table
2: Device D (left) and Device E (right). e) J-V curves of SWNT-electrode-based OSC devices
in which PCE is increasing with the metallic SWNT component (Table 2: Device H). f)
Ilustration of flexible OSCs in which CNT:PANI is used as the transparent conductor and g)
its picture (Table 2: Device I).
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Figure 7. a) Schematic of the low-bandgap polymer OSC devices in which MoOx doping on
SWNT-electrode was used, showing molecular structures and a doping mechanism
illustration. b) Structure of the SWNT-electrode-based small molecule OSCs from Table 2:

Device J. ¢) A picture of the flexible OSC from Table 2: Device N.
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Figure 8. Structural illustration of the metal-free OSCs for window application from Table 2:
Device P (left) and two pictures with different foci (right). b) four different OSCs fabricated
in the same work,!'*¢! including Device O and Device P from Table 2. Illustration of c) the

HNOs3 doping sandwich-transfer method, and d) the MoOx doping bridge-transfer method
(Reproduced from Ref. 136 with permission from Nature Publishing Group).
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Figure 9. a) Schematic cross section of the monolithic series connected dye sensitized
photovoltaic module (Copyright © 1996 Published by Elsevier B.V.). b) Schematic diagram
of DSSC with carbon film as a counter electrode (left) and J-V curves of the device using
various carbon electrodes (right). ¢) Schematic illustration for the synthesis of CNT/PEDOT
core/shell nanostructures (Copyright © 1996 Published by Elsevier B.V.).
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Figure 10. a) Schematic diagram of the first SWNT-electrode application in PSCs (Table 3:
Device B). b) Schematic diagram Ti foil-based PSCs in which CNTs have been used as the
top electrode (Table 3: Device D) (Copyright © 1996 Published by Elsevier B.V.). ¢)
Sequential diagrams explaining how SWNT top electrode PSCs are fabricated (Table 3:
Device F) (Reproduced from Ref. 157 with permission from the Royal Society of Chemistry).
D) Results of maximum power point tracking curves of Au- and SWNT-based PSCs at
elevated temperatures (above), and illustration of the measurement conditions in which
temperature of the devices was changed from 20 °C to 60 °C after 14 h (blow).
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Figure 11. a) Illustration of the carbon-sandwiched PSCs (Table 3: Device I and J). b) 3D
image of an encapsulated carbon-sandwiched PSC with P3HT as the hole-transporting layer
(left) and its stability data (Reproduced from Ref. 167 with permission from the Royal Society
of Chemistry).
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Figure 12. a) Illustration of FACsPbls-based PSCs with TFMS-doped SWNT as the top
electrode (Table 3: Device K). b) Energy diagrams of three different perovskite materials. c)
TFMS vapor doping illustration and the energy level change. d) "H NMR spectra were
recorded in DMSO-ds solution at 500 MHz. o)) '"H NMR of 4-tert-butylpyridine; ) 'H NMR
of 4-tert-butylpyridine with addition of 10 wt% of TFMS. e) PCE chart showing the the
SWNT top electrode-based PSCs reported thus far.
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Figure 13. a) Vis-near IR spectra (left) and Raman spectra (right) of the SWNT films treated

by different HNOz3(aq) concentrations. b) Schematic diagram of a SWNT-electrode-based
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PSC with different HNOz3(aq) concentrations as illustrations. ¢) A picture of a flexible SWNT-
electrode-based PSC. d) Impedance spectra of different SWNT-electrodes in contact with the
perovskite material, and a corresponding electric circuit and an energy diagram as insets.
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Figure 14. a) 3D rendering image of a SWNT and graphene transparent electrode-based PSC.
b) UV-vis transmittance spectra of SWNT (black), graphene (blue), and ITO (red) on glass
substrates. ¢) AFM (left) and cross-sectional SEM (right) images of graphene (above) and
SWNT (below). ¢) Cyclic flexural test of graphene-based PSCs (red) and SWNT-based PSCs
(blue).
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Figure 15. a) Process illustration of conventional PSC fabrication (above) and non-stop
continuous both-SWNT-electrode PSC fabrication. b) Simplified illustration of the entirely
solution-processable OSCs. ¢) Cost analytsis pie charts of both-CNT-electrode PSCs (red) and
conventional PSCs (yellow) for the lab scale (above) and the mass scale (below).
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Table 1. List of SWNT syntheses discussed in Section 2. Growth type, process name, carbon
source, and product characteristics are summarized.

Growth Process Name Carbon Source Product Diameter Length Chirality
Form (nm) (um)
A HiPco CcO Powder ca. 1 0.1-1 Broad
B CoMoCAT CcO Powder ca.0.8 2-5 (6,5)
Gas-Phase (e} ACCVD Ethanol Powder ca. 1 2-5 (6,5)
Growth D Floating CVD Benzene Fibers ca. 2 10-50 N/A
E eDIPS Toluene/Ethene Powder 1.2-1.8 2-5 N/A
F Aerosol CcO Film 1.3-2 1-5 Broad
G Zeolite CcO Powder 1-2 2-5 (7,5) (7,6) (8,4)
H ACCVD2 Ethanol 0.8-2 <100 Broad
Supported VA-forest
Growth (On- | Super Growth Ethene 1.5-3 <1000 N/A
Substrate
Growth) Flow-Guided
J Growth CO/Methane N/A
HA-CNT 1-4 <50000
K Crystal-Guided Methane/Ethanol Broad

Growth

Table 2. List of reported OSCs in which electrodes have been replaced by SWNT (or CNT)

electrodes.
Ref.  Device Structure - : fm_z) \(/\‘;; FF PCE (%)
118 A glass/SWNT/PEDOT:PSS/P3HT:PCBM/Ga-In 6.65 0.50 0.3 0.99
(120 B PET/SWNT/PEDOT:PSS/P3HT:PCBM/AI 7.8 0.61 0.52 25
n21 C PET/SWNT/ZnO nanowire/P3HT/Au - - - 0.6
(122 D glass/SWNT/PEDOT:PSS/P3HT:PCBM/AI 56 0.58 0.4 1.3
E glass/PEDOT:PSS/P3HT:PCBM/AI 1 0.55 0.35 0.2
(124 F glass/SWNT(DCE)/P3HT:PCBM/LIF/Al 9.9 0.55 043 23
G glass/SWNT(H,0:SDS)/P3HT:PCBM/LIF/Al 7.3 0.59 0.46 2.2
[125] H glass/SWNT(metallic)/P3HT:PCBMI/LIF/Al 10.7 0.56 0.34 2.0
127 [ PET/CNT:PANI/PEDOT:PSS/F8T2/Co/Al 6.9 0.73 0.45 23
(131) J glass/SWNT/MoOs/PEDOT:PSS/PTB7:PC7BM/LIF/Al 127 0.70 0.58 5.3
K glass/SWNT/MoO,/PEDOT:PSS/PTB7:PC7BMILIF/Al 137 0.72 0.61 6.0
L PI/SWNT/MoOx/PEDOT:PSS/PTB7:PC7BM/LIF/Al 1.3 0.69 0.44 3.4
M PET/SWNT/MoOy/PEDOT:PSS/PTB7:PC71BM/LIF/AI 127 0.70 0.45 3.9
(103 N glass/SWNT/MoO,/PEDOT:PSS/DPP(TBFu)2:PCBM/LIF/Al 3.2 0.8 0.40 19
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(136l o glass/ZnO/PTB7:PC71BM/MoO3/HNO3-SWNT/glass 9.0 0.70 0.65 4.1

P glass/ZnO/PTB7:PC71BM/HNOx-SWNT 8.2 0.68 0.60 3.4

Table 3. List of reported PSCs in which electrodes have been replaced by SWNT (or CNT)
electrodes.

Ref.  Device Structure (m A] icm'z) \(/\7;: FF F(’; I)E
[155] A glass/FTO/c-TiO22/m-TiO2®/MAPbIs/SWNT 14.7 0.83 0.49 6.02
B glass/FTO/c-TiO2/m-TiO2/MAPDI3/spiro-MeOTAD/SWNT 18.1 1.00 0.55 9.90
[156] C Ti foil/nt-TiO29/MAPDIs/spiro-MeOTAD/SWNT+DWNT 12.2 0.77 0.60 4.83
D Ti foil(TiCls-treated)/nt-TiO2/MAPbI3/spiro- 12.6 0.97 0.60 7.38
MeOTAD/SWNT+DWNT
[17] E glass/FTO/c-TiOo/m-TiO/(FAPDI3)o.ss(MAPbBr3)o 15/SWNT 203 0.97 046  11.0
F glass/FTO/c-TiO2/m-TiO2/(FAPbI3)o.8s(MAPbBr3)o.15/spiro- 20.3 1.1 0.61 15.5
MeOTAD/SWNT
11591 G glass/FTO/c-TiO2/m-TiO2/Css(MAo.17F Ao 83)esPb(lo.e3Bro.17)3/ 21.0 1.12 0.71 16.6
spiro-MeOTAD/SWNT
161 H glass/FTO/c-TiO2/MAPDIs/CNT 18.5 0.70 0.6 10.7
1162) F glass/FTO/c-TiO2/m- 19.0 1.00 0.71 13.6
TiO2/Cs5(MAo.17F Ao.83)95Pb(lo.83Bro.17)s/ CNT
1671 G glass/ITO/Ceo/ MAPDIs/SWNT 21.8 0.93 0.65 13.2
H glass/ITO/Ceo/MAPDI3/spiro-MeOTAD/SWNT 23.8 1.08 0.66 17.0
| glass/ITO/Ceo/MAPbIs/PTAA/SWNT 23.0 0.98 0.68 15.3
J glass/ITO/Ceo/MAPDI3/P3HT/SWNT 21.7 0.94 0.67 13.6
1169 K glass/ITO/SnO2/FACsPbls/spiro-MeOTAD/TFMS-SWNT 24.2 1.01 0.72 17.6
nrm L glass/HNO3-SWNT/PEDOT:PSS/MAPDbIs/PCs1BM/AI 14.9 0.79 0.54 6.32
M glass/SWNT/PEDOT:PSS/MAPbIs/PCes1BM/AI 11.8 0.61 0.38 2.71
N glass/SWNT/PEDOT:PSS/MAPbIs/PCes1BM/AI 111 0.77 0.50 4.27
(0] PET/HNO3-SWNT/PEDOT:PSS/MAPDbI3/PCs1BM/AI 11.8 0.71 0.56 5.38
181 P glass/graphene/MoOs/PEDOT:PSS/MAPbI3/Cso/BCP/Ag 21.2 0.96 0.70 14.2
Q glass/SWNT/MoOs/PEDOT:PSS/MAPbIs/Ceo/BCP/Ag 17.5 0.96 0.76 12.8
1188 R glass/HNO3-SWNT/PEDOT:PSS/MAPbI3/PCes1BM/Al 18.3 0.81 0.66 9.8
S glass/ITO/PEDOT:PSS/MAPbI3/PCs1BM/SWNT 18.1 0.79 0.73 10.5
T glass/SWNT/P3HT/PEDOT:PSS/MAPbI3/PCs1BM/SWNT 15.9 0.80 0.57 7.32
1196] u PET/graphene/TiO2/PCBM/MAPDbI3/spiro-MeOTAD/CNT 20.3 0.89 0.65 11.9

9¢-TiO2: compact-TiO2; ¥ mp-TiO2: mesoporous-TiOz; ¢) nt-TiO2: nanotube array-TiO:
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Single-walled carbon nanotube electrodes in organic solar cells and perovskite solar cells
are reviewed in synthesis and applications point of views. The emerging thin-film solar
cells have the potential to become next-generation flexible and portable energy devices.
Replacement of conventional electrodes by single-walled carbon nanotubes is crucial in
achieving such devices. This review summarizes the progress of this.
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cells, perovskite solar cells
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