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Abstract

Carbon nanotubes have a variety of remarkable electronic and mechanical proper-

ties that in principle lend them to promising optoelectronic applications. However, the

field has been plagued by heterogeneity in the distributions of synthesized tubes and

uncontrolled bundling, both of which have prevented nanotubes from reaching their

full potential. In this progress report, we present a variety of recently-demonstrated

solution processing avenues that could combat these challenges through manipulation
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of nanoscale structures. We show recent advances in polymer-wrapping of single-walled

carbon nanotubes (SWNTs) and how the resulting nanostructures can selectively dis-

perse tubes while also exploiting the favorable properties of the polymer such as light

harvesting ability. We also discuss new methods to controllably form nano-engineered

SWNT networks with controlled nanotube placement. These nano-engineered networks

decrease bundling, lower the percolation threshold and enable a strong enhancement

in charge conductivity compared to random networks, making them potentially attrac-

tive for optoelectronic applications. Finally, we review SWNT applications to date in

organic and perovskite photovoltaics, and we provide insights as to how the aforemen-

tioned recent advancements could lead to improved device performance.

1 Introduction

Since the early 1990s, the production and the characterization of carbon nanotubes’

properties and their potential applications have increased dramatically. Carbon nan-

otubes are among the stiffest, toughest, strongest and most resilient materials known to

man. Investigation of their mechanical properties by transmission electron microscopy

(TEM) and by atomic force microscopy (AFM) have revealed that individual carbon
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nanotubes have a Young’s modulus in the TPa range, and a bending strength over

14 GPa. [1–4] For this reason, they have been widely investigated in composites to

reinforce a polymer matrix to make it stiffer and more resistant to deformation. [5, 6]

Moreover, the exceptional electrical properties and high charge carrier mobility of car-

bon nanotubes (CNTs) lends them to application in a range of devices including high-

performance transistors, supercapacitors, electrically conductive adhesives, piezoresis-

tive polymer composites and flexible optoelectronic devices. [7–12]

Single-walled carbon nanotubes (SWNTs), which are made of a monoatomically

thin sheet of graphene rolled-up in a quasi 1 dimensional cylinder, are particularly at-

tractive due to their large aspect ratios and remarkable electronic and transport prop-

erties. SWNTs, whose diameters range from less than a nanometer to several nanome-

ters, were first reported independently in 1993 by Iijima and by Bethune. [13, 14] The

way the graphene layer is rolled-up determines the nanotube chirality and diameter,

which in turn dictates the electronic character of the SWNT as either metallic or semi-

conducting. [15] Figure 1 shows a graphene sheet which, when rolled up along one of

the chiral vectors, forms a specific type of SWNT (zig-zag, armchair, chiral) denoted

by their chiral indices (n,m), with each having unique electronic properties. Experi-

ments on individual metallic tubes and small bundles of SWNTs have demonstrated

very high conductance and ballistic charge transport. [16–18] These results indicate

that metallic SWNTs can therefore conduct electricity as well as the best metals, even

at room temperature. Moreover, due to a typically low defect density compared to

metals, charges in metallic tubes exhibit much longer mean free paths on the order of

microns. [19, 20]

The semiconducting behavior of SWNTs was first reported in 1998 [21] where a nan-

otube was deposited between source (S) and drain (D) contacts, and the gate voltage

Vg was varied between negative and positive values. Measurement of the conductance

between S and D revealed that charges were transported through the nanotube only
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at negative gate biases, essentially behaving as a p-type metal-oxide-semiconductor

field effect transistor (MOSFET). They have since been intensely investigated for their

semiconducting properties which have promised highly performant electronic devices,

such as hybrid SWNT photonic crystals, broadband photodetectors, all-carbon pho-

tovoltaic solar cells, and photothermal nanotube/polymer composites for biomedical

applications. [22–32] Moreover, their high surface area to mass ratio (1600 m2/g) makes

them sensitive to adsorbed species and attractive for gas sensor applications. [33, 34]

In this Progress Report, we discuss functional SWNTs, especially nanotubes wrapped

with a semiconducting polymer, and the integration of SWNTs into thin-film devices.

We will moreover focus on the formation and properties of novel types of nanotube

networks: nanoscale nano-engineered SWNT networks. This new concept has shown

tremendous potential for producing high-performance optoelectronic devices which ef-

fectively exploit the intrinsic nanotube properties and use reduced amounts of nan-

otubes compared to random networks. We finally review and comment applications of

functional SWNTs and nano-engineered networks in the emerging fields of nanocarbon

and perovskite photovoltaics.

2 Tailored electronic properties by sorting, dop-

ing and wrapping of SWNTs

2.1 Methods for sorting and dispersing individual tubes

The synthesis of SWNTs generally produces insoluble bundles consisting of a mixture

of different chiralities of both semiconducting and metallic nanotubes. Moreover, con-

trol of the tube diameter is important for electronic applications because the band

gap and carrier mean free path of the nanotubes vary with the diameter. [36] For

optoelectronic applications, the tubes need to have controlled electronic properties in

order to produce devices with reproducible characteristics. The ensemble of different
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Figure 1: Representation of chiral vectors leading to various types of SWNTs. (a) The chiral
vector c = 10a1 + 5a2 (red arrow), defined by the two basis vectors a1 and a2, joins two
points on a graphene sheet, and forms the circumference of a (10,5) nanotube. The chiral
angle θ, and the chiral vectors which specify zig-zag (10,0) and armchair (5,5) nanotubes are
shown (red dotted arrows).(b,c,d) Examples of zig–zag, chiral and armchair SWNTs, with
their angle θ and diameter, d. From [35]

tubes makes characterization and repeatable device preparation difficult. Furthermore,

metallic nanotubes can be detrimental to optoelectronic device performance because

their lack of bandgap can lead to quenching of excitons and charges in devices, for

example. [37] For these reasons, post-synthesis sorting methods such as gel chromatog-

raphy [38] or density-gradient ultracentrifugation (DGU) [39] have been developed to

sort and select a specific type of nanotube with similar characteristics and properties.

In DGU individual nanotubes are sorted from subtle differences in their densities when

dispersed by a range of surfactants, and this method has been successfully used to

separate tubes by diameter, length or electronic type (see Figure 2). [39] However,

these methods are typically complex or require specialized equipment.

The scalable synthesis of single chirality nanotubes still remains an elusive goal,

though recent reports towards this end are encouraging. Liu et al. demonstrated

a strategy using an initial chirality-sorting step to obtain tubes to serve as starting

templates for an ensuing chirality-controlled nanotube cloning process. [40] Yang et
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al. showed that SWNTs of a single (12,6) chirality could be directly produced with

an abundance of 92% using tungsten-based bimetallic alloy nanocrystal catalysts. [41]

Sanchez-Valencia demonstrated controlled growth of defect-free single chirality (6,6)

nanotubes seeded on a platinum surface and subsequently elongated to a few hundred

nanometers. [42]

Nanotube solubility in solvents is generally very low with many of the tubes ex-

isting in bundles. [43] The highest nanotube solubility (cyclohexylpyrrolidone, CHP)

is 3.5mg/mL, though even in such a good solvent small bundles still remain [44]. In

order to increase nanotube solubility and reduce bundle formation, both covalent and

non-covalent functionalization methods have been used. In the covalent method, the

surface of the nanotube is chemically modified, typically by either oxidation or chemical

reaction in acidic solutions, to covalently attach functional groups. [45–47] While this

approach leads to stable chemical modification of the tube, and produces dispersions

which are stable in time, it also usually introduces structural defects and deteriorates

the physical properties of the tubes (e.g. tube shortening, modification of its intrin-

sic electrical and/or spectroscopic properties). [48, 49] For this reason, non-covalent

functionalization, through the use of π molecular (e.g. polymers) or hydrophobic (e.g.

surfactant) interactions, is generally preferred in order to retain the nanotube’s in-

trinsic properties and prevent structural damage. A breakthrough came in 2002 when

O’Connell et al. were able to use ultrasonication to break up nanotube bundles and dis-

perse the individual tubes through micelle formation with an aqueous surfactant [50].

The micelles prevent the nanotubes from rebundling and ultracentrifugation allows re-

moval of the higher density micelles containing bundles from the lower density micelles

containing individual tubes. Thus, by eliminating the rapid energy transfer within

bundles from semiconducting to metallic nanotubes on which excitons recombine non-

radiatively [51], photoluminescence (PL) from individual nanotubes was observed for

the first time. This breakthrough also opened up the use of photoluminescence exci-
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Figure 2: Photoluminescence excitation (PLE) maps of different nanotube distributions.
PLE map of the (a) nanotube distribution dispersed with the surfactant Sodium Dodecyl
Benzene Sulfonate in D2O and (b) [PFO-NT] nanohybrids in o-xylene. The SWNT species
(red crosses) are assigned using the Weisman and Bachilo empirical model [52], and those in
(b) are globally red-shifted by 25 meV to approximately account for the effect of a changed
environment on the transition energies [53]. A tube-tube energy transfer process is high-
lighted with a white circle.

tation (PLE) spectroscopy as a powerful tool to characterize nanotube distributions.

Here, the sample is excited with visible light corresponding to the second lowest ex-

citon transition (E22) in semiconducting tubes, and the emission in the near-infrared

from the lowest exciton transitions (E11) is detected. The sets of transitions (E11,E22)

provide a unique fingerprint of each (n,m) semiconducting nanotube in a distribution,

as shown in a PLE map in Figure 2(a).

O’Connell et al. first demonstrated that conjugated polymers can also bind to nan-

otubes via strong π-π interactions and efficiently disperse tubes. [54] The non-covalent

nature of the polymer binding means that the intrinsic properties of the tubes can be

preserved while utilizing the favorable properties of the polymer. The solution pro-

cessing steps for state-of-the-art polymer wrapping and purification are summarized in

Figure 3(a). The polymer and nanotubes are mixed in an organic solvent and briefly

treated in an ultrasonic disintegrator to break up bundles and allow the polymer chains

to interact with the tube surfaces. This is followed by ultracentrifugation to induce
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precipitation of any unbundled tubes, while the polymer-wrapped tubes (nanohybrids)

remain dispersed in the supernatant, which is retained. [55, 56] In order to remove

the excess polymer and purify the nanohybrids, aggregation of the nanohybrid species

is induced by addition of an orthogonal solvent such as toluene. [57] The aggregated

nanohybrids are recovered as a residue by ultracentrifugation, while the unbound poly-

mer remains in the discarded supernatant solution. The purification can be repeated

several times by redispersing the residue in the orthogonal solvent and re-centrifuging.

The final purified residue can be dispersed in any desired solvent to any concentration.

There is a wide range of polymer families available to wrap the tubes. [60] These

polymers can be chosen either for their favorable optical, electrical and mechanical

properties or for the strong binding selectivity they have for certain tubes in the distri-

bution. [59] Nish et al. showed that polyfluorene polymers preferentially bind to certain

semiconducting nanotube species [55], such as (7,5) tubes (Figure 2(b)). This allows

exclusion of other species such as metallic nanotubes using simple solution processing

techniques. We recently exploited this selectivity to selectively wrap semiconducting

tubes with desired polymers, as described in Section 2.3 below (Figure 3(b)). [58, 59]

Toshimitsu and Nakashima also reported the separation of metallic and semiconducting

SWNTs using metal-coordination polymers (CP-M) with M= Co, Ni, Cu or Zn. [61]

We summarize the chirality selectivity of selected polymers in Table 1.

2.2 Semiconducting properties and doping of SWNTs

Both p-type and n-type behavior has been observed in semiconducting SWNTs, which

largely depend on the alignment of the Fermi level with respect to the frontier orbital

energies of the nanotube. Doping by injecting the appropriate charge carriers into

either the valence or conduction bands of the nanotube can be achieved by different

strategies, e.g. by tuning the work function of the electrodes contacting the nanotubes,
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Polymer plus NTs
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Figure 3: (a) Solution-processing steps to synthesise and purify polymer-wrapped carbon
nanotube dispersions. (b) Scheme to illustrate different polymer exchange sample prepara-
tion routes [58,59]. The starting material, containing both metallic (M) and semiconducting
(SC) tubes, can be dispersed in SDBS to give [SDBS-NT] nanohybrids. The tubes can also
be directly dispersed with P3HT, termed [P3HT-NT], retaining all of the original species.
Alternatively, the (7,5) SC tubes can be selectively wrapped by dispersion in PFO, [PFO-
(7,5)]. The PFO can then be displaced by P3HT, giving [P3HT-(7,5)] nanohybrids.
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or by adsorption of chemical dopants as discussed below. Optoelectronic and electronic

devices based on carbon nanotubes often require doping which can tune the majority

charge carrier type (n- or p- type) and the Fermi energy level. [62,63] Doping of SWNTs

has been used to produce chemical sensors, and to shift the voltage at which a carbon

nanotube transistor turns ON and OFF. [64, 65] Exposure to oxygen has been shown

to p-dope SWNTs, while heating and exposure to UV radiation lowers the level of p-

doping. [66] N-doping has been achieved by non-covalent functionalization with electron

donating species such as alkali metals and organic materials such as polymers, and

applied to the formation of n-type transistors and p-n junctions. [16, 62, 64, 67] Both

small molecules and large macromolecules, e.g. gas molecules, organic and metallic

molecules, polymers, can be used to efficiently transfer charges to nanotubes. Metallic

dopants have been used to transfer charges to carbon nanotubes and graphene, due to

the difference in workfunction between the graphene sheet and the metal. Moreover,

the self-assembly of both small and large organic molecules, through π-π interactions

with the surface of the nanotube, has recently emerged as a powerful way to transfer

charges from an electron-donating species to an electron-accepting material (Figure 4).

This type of functionalization relies on the physisorption of molecules onto the surface

of either nanotubes or graphene sheets, and it has enabled both p-type [68–70] and

n-type doping [68,70–73].

2.3 Functionalization of SWNTs by polymer wrapping

Wrapping of macromolecules around carbon nanotubes (either MWNTs or SWNTs)

in order to promote photoexcited charge or exciton transfer between the two materials

have been demonstrated with poly(phenylacetylene)s (PPAs), an electron-donating pi-

extended tetrathiafulvalene (exTTF), and many other semiconducting polymers includ-

ing polyfluorene (PFO), poly-3-hexylthiophene (P3HT) and poly(9,9’-dioctylfluorene-

co-benzothiadiazole) (F8BT). [74–76] The primary factors determining photoexcited
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Figure 4: (a) Schematic diagram of a (6,5) SWNT coated with a monolayer of sheath P3HT,
with electron transfer from P3HT to the SWNT. Sulfur atoms are colored blue, the carbon
backbone is red and the side-chains are green. (b) The type-II heterojunction between P3HT
and a (6,5) nanotube and charge transfer, which competes with energy transfer. Energy levels
were taken from Ref. [53]. (c) Normalized time-resolved photoluminescence measurements
for the [P3HT-NT] and P3HT samples following 400-nm sample excitation. Appropriate fits
give fast time constants of 0.43 and 1.7 ps for [P3HT-NT] and P3HT samples, respectively,
including a slow component for the P3HT sample only.

electron, hole or exciton transfer are the relative energies of the frontier orbitals (va-

lence and conduction bands) of both the wrapping polymer and the semiconducting

SWNT. Selective charge transfer is desired over exciton (energy) transfer at the inter-

face to ensure effective charge separation of electrons and holes to opposite electrodes

in a photovoltaic (PV) device, thus generating a photovoltage and photocurrent.

When a monolayer of most light absorbing molecules are physisorbed onto a SWNT,

a type-I interface forms which facilitates energy transfer from molecule to SWNT. How-

ever, a type-II staggered interface can form between some molecules such as P3HT poly-

mers and small-diameter semiconducting SWNTs, which makes charge transfer from

molecule to SWNT favorable (Figure 4b). [53] We have shown that in this situation,

photo-generated excitons dissociate at the interface and electrons transfer from P3HT

to the nanotube on an ultrafast time scale (∼ 430 fs) [77] (Figure 4c). In the pres-

ence of an excess P3HT network, charge separation at room temperature is long-lived

and comparable to that in a conventional P3HT-fullerene blend. [77] Others have re-
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Type of tubes wrapping polymer selectivity references
(Manufacturing process) (non-covalent) (majority chirality)

SWNT (CoMoCAT) PFO S; (7,5) [55, 58]
SWNT (CoMoCAT) P3HT none [57,77]
SWNT (CoMoCAT) F8BT weak [58,78]
SWNT (HiPCO) PFO S; (8,6) [55]
SWNT (HiPCO) P3DDT S; several [79]
SWNT (HiPCO) CP-M S; several [61]
SWNT (HiPCO) P1 weak [80]
SWNT (HiPCO) MEHPPV weak [78]
SWNT (HIPCO) ex-TTF weak [75]

Table 1: Summary of non-covalent methods to functionalize carbon nanotubes. Selectivity
to a specific type of tube is indicated by M (metallic) or S (semiconducting). Acronyms:
PFO (polyfluorene); P3HT (poly-3-hexylthiophene); F8BT (poly(9,9-dioctylfluorene-co-
benzothiadiazole)); P3DDT (poly(3-dodecylthiophene)); MEHPPV (poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene]); ex-TTF (pi-extended tetrathiafulvalene); CP-M
(metal coordination polymer); P1 (poly[(9,9-dihexyl-2,7-fluorene)-1,4-(1,2,3-triazole)).

ported similar charge transfer effects between P3HT and nanotubes. [81–83] and similar

time scales of charge transfer have also been reported for quantum dot (CdS)-SWNT

nanocomposites, with measurable photocurrent generated from the junction. [84] We

have also shown that an additional polymer can be introduced to form coaxial SWNT-

dual polymer nanostructures, thus enabling further control of the electronic properties

by molecular engineering of the structures to give specific attributes, such as prolonging

stabilized charge separation or charge confinement. [59,85] Recently, conjugated poly-

mers made of alternating 9,9-dialkyl fluorene and 1,2,3-triazole units, demonstrated

good selectivity to SWNTs by wrapping preferentially to specific chiralities, e.g. (8,6)

tubes. [80] These discoveries open up the possibility to use polymer-functionalized

SWNTs as efficient absorbers and charge transfer hybrid materials for application in,
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among others, photovoltaics. This will be discussed in more detail in Section 4.

The semiconducting polymer PFO and similar polymers that are able to impart

tube selectivity (see Section 2.1) typically have large bandgaps and low mobilities

and therefore the additional function these polymers themselves add to optoelectronic

applications is limited, for example as solar light harvesters. On the other hand,

most polymers (with very few exceptions [79]) that have higher mobilities and lower

bandgaps, for example suitable for solar light harvesting, such as P3HT wrap all tubes

indiscriminately. For nanotube–polymer blends to find ultimate optoelectronic appli-

cation, the polymer with desired mechanical and electrical properties must coat only

a single chirality of semiconducting nanotube. Towards this goal, we recently devel-

oped a ’polymer exchange’ method in which we first utilize the PFO-dispersing process

to select predominantly (7,5) semiconducting SWNTs from a distribution. [58,59] The

wrapping PFO polymer is then entirely substituted by a preferable polymer in solution

(Figure 3(b)). As first examples, this was demonstrated for P3HT and F8BT polymers,

which have been widely used for photovoltaic and light-emitting applications, but the

method could equally be applied using other desirable polymers.

3 Formation of electrically conductive SWNT

networks and thin films

3.1 Electrical percolation of nanotubes

Due to their exceptional ability to transport charges, nanotubes can act as highly ef-

ficient charge transport pathways inside an insulating or semiconducting matrix, such

as a polymer. However, one important condition for efficient and optimal charge trans-

port is the ability to form a continuous (percolated) network of interconnected tubes

inside the polymer matrix. Here we focus on carbon nanotubes mixed in solution with

a polymer, and deposited onto a substrate, as opposed to tubes grown directly onto a
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substrate. This approach offers ease of processing in select solvents, fine tuning of the

SWNT concentration, and the choice of either rigid or flexible, insulating or conducting,

substrates. The mechanical, thermal and electrical properties of nanotube composites

are drastically changed when the particles reach a minimum concentration inside a

composite medium in the solid state, e.g. a polymer. This limit, called percolation

threshold (φc), is the concentration at which the particles connect each other in such

a way that they form a continuous path which conducts electrical charges through the

composite. The shape (tube, sphere etc.), aspect ratio and interaction potential of the

particles strongly influence the formation of the network and the percolation threshold

in a given matrix. Weakly interacting nanotubes tend to form locally and globally

isotropic random networks (Figure 5 a), whereas more strongly interacting tubes are

expected to produce locally anisotropic but globally isotropic networks (Figure 5 b). [86]

A typical random network of SWNTs, formed by deposition from solution, is displayed

in Figure 5 c. [87] As the aspect ratio (Ar) of the randomly oriented particles increases

above 10, the minimum concentration to reach percolation rapidly decreases (Figure

5 d). This result can be explained by the excluded volume theory which predicts that

the average number of connections per particles is proportional to the excluded volume

Vex (Eq. 1) [88–91], defined as the volume around the center of a particle which cannot

be crossed by another particle in order to prevent interpenetration of the two particles.

In the case of carbon nanotubes, which can be considered as long and flexible cylinders,

only a small addition of nanotubes is typically necessary to reach percolation due to

their large aspect ratio which can exceed 1000.

The excluded volume is defined as:

Vex = 2d [
2π

3
d2 + πdL+ L2 < sinγ >] (1)

where d and L are the diameter and the length of the nanotube, and γ is the angle be-

tween two nanotubes. Moreover, the state of dispersion of the nanotubes (e.g. random
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Figure 5: Percolation of nanotubes. Models of a) locally and globally isotropic percolation
of tubes; and b) locally anisotropic but globally isotropic (from Bisri et al., [87]). c) SEM
image of a random network of SWNTs spun from solution; scale bar is 400 nm. From Bisri
et al., [87]. d) Critical fractional volume φc of randomly oriented soft-core sticks vs. aspect
ratio for 3D systems. [92] e) Conductivity of a MWCNT/epoxy nanocomposite as a function
of the nanotube filler concentration for three different sample preparation methods: slow
(50rpm), medium (500rpm), and fast (2000rpm) stirring of the dispersion. [93]
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vs. aligned) also has a strong influence on the percolation threshold. Typically, aligned

objects will reach percolation at a higher fractional volume compared to randomly ori-

ented objects due to the reduced number of connections in the direction perpendicular

to their alignment. [92,94,95]

The problem of percolation is important for determining when a network of nan-

otubes, in a dispersion or in a thin-film composite, becomes electrically conductive. In

the vicinity of the percolation threshold φc, the conductivity σ varies with the volume

fraction of fillers φ as:

σ(φ,Ar) = σ0 [φ− φc(Ar)]
t (2)

where σ0 represents the intrinsic conductivity of individual nanotubes or clusters,

and t is an exponent which depends on the aspect ratio Ar of the filler, and on the

dimensionality of the conductive network. For 3D networks, the exponent t typically

varies between 1.8 and 2.3 for low aspect ratio objects, averaging t=2.0 for a sphere,

and dropping to t=1.2–1.3 for large aspect ratios Ar>500–1000 such as SWNTs. [92]

σ0 can be estimated by the following equation for a 3D system:

σ0 = (R0 Lφ
t
c)

−1 (3)

where, R0 is the resistance of an individual nanotube, or of the contact between

nanotubes if this value is greater. Typical values for individual SWNTs for L≈1000 nm

were measured to be R0≈104–105 Ω. [96] The resistance R0 increases with the length

of individual tubes, and also with the number of contacts formed with other tubes

inside a network. Both SWNT resistance RSWNT and contact resistance Rcontact were

recently measured by conducting atomic force microscopy (c–AFM), and gave values

of RSWNT≈ 3–16 .103 Ω/µm, and Rcontact≈ 29 .103 Ω for a junction formed by 10

nm bundles. [97] It should also be noted that in the case where nanotubes do not

form a direct contact with each other, but instead are separated by a short distance (a
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few nanometers), tunneling between nanotubes can occur. This will add a tunneling

resistance to the network, and reduce the overall network conductivity compared to a

network where tubes are in direct contact. [98, 99] Values of R0 as high as 1013 Ω has

been estimated in CNT composites where conductivity was controlled by tunneling.

[92,100]

The method used to form the nanotube network strongly influences its properties,

including its percolation and its ability to transport charges. Percolation thresholds

varying from 0.005 to 4–5 wt% have been reported for SWNTs mixed and dispersed by

various methods (manual mixing, hot pressing, electrospinning, etc), and in different

polymer matrices. [101–106]

Moreover, mechanical mixing can lead to a kinetic percolation, where CNTs are not

necessarily randomly distributed inside the matrix. [93] The stirring speed of a carbon

nanotube dispersion has been shown to strongly affect percolation, and slow stirring

of a liquid multi-wall nanotube (MWNT)/epoxy solution resulted in a large decrease

in φc compared to faster stirring, as illustrated in Figure 5 e. Fast stirring and high

shear rates can indeed break the tube interconnections in the network and prevent

charge transport at lower concentrations. When the concentration of filler reaches the

value for the statistical percolation threshold, the effect of stirring however becomes

negligible. [93]

3.2 Random network formation in thin films

Reducing the percolation threshold in functional materials, such as electrically con-

ductive composites, is important for reducing costs of fabrication but also for ease of

processing. In order to fabricate CNT-based electronic devices, the carbon nanotubes

are typically deposited from solution on either a rigid or flexible substrate by spin-

coating, drop-casting, or ink-jet printing. [10,107–110] In the ink-jet and drop-casting

methods, a drop of the dispersion of nanotubes in a solvent is allowed to evaporate
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with or without heating. This results in a more or less uniform film of randomly ori-

ented and randomly positioned nanotubes. In such random networks, the positioning

and interconnection of the nanotubes with each other is usually not controlled. In the

spin-coating method, the substrate is accelerated and spun at speeds of 500-10000 rpm

right after deposition of a drop of CNTs mixed in a solvent. Fast acceleration evap-

orates the solvent, and forms a more uniform and thinner film than by drop-casting.

However, because of the random nature of the nanotube network formed using these

deposition methods, and the lack of controlled positioning of the nanotubes inside the

film, these methods result in non-optimal charge transport properties and lower device

performance than could be obtained by controlled network formation. [111] The ran-

domness of the networks and non-ideal interconnection of tubes is illustrated in Figure

6 a, where it is evident that only a limited fraction of the nanotubes are interconnected

and contribute to charge transport across the network. Moreover, random networks

formed by drop-casting and spin-coating are mostly irreproducible, and they tend to

produces bundles or agglomerates of nanotubes which increase junction resistance and

further decrease the conductivity of the network. [103, 112–114] Using a floating cata-

lyst synthesis and an aggregation chamber method, it was recently demonstrated that

SWNT networks with smaller bundles formed better interconnected and more conduc-

tive networks. [115] The bundle size can be reduced by using appropriate surfactants

in order to decrease the attractive force between tubes. A recent study showed the

benefit of using specific surfactants with semiconducting SWNTs, which resulted in

a finer network morphology and increased ON-OFF ratio and charge carrier mobility

in thin film transistors. [116] Controlled dispersion of the nanotubes and formation of

a continuous (percolated) network of interconnected tubes inside a polymer matrix is

therefore important for better charge transport, for more reproducible electrical proper-

ties, and for improved device performance. Moreover, sub-optimal device performance

and low carrier mobility has been attributed to the random nature of the nanotube
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Figure 6: Nano-engineered SWNT networks in a thin polymer film. Difference in nanotube
placement and network formation between random (a) and nano-network (b). (c) Schematics
of the SWNT nano-network in a SWNT/polymer composite film, showing a regular array
of nanosized composite patterns with SWNT networks of well defined dimensions (from
N. Boulanger et al. [117]) The insert in (c) is a SEM cross section of a nano-engineered
SWNT/P3HT network, the scale bar is 200 nm. (d) 2D Raman mapping showing the pe-
riodical variation of the distribution of the nanotubes in the film with microsized networks,
where brighter spots represent higher SWNT content. (e) a Raman spectrum showing the
intensity of the SWNT G-band inside a pillar and in between pillars. (f) 3D representation
of the Raman mapping, showing a higher SWNT content inside the microsized networks.
Panels (d, e, f) from D. R. Barbero et al. [118]

network. [111]

3.3 Controlled nanoscale network formation

In order to better control tube positioning and network formation, we have recently

demonstrated a new method which enables the formation of percolated SWNT net-

works in well ordered nanoscale domains in a polymer thin film. [118] Figures 6 a,b

schematically show the nanotube architecture in the different types of networks. In a

random network produced by traditional methods (Figure 6 a), only a small propor-

tion of the nanotubes contribute to the formation of a path between the top and the
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bottom of the film. By contrast, in a nano-engineered network (Figure 6 b,c), a much

larger proportion of tubes forms interconnected pathways. This results in controlled

nanotube placement at the nanoscale, as shown by Raman spectroscopy of microstruc-

tured SWNT networks (Figure 6 d-f), and in a nano-sized network architecture with

enhanced charge transport.

This novel type of network can be produced either from a solid composite layer

by thermal treatment, or directly from solution at room temperature. In both cases,

this results in ordered arrays of well controlled micro- or nano-scale SWNT networks

as characterized by both scanning electron microscopy (SEM) and atomic force mi-

croscopy (AFM) (Figure 7 a,b). These nano-engineered networks were shown to have

exceptional ability to transport charges compared to random networks, due to the high

level of interconnection between nanotubes inside the network. An increase in conduc-

tivity of the nano-engineered network by 2 orders of magnitude was measured in a

P3HT/SWNT thin film with semiconducting nanotubes, and formed thermally. [117].

A further increase in network conductivity by 5 fold was recently obtained by us-

ing a novel solvent method to form the nano-engineered networks from solution at

room temperature(Figure 7 c,d). [119] Moreover, the charge transport mechanism in

the nano-engineered networks was found to be quasi-ohmic, due to the formation of

well percolated pathways, whereas random networks displayed a conducting behavior

far from ohmic (Figure 7 c). The increase in conductivity was attributed to a bet-

ter tube dispersion inside the nano-network, and to a reduction in tube bundling and

bundle size. [119]

Nano-engineering of SWNT networks has also been shown to strongly reduce the

amount of nanotubes necessary to reach percolation, and form a conductive path inside

the composite film. Percolation thresholds as low as ≈10−5 wt% have been demon-

strated by forming nanostructured networks of SWNTs, which holds great promise for

reducing the cost of electronic devices which use highly purified semiconducting nan-
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otubes. [120] Moreover, the controlled placement of nanotubes with nanoscale accuracy

could be advantageous to produce more efficient devices. This new type of network has

the additional advantages of being formed in a controlled way, with well-defined dimen-

sions and patterns which can be changed at will, and it yields reproducible electrical

properties which are not readily achievable with random networks.

The nanoscale architecture of the SWNT network clearly plays a critical role in de-

vice performance. The ability to controllably produce well defined nanoscale networks

of SWNTs with low loading while retaining high interconnectivity of nanotubes, instead

of random tube distributions, is therefore highly important for better understanding

percolation and network formation, and for developing more efficient and lower-cost

electronic devices.

4 SWNT-based Optoelectronic Devices

4.1 Transparent, and flexible electrodes using carbon nan-

otubes

Optoelectronic devices require that one of the electrodes be transparent in order for

light to either enter (e.g. PV solar cell) or escape (e.g. light-emitting diode, LED) the

active layer of the device with little or no energy loss. Traditionally, a glass substrate

onto which a thin layer of either indium tin oxide (ITO) or fluorine doped tin oxide

(FTO) is used as the transparent electrode. Owing to their good chemical stability, very

good electrical conductivity (1-10 Ω / �), and their optical transparency in the visible

spectrum, both ITO and FTO electrodes have been widely used for a large number of

applications including LEDs, touch screens, flat panel displays, and PV devices. [121]

However, the scarcity of some raw materials such as indium has driven the cost of

ITO electrodes up, and pushed the search for alternative materials and cheaper ways

to produce transparent electrodes. Graphene and carbon nanotubes have been among
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Figure 7: Structural and electrical properties of nano-engineered SWNT networks in a thin
P3HT film. (a) Scanning electron microscopy (SEM) picture of the nano pillars from the
top and from the side (tilted view). (b) 3D atomic force microscopy (AFM) imaging of
the networks, and (c) J-V characteristics of different types of networks: random, thermally
nano-engineered (nano therm.), nano-engineered from solution (nano solv.) at 0.48 wt.%
of SWNTs. (d) Electrical conductivity as a function of the SWNT loading in the different
types of networks. Scale bar in (a) is 500 nm. From N. Boulanger & D. R. Barbero [119].
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the top contenders thanks to their exceptional charge transport, versatile processing

methods and substrates, and good transparency when used in thin layers. [122, 123]

Moreover, ITO and FTO electrodes are rigid and brittle, whereas nanocarbon materials

(e.g. graphene and SWNTs) are flexible and they can be deposited on any surface,

including flexible substrates. [124–129].

Transparent electrodes using conductive SWNT films have been demonstrated in a

large number of studies, using either a rigid or flexible substrate, with typical values of

the sheet resistance ≈60–200 Ω/� for 80-90% transmittance at 550 nm. [10, 130, 132]

Transmittance above 80% (in the visible region) for films deposited on a flexible poly-

ethylene-teraphtalate (PET) plastic substrate had a sheet resistance of 150 Ω / �

(Figure 8 a,b). [130] The nanotube film can be directly formed onto the substrate by

different methods such as vacuum filtration or spin-coating from a solution in order to

replace ITO or FTO. SWNT films made predominantly of sorted metallic (m) tubes are

preferred in order to reduce the sheet resistance (Rsh). It was recently demonstrated

that Rsh can be reduced 10 times in films made of m-SWNTs compared to films pro-

duced with a mixture of m- and s-SWNTs. [133] In the case of mixed nanotubes, long

tubes with large diameters are usually preferable to reduce the band gap of s-SWNTs

and increase the conductivity of the film. [134] It was also shown that films made of a

large majority of s-SWNTs (>90%) can also be highly conductive due to the lowered

junction resistance between s-SWNTs compared to that of m- and s-SWNTs in contact

with each other. [135] A recent study moreover indicates that the electronic type of the

nanotubes does not play as important a role as previously believed for making conduct-

ing electrodes. [136] Instead, the morphology of the SWNT film seems to play a critical

role. In this work, the authors also demonstrated that the power conversion efficiency

of an organic bulk heterojunction solar cell made with hole doped SWNT transparent

electrodes was nearly as high as that made with ITO electrodes. In another study,

graphene and SWNTs were combined into a single hybrid film, yielding a sheet resis-
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Figure 8: SWNT transparent electrodes. a) UV-vis-NIR transmittance of SWNT films
of different thickness spun on a flexible PET substrate (inset), and corresponding sheet
resistance (from Li et al., [130]); b) DC sheet resistance vs transmittance at 550 nm for SWNT
films of various densities (from Li et al., [130]) ; c) Transmission of a P3HT wrapped SWNT
nanohybrid layer compared to a PEDOT/PSS film, and d) AFM image of the nanohybrid
SWNT network (from Dabera et al., [131]). e) J-V characteristics of OPV devices with
either SWNT or ITO electrodes, and with and without PEDOT as an HTL. Solid lines
represent current under simulated solar light, and dashed curves are dark current. Inset:
NREL-certified light J-V data for devices with a SWNT electrode only (from Barnes et
al., [122]).
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tance of 300 Ω / � with 96.4% transparency. [137] Moreover, recently P3HT wrapped

s-SWNT thin films (≈10-20 nm) were used as hole extraction layers, and provided simi-

lar, or slightly better, transmittance as poly(3,4-ethylenedioxythiophene)/poly (styrene

sulfonate) (PEDOT/PSS) films spun on ITO (Figure 8 c,d). [131]

Roll-to-roll fabrication of SWNT electrodes has been shown, and flexible OLEDs

and OPVs have been reported, with efficiencies comparable to devices made with ITO

electrodes. [10] The use of nanotubes as charge collectors has also been demonstrated

with PV technologies based on inorganic thin films. Contreras et al. used a SWNT net-

work to replace the ZnO transparent oxide in copper indium gallium selenide (CIGS)

solar cells, achieving a power conversion efficiency (PCE) of sunlight to electricity of

13 % [138]. Similarly, Barnes et al. used a SWNT layer as a semi-transparent back

contact in cadmium telluride (CdTe) solar cells, demonstrating a PCE of 12.4 % [139].

Carbon nanotubes have also been shown to perform respectably as transparent elec-

trodes in silicon-based photovoltaics [140], dye-sensitized solar cells [141], and as con-

ducting scaffolds in TiO2-based photoelectrochemical cells [142].

4.2 Organic Photovoltaic (OPV) Devices

The operation of an organic photovoltaic (OPV) device typically involves photo-generation

of a bound electron-hole pair (exciton), which is then dissociated at a heterojunction

and the separated electron and hole then transported to opposite electrodes. State-

of-the-art OPV devices incorporate low bandgap polymer absorbers and fullerene-like

electron acceptors, with power conversion efficiencies (PCEs) now exceeding 10 % [143].

However, the favorable properties of SWNTs may enable them to be integrated into

OPVs to further improve performance [32]. SWNTS can play three possible roles in

the photoactive layer of OPV devices: as electron acceptors, as hole acceptors or as

the light-harvesting donor material. An excellent review of the photophysics of carbon

nanotubes for these applications is given by Arnold et al. [31]. We summarise selected
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works using carbon nanotubes in the active layers of photovoltaics in Table 2.

Nanotubes have been incorporated into OPV devices as hole acceptors either by

tuning the nanotube Fermi level [82] or by blending SWNTs with fullerenes, which

have a larger electron affinity. These devices demonstrated increased efficiencies (3.7 %)

compared to those without nanotubes (3.1 %), which was attributed to increased hole

mobilities and enhanced exciton dissociation. [144, 145] Much of the early work fo-

cused on the use of SWNTs as the electron acceptor material by directly replacing

the fullerene (PCBM) in polymer devices. These studies typically utilized mixtures of

large-diameter semiconducting and metallic arc-discharge SWNTs blended with poly-

thiophene polymers similar to P3HT, namely poly(3-octylthiophene) (P3OT), where

the hexyl side chains are replaced with octyl chains. Performances were low (η <0.1 %)

but peculiarly high VOC values of 0.7–1 V were observed. [146–149] These values were

far higher than the predicted values from the energy level differences, suggesting that a

different model may be required to describe the OPV blends which incorporate SWNTs.

Similarly poor device efficiencies (η =0.22 %) were obtained using blends with larger

bandgap polymers such as poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene)

(MEHPPV) or crystallized polyfluorenes. [150–152]

The low observed efficiencies in nanotube-polymer blends can be explained by re-

cent theoretical [160] and experimental work [53] showing that the required type-II

heterojunction only forms between P3HT and small-diameter, semiconducting nan-

otubes (see Section 2.3). In these cases, the driving forces for exciton dissociation

(∆G0 ∼1.2 eV) even exceed that for PCBM as the acceptor material (∼0.9 eV) [161].

Metallic nanotubes are also detrimental to device performance by acting as efficient

recombination centers, quenching both excitons and free charges [37, 162]. Most of

the early work utilized large-diameter nanotubes with mixtures of both metallic and

semiconducting species, which only form type-I heterojunction alignments, and un-

wanted energy transfer is the dominant process over exciton dissociation. Moreover,
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Figure 9: Demonstration of polymer wrapped P3HT-SWNTs nanohybrids as hole transport
layer in an OPV device. a) Charge transfer at the interface between P3HT and PCBM
in a photovoltaic device, using regio-regular rr-P3HT wrapped SWNTs which serve as hole
transport layer. b) Schematic representation of the OPV device architecture with the P3HT-
SWNTs nanohybrids HTL. c) J-V characteristics of devices with and without P3HT-SWNTs
HTL under AM 1.5G illumination and 100 mW cm−2 irradiance. d) Energy band diagram
(in eV) for the device shown in (b). From Dabera et al., [131].
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Group Year Architecture η (%)
(Nanotube source)

Nanotubes as hole acceptors in OPV
Chaudhary et al. [144] 2007 ITO/PEDOT:PSS/SWNT(HiPCO)/P3HT:PCBM/Al 3.7

Bindl et al. [153] 2011 ITO/sSWNT(HiPCO)-PFO/C60/BCP/Ag 0.6
Kymakis et al. [145] 2012 ITO/SWNT(arc)/P3HT:PCBM/Al 3
Dabera et al. [131] 2012 ITO/sSWNT(HiPCO)-P3HT/PTB7-PCBM/BCP/Al 7.6

Nanotubes as electron acceptors in OPV
Kymakis et al. [147] 2003 ITO/P3OT-SWNT(arc)/Al 0.06
Kazaoui et al. [150] 2005 ITO/P3OT-SWNT(HiPCO)/Al 0.1

ITO/MEHPPV-SWNT(HiPCO)/Al 0.001
Kymakis et al. [151] 2006 ITO/PEDOT:PSS/P3OT-SWNT(arc)/Al 0.2

Ren et al. [154] 2012 ITO/PEDOT:PSS/P3HT-sSWNT(HiPCO)/BCP/Al 0.7
Nanotubes as light-harvesting materials in OPV

Shea and Arnold [155] 2013 ITO/PFO-sSWNT(CoMoCAT)/C60/BCP/Ag 0.95
Gong et al. [156] 2014 ITO/ZnO/PFO-sSWNT(HiPCO)/MoOx/Ag 3.1

Nanotubes as hole transporters in perovskite solar cells
Habisreutinger et al. [157] 2014 FTO/TiO2/Al2O3-MAPbI3/ 15.3

P3HT-mSWNT(CoMoCAT)-PMMA/Ag
Habisreutinger et al. [158] 2014 FTO/TiO2/Al2O3-MAPbI3/ 15.4

P3HT-mSWNT(CoMoCAT)/Spiro-OMeTAD/Ag
Aitola et al. [159] 2016 FTO/TiO2/(MA/FA)Pb(I/Br)3/ 15.5

SWNT(CVD)/Spiro-OMeTAD/Ag

Table 2: Summary of progress in the field of OPV devices utilising carbon nanotube–polymer
blends. The list is not exhaustive but summarises key progressions over time. All tabulated
results were recorded under simulated solar light (100 mW/cm2, AM 1.5). Arc refers to arc-
discharge and CVD to chemical vapor deposition nanotube synthesis, the s or m prefix on
SWNT denotes semiconducting- or metallic-enriched distributions, respectively, obtained as
starting material or enriched through selective polymer-dispersion, PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate), BCP (bathocuproine), MA - methylammo-
nium, FA - formamidinium
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the polymer-nanotube blend structures were not well characterized, leading to sub-

optimal interfaces and morphologies. Recently, the use of SWNTs as a transport layer

was demonstrated for organic and hybrid optoelectronic devices. Due to their high

work function (4.9 eV), SWNTs can efficiently inject or extract holes in OPVs and

organic LEDs (OLEDs), and OPV devices using SWNT electrodes resulted in similar

or better J-V characteristics and efficiencies compared to electrodes made of ITO, and

ITO covered by PEDOT/PSS (Figure 8 e). [122,163] Polymer wrapped P3HT-SWNTs

nanohybrids acting as hole transport layer deposited on ITO/glass have been integrated

into a P3HT/PCBM bulk heterojunction OPV device [131] (Figure 9 a,b), resulting

in a 12% increased fill factor and overall device efficiency (Figure 9 c,d).

The work presented in Section 2.3 (Figure 4) suggests that efficient devices utilizing

nanotubes as the electron acceptors will require the use of well-optimized nanotube-

polymer structures, where the nanotube components are only present in small percent-

ages and purely as small-diameter, semiconducting tubes. As an encouraging valida-

tion, Ren et al. incorporated nanofilaments comprised of small-diameter, semiconduct-

ing nanotubes coated with P3HT polymer into OPV devices, observing a PCE of 0.73 %

with a nanotube weight percentage of 3 % [154] (Figure 10a). A recent study also re-

ported on the advantages of using purely s-SWNTs in small quantities (0.02-0.04 wt%),

showing improved PCE efficiencies above 6% in a PTB7/PCBM solar cell. [164] This

work also showed the importance of good SWNT dispersion and network formation at

low tube loading using a N-Methyl-2-pyrrolidone (NMP) dispersant.

A particularly attractive OPV device concept utilizes SWNTs as the light-harvesting

material, with exciton dissociation and electron transfer to a fullerene-based acceptor.

[153, 165] A key advantage of this approach is that the nanotubes absorb strongly in

the near-infrared, therefore enabling the harnessing of a portion of the solar spectrum

that is currently inaccessible to many other thin film PV technologies. In these first

attempts, the authors used the PFO sorting route described in Section 2.1 to yield a
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(a) (b)

Figure 10: Carbon Nanotube-based OPVs. (a) The open-circuit voltage (red curve) and
short-circuit current (black curve) as a function of the SWNT weight fraction in the active
layer for P3HT/s-SWCNT nanofilament based solar cells. From Ren et al. [154]. (b) Near-
IR external quantum efficiency (EQE) of a polychiral CNT-based OPV device plotted with
the SWCNT chiral distribution, where there is strong overlap between the EQE and the
absorption of each tube. From Gong et al. [156].

monochiral dispersion and achieved a PCE of ∼1 %, with an external quantum effi-

ciency (EQE) of 43 % at the nanotube bandgap. [155] However, the EQEs were only

significant at the sharp van Hove singularities of the nanotubes, and hence only a

fraction of the solar spectrum could be harvested. Hersam and co-workers recently

broadened the light harvesting ability by utilizing a polychiral distribution of semi-

conducting SWNTs (Figure 10b), leading to average certified and champion PCEs of

2.5 % and 3.1 %, respectively [156]. Further improvements could be made by using

novel bulk heterojunction approaches. [166] A recent spectroscopic study by Ihly et

al. revealed that there can be a very strong driving force for efficient photoinduced

electron transfer between SWNTs and particular fullerene derivatives, suggesting that

further improvements to these systems could also be achieved by judicious choice of

fullerene derivatives. [167]

4.3 Carbon Nanotubes in Perovskite Solar Cells

Organic-inorganic perovskites such as CH3NH3PbI3 have rapidly emerged as serious

contenders to rival the leading PV technologies, where PCEs have sky-rocketed from
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3 % to over 20 % in just three years of academic research. [168] The properties of these

perovskites which have enabled highly efficient devices include a strong absorption co-

efficient with sharp absorption edge [169], low levels of non-radiative decay loss (i.e.

high emission quantum efficiency) [170], high fractions of free charge due to low exciton

binding energies [171], and charge carrier diffusion lengths on the order of microns [172].

The tunability of bandgap by tuning the components of the ABX3 perovskite crystal

structure (Figure 11(a) and ease of processing using a range of deposition methods

onto any desired substrates (eg. rigid or flexible) lends them to application in a variety

of colorful and novel PV and light-emitting devices. [168] Typical PV devices have a

PCE of ∼15 % and consist of a thin perovskite layer sandwiched between n- and p-type

contacts, in a n-i-p architecture. The perovskite absorbs the incident light, generates

free electrons and holes, and transports these charges to the respective contacts. Al-

though we have witnessed rapid improvements in PCE, a number of challenges remain

before we will see commercialization of the perovskite technology. One of the most

pressing is that the workhorse perovskite materials (CH3NH3PbI3) and charge collec-

tion layers are unstable and will degrade rapidly if exposed to moisture and/or high

temperature. [168,173]

A particularly promising application of SWNT networks is as the transparent hole

transporting material (HTM) in perovskite solar cells. One of us and co-workers re-

cently proposed one elegant solution to the stability issue, where we replaced the stan-

dard HTM Spiro-OMeTAD with P3HT-wrapped SWNTs embedded in an insulating

polymer matrix (Figure 11(b)). [157, 158] We observed a PCE of up to 15.3 %, which

is comparable to those with the standard Spiro-OMeTAD as the HTM, but we also

observed a strong retardation in thermal degradation and enhanced resistance to wa-

ter ingress in the CNT system when compared to the standard HTMs, with a device

even directly exposed to running water for extended periods showing very little drop in

performance. The concept of a carbon-based encapsulating layer is promising; Mei et
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Figure 11: Carbon Nanotubes in Perovskite PV. (a) Perovskite crystal structure, where
hybrid perovskites typically have A=CH3NH3, B=Pb, X=I, Br or Cl. (d) Current-voltage
curve of a perovksite solar cell incorporating [P3HT-NT] nanohybrids in a PMMA matrix as
the hole transporting material. A cartoon of the device structure is shown in the inset. From
Habisreutinger et al. [157]. (c) Light JV curves of a tandem solar cell formed by stacking a
transparent MAPbBr3/CNT (top) solar cell and a MAPbI3 (bottom) solar cell and connected
in series. The dash curves represent the MAPbI3 solar cell before stacking. From Li et
al. [174] (d) Cross-section SEM image of a device with a blend structure composed of undoped
spiro-OMeTAD and P3HT/SWNTs. Individual SWNTs can be seen to protrude from the
interface between the alumina scaffold and spiro-OMeTAD layers. From Habisreutinger et
al. [158]
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al. [175] recently demonstrated that a device fabricated by infiltrating the perovskite

into a thick porous carbon film exhibits excellent stability even during outdoor testing

under full sunlight. [176]

Several groups have reported that Spiro-OMeTAD HTM could also be improved

with the incorporation of SWNTs [158, 159, 177] either as a blend or in a stratified

structure (Figure 11(d)), with PCEs reaching over 15 %. These combined CNT/Spiro-

OMeTAD HTMs could even be contacted directly and maintain good device perfor-

mance without the need for an additional top metal electrode; this was also possi-

ble with CNTs alone though with inferior performance to the combined CNT/Spiro-

OMeTAD analogues. [159, 177] These results demonstrate the enormous potential for

using CNTs as transparent top electrodes in perovskite solar cells. Li et al. demon-

strated that this concept could be employed in a perovskite-perovskite tandem solar

cell connected in series, where a large bandgap MAPbBr3 perovskite top device incor-

porating a transparent CNT top electrode absorbs the high energy light but allows the

lower energy light to pass through to the bottom cell where the light is absorbed by

the lower bandgap MAPbI3 perovskite. [174] Although the overall efficiency did not

improve on this first demonstration, the additive nature of the open-circuit voltage to

2.24 V is highly encouraging (Figure 11(c)).

Cai et al. showed that they could also get substantial PCE improvements when

incorporating low fractions of CNTs into a P3HT HTM [178], which are similar findings

to those of Ren et al. [154] for OPV. Wang et al. constructed a fully-flexible perovskite

PV device with a PCE of 8.3 % using electron-collecting TiO2 nanotubes on a metal

foil as flexible substrate and a CNT network as the transparent HTM. [179] In the

’inverted’ p-i-n perovskite solar cell architecture, Jeon et al. were able to replace ITO

on the glass substrate with SWNTs and still retain reasonable performance. [180] This

is an important step for future low-cost scalability of this particular device architecture.

The efficient hole collecting properties of the SWNT from the perovskite was re-
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cently explained by Schulz et al. [181] They found that a ground state electron transfer

from the MAPbI3 perovskite to the SWNT makes the SWNT n-type at the inter-

face. This establishes a band bending that is favorable for efficient photo-excited hole

transfer from MAPbI3 to SWNT but with a barrier for any hole transfer back to the

MAPbI3.

5 Future directions and challenges

Carbon nanotubes have a variety of properties that make them ideal for optoelectronic

applications. Nevertheless, they have not yet reached their full potential and thus

we are yet to see carbon nanotube optoelectronics seriously approaching commercial-

ization. While their aspect ratios and properties such as chirality can be exploited

advantageously, these very same properties also make them challenging to work with

due to the the polydispersity in both chirality and electronic nature (semiconducting

or metallic) and their tendency to form bundles. The difficulty to control synthesis to

prevent these undesired phenomena has seriously hindered optoelectronic development,

and this has seen them largely overlooked for device implementation to date in favor of

their allotropic cousins fullerenes (0D) and graphene (2D). The most fundamental chal-

lenge is to find ways to controllably and scalably synthesize high quality single chirality

nanotubes. Recent work by Sanchez-Valencia et al. [42], where the authors controllably

synthesise nearly defect-free (6,6) nanotubes, is highly encouraging. Further work will

be needed to synthesize other chiralities and to demonstrate scalability. Other tech-

niques such as selective polymer wrapping and subsequent polymer exchange to form

customized heterojunctions are also highly encouraging [58, 59] though scalability will

need to be shown.

Nevertheless, controlled carbon nanotube nano-networks and polymer nano-hybrids

show tremendous promise for use in a variety of applications including photovoltaics.

The favorable absorptions of nano-hybrids in the visible and near-infrared could lead to
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very efficient harvesting of the solar spectrum [156], which could be further enhanced

with polymer-wrapped sensitizers [58]. Using these structures as the active components

in solar cells continues to be a tantalizing prospect. The prototypes to date all exploit

random networks of nanotubes, which are not ideal due to the formation of aggregates

and sub-optimal tube interconnections. The nanoscale architecture of the networks is

an important factor to further enhance charge transport. The controlled formation of

networks in nanoscale domains described in Section 3.3 could therefore be a compelling

strategy to further increase PV device efficiencies, and reduce nanotube loading. For

example, solution-processed nanoscale SWNT networks were engineered in a P3HT

film and led to an enhancement in charge transport by 2-orders-of-magnitude at very

low tube concentrations (<0.1 wt%) compared to a random network. [119]

Finally, one of the most exciting new fields in PV is perovskite solar cells, and

we will expect to see many more reports integrating CNTs into these systems over

the coming years as the field rapidly evolves. The CNTs are likely to be particularly

advantageous as charge collection layers, with encouraging first examples given in Sec-

tion 4.3. CNT-based transport layers could be more stable and superior to the existing

extraction layers; indeed, recent reports have suggested that adoption of stable alter-

natives could be the key to improved perovskite device performance and long-term

operational stability. [173]

A first application for this promising perovskite technology is likely to be in hybrid

tandems with crystalline silicon (c-Si) as an additional active absorbing layer to fur-

ther improve the efficiency of the state-of-the-art silicon solar cells. [182] Incremental

improvements in the PCE of c-Si solar cells to and beyond its current value of 25 % has

been slow due to the maturity of the technology, but it is estimated that incorporation

of a top perovskite layer could theoretically increase the PCE to 35 % [183], which

would substantially lower the cost of PV. These hybrid tandems require a transparent

top electrode on the perovskite. The first embodiments utilized silver nanowires for
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these electrodes [184, 185], but carbon nanotube networks could be a very promising

alternative. Moreover, the perovskite processing tunability has enabled the realiza-

tion of efficient semi-transparent devices [186, 187], and carbon nanotubes could also

act as efficient top contacts [174]. These devices could find widespread application in

building-integrated PV, as one example.

By clever manipulation of nanotubes and networks on the nanoscale, we may be able

to truly unlock the variety of oustanding properties promised by carbon nanotubes,

leading to widespread adoption of the materials in a multitude of applications. One

day, we may see carbon nanotubes and their allotropic cousins graphene and fullerenes

power and light the world through carbon-based solar cells, batteries, displays, light-

emitting diodes and lasers.
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