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HOLE CONDUCTION LAYER

FIELD OF THE INVENTION

The invention relates to a semiconductor device comprising a component for transporting
charge. The invention also relates to a process for producing a semiconductor device

comprising a component for transporting charge.

BACKGROUND TO THE INVENTION

The conversion of solar energy into electricity is one of the most promising routes to meeting
the increasing energy demands of future generations without negatively impacting on the
global climate. Cost and energy input involved in the manufacturing process are essential
challenges faced by the conventional inorganic solar cell industry, which can both be
overcome by newly emerging thin-film and organic-inorganic hybrid approaches. Important
breakthroughs in device performance have recently been achieved through the use of
semiconducting organic-inorganic perovskite absorbers. Remarkably, the mixed halide
perovskite CH3;NH3Pbl5.<Clx can function both as wide-range absorber and as ambipolar
charge transporter (Lee, M. M, Teuscher, J., Miyasaka, T., Murakami, T. N. & Snaith, H. J.
Efficient hybrid solar cells based on meso-superstructured organometal halide perovskites.
Science. 338, 643—7 (2012)). The latter property allows it to be coated onto an electronically
inert alumina scaffold resulting in ‘meso-superstructured solar cells’ (MSSCs) in which
charge generation and transport both happen within the perovskite material and yield power
power-conversion efficiencies of up to 12.3% (Ball, J. M., Lee, M. M, Hey, A. & Snaith, H.
J. Low-temperature processed meso-superstructured to thin-film perovskite solar cells.
Energy Environ. Sci. 6, 1739 (2013)). Progressing further, thin-film perovskite solar cells,
comprising a solid layer of perovskite with no mesoporosity have exhibited solar to electrical
power conversion efficiencies of over 15% (Liu, M., Johnston, M. B., Snaith, H. J., Efficient
planar heterojunction perovskite solar cells by vapour deposition. Nature 501, 395-398
(2013)). Following light absorption, charge is generated within the bulk of the perovskite
absorber, but efficient charge extraction with low losses requires selective contact of the
perovskite with positive (p) and negative (n) contact materials, which exhibit low resistive
losses. It is known to employ a p-type organic hole-conductor, 2,2°,7,-7 -tetrakis(N,N-di-p-
methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD), which was first introduced in

solid-state dye-sensitized solar cells for its high solubility and amorphous nature. These



WO 2015/140548 PCT/GB2015/050792

properties are ideal for infiltration into mesoporous films, but are less relevant for use in
planar heterojunction solar cells. The low intrinsic charge carrier mobility of amorphous
organic hole-conductors can be overcome to a certain extent by increasing the carrier density
by oxidative doping. However, the doped hole-conductors generally absorb light strongly in
the visible to near IR region, contributing parasitic absorption losses to the solar cell, and for
spiro-OMeTAD a maximally feasible conductivity of less than 10* Scm™ may still introduce
resistive losses in the perovskite solar cells. It is desirable, therefore, to provide a component
for transporting charge with increased charge carrier mobilities and which meanwhile does

not increase absorption losses.

Another key requirement for long term semiconductor device operation is thermal stability.
In particular, semiconductor devices often need to withstand high temperatures or repeated
thermal cycles. For instance, solar cells must be able to withstand both temperatures of up to
85°C for prolonged periods of time and also a large number of thermal cycles throughout
their lifetime from between —40°C to +85°C. For this to be possible, the layered structure of
the solar cell must be able to sustain temperatures up to 85°C. In addition, the material must
also be as insensitive to moisture and oxygen as possible, in order to prolong the lifetime of
the cell. The amount of water vapor and oxygen close to the photoactive layers of the solar
cell can be significantly reduced by externally encapsulating of the cells in, for instance, a
glass laminate. However, water vapour may still transport through the seals over time, and

intrinsically resilient photoactive layers are preferable.

Considering crystalline silicon solar cells as an example, silicon wafers are cleaned and
prepared by rinsing a series of etching solutions including HF, piranha rinse (sulfuric acid
with hydrogen peroxide) and deionized water. After this etch and clean, the surface of the
silicon wafer needs to be coated with a specific pacifying agent or taken to a completely inert
atmosphere (e.g. a vacuum) within a few minutes. A great achievement was made when
amorphous silicon was found to not only pacify the defect states on the silicon wafer, but also
to act as a very effective charge collection layer for crystalline silicon solar cells. This lead to
the development of HIT (heterojunction with intrinsic thin layer) cells and very efficient and
stable crystalline silicon solar cells. Known perovskite solar cells are generally constructed
with a layer of p-type organic semiconductor on top of a solid perovskite layer. On testing
the thermal stability of perovskite CHsNH;Pbl;.<Clx films, it has been noticed that the films

discolour very quickly when heated at 80°C for a long period of time in air. The
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discoloration from dark brown to yellow is accompanied by a change in the X-ray diffraction
(XRD) pattern, which indicates a transformation from CH3;NH3Pbl3.<Clx to Pblz. This is
consistent with loss of the CH3NH;™ cation and excess iodine, both of which are quite
volatile. Hence, one previously unknown requirement for the hole-transporter layer may be
to encapsulate the top of the perovskite film and prevent loss of the more volatile components
from the perovskite crystal during heating. Coating the perovskite films with the current
known organic charge transport materials does not prevent this degradation from occurring.

The instability of known charge transport components is therefore a problem.

It is thus an object of the invention to provide a charge transport component for use in a
semiconductor device, which charge transport component has good charge carrier mobilities
and which does not cause significant light absorption losses in the device. It is another object
of the invention to overcome the thermal instability found for known charge transport
components and also to provide a charge transporting component that can help to prevent

degradation of other components in a device.

SUMMARY OF THE INVENTION

Carbon nanotubes (CNTs), for instance single-walled carbon nanotubes (SWNTs), exhibit
outstanding charge carrier transport characteristics. They have been previously embedded in
other semiconducting polymers, to improve the charge transport within the semiconducting
polymer phase, and charge collection in organic and hybrid solar cells (Kyrylyuk, A. V,
Hermant, M. C,, Schilling, T., Klumperman, B., Koning, C. E. & van der Schoot, P.
Controlling electrical percolation in multicomponent carbon nanotube dispersions. Nat.
Nanotechnol. 6, 3649 (2011)). Although relatively promising results have been obtained,
optimum device performance has only been observed with very low fractions of SWNTs, and
whether the SWNTs are serving an electronic function or simply advantageously enhancing

the crystallization of the polymer hole-conductor is not clear.

After initially investigating the charge transport properties of functionalized CN'T/organic
hole transported composites, the inventors have surprisingly found that highly effective
charge transport components may be produced by embedding carbon nanotubes
functionalized (wrapped) with a semiconducting polymer in an electrically insulating matrix.
Functionalisation of the CNTs with a semiconducting polymer and replacement of known

organic hole transporters with an electrically insulating matrix unexpectedly leads to charge
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transport components with excellent properties. Photovoltaic devices with power conversion

efficiencies in excess of 15% have been made using this new charge transport component.

It has also been found that perovskite films coated with the component for transporting
charge as described herein show excellent and unexpected thermal and mechanical stability
and resilience to water. Films of the invention are able to maintain perovskite structure after

heating for prolonged time in air.

It has also been found that semiconductor devices according to the invention comprising the
component for transporting charge as described herein show excellent and unexpected
thermal and mechanical stability. Devices of the invention are able to maintain good device

characteristics even after exposure to heat for prolonged periods of time.

Thus, the invention provides a semiconductor device comprising a component for
transporting charge, which component comprises an electrically insulating matrix and,

disposed in said matrix, carbon nanotubes functionalized with a semiconducting polymer.

Thus, as described above, the carbon nanotubes functionalized with a semiconducting
polymer provide excellent charge transport properties while the electrically insulating matrix

reduces short circuit currents and provides mechanical and thermal stability to the device.

The invention also provides a process for producing a semiconductor device, which
photovoltaic device comprises a component for transporting charge, which component
comprises an electrically insulating matrix and, disposed in said matrix, carbon nanotubes
functionalized with a semiconducting polymer, which process comprises:

(a) providing a substrate and, disposed on a surface of the substrate, carbon
nanotubes functionalized with a semiconducting polymer; and

(b) disposing an electrically insulating matrix onto the carbon nanotubes

functionalized with a semiconducting polymer.

The invention further provides a semiconductor device obtainable by a process for producing

a semiconductor device according to the invention.

The semiconductor device is typically an optoelectronic device, for instance a photovoltaic

device.
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BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows a cross-sectional scanning electron microscope (SEM) image of a device with

a charge transporting component comprising functionalized SWNTs and sprio-OMeTAD.

Figure 2 shows a top view (SEM) of a bare SWNT layer showing the thick mesh-like
structure of the SWNT layer.

Figure 3 shows the comparison of current-voltage characteristics of two strategies of SWNT
incorporation into spiro-OMeTAD and two control structures. The vertical axis shows
current density (mA/cm?); the horizontal axis shows voltage (V); squares (m) represent
SWNT-spiro-OMeTAD (stratified); circles (®) represent SWNT-spiro-OMeTAD (blend);
diamonds (#) represent spiro-OMeTAD (undoped); and leftwards-pointing triangles (<)
represent no HTL.

Figure 4 shows the photoinduced absorption spectrum of both neat spiro-OMeTAD and the
SWNT-spiro-OMeTAD stratified HTL. The vertical axis represents -AT/T; the horizontal
axis represents wavelength (nm); the upper curve represents spiro-OMeTAD; and the lower

curve represents SWNT-spiro-OMeTAD (stratified).

Figure 5 shows the PIA spectrum of a device with a neat P3HT-wrapped SWNT layer as
HTL plotted together with the absorption spectrum of a SWNT film on glass. The left-hand
vertical axis represents absorbance (a.u.) relating to curve A; the right-hand vertical axis
represents -AT/T relating to curve B; the horizontal axis represents wavelength (nm); curve A
represents the UV-Vis spectrum of SWNT film on glass; and curve B represents the PIA
spectrum of a device with a neat P3HT-wrapped SWNT layer.

Figure 6 shows a plot of the current-voltage characteristics of a device with a HTL made of
SWNTs only and of a device with the stratified SWNT-PMMA structure. The vertical axis
shows current density (mA/cm?); the horizontal axis shows voltage (V); circles (®, upper

curve) represent SWNTs-PMMA (stratified); and squares (m, lower curve) represent SWNTs.

Figure 7 shows device characteristics for a solar cell with a hole transport layer comprising
P3HT-functionalized SWNTs in a polycarbonate matrix, wherein the solar cell has been
heated at 80°C for 96 hours. The vertical axis shows current density (mA/cm?); and the

horizontal axis shows voltage (V).
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Figure 8 shows photographs of devices comprising hole transporter layers selected from

spiro-OMeTAD (A), poly(triarylamine) (B), poly(3-hexylthiophene) (C), functionalized

SWNTs with a polycarbonate matrix (D), and functionalized SWNTs with a poly(methyl
methacrylate) matrix (E).

Figure 9 shows photographs of devices comprising hole transporter layers selected from Li-
spiro-OMeTAD (A), poly(3-hexylthiophene) (B), poly(triarylamine) (C) and functionalized
SWNTs with a poly(methyl methacrylate) matrix (D). The devices had been exposed to 80°C

in moist air for different lengths of time ranging from 0 to 96 h.

Figure 10 shows the absorption spectra of devices comprising hole transporter layers selected
from spiro-OMeTAD (A), poly(3-hexylthiophene) (B), poly(triarylamine) (C) and
functionalized SWNTSs with a poly(methyl methacrylate) matrix (D). The spectra show the
change in absorption in 24 h intervals due to heating of the devices at 80°C. The horizontal

axis is wavelength (nm).

Figure 11 shows the X-ray diffraction spectra of devices comprising hole transporter layers
selected from spiro-OMeTAD (A), poly(3-hexylthiophene) (B), poly(triarylamine) (C) and
functionalized SWNTSs with a poly(methyl methacrylate) matrix (D) before (dotted line) and

after (solid line) 96 h of heat exposure at 80°C in moist air.

Figure 12 shows an example of the schematic architecture of a perovskite solar cell with a
hole-transporting structure comprised of functionalized SWNTs with a poly(methyl

methacrylate) matrix.

Figure 13 shows the current-voltage characteristics of three different perovskite solar cells
comprising hole transporter layers based on functionalized SWNTs with and without
poly(methyl methacrylate) matrix. The vertical axis shows current density (mA/cm?); the
horizontal axis shows voltage (V); downwards-pointing triangles (¥ ) represent PSHT/SWNT
(CG200)-PMMA; circles (@) represent PSHT/SWNT(HiPCO)-PMMA; and squares (m, lower
curve) represent P3SHT/SWNT(HiPCO).

Figure 14 shows the distribution of power-conversion efficiency values of devices
comprising hole transporter layers of functionalized SWNTs and either a polycarbonate (PC)
or a poly(methyl methacrylate) (PMMA) matrix, before (A) and after (B) being exposed to

80°C for 96 hours in moist air.
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Figure 15 shows the characteristic behavior of the power-conversion efficiency at increased
temperature ranging from 25°C to 100°C for devices comprising different hole transporter
layers. The vertical axis shows normalized power conversion efficiency (%); the horizontal
axis shows temperature (°C); upwards-pointing triangles ( A) represent Li-TFSI doped spiro-
OMeTAD; diamonds (#) represent poly(triarylamine); downwards-pointing triangles (V)
represent poly(3-hexylthiophene); squares (m) represent P3HT functionalized SWNTs with a
poly(methyl methacrylate) matrix; and circles (®) represent P3HT functionalized SWNTs

with a polycarbonate matrix.

Figure 16 shows the current-voltage characteristics of a device comprising a hole transporter
layer of functionalized SWNTs and a polycarbonate matrix before (circles,®) and after

(upwards-pointing triangles, A) being exposed to a stream of running water for 60 seconds.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

The term “semiconductor device”, as used herein, refers to a device comprising a functional
component which comprises a semiconductor material. This term may be understood to be
synonymous with the term “semiconducting device”. Examples of semiconductor devices
include a photovoltaic device, a solar cell, a photo detector, a photodiode, a photosensor, a
chromogenic device, a transistor, a light-sensitive transistor, a phototransistor, a solid state
triode, a battery, a battery electrode, a capacitor, a super-capacitor, a light-emitting device, or
a light-emitting diode. The term “optoelectronic device”, as used herein, refers to devices
which source, control or detect light. Light is understood to include any electromagnetic
radiation. Examples of optoelectronic devices include photovoltaic devices, photodiodes
(including solar cells), phototransistors, photomultipliers, photoresistors, and light emitting

diodes.

The term “matrix”, as used herein, refers to a material or structure in which another material
is embedded. A matrix is typically a continuous material or structure. The material
embedded in the matrix is typically in the form of a plurality of discrete volumes. The
material embedded in the matrix is typically dispersed within the matrix. The matrix
employed in the present invention is of course the electrically insulating matrix. The other

material which is embedded in (and typically dispersed within) the matrix employed in the
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present invention is of course the carbon nanotubes that are functionalized with a

semiconducting polymer.

The term “dispersed”, as used herein, takes its normal meaning, i.e. “distributed over a
volume”. Accordingly, a material which is dispersed within a matrix is distributed within a

matrix, over a volume of the matrix.

The term “carbon nanotube” is well known in the art. Carbon nanotubes (CNTSs) are an
allotrope of carbon with a cylindrical nanostructure. The term “carbon nanotubes
functionalized with a semiconducting polymer” refers to carbon nanotubes which have been
treated with a semiconducting polymer. Typically carbon nanotubes functionalized with a
semiconducting polymer will have one or more molecules of the semiconducting polymer in
contact with the carbon nanotubes. Functionalisation typically changes the charge transport

and/or the dispersion properties of the CNTs.

The term “semiconducting”, as used herein, refers to a material having a refers to a material
with electrical conductivity intermediate in magnitude between that of a conductor and a
dielectric. A semiconducting material may be an n-type semiconductor, a p-type

semiconductor or an intrinsic semiconductor.

The term “n-type region”, as used herein, refers to a region of one or more electron-
transporting (i.e. n-type) materials. Similarly, the term “n-type layer” refers to a layer of an
electron-transporting (i.e. an n-type) material. An electron-transporting (i.e. an n-type)
material could be a single electron-transporting compound or elemental material, or a mixture
of two or more electron-transporting compounds or elemental materials. An electron-
transporting compound or elemental material may be undoped or doped with one or more

dopant elements.

The term “p-type region”, as used herein, refers to a region of one or more hole-transporting
(i.e. p-type) materials. Similarly, the term “p-type layer” refers to a layer of a hole-
transporting (i.e. a p-type) material. A hole-transporting (i.e. a p-type) material could be a
single hole-transporting compound or elemental material, or a mixture of two or more hole-
transporting compounds or elemental materials. A hole-transporting compound or elemental

material may be undoped or doped with one or more dopant elements.
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The term “polymer”, as used herein, refers to a material comprising molecules formed of
repeating units. Polymer molecules typically comprise greater than or equal to 10 repeating
units, for instance greater than or equal to 15 repeating units. The term “oligomer”, as used

herein, refers to a material comprising molecules formed of from 3 to 9 repeating units.

The term “metallic”, as used herein, refers to a material with a high electrical conductivity,
for instance an electrical conductivity of greater than 10° Sm™. Materials such as nanotubes

may be metallic in only some directions, for instance along their length.

The term “photoactive material”, as used herein, refers to a material which either (i) absorbs
light, which may then generate free charge carriers; or (i1) accepts charge, both electrons and

holes, which may subsequently recombine and emit light.

The term “perovskite”, as used herein, refers to a material with a three-dimensional crystal
structure related to that of CaTiOs or a material comprising a layer of material, which layer
has a structure related to that of CaTiOs;. The structure of CaTiOs can be represented by the
formula ABX3, wherein A and B are cations of different sizes and X is an anion. In the unit
cell, the A cations are at (0,0,0), the B cations are at (1/2, 1/2, 1/2) and the X anions are at
(1/2,1/2, 0). The A cation is usually larger than the B cation. The skilled person will
appreciate that when A, B and X are varied, the different ion sizes may cause the structure of
the perovskite material to distort away from the structure adopted by CaTiOs to a lower-
symmetry distorted structure. The symmetry will also be lower if the material comprises a
layer that has a structure related to that of CaTiOs. Materials comprising a layer of
perovskite material are well known. For instance, the structure of materials adopting the
K>NiFs-type structure comprises a layer of perovskite material. The skilled person will
appreciate that a perovskite material can be represented by the formula [A][B][X]s, wherein
[A] is at least one cation, [B] is at least one cation and [X] is at least one anion. When the
perovskite comprise more than one A cation, the different A cations may distributed over the
A sites in an ordered or disordered way. When the perovskite comprises more than one B
cation, the different B cations may distributed over the B sites in an ordered or disordered
way. When the perovskite comprise more than one X anion, the different X anions may
distributed over the X sites in an ordered or disordered way. The symmetry of a perovskite
comprising more than one A cation, more than one B cation or more than one X cation, will

be lower than that of CaTiOs.
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The term “alkyl”, as used herein, as used herein, refers to a linear or branched chain saturated
hydrocarbon radical. An alkyl group may be a Ci.15 alkyl group, a Ci.14 alkyl group, a Ci.10
alkyl group, a C1s alkyl group or a Ci4 alkyl group. Examples of a Ci.10 alkyl group are
methyl, ethyl, propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl or decyl. Examples of Ci.6
alkyl groups are methyl, ethyl, propyl, butyl, pentyl or hexyl. Examples of Ci.4 alkyl groups
are methyl, ethyl, i-propyl, n-propyl, t-butyl, s-butyl or n-butyl. If the term “alkyl” is used
without a prefix specifying the number of carbons anywhere herein, it has from 1 to 6

carbons (and this also applies to any other organic group referred to herein).

The term “aryl”, as used herein, refers to a monocyclic, bicyclic or polycyclic aromatic ring
which contains from 6 to 14 carbon atoms, typically from 6 to 10 carbon atoms, in the ring
portion. Examples include phenyl, naphthyl, indenyl and indanyl groups. The term “aryl
group”, as used herein, includes heteroaryl groups. The term “heteroaryl”, as used herein,
refers to monocyclic or bicyclic heteroaromatic rings which typically contains from six to ten
atoms in the ring portion including one or more heteroatoms. A heteroaryl group is generally
a 5- or 6-membered ring, containing at least one heteroatom selected from O, S, N, P, Se and
Si. It may contain, for example, one, two or three heteroatoms. Examples of heteroaryl
groups include pyridyl, pyrazinyl, pyrimidinyl, pyridazinyl, furanyl, thienyl, pyrazolidinyl,
pyrrolyl, oxazolyl, oxadiazolyl, isoxazolyl, thiadiazolyl, thiazolyl, isothiazolyl, imidazolyl,

pyrazolyl, quinolyl and isoquinolyl.

The term “substituted”, as used herein in the context of substituted organic groups and
polymers, refers to an organic group or polymer which bears one or more substituents
selected from Ci.1 alkyl, aryl (as defined herein), cyano, amino, nitro, Cyi.10 alkylamino,
di(Ci.10)alkylamino, arylamino, diarylamino, aryl(Ci.10)alkylamino, amido, acylamido,
hydroxy, oxo, halo, carboxy, ester, acyl, acyloxy, Ci.10 alkoxy, aryloxy, halo(Ci-10)alkyl,
sulfonic acid, thiol, Ci.10 alkylthio, arylthio, sulfonyl, phosphoric acid, phosphate ester,
phosphonic acid and phosphonate ester. Examples of substituted alkyl groups include
haloalkyl, perhaloalkyl, hydroxyalkyl, aminoalkyl, alkoxyalkyl and alkaryl groups. When a
group is substituted, it may bear 1, 2 or 3 substituents. For instance, a substituted group may
have 1 or 2 substitutents. When a polymer is substituted, it may bear 1, 2 or 3 substituents
per repeating unit (monomer) in that polymer. For instance, a substituted polymer may have

1 or 2 substituents per repeating unit.
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The term “porous”, as used herein, refers to a material within which pores are arranged.
Thus, for instance, in a porous scaffold material the pores are volumes within the scaffold
where there is no scaffold material. The individual pores may be the same size or different
sizes. The size of the pores is defined as the “pore size”. The limiting size of a pore, for
most phenomena in which porous solids are involved, is that of its smallest dimension which,
in the absence of any further precision, is referred to as the width of the pore (i.e. the width of
a slit-shaped pore, the diameter of a cylindrical or spherical pore, etc.). To avoid a
misleading change in scale when comparing cylindrical and slit-shaped pores, one should use
the diameter of a cylindrical pore (rather than its radius) as its "pore-width " (J. Rouquerol et
al., “Recommendations for the Characterization of Porous Solids”, Pure & Appl. Chem., Vol.
66, No. 8, pp.1739-1758, 1994). The following distinctions and definitions were adopted in
previous IUPAC documents (K.S.W. Sing, et al, Pure and Appl. Chem., vol.57, n04, pp 603-
919, 1985; and IUPAC "Manual on Catalyst Characterization", J. Haber, Pure and Appl.
Chem., vol.63, pp. 1227-1246, 1991): micropores have widths (i.e. pore sizes) smaller than 2
nm; Mesopores have widths (i.e. pore sizes) of from 2 nm to 50 nm; and Macropores have
widths (i.e. pore sizes) of greater than 50 nm. In addition, nanopores may be considered to

have widths (i.e. pore sizes) of less than 1 nm.

Pores in a material may include “closed” pores as well as open pores. A closed pore is a pore
in a material which is a non-connected cavity, i.e. a pore which is isolated within the material
and not connected to any other pore and which cannot therefore be accessed by a fluid (e.g. a
liquid, such as a solution) to which the material is exposed. An “open pore” on the other
hand, would be accessible by such a fluid. The concepts of open and closed porosity are
discussed in detail in J. Rouquerol et al., “Recommendations for the Characterization of

Porous Solids”, Pure & Appl. Chem., Vol. 66, No. 8, pp.1739-1758, 1994,

Open porosity, therefore, refers to the fraction of the total volume of the porous material in
which fluid flow could effectively take place. It therefore excludes closed pores. The term
“open porosity” is interchangeable with the terms “connected porosity” and “effective
porosity”, and in the art is commonly reduced simply to “porosity”. (The perovskite
semiconductor present in the “layer of a perovskite semiconductor without open porosity”, in
the optoelectronic device of the invention, cannot therefore be said to be a “porous

perovskite”.)
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The term “without open porosity”, as used herein, therefore refers to a material with no
effective open porosity. Thus, a material without open porosity typically has no macropores
and no mesopores. A material without open porosity may comprise micropores, however.
Such micropores are typically too small to have a negative effect on a material for which low

porosity is desired.

The term “compact layer”, as used herein, refers to a layer without mesoporosity or

macroporosity. A compact layer may have microporosity or nanoporosity.
Semiconductor device

The invention provides a semiconductor device comprising a component for transporting
charge, which component comprises an electrically insulating matrix and, disposed in said
matrix, carbon nanotubes functionalized with a semiconducting polymer. The semiconductor

device is typically an optoelectronic device, for instance a photovoltaic device.
Electrically insulating matrix

The electrically insulating matrix typically comprises an electrically insulating organic
material, or a dielectric inorganic material. The electrically insulating organic material or the
dielectric inorganic material typically has an electrical conductivity of less than or equal to
10 Sm™!, for instance less than or equal to 10* Sm™. The electrically insulating organic
material may be a polymeric material, an oligomeric material or a small organic molecule

material.

The electrically insulating matrix typically comprises an electrically insulating organic
polymer. An electrically insulating organic polymer used in the electrically insulating matrix
may be any suitable electrically insulating organic polymer. The electrically insulating
organic polymer typically has an electrical conductivity of less than or equal to 10* Sm™, for
instance less than or equal to 10° Sm™. The electrically insulating organic polymer may have

an electrical conductivity of less than or equal to 10® Sm™.

The electrically insulating organic polymer is typically a polymer where there is no -
conjugation between adjacent repeating units in the polymer. Examples of electrically
insulating polymers include a poly(alkene), a poly(acrylate), a poly(methacrylate),
poly(alkylacrylate), a poly(amide), a poly(ester), a poly(vinyl alcohol), a poly(styrene), a
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poly(butyrate), a poly(imide) or a poly(carbonate). Typically, the electrically insulating
organic polymer comprises a poly(acrylate), a poly(methacrylate), a poly(vinyl alcohol), a
poly(styrene), a poly(butyrate), a poly(imide) or a poly(carbonate).

Examples of a poly(alkene) include polyethylene, polypropylene, polybut-1-ene and
polymethylpentene. Examples of a poly(acrylate) include poly(methyl acrylate), poly(ethyl
acrylate), poly(propyl acrylate) and poly(butyl acrylate). Examples of a poly(methacrylate)
include poly(methyl methacrylate) and poly(ethyl methacrylate). Examples of a
poly(alkacrylate) include poly(methyl methacrylate), poly(methyl ethacrylate), poly(ethyl
methacrylate) and poly(ethyl ethacrylate). Examples of a poly(amide) include polyamide 6,
polyamide 6-6, polyamide 12 and polyamide 12-12. Examples of a poly(ester) include
polyethylene terephthalate, polybutylene terephthalate, polyethylene naphthalate,
polyethylene apidate, polyethylene succinate and polycaprolactone. Examples of a
poly(vinyl alcohol) include poly(ethenol) and poly(vinylacetate). Examples of a
poly(styrene) include unsubstituted polystyrene and poly(vinyltoluene). Examples of a
poly(butyrate) include polybutyrate apidate terephthalate and polybutyrate succinate
terephthalate. An example of a poly(imide) is poly(oxydiphenylene pyromellitimide).
Examples of a poly(carbonate) include polypropylene carbonate, poly(allyl diglycol
carbonate) and poly(bisphenol A carbonate). Preferably the electrically insulating polymer is
a poly(acrylate), a poly(methacrylate) or a poly(carbonate). For instance, the electrically

insulating organic polymer comprises poly(methyl methacrylate).
Functionalized carbon nanotubes

Carbon nanotubes functionalized with a semiconducting polymer are disposed in the
electrically insulating matrix. The functionalized carbon nanotubes typically act as the
material which transports charge in the component for transporting charge in the
semiconductor device of the invention. Thus, the carbon nanotubes functionalized with a

semiconducting polymer are typically conducting or semiconducting.

The carbon nanotubes functionalized with a semiconducting polymer may be dispersed

within the electrically insulating matrix.

The carbon nanotubes functionalized with a semiconducting polymer may be randomly
dispersed within electrically insulating matrix. In particular, the functionalized carbon

nanotubes may be randomly dispersed within a region of the electrically insulating matrix, or
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they may be randomly dispersed throughout the whole of the electrically insulating matrix.
When the functionalized carbon nanotubes are randomly dispersed within a region of the
electrically insulating matrix, they may for example be randomly dispersed within a sub-layer
of said electrically insulating matrix, for instance a first sub-layer or a second sub-layer as

defined herein.

The carbon nanotubes functionalized with a semiconducting polymer may be randomly
distributed within a volume of the electrically insulating matrix. The volume of the
electrically insulating matrix within which the functionalized carbon nanotubes are randomly
distributed may for example be a particular region of the electrically insulating matrix, for
instance a sub-layer of said electrically insulating matrix. The sub-layer may be a first sub-

layer or a second sub-layer as defined herein.

The carbon nanotubes functionalized with a semiconducting polymer may be functionalized
with the semiconducting polymer by any means. Typically the carbon nanotubes
functionalized with a semiconducting polymer are obtainable by a functionalisation process
comprising treating carbon nanotubes with a semiconducting polymer. The functionalisation
process may comprise treating carbon nanotubes with a solution of a semiconducting
polymer. The functionalisation process may further comprise centrifuging the solution
comprising the carbon nanotubes functionalized with a semiconducting polymer to remove
non-functionalized nanotubes and other carbonaceous aggregates. For example, the carbon
nanotubes functionalized with a semiconducting polymer may be obtainable by a
functionalisation process comprising (i) adding carbon nanotubes (for instance single walled
carbon nanotubes) to a composition comprising a solvent (such as a polar aprotic solvent, for
instance chlorobenzene) and a semiconducting polymer (such as those described herein, for
instance a poly(alkylthiophene)); and (ii) optionally centrifuging the resulting mixture. The
functionalized carbon nanotubes may then be removed by heating the resulting mixture
mildly (for instance at a temperature of from 40 to 100°C) for from 10 to 100 minutes to
cause aggregation of the carbon nanotubes functionalized with a semiconducting polymer.
These aggregates may then be removed by centrifuging the mixture comprising the

aggregates.

The semiconductor polymer functionalizes the CNTs by interacting with them. Thus, the
semiconducting polymer is typically in contact with the CNTs. Each CNT may be

functionalized by one or more molecules of the semiconducting polymer. Typically, when a
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CNT is functionalized with a semiconducting polymer, the polymer and the CNT interact in

such as way that the polymer remains associated with the CNT in solution.

Typically, carbon nanotubes are coated at least in part with the semiconducting polymer. For
instance, the carbon nanotubes may be wrapped in the semiconducting polymer. The carbon
nanotubes may be wrapped in the semiconducting polymer in a regular way, for instance by a
helical arrangement of one or more molecules of the semiconducting polymer around one or

more carbon nanotubes.

The semiconducting polymer is typically a conjugated polymer. Conjugated polymers
comprise repeating units comprising arylene, heteroarylene, alkenylene (e.g. Ci20
alkenylene) or alkynylene (e.g. Ci20 alkynylene) units. Examples of conjugated polymers
include polyacetylenes, polyphenylenes, polyparaphenylenes, polyparaphenylene vinylenes,
polyparaphenylene acetylenes, polyazulenes, polynaphthalenes, polypyrenes, polyanilines,
polyparaphenylene sulphides, polyfluorenes, polypyrroles, polythiophenes, polythieno[3,2-
b]thiophenes, polycarbazoles, polyazepines and polyindoles or a mixture thereof, each of
which may be substituted or unsubstituted. Mixtures of these polymers also cover co-
polymers comprising repeating units selected from two or more of these polymers. Such a
polymer could comprise alternating repeating units of phenylene and thiophene, for example.

The polymers may be substituted or unsubstituted.

Preferably, the semiconducting polymer is a hole-transporting polymer. Hole transporting

polymers typically form p-type semiconducting materials.

The semiconducting polymer is typically a substituted or unsubstituted polythiophene, a
substituted or unsubstituted polyfluorene, or a substituted or unsubstituted poly(phenylene
vinylene). Examples of a substituted or unsubstituted polythiophene include poly(3-
alkylthiophene) and poly(3,4-ethylenedioxythiophene). Examples of a substituted or
unsubstituted polyfluorene include poly(9,9-dialkylfluorenyl), poly(9,9-dialkylfluorene-alt-
benzothiadiazole) or poly(indenofluorene). Examples of a substituted or unsubstituted
poly(phenylene vinylene) include poly(alkylphenylene vinylene) and unsubstituted
poly(phenylene vinylene).

Preferably, the semiconducting polymer is selected from poly(3-hexylthiophene), poly(3-
octylthiophene), poly(3-dodecylthiophene), poly(9,9-dioctofluorene), poly(9,9-di-n-

octylfluorene-alt-benzothiadiazole), poly(indenofluorene) and poly(phenylene vinylene).
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More preferably, the semiconducting polymer is poly(3-hexylthiophene). Poly(3-
alkylthiophene) may be regioregular or regioirregular. If the semiconducting polymer used in
the invention is a poly(alkylthiophene), it is preferably regioregular. For instance, the

poly(alkylthiophene) may be greater than or equal to 90% regioregular.

Any suitable carbon nanotubes may be used in the semiconductor device of the invention.
Carbon nanotubes may be classified in a number of ways, for instance by their structure or

electronic properties.

The carbon nanotubes may be single-walled or multi-walled carbon nanotubes. Preferably,
the carbon nanotubes are single-walled carbon nanotubes (SWNTs). The carbon nanotubes
may be high-pressure carbon monoxide (HiIPCO) CNTs, for instance HIPCO SWNTs. The
CNTs may have an average diameter of from 0.5 to 2 nm. Preferably the CNTs have an

average diameter of from 0.7 to 1.4 nm, for instance from 0.8 to 1.2 nm.

The carbon nanotubes may be CoMoCAT® CNTs, for instance CoMoCAT CG200 SWNTs
SG 651 or SG 76. The CNTs may have an average diameter of from 0.5 to 2 nm. Preferably

2

the CNTs have an average diameter of from 0.7 to 1.4 nm.

Typically, the carbon nanotubes are semiconducting carbon nanotubes, metallic carbon
nanotubes, or a mixture of semiconducting carbon nanotubes and metallic carbon nanotubes.
The carbon nanotubes may be a mixture of semiconducting carbon nanotubes and metallic
carbon nanotubes. The ratio may for instance be 2:1 semiconducting to metallic CNTs.

Preferably, the CNTs have a ratio of 3:2 semiconducting to metallic CNTs.
Component for transporting charge

The component for transporting charge may be an electron-transporting component or a hole-
transporting component. Typically, the component for transporting charge is a hole-

transporting component.

The component for transporting charge may be in any suitable form. Typically the
component for transporting charge is in the form of a layer. Thus, typically the component

for transporting charge is a charge-transporting layer.

The area density of the CNTs functionalized with a semiconducting polymer may be varied to

improve the device performance. The mass of said carbon nanotubes functionalized with a
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semiconducting polymer per unit area of the charge-transporting layer is typically at least 3
ng/cm?. For instance, the mass of said carbon nanotubes functionalized with a
semiconducting polymer per unit area of the charge-transporting layer may be at least 6
ug/cm?. Preferably, the mass of said carbon nanotubes functionalized with a semiconducting
polymer per unit area of the charge-transporting layer is from 3 pg/cm? to 20 pg/cm?,

optionally from 5 pg/cm? to 15 pg/cm?.

As discussed herein, it is preferable that the functionalised CNTs are in contact with both
components between which charge is transported, but the component for transporting charge
preferably does not allow the components between which charge is transported to be in direct
contact, as this can lead to short-circuiting. Thus it is can be preferable to have a first sub-
layer within the charge transport layer which has a greater concentration of functionalized
CNTs than a second sub-layer. The first sub-layer can allow good contact between the
functionalized CNTs and a component from which charge will be transported, while the
second layer can act to confer thermal stability on the device by sealing in the component
from which charge is transported and also prevent short circuiting due to contact between the

two components on either side of the charge transporting layer.

Thus, preferably the charge-transporting layer comprises a first sub-layer in contact with a
second sub-layer, wherein both the first sub-layer and the second sub-layer comprise said
electrically insulating matrix and, disposed in said electrically insulating matrix, said carbon
nanotubes functionalized with a semiconducting polymer, wherein the concentration of the
carbon nanotubes functionalized with a semiconducting polymer is greater in the first sub-
layer than in the second sub-layer. For instance, the concentration in the first sub-layer may
be 20% greater than in the second layer. The concentration may be measured as a mass

density (for instance gecm™).

Such a charge-transporting layer may be obtainable by a process comprising (a) providing a
substrate and, disposed on a surface of the substrate, carbon nanotubes functionalized with a
semiconducting polymer; and (b) disposing an electrically insulating matrix onto the carbon
nanotubes functionalized with a semiconducting polymer. For instance, such a charge-
transporting layer may be obtainable by a process comprising (a) disposing said carbon
nanotubes functionalized with a semiconducting polymer on the surface of the substrate; and
(b) disposing an electrically insulating matrix onto the carbon nanotubes functionalized with

a semiconducting polymer.
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The charge-transporting layer is preferably a p-type layer.

The semiconductor device according to the invention may comprise a photoactive region
disposed between a first electrode and a second electrode, which photoactive region
comprises said charge-transporting layer. If a photoactive region is present, the

semiconductor device is typically an optoelectronic device.

The photoactive region preferably further comprises a photoactive material. Typically, the

photoactive material is in contact with said charge-transporting layer.
Photoactive material

In the semiconductor device of the invention, the photoactive material typically comprises a
photoactive semiconductor or a photosensitising dye. The semiconductor device is typically

an optoelectronic device, for instance a photovoltaic device.

Examples of a suitable photosensitising dye is the indolene dye D102, an organic “push-pull”
dye such as those described in T. Horiuchi ef al. (“High Efficiency of Dye-Sensitized Solar
Cells Based on Metal-Free Indoline Dyes”, J. Am. Chem. Soc. 126, 12218-12219 (2004)), a
ruthenium complex dye, an organic dyes such as those described in W. Zeng, ef al.
(“Efficient Dye-Sensitized Solar Cells with an Organic Photosensitizer Featuring Orderly
Conjugated Ethylenedioxythiophene and Dithienosilole Blocks”, Chem. Mater. 22, 1915—
1925 (2010)) or a rylene based dye such as those described in US 2012/0017995.

The photoactive material typically comprises a photoactive semiconductor selected from a
perovskite, gallium arsenide, lead selenide, lead sulphide, indium arsenide, indium
phosphide, copper indium selenide, copper zinc tin sulphide, copper zinc tin selenide, copper
zinc tin selenide sulphide, copper indium gallium selenide, copper indium gallium diselenide,
and copper indium gallium diselenide sulphide. For instance, the photoactive material may

comprise a perovskite, copper indium gallium selenide, or copper indium gallium diselenide.

Preferably the photoactive material comprises a photoactive perovskite. The photoactive
perovskite in the device of the invention typically comprises a metal halide perovskite. The
formula of the metal halide perovskite comprises at least one metal and at least one halide.
The perovskite comprises a first cation, a second cation and at least one halide anion, wherein

at least one of the first and second cations comprises a metal cation. The perovskite may
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contain further cations and anions. The perovskite may be a layered perovskite. Examples of
layered perovskites include those described in WO 2014/020499, the contents of which is

incorporated herein by reference.

Metal halide perovskites are described in WO 2013/171517, WO 2013/171518, and WO
2013/171520, the entire contents of which are incorporated herein by reference. Any of the
metal halide perovskites described in any of WO 2013/171517, WO 2013/171518, and WO
2013/171520 may be used in the present invention.

The first cation may be any cation, but is often a metal cation or an organic cation. If the
first cation is a metal cation, it may be a monovalent or a divalent metal cation. The first
cation may be selected from Li", Na*, K*, Rb", and Cs™. The first cation is typically an
organic cation. If the first cation is an organic cation it may be any organic cation described

below.

The second cation is typically a metal cation. The second cation may be any metal cation.
The second cation may be a divalent metal cation. The second cation may be a divalent metal
cation selected from Ca®", Sr**, Cd**, Cu®**, Ni**, Mn?*, Fe?*, Co?*, Pd*", Ge?*, Sn**, Pb*",

Sn**, Yb*" and Eu?".

Usually the at least one halide anion is selected from fluoride, chloride, bromide and iodide,

for instance chloride, bromide and iodide.

The photoactive perovskite may be an organometal halide perovskite. Thus, the photoactive
perovskite is typically a perovskite of the formula (I):
[AI[B][X]s @
wherein:
[A] is at least one organic cation;
[B] is at least one metal cation, wherein [B] comprises at least one of Ca>*, Sr**, Cd**,
Cu?", Ni*", Mn?", Fe?*, Co?*, Pd**, Ge?*, Sn’*, Pb?*", Sn’*, Yb>" and Eu®"; and

[X] is at least one halide anion.

The photoactive perovskite thus typically comprises an organic cation, a metal cation and at
least halide anion. The photoactive perovskite may be a perovskite of the formula [A][B][X]s

wherein: [A] is at least one organic cation; [B] is at least one metal cation selected from Ca’”,
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Sr2*, Cd**, Cu?*, Ni**, Mn?", Fe**, Co*", Pd**, Ge?*, Sn**, Pb>", Sn**, Yb** and Eu*"; and [X]

is at least one halide anion.

[B] often comprises at least one of Sn**, Pb?*, Cu?*, Ge** and Ni**. The metal cation may be
selected from Sn*, Pb**, Cu®*, Ge?" and Ni**. The metal cation may be selected from Sn**

and Pb*".

The photoactive material may comprise a mixed-halide perovskite of the formula (II)
[AI[BI[X]: I
wherein:

[A] is at least one organic cation of the formula (R1R2R3R4N)*, wherein: (i) R; is
hydrogen, unsubstituted or substituted C1-Cao alkyl, or unsubstituted or substituted aryl; (i)
R is hydrogen, unsubstituted or substituted Ci-Cao alkyl, or unsubstituted or substituted aryl;
(ii1) Rs is hydrogen, unsubstituted or substituted C1-Cao alkyl, or unsubstituted or substituted
aryl; and (iv) R4 is hydrogen, unsubstituted or substituted Ci-Cao alkyl, or unsubstituted or
substituted aryl; or

[A] is at least one organic cation of the formula (RsRsN=CH-NR7Rg)", wherein: (i)
Rs is hydrogen, unsubstituted or substituted C1-Cao alkyl, or unsubstituted or substituted aryl;
(i1) Re is hydrogen, unsubstituted or substituted C1-Cao alkyl, or unsubstituted or substituted
aryl; (ii1) Ry is hydrogen, unsubstituted or substituted C1-Cyo alkyl, or unsubstituted or
substituted aryl; and (iv) Rs is hydrogen, unsubstituted or substituted C1-Cyo alkyl, or
unsubstituted or substituted aryl;

[B] is at least one divalent metal cation; and

[X] is two or more different halide anions.

The organic cation may be any organic cation, i.e. a cation which comprises at least one
carbon atom and optionally at least one hydrogen atom. The organic cation often has the
formula (R°R°R'R®N)”, wherein: R® is a group selected from H, unsubstituted or substituted
Ci.s-alkyl, unsubstituted or substituted Cs.1o-cycloalkyl, unsubstituted or substituted Cs.1s-
alkenyl, unsubstituted or substituted C,.1s-alkynyl, and unsubstituted or substituted aryl; R® is
a group selected from H, unsubstituted or substituted Ci.1s-alkyl, unsubstituted or substituted
Cs.10-cycloalkyl, unsubstituted or substituted Cs.1s-alkenyl, unsubstituted or substituted C;.1s-
alkynyl, and unsubstituted or substituted aryl; R” is a group selected from H, unsubstituted or
substituted Ci.1g-alkyl, unsubstituted or substituted Cs.i0-cycloalkyl, unsubstituted or
substituted Cz.1s-alkenyl, unsubstituted or substituted C».13-alkynyl, and unsubstituted or
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substituted aryl; and R® is a group selected from H, unsubstituted or substituted Ci.1s-alkyl,
unsubstituted or substituted Cs.1o-cycloalkyl, unsubstituted or substituted Cs.1s-alkenyl,

unsubstituted or substituted C;.13-alkynyl, and unsubstituted or substituted aryl.

The organic cation may have the formula (RR°R'R®N)*, wherein: R’ is a group selected
from H, unsubstituted Ci.1s-alkyl, and unsubstituted aryl; R® is a group selected from H,
unsubstituted Ci.13-alkyl, and unsubstituted aryl; R is a group selected from H, unsubstituted
Ci.1s-alkyl, and unsubstituted aryl; and R® is a group selected from H, unsubstituted Ci-1s-
alkyl, and unsubstituted aryl.

For instance, the organic cation may have the formula (R°NH;3)", wherein: R’ is hydrogen, or
unsubstituted or substituted Ci.1s-alkyl. For instance, R? may be methyl or ethyl. Typically,
R’ is methyl.

The organic cation may have the formula (R’ R'N=CH-NR'R®)", wherein: R’ is a group
selected from H, unsubstituted or substituted Ci.1s-alkyl, unsubstituted or substituted Cs.io-
cycloalkyl, unsubstituted or substituted C.1s-alkenyl, unsubstituted or substituted Cs.1s-
alkynyl, and unsubstituted or substituted aryl; R® is a group selected from H, unsubstituted or
substituted Ci.1g-alkyl, unsubstituted or substituted Cs.i0-cycloalkyl, unsubstituted or
substituted Cz.1s-alkenyl, unsubstituted or substituted C».13-alkynyl, and unsubstituted or
substituted aryl; R’ is a group selected from H, unsubstituted or substituted C.1s-alkyl,
unsubstituted or substituted Cs.1o-cycloalkyl, unsubstituted or substituted Cs.1s-alkenyl,
unsubstituted or substituted Cs-13-alkynyl, and unsubstituted or substituted aryl; and R® is a
group selected from H, unsubstituted or substituted Ci.1s-alkyl, unsubstituted or substituted
Cs.10-cycloalkyl, unsubstituted or substituted C;.1g-alkenyl, unsubstituted or substituted Cs.1s-

alkynyl, and unsubstituted or substituted aryl.

The organic cation may have the formula (R’ R'N=CH-NR'R®)", wherein: R’ is a group
selected from H, unsubstituted Ci.1s-alkyl, and unsubstituted aryl; RS is a group selected from
H, unsubstituted Ci.1s-alkyl, and unsubstituted aryl; R’ is a group selected from H,
unsubstituted C.is-alkyl, and unsubstituted aryl; and R® is a group selected from H,
unsubstituted Ci.1g-alkyl, and unsubstituted aryl.

Typically, R’ in the cation (R’R*N=CH-NR’R®)" is hydrogen, methyl or ethyl, R® is
hydrogen, methyl or ethyl, R” is hydrogen, methyl or ethyl, and R® is hydrogen, methyl or
ethyl. For instance R> may be hydrogen or methyl, R® may be hydrogen or methyl, R’ may
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be hydrogen or methyl, and R® may be hydrogen or methyl. The organic cation may, for
example, have the formula (HoN=CH-NH,)".

The photoactive perovskite may comprise a mixed-halide perovskite, wherein the at least one
halide anion may be two or more different halide anions. They may be two or three halide
anions, or more typically, two different halide anions. Usually the halide anions are selected

from fluoride, chloride, bromide and iodide, for instance chloride, bromide and iodide.

The perovskite of formula (I) may comprise one, two, three or four different metal cations,
typically one or two different metal cations. Also, the perovskite of the formula (I), may, for
instance, comprise one, two, three or four different organic cations, typically one or two
different organic cations. Likewise, the perovskite of formula (I), may, comprise one two,

three or four different anions, typically two or three different anions.

The organic and metal cations in the perovskite compound of formula (I) may be as further
defined hereinbefore. Thus the organic cations may be selected from cations of formula
(R°R®R’R®N)”, cations of formula (R’NH3)", and cations of formula (R’R’N=CH-NR’R?)*
as defined above. The metal cations may be selected from divalent metal cations. For
instance, the metal cations may be selected from Ca’*, Sr**, Cd**, Cu?*, Ni*", Mn*>", Fe’*,
Co?", Pd**, Ge?*, Sn>*, Pb**, Yb** and Eu**. The metal cation may be selected from Sn’*,

Pb?*, Cu?*, Ge* and Ni?*. The metal cation may be Sn*>* or Pb*".

The photoactive perovskite may be a perovskite compound of the formula (IA):

AB[X]3 (TA)
wherein: A is an organic cation; B is a metal cation; and [X] is two or more different halide
anions. Preferably, [X] is two or three different halide anions. More preferably, [X] is two

different halide anions. The organic cation and metal cation may be as defined above.

The photoactive perovskite may be a perovskite compound of formula (II):

ABX;5xX'x (I1)
wherein: A is an organic cation; B is a metal cation; X is a first halide anion; X’ is a second
halide anion which is different from the first halide anion; and x is from 0 to 3. Usually, x is
from 0.05 to 0.95. For instance, x may be from 0.5 to 2.5, or from 0.75 to 2.25. Typically, x

is from 1 to 2.
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Again, in formula (II), the organic and metal cations may be as further defined hereinbefore.
Thus the organic cations may be selected from cations of formula (R R°R’R®N)*, cations of
formula (R’NH3)", and cations of formula (R’R°N=CH-NR'R®)" as defined above. The
metal cations may be selected from divalent metal cations. For instance, the metal cations
may be selected from Ca®*, Sr?*, Cd**, Cu?*, Ni*", Mn>*, Fe**, Co*", Pd**, Ge**, Sn>*, Pb*",
Yb?" and Eu?*. The metal cation may be selected from Sn**, Pb?*, Cu?*, Ge** and Ni**. The

metal cation may be Sn>* or Pb*".

The photoactive perovskite may be a perovskite compound selected from CH;NH3Pbls,
CH3;NH3PbBrs, CH3NH;3PbCls, CH3NH;PbFs, CH3NH3PbBryls.x, CHsNH3PbBrkCls
CH3;NH3PbIBrs.x, CH;NH3PbICls.x, CHsNH3PbCliBr3.x, CH;NH3Pbl5.x<Clx, CH3NH;3Snls,
CH;NH3SnBrs, CH3NH3SnCls, CH3NH3SnFs, CH3NH3SnBrl,, CH3NH3SnBryls.,
CH3NH;3SnBr«Cls.x, CH3NH3SnF3.«\Bry, CH;NH3SnIBrs3.x, CH3NH3SnICls, CH3NH3SnF3.
«lx, CH3NH3SnClBr3.x, CH3NH;3Snl3<Cly and CH3NH;3SnF;.4«Cly, where x is from 0 to 3. x
may be from 0.05 to 2.96. For instance, x may be from 0.1 to 2.9, or from 0.5 to 2.5. In

some cases, X is from 0.75 to 2.25, or from 1 to 2.

The photoactive perovskite may be a perovskite compound selected from CH;NH3Pbls,
CH3NH;3PbBr3;, CH3NH3PbCls, CH3;NH3;PbF3;, CH3NH3PbBrl,, CH3sNH3PbBrCls,
CH3;NH;3PbIBr,, CH3;NH3PbICl,, CH3sNH3PbCIBr2, CH3sNH3PbICl, CH3;NH3Snl3,
CH;NH3SnBr3, CH3NH3SnCls, CH3NH3SnF3, CH3NH3SnBrl,, CH3sNH3SnBrCly,
CH;NH3SnF,Br, CH3NH;3SnIBr,, CH3NH3SnICly, CH3NH3SnF2I, CH3NH;3SnClBra,
CH3NH;3Snl>Cl and CH3NH;3SnF>Cl.

The photoactive perovskite may be a perovskite compound selected from CH3;NH3PbBr«ls.y,
CH;NH3PbBrCls., CH;NH3PbIBrs.x, CH;NH3PbIxCls.x, CH3NH3PbClBrs., CH;NH3Pbls.
xCly, CH3NH;3SnBr«I3.x, CHsNH3SnBryCls.x, CH3NH;3SnF3.«Bry, CH;NH3SnIBrs.y,
CH3NH;3S8nICls«, CH3NH3SnF3.4Ix, CH3NH3SnCIlBr3.x, CH3NH3SnI3«Cly and
CH3NH;3SnF;5.4Cly, where x is from 0.05 to 2.95. For instance, x may be from 0.5 to 2.5, from
0.75t0 2.25, or from 1 to 2.

The photoactive perovskite may be selected from CH3NH3;PbBrl,, CH;NH3PbBrCl,,
CH3NH;3PbIBr,, CH3;NH3PbICl,, CH3sNH3PbCIBr2, CH3sNH3PbICl, CH3;NH3SnBrl,
CH;NH3SnBrCl,, CH3;NH3SnF2Br, CH3NH3SnIBr,, CH3;NH3SnICl,, CH3NH;3SnFI,
CH;NH3SnCl1Br,, CH3NH3SnI,Cl and CH3NH3SnF,ClL.
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The photoactive perovskite may be selected from CH3NH3;PbBrl,, CH;NH3;PbBrCl,,
CH3NH3PbIBr2, CH3NH3PbIC12, CH3NH3PbC1Br2, CH3NH3PbIzC1, CH;sNH;3 SanBr,
CH;sNH;3 SnIClz, CH;3;NH; SanL CH;3;NH; SHIQCI and CH;sNH;3 SHFQCI.

The photoactive perovskite may be selected from CH3NH3;PbBrl,, CH;NH3;PbBrCl,,
CH3NH3PbIBr2, CH3NH3PbIC12, CH3NH3PbC1Br2, CH3NH3PbIzC1, CH;sNH;3 SanBr,
CH;NH3SnF»1 and CH;sNH;3 SHFQCI.

The photoactive perovskite may be selected from CH3NH3;PbBrl,, CH;NH3;PbBrCl,,
CH3NH3PbIBr2, CH3NH3PbIC12, CH;3;NH; SanBr, and CH3NH3SnF>I. The perovskite may
be CH3NH;PbCL 1.

The photoactive perovskite may be selected from CH3NH3;Pbl;, CH;NH3PbBr3,
CH;3NH;3PbCls, CH3NH;3PbF3, CHsNH3PbBryl3.x, CH;NH3PbBriCls.x, CH;NH3PbIBrs.y,
CH;3NH;3PbICls.x, CH3NH;3PbCliBr3.x, CH;NH;3Pbls.4Clx, CH3NH;3Snl3, CH;NH3SnBrs3,
CH;NH3SnCls, CH3NH;3SnF3;, CH3;NH3SnBrl,, CH3NH;3SnBrs.«, CH3NH3SnBrkCls .,
CH;NH3SnF;.(Bry, CH3NH3SnlBrs.x, CH3NH;3SnI«Cls.x, CH3NH3SnF3.ly,
CH;3NH;3SnClBr3.x, CH3NH;3SnI5.4Clx and CH3NH3SnFs.y, CI\CH3NH;3Culs, CHsNH3CuBrs3,
CH;NH3CuCls, CHsNH;3CuFs, CHsNH3;CuBrl, CH;NH3CuBr«ls.x, CHsNH3CuBrxCls .,
CH;NH3CuF;.4Bry, CH3;NH;CulBrs.x, CH;NH3CulkCls.x, CH;NH3CuF5.4lx,
CH;NH3CuClyBrs.x, CH3NH3Culs.<Clx and CH3NH;3CuF5.4Cly, CI<CH3NH3Gels,
CH;NH;3GeBrs, CH3NH3GeCls, CH3NH3GeFs, CH3NH3;GeBrl,, CH3NH3;GeBryls .,
CH3NH;3GeBr«Cls.x, CH3NH3GeF3.Bry, CH;NH3GelBr3.x, CHsNH3GelCls, CH3NH3GeFs.
«Ix, CH3NH3GeClBr3.x, CH;NH3Gel;<Clx and CH3NH3GeF5.<Clx where x is from 0 to 3. x
may be from 0.05 to 2.96. For instance, x may be from 0.1 to 2.9, or from 0.5 to 2.5. In

some cases, X is from 0.75 to 2.25, or from 1 to 2.

The photoactive perovskite employed in the device of the invention may comprise a mixed-
halide perovskite and a single-halide perovskite, for instance in a blend, wherein said single-
halide perovskite comprises a first cation, a second cation and a halide anion; wherein the
first and second cations are as hereinbefore defined. For instance, the optoelectronic device
may comprise: CH;NH3;PbICl, and CH3NH3Pbls; CH3;NH3PbICl, and CH3NH3PbBrs3;
CH;NH3PbBrCl, and CH3NH3Pbls; or CH3NH3;PbBrCl, and CH3NH3PbBrs.

Alternatively, the photoactive perovskite employed in the device of the invention may

comprise more than one metal halide perovskite, wherein each perovskite is a mixed-halide
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perovskite, and wherein said mixed-halide perovskite is as herein defined. For instance, the
photoactive perovskite may comprise two or three said perovskites. The semiconductor may,
for instance, comprise two perovskites wherein both perovskites are mixed-anion perovskites.
For instance, the optoelectronic device may comprise: CH;NH3;PbICl, and CH3;NH3;PbIBr;
CH3;NH;3PbICl, and CH3NH3PbBrl,; CH3NH3PbBrCl, and CH3NH3PbIBr2; or
CH;3NH;PbBrCl; and CH3NH3PbIBr.

When [B] is a single metal cation which is Pb?>*, one of said two or more different halide
anions may be iodide or fluoride; and when [B] is a single metal cation which is Sn’* one of
said two or more different halide anions may be fluoride. One of said two or more different
halide anions may be iodide or fluoride. One of said two or more different halide anions may
be iodide and another of said two or more different halide anions may be fluoride or chloride.
One of said two or more different halide anions may be fluoride. One of said two or more
different anions may be fluoride and another of said two or more different anions may be
chloride, bromide or iodide. One of said two or more different anions may be iodide and
another of said two or more different anions may be fluoride or chloride. [X] may be two
different halide anions X and X’. Said divalent metal cation may be Sn?>*. Said divalent metal

cation may be Pb*",

The metal halide perovskite may be doped. For instance, the metal halide perovskite may be
doped by the introduction of an impurity atom. For instance, the metal halide perovskite
could be doped with a metal impurity of a different charge from the other metals in the
perovskite. Thus, the perovskite could further comprise metal dopant selected from metals
with an oxidation state of IV, III or I, for instance bismuth (III), antimony (III), tin (IV) or
thallium (I).

The photoactive perovskite employed in the device of the invention preferably has a band gap
which is narrow enough to allow the excitation of electrons by incident light. A band gap of
3.0 eV or less is particularly preferred, especially when the device is a photovoltaic device,

because such a band gap is low enough for sunlight to excite electrons across it.

Accordingly, the photoactive perovskite employed in device of the invention typically has a
band gap of equal to or less than 3.0 eV. In some embodiments, the band gap of the

perovskite is less than or equal to 2.8 eV, for instance equal to or less than 2.5 eV. The band
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gap may for instance be less than or equal to 2.3 eV, or for instance less than or equal to 2.0

eV.

Usually, the band gap is at least 0.5 eV. Thus, the band gap of the perovskite may be from
0.5eVto2.8eV. Insome embodiments it is from 0.5 eV to 2.5 eV, or for example from 0.5
eV to 2.3 eV. The band gap of the perovskite may for instance be from 0.5 eV to 2.0 eV. In
other embodiments, the band gap of the perovskite may be from 1.0 eV to 3.0 eV, or for
instance from 1.0 eV to 2.8 eV. In some embodiments it is from 1.0 eV to 2.5 eV, or for
example from 1.0 eV to 2.3 eV. The band gap of the metal perovskite may for instance be

from1.0eVto2.0eV.

The photoactive perovskite may have a band gap of less than or equal to 3.0 eV. The metal

halide perovskite may have a band gap of less than or equal to 2.0 eV.
Device structure

In a semiconductor device according to the invention comprising a photoactive region, which
photoactive region comprises a photoactive material, the charge-transporting layer is
typically as defined above for the charge-transporting layer comprising first and second sub-
layers and the photoactive material is typically in contact with the first sub-layer of the

charge-transporting layer.

Preferably, the photoactive region comprises:
(a) said charge-transporting layer;
(b) said photoactive material; and
(c) a mesoporous scaffold layer, comprising a mesoporous dielectric scaffold material
or a mesoporous charge-transporting scaffold material,
wherein the photoactive material is disposed between said charge-transporting layer and the

mesoporous scaffold layer.
The photoactive material is typically disposed in pores of the mesoporous scaffold layer.

The charge transporting layer is typically a hole-transporting layer, and the mesoporous
scaffold layer typically comprises a mesoporous dielectric scaffold material or a mesoporous

n-type scaffold material.
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The semiconductor device, for instance a photovoltaic device, may be have an inverse device
architecture. Thus, alternatively, the charge transporting layer may be an electron-
transporting layer, and the mesoporous scaffold layer may comprise a mesoporous dielectric

scaffold material or a mesoporous p-type scaffold material.

The photoactive region typically further comprises: (d) a compact layer of a semiconductor,

disposed between said mesoporous scaffold layer and one of the electrodes.

Preferably the charge-transporting layer is a hole-transporting layer, the mesoporous scatfold
layer comprises a mesoporous dielectric scaffold material or a mesoporous n-type scatfold

material, and the compact layer is a compact layer of an n-type semiconductor.

The semiconductor device, for instance a photovoltaic device, may be have an inverse device
architecture. Thus, p-type and n-type components may be inverted. Alternatively, therefore,
the charge-transporting layer is an electron-transporting layer, the mesoporous scaffold layer
comprises a mesoporous dielectric scaffold material or a mesoporous p-type scaffold

material, and the compact layer is a compact layer of an p-type semiconductor.

The mesoporous dielectric scaffold material is typically an oxide of aluminium, germanium,

zirconium, silicon, yttrium or ytterbium; or alumina silicate.

The mesoporous n-type scaffold material is typically a mesoporous oxide of titanium, tin,
zinc, niobium, tantalum, tungsten, indium, gallium, neodymium, palladium, cadmium, or a
mesoporous oxide of a mixture of two or more of said metals; a mesoporous sulphide of
cadmium, tin, copper, zinc or a mesoporous sulphide of a mixture of two or more of said
metals; a mesoporous selenide of cadmium, zinc, indium, gallium or a mesoporous selenide
of a mixture of two or more of said metals; or a mesoporous telluride of cadmium, zinc,

cadmium or tin, or a mesoporous telluride of a mixture of two or more of said metals.

The n-type semiconductor of the compact layer, when present, is typically an oxide of
titanium, tin, zinc, niobium, tantalum, tungsten, indium, gallium, neodymium, palladium,
cadmium, zirconium or an oxide of a mixture of two or more of said metals; a sulphide of
cadmium, tin, copper, zinc or a sulphide of a mixture of two or more of said metals; a
selenide of cadmium, zinc, indium, gallium or a selenide of a mixture of two or more of said
metals; or a telluride of cadmium, zinc, cadmium or tin, or a telluride of a mixture of two or

more of said metals.
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If device is inverted, the p-type semiconductor is typically an inorganic hole transporter. For
instance, the p-type layer may comprise an inorganic hole transporter comprising an oxide of
nickel, vanadium, copper or molybdenum; Cul, CuBr, CuSCN, Cu,O, CuO or CIS; a
perovskite; amorphous Si; a p-type group IV semiconductor, a p-type group I1I-V
semiconductor, a p-type group II-VI semiconductor, a p-type group I-VII semiconductor, a p-
type group IV-VI semiconductor, a p-type group V-VI semiconductor, and a p-type group II-

V semiconductor, which inorganic material may be doped or undoped.

Preferably the mesoporous scaffold layer comprises mesoporous alumina. Preferably the
compact layer is a compact layer of titanium dioxide. Preferably the photoactive material

comprises a perovskite as defined herein.

The photoactive region typically comprises:
(a) an n-type region comprising at least one layer of an n-type material,
(b) a p-type region comprising at least one layer of a p-type material; and,
disposed between the n-type region and the p-type region:
(©) a layer of the photoactive material,
wherein said charge-transporting layer is a layer of a p-type material in said p-type region or
a layer of an n-type material in said n-type region. Preferably said charge-transporting layer is

a layer of a p-type material in said p-type region.

The n-type region may comprise at least one layer of an n-type material selected from a metal
oxide, a metal sulphide, a metal selenide, a metal telluride, a perovskite, amorphous Si, an n-
type group IV semiconductor, an n-type group III-V semiconductor, an n-type group II-VI
semiconductor, an n-type group I-VII semiconductor, an n-type group IV-VI semiconductor,
an n-type group V-VI semiconductor, and an n-type group II-V semiconductor, any of which
may be doped or undoped. For instance the n-type region may comprise a metal oxide, for

instance titanium dioxide.

Preferably the layer of the photoactive material forms a planar heterojunction with the n-type
region or the p-type region. More preferably the layer of the photoactive material forms a
first planar heterojunction with the n-type region and a second planar heterojunction with the

p-type region.

In one embodiment, the semiconductor device does not comprise elemental silicon.

Elemental silicon is a material in which the silicon is not in the form of a compound. Thus,
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elemental silicon includes solid silicon (whether crystalline or amorphous), but does not

include silica (SiO2).

The semiconductor device typically comprises a first electrode and a second electrode. The
first and second electrode may comprise any suitable electrically conductive material. The
first electrode typically comprises a transparent conducting oxide and/or the second electrode
comprises a metal. Often the first electrode typically comprises a transparent conducting
oxide and the second electrode comprises a metal. The transparent conducting oxide may be
as defined above and is often FTO, ITO, or AZO, and typically ITO. The metal may be any
metal. Generally the second electrode comprises a metal selected from silver, gold, copper,
aluminium, platinum, palladium, or tungsten. The electrodes may form a single layer or may

be patterned.

A semiconductor device according to the invention, for instance a sensitized solar cell, may
comprises the following layers in the following order:
I.  afirst electrode as defined herein;
II.  optionally a compact layer of a semiconductor material as defined herein;
III.  alayer of a semiconductor material (which is preferably mesoporous);
IV. alayer of a sensitizer (e.g. a dye or a photoactive perovskite),
V.  ap-type region comprising said charge-transporting layer;
VI.  optionally a further compact layer of a semiconductor material as defined herein;
and

VII. asecond electrode as defined herein.

A semiconductor device according to the invention may comprises the following layers in the
following order:
I.  afirst electrode as defined herein;
II.  an n-type region comprising at least one n-type layer;
III.  alayer of a photoactive perovskite without open porosity;
IV.  ap-type region comprising said charge-transporting layer; and

V. asecond electrode as defined herein.

A semiconductor device according to the invention may comprises the following layers in the

following order:
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I afirst electrode which comprises a transparent conducting oxide, preferably
FTO;
II.  an n-type region comprising at least one n-type layer;
III.  alayer of a photoactive perovskite without open porosity;
IV.  ap-type region comprising said charge-transporting layer; and

V.  asecond electrode which comprises a metal, preferably silver or gold.

A semiconductor device according to the invention may comprises the following layers in the
following order:
I.  asecond electrode as defined herein;
II.  an n-type region comprising at least one n-type layer;
III.  alayer of a photoactive perovskite without open porosity;
IV.  ap-type region comprising said charge-transporting layer; and

V. afirst electrode as defined herein.

A semiconductor device according to the invention, for instance a sensitized solar cell, may
comprises the following layers in the following order
. asecond electrode which comprises a metal;
II.  an n-type region comprising at least one n-type layer;
III.  alayer of a photoactive perovskite without open porosity;
IV.  ap-type region comprising said charge-transporting layer; and

V. afirst electrode which comprises a transparent conducting oxide.

The first electrode may have a thickness of from 100 nm to 700 nm, for instance of from 100
nm to 400 nm. The second electrode may have a thickness of from 10 nm to 500 nm, for
instance from 50 nm to 200 nm. The n-type region may have a thickness of from 50 nm to

500 nm. The p-type region may have a thickness of from 50 nm to 500 nm.

The layer of a perovskite typically has a thickness of from 50 nm to 1000 nm, or for instance
from 100 nm to 700 nm. The thickness of the layer of the perovskite semiconductor is often

greater than 100nm.

The thickness of said component for transporting charge may be from 50 nm to 1000 nm.
For instance, the thickness of said component for transporting charge may be from 100 nm to

500 nm.
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Device type

The semiconductor device may be an optoelectronic device, a battery, a triode, a diode, a
capacitor or a transistor. For instance, the semiconductor device may be a light emitting
device, a light emitting diode, an optically pumped laser, an electrical injection laser or a

transistor.

Preferably, the semiconductor device is a optoelectronic device. More preferably, the
semiconductor device is a photovoltaic device. The photovoltaic device may be a

photodiode, a solar cell, a photodetector, a photosensor or a chromogenic device.
Process for producing a device

The invention provides a process for producing a semiconductor device, which
semiconductor device comprises a component for transporting charge, which component
comprises an electrically insulating matrix and, disposed in said matrix, carbon nanotubes
functionalized with a semiconducting polymer, which process comprises:

(a) providing a substrate and, disposed on a surface of the substrate, carbon
nanotubes functionalized with a semiconducting polymer; and

(b) disposing an electrically insulating matrix onto the carbon nanotubes

functionalized with a semiconducting polymer.

The semiconductor device is typically an optoelectronic device, for instance a photovoltaic

device.

Each of the components in the process may be as described herein. For instance the CNTs
are typically SWNTs. The semiconducting polymer is typically a poly(alkylthiophene). The
electrically insulating matrix typically comprises an electrically insulating organic such as a

poly(carbonate), a poly(acrylate) or a poly(methacrylate).

Typically, the mass of said carbon nanotubes functionalized with a semiconducting polymer
disposed on the surface of the substrate, per unit area of the surface, is at least 3 pg/cm?,

Preferably, the mass of said carbon nanotubes functionalized with a semiconducting polymer
disposed on the surface of the substrate, per unit area of the surface, may be at least 6 pg/cm?.

The mass of said carbon nanotubes functionalized with a semiconducting polymer disposed
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on the surface of the substrate, per unit area of the surface, may be from 3 pg/cm? to 20

ug/cm?, and optionally from 5 pug/cm? to 15 pg/cm?.

Typically the process further comprises disposing the functionalised nanotubes on the
substrate. Thus, the process may comprise:

(a) disposing said carbon nanotubes functionalized with a semiconducting
polymer on the surface of the substrate; and

(b) disposing an electrically insulating matrix onto the carbon nanotubes

functionalized with a semiconducting polymer.

The functionalized CNTs are typically solution deposited on the surface of the substrate. One
of the benefits of the functionalization of the CNTs is that they may be dispersed in solution.
Typically, therefore, the step of (a) disposing said carbon nanotubes functionalized with a
semiconducting polymer on the surface of the substrate comprises:

(al) disposing a composition comprising a solvent and said carbon nanotubes
functionalized with a semiconducting polymer on the surface of the substrate; and

(a2) removing the solvent.

The solvent may be removed by any suitable means. Typically the solvent is removed by
heating or allowing the solvent to evaporate. For instance the substrate may be heated at a
temperature of from 30°C to 80°C. Alternatively the solvent may be allowed to evaporate
under ambient conditions. In some cases, the solvent will not be removed until after the next
layer has been disposed on top of the CNTs, for instance the electrically insulating matrix

layer.

The solvent for disposing the functionalized CNTs is typically a polar solvent. Preferably the
solvent is a polar aprotic solvent. For instance the solvent may be chloroform, chlorobenzene

or dimethylformamide.

Typically, (al) comprises disposing the composition on the surface of the substrate by spin-
coating, slot-die-coating or spray coating. Preferably the composition comprising a solvent
and the functionalized CNTs is disposed on the surface of the substrate by spin-coating.
More preferably the composition is disposed by drop-by-drop spin-coating or dynamic spin-
coating. Drop-by-drop spin-coating and dynamic spin-coating typically comprise disposing
the composition onto the substrate while the substrate is already spinning, for instance at

from 1000 to 3000 rpm.
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The process may further comprise producing the CNTs functionalized with a semiconducting
polymer. Typically, the CNTs functionalized with a semiconducting polymer are produced
by treating the CNTs with a solution of the semiconducting polymer. Thus, the process may
further comprise producing the carbon nanotubes functionalized with a semiconducting
polymer by:

(1) preparing a composition comprising carbon nanotubes, a solvent and,
dissolved in the solvent, said semiconducting polymer;

(i1) agitating the composition, optionally by sonicating the composition;

(iii)  separating solid material from the composition, which solid material
comprises non-functionalized carbon nanotubes and carbonaceous particles, and recovering
the supernatant;

(iv)  treating the supernatant to induce aggregation of carbon nanotubes
functionalized with the semiconducting polymer, optionally by heating the supernatant and/or
by adding a further solvent to the supernatant;

(V) recovering the aggregated carbon nanotubes functionalized with the
semiconducting polymer;

(vi)  washing the carbon nanotubes functionalized with the semiconducting
polymer with a solvent, to remove any free semiconducting polymer;

(vil)  recovering the carbon nanotubes functionalized with the semiconducting
polymer; and

(viii) optionally repeating (vi) and (vii).

In step (i), the solvent may be a polar solvent, for instance a polar aprotic solvent, as defined
above. In step (i), sonication may be performed for from 1 to 20 minutes, typically from 8 to
12 minutes. In step (iii), separating may be performed by centrifuging the mixture, for
instance at from 10,000 to 20,000 g for from 1 to 10 minutes. In step (iv), the further solvent
may be a non-polar solvent, for instance toluene. In step (vi), the solvent may be a non-polar
solvent, for instance toluene. Step (viii) may comprise repeating (vi) and (vii) two or three

times.

Typically, the step of (b) disposing an electrically insulating matrix onto the carbon
nanotubes functionalized with a semiconducting polymer comprises:
(b1) disposing onto said carbon nanotubes functionalized with a semiconducting

polymer a composition comprising a solvent and said electrically insulating matrix; and
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(b2) removing the solvent.

The electrically insulating matrix may be as defined herein and the carbon nanotubes
functionalized with a semiconducting polymer may be as defined herein. The solvent may be
as defined herein. The solvent is typically a polar solvent. Removing the solvent may be as

described above. For instance the solvent may be heated or allowed to evaporate.

Typically, the electrically insulating matrix comprises an electrically insulating organic
polymer and the step of (b) disposing an electrically insulating matrix onto the carbon
nanotubes functionalized with a semiconducting polymer comprises:

(b1) disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising a solvent and said electrically insulating organic polymer;
and

(b2) removing the solvent.

The electrically insulating organic polymer is typically dispersed or dissolved in the solvent.

Preferably the polymer is dissolved in the solvent.

Alternatively, the electrically insulating organic polymer may be formed in sit by disposing
one or more monomers on the functionalized CNTs. Thus, the electrically insulating matrix
may comprise an electrically insulating organic polymer and the step of (b) disposing an
electrically insulating matrix onto the carbon nanotubes functionalized with a semiconducting
polymer may comprise:

(b1) disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising one or more monomers suitable for producing an
electrically insulating organic polymer; and

(b2) polymerising said monomers, and thereby producing said electrically

insulating organic polymer.

Polymerising said monomers may comprise curing the monomers by exposing the monomers
to heat, light, radiation or a chemical curing agent. Alternatively said monomers may be

allowed to cure.

The electrically insulating matrix may comprise an electrically insulating organic polymer
and the step of (b) disposing an electrically insulating matrix onto the carbon nanotubes

functionalized with a semiconducting polymer may comprise:
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(b1) disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising an uncured precursor to an electrically insulating organic
polymer; and

(b2)  curing said composition, and thereby producing said electrically insulating

organic polymer.

Typically (b1) comprises disposing the composition onto said carbon nanotubes
functionalized with a semiconducting polymer by spin-coating, slot-die-coating or spray
coating. Preferably the composition comprising the electrically insulating polymer (or
monomers or precursors thereof) is disposed on the surface of the substrate by spin-coating.
More preferably the composition is disposed by drop-by-drop spin-coating or dynamic spin-

coating.

As discussed above, it is often preferably to have charge transporting component which
comprises two sub-layers. Thus, in the process of the invention, the step of (b) disposing an
electrically insulating matrix onto the carbon nanotubes functionalized with a semiconducting
polymer may comprise:

- disposing the electrically insulating matrix onto the carbon nanotubes to form a first
sub-layer, which first sub-layer comprises said electrically insulating matrix and, disposed in
said electrically insulating matrix at a first concentration, said carbon nanotubes
functionalized with a semiconducting polymer; and

- continuing to dispose the electrically insulating matrix to form a second sub layer on
the first sub-layer, wherein the second sub-layer comprises said electrically insulating matrix
and, disposed in said electrically insulating matrix at a second concentration, said carbon
nanotubes functionalized with a semiconducting polymer,

wherein the second concentration is less than the first concentration. The second
concentration may be 20% greater than the first concentration. The concentration may be

measured as a mass density (e.g. ug/cm?).
Substrate

In the process for producing a semiconductor device according to the invention, the substrate
may be any suitable substrate. The substrate will typically comprise a number of layers. The
substrate may comprise one or more layers of a semiconducting material or a photoactive

material. The substrate preferably comprises a layer of a photoactive material.
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Typically, the substrate comprises a photoactive material and said surface of the substrate on
which the carbon nanotubes functionalized with a semiconducting polymer are disposed is a
surface of the photoactive material. The photoactive material in the substrate may be as
defined herein. In particular, the photoactive material may comprise a photoactive
perovskite. The photoactive perovskite may be as defined herein. The photoactive material

may be a mixed halide perovskite.

The substrate may further comprises a mesoporous scaffold layer, wherein said photoactive
material is disposed on the mesoporous scaffold layer, which mesoporous scaffold layer
comprises a mesoporous dielectric scaffold material or a mesoporous charge-transporting
scaffold material. The mesoporous scaffold layer may be as defined herein. For instance, the
mesoporous scaffold layer may comprise mesoporous aluminium oxide (alumina) or titanium

dioxide (titania).

The substrate may further comprise a compact layer of a semiconductor. The substrate may
further comprise a compact layer of a semiconductor, wherein the mesoporous scaffold layer
is disposed on said compact layer. The compact layer may be as defined herein. Thus, the
compact layer may be a compact layer of an n-type semiconductor, for instance titanium

dioxide.

Typically, the substrate further comprises an n-type region comprising at least one layer of an
n-type material, or a p-type region comprising at least one layer of a p-type material, wherein
said photoactive material is disposed on the n-type region or the p-type region. The
photoactive material may form a planar heterojunction with the n-type region or the p-type

region on which it is disposed. The n-type region and p-type region may be as defined herein.

The substrate typically further comprises an electrode material (which is a first electrode
material). The first electrode material preferably comprises a transparent conducting oxide.
The first electrode material is typically a transparent conducting oxide. The transparent

conducting oxide may be selected from ITO, FTO and AZO.

The substrate may further comprise a supporting material, for instance glass. Thus, the
substrate may comprise one or more of the following layers in the following order:

A. a supporting material, for instance glass;

B. an electrode material, for instance a transparent conducting oxide;

C. acompact layer of an n-type semiconductor;
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D. a mesoporous scaffold layer; and

E. alayer of a photoactive material.

The process for producing a semiconductor device typically further comprises (¢) disposing a
counter electrode material on the component for transporting charge. The counter electrode
material (a second electrode material) typically comprises a metal. For instance, the counter
electrode material may be a metal. The metal may be any suitable metal. The metal may be
selected from silver, gold, copper, aluminium, platinum, palladium, or tungsten. Preferably
the counter electrode material comprises silver or gold. The counter electrode material may

be disposed by vacuum evaporation.

The semiconductor device produced by the process of the invention may be as defined

hereinbefore.
Semiconductor device

The invention also provides a semiconductor device which is obtainable by a process as
defined herein. Typically, the semiconductor device is an optoelectronic device, and

preferably a photovoltaic device.

The invention will be further described in the Examples which follow.
EXAMPLES

Methods and materials

SWNT functionalization

Powdered singled-walled carbon nanotubes (SWNTs) produced by the HIPCO (high pressure
carbon monoxide) process were purchased from Carbon Nanotechnologies Incorporated
(CNIL, now Unidym) with lengths 100-1000 nm and an intermediate diameter distribution of
0.8-1.2 nm. The samples used in this work were purchased as ‘purified’ tubes (<15 wt %
iron catalyst impurities). 3.0 mg of rr-P3HT (Rieke Metals Inc., weight average molecular
weight, Mw = 50 000 g mol™ and regioregularity = 95%) was dissolved in 5.00 mL of
chlorobenzene and sonicated in a ultrasonic bath for 60 min. 2.5 mg purified HIPCO SWNTs
were added as purchased to the dissolved polymer solution and treated with a ultrasonic

probe for 10 min. The mixture was subsequently centrifuged for 8 min at 10,000 g to remove
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non-functionalized SWNTs and other carbonaceous particles. The precipitate was discarded
while the supernatant was recovered. In order to remove the excess polymer according to the
solvent extraction technique detailed by Schuettforth et al. (Schuettfort, T., Snaith, H. J ,
Nish, A. & Nicholas, R. J. Synthesis and spectroscopic characterization of solution
processable highly ordered polythiophene—carbon nanotube nanohybrid structures.
Nanotechnology 21, 25201 (2010)) 15 ml of toluene were added. The mixture was then
mildly heated for 60 min to induce aggregation of the functionalized SWNTs. The
aggregates were then removed by centrifugation (4 min at 16,000 g). This time the
supernatant containing excess polymer was discarded and the precipitate was recovered and
redispersed in 5 ml of toluene. This mixture was then sonicated for 15 min in the ultrasonic
bath to fully redisolve non-wrapped polymers. After the sonication, the mixture was mildly
heated for 15 min to induce aggregation and then centrifuged for 4 min at 16,000 g. The
supernatant was then discarded. This procedure from bath sonication to centrifugation was
repeated three times to remove all excess polymer resulting in the final supernatant being
fully transparent. The final pellet consisted of 2.0 — 2.2 mg of functionalized nanotubes
which were dispersed in 16 ml chloroform. Immediately prior to spincoating, the chloroform
solution was sonicated with a ultrasonic probe for 2 min at low intensity (~10% of amplitude)

to break up clusters and bundles.
Solar cell fabrication

A glass waver with a layer of fluorine doped tin oxide (FTO) was first cleaned with detergent
and de-ionized water, then with acetone and isopropanol. Thereafter it was treated for 10 min
in O plasma. The electron accepting TiO> compact layer was spin-coated from an ethanol
based precursor solution and sintered at 500°C. The low-temperature meso- structured
scaffold was afterwards deposited by spin-coating from a colloidal dispersion of 20 nm Al,O3
nanoparticles in isopropanol followed by drying at 150°C. After having cooled down to room
temperature, the perovskite layer was spin-cast and dried at 100°C for 45 min. Following this
step, the hole transport layer was deposited by spin-coating. For the double structure of
SWNT and organic hole transporter (spiro-OMeTAD) or electrically insulating material
(PMMA), first the SWNT layer was deposited dynamically by slow drop-by-drop spin-
coating (3000 rpm) of 200 ul of a solution of functionalized SWNTs in chloroform. This was
followed immediately by the deposition of the organic hole transporter (spiro-OMeTAD) or
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electrically insulating material (PMMA) also by spin-coating (2000 rpm, 2000 rpm/s).

Electrodes were deposited through evaporation of 150 nm of Ag.
Current-voltage measurements

For measuring the performance of the solar cells, simulated AM 1.5 sunlight was generated
with a class AAB ABET solar simulator calibrated to give simulated AM 1.5, of between 100
to 106.5 mW cm™ equivalent irradiance, using an NREL-calibrated KGS filtered silicon
reference cell. The mismatch factor was calculated to be 1.01 between 300 to 900 nm, which
is beyond the operating range of both the KGS filtered silicon reference cell and the
perovskite test cells. The current-voltage curves were recorded with a sourcemeter (Keithley
2400, USA). The solar cells were masked with a metal aperture defining the active area
(0.063 cm?) of the solar cells. Additionally, by removing active material between individual
pixels, single-pixel contributions was ensured. In the course of recalibrating the solar
simulator in order to reduce the mismatch factor to 1.0, the intensity was adjusted to 100

mWcm™2. Previously obtained efficiency values have been normalized accordingly.
Photoinduced absorption spectroscopy

Photoinduced absorption (PTA) spectra were obtained from full device structures with
varying hole transport layer architectures. These samples were excited with an argon ion
laser with a wavelength of 515 nm with a maximum fluence of 50 mW cm and chopped at a
frequency of 23 Hz. The optical probe is in the form of a white light halogen bulb of around 1
sun intensity. After passing through the sample, the probe beam enters a monochromator
(SpectraPro- 23001, Acton Research Corporation) coupled to diode for detection in the visible
(PDA10A, Thorlabs) and in the NIR (ID-441-C, Acton Research Corporation). Acquisition
is made by a lock-in amplifier locked at the light modulation frequency (SR830, Stanford
Research Systems) and a NI USB-6008 (National Instruments) acquisition card. A computer
running LabView (National Instruments) controls the setup and record spectra. No further

treatment is applied to the data.
Reference Example 1 — Functionalized CN'T/organic hole transporter composite

The inventors assessed whether the addition of the functionalized SWNTs to the spiro-
OMeTAD layer improved the hole-conductivity. In Table 1 the conductivity of a range of

films is shown, where very high lateral conductivity was observed in the neat SWNT film,
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and enhanced conductivity in the spiro-OMeTAD SWNT blend, in comparison to the neat
spiro-OMeTAD film. No dopants were added to the spiro-OMeTAD results are compared to
films of neat spiro-OMeTAD.

Table 1: Lateral conductivity of different hole transport layer architectures.

HTL architecture Conductivity [S/cm]
spiro-OMeTAD (neat) 2.1-107
spiro-OMeTAD (/BP+Li-TFSI) 6.1-10°
SWNT-spiro-OMeTAD (blend) 22-10°
SWNTs (neat) 4.6- 107

Lateral conductivity through spiro-OMeTAD films with the addition of SWNTs was
measured, but that may not necessarily lead to an enhanced device performance. The current-
voltage characteristics for devices employing no hole-transport layer, neat spiro-OMeTAD

and the SWNT-spiro-OMeTAD composite are shown in Figure 3.

The device with no p-type collection layer, 1.e. direct contact of the hole-collecting electrode
to the perovskite exhibits very poor characteristics, with specifically low short-circuit
photocurrent. This suggests that direct metallic contact to the CH3;NH3PbI5.<Clx perovskite in
the MSSC structure, where both electrons and holes reside within the perovskite, is not
advantageous. In contrast, in a different device architecture in which the scaffold for the
perovskite is made of electron accepting TiO; instead of alumina, gold can be used for direct
hole-collection. This is presumably due to the rapid electron transfer to the mesoporous TiO,
competing more favorably than electron transfer to the gold electrode in that configuration.
In our devices however, electron transfer from the perovskite to the metal electrode is likely
to occur, constituting a recombination pathway. A significant improvement is therefore seen
when undoped spiro-OMeTAD is used as hole-collection layer, which despite the low
conductivity in the spiro-OMeTAD film, can still deliver a device with up to 13 mAcm™
photocurrent, but only 4.1% efficiency due to a low voltage and fill factor. Dispersing
P3HT/SWNTs in the spiro-OMeTAD layer significant increases the extracted photocurrent,
as well as fill factor and open-circuit voltage. This enhancement of performance parameters
results in more than doubling of the efficiency to 10.0%. The randomly dispersed nanotubes
appear to noticeably enhance charge transport throughout the spiro-OMeTAD layer, yet with
a fill-factor of merely 0.54, the solar cell remains limited by series resistance. This is in line

with the much lower conductivity of the blend film itself, compared to the neat PSHT/SWNT
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film. This indicates that its conductivity may still be a limiting factor. It is suspected that the
nanotubes in this configuration cannot effectively form a closely interconnected percolation

network.

As shown in Figure 3 and Table 2 below, the presence of spiro-OMeTAD as hole transport
layer (HTL) leads to a significant improvement in efficiency compared to the device without
HTL. Dispersing SWNTs in the spiro-OMeTAD layer further improve the JV-characteristics.
However, the biggest improvement is achieved by sequential deposition of SWNTs and

spiro-OMeTAD, which results in a stratified HTL structure.

Table 2: performance parameters of devices with different hole transport layers. These

include two approaches of incorporating SWNT's into the spiro-OMeTAD layer and two

control structures.
HTL architecture Jsc [mA/cm?] Voe [V] FF PCE [%]
no HTL 2.4 0.68 0.53 0.8%
spiro-OMeTAD 13.1 0.88 0.38 419
SWNT-spiro-OMeTAD (blend) | 12.4 0.97 0.54 10.0"
SWNT-spiro-OMeTAD 20.2 1.00 0.69 13.9»

a) obtained under simulated AM 1.5, of 106.5 mW/cm? equivalent irradiance

b) obtained under simulated AM 1.5, of 100.0 mW/cm? equivalent irradiance

Based on this finding, a second approach in which SWNTs and spiro-OMeTAD were spin-
coated as two sequential layers was tried: the initial deposition of the SWNTs alone ensures
that the nanotubes form a densely interconnected network with a direct interface with the
perovskite layer allowing direct hole-transfer. A scanning electron micrograph of a top view
of a bare SWNT layer showing the thick mesh-like structure of this layer is shown in Figure
2. Subsequent coating and infilling with spiro-OMeTAD enables hole-conductor contact to

the perovskite and may facilitate additional direct hole-transfer to the electrode.

A scanning electron microscopy (SEM) image of a representative device cross-section is
shown in Figure 1. SWNT bundles are apparent protruding from the interface between the
Al,Os-perovskite and spiro-OMeTAD layer. It appears that spiro-OMeTAD readily
infiltrates the SWNT layer filling the openings and gaps of the mesh-like nanotube layer, due
to its excellent pore filling properties, and good wettability upon coating this surface.
However, there is clearly stratification, with much higher SWNT density near the perovskite
surface, which could potentially impair vertical hole percolation throughout the SWNTs to

the hole accepting electrode. In addition, direct contact between perovskite and metallic type
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SWNTs may constitute recombination sites as discussed above. Nevertheless, the current-
voltage characteristics of a device with such a sequentially coated stratified SWNT-spiro-
OMeTAD composite layer are shown in figure 3. The solar cell exhibits good properties,
with minimal indication of recombination or series resistance losses, and yields a power-

conversion efficiency of 13.9%.

Uniformity and smoothness of the SWNT film appears to be an important aspect for device
performance in this approach. The formation of large, mesoscopic SWNT bundles and
clusters correlates with reduced device performance and batch consistency. It has been found
that the most effective way of depositing SWNTSs to form a uniform layer was to perform
“dynamic spin-coating”, as described above in the methods and materials section. The fact
that the devices work so well indicated that direct contact of the P3HT-wrapped SWNTs to
the perovskite surface does not introduce an undesired electron recombination pathway.
From the reduced series resistance in the devices, it can be inferred that the SWNTs protrude
through the spiro-OMeTAD frequently enough to make sufficient contact with the hole-
collecting electrode (Au/Ag). However, it remains unclear whether charge transfer occurs
between the nanotubes and spiro-OMeTAD, and to what extent the SWNTs transfer holes
directly to the electrode.

In order to determine the operational mechanism, photoinduced absorption (PTA)
spectroscopy was performed. PIA is a quasi-continuous-wave (CW) technique, which is
useful to probe the optical signature of photogenerated species. If spiro-OMeTAD and
P3HT-wrapped SWNTs exhibit different optical signatures when oxidized, PIA can be used
to determine if holes are residing on either component or both. The PIA spectrum of a device
with undoped spiro-OMeTAD HTL is shown in figure 4. The broad feature at ~1300 nm is
characteristic of the presence of holes in spiro-OMeTAD (i.e. its oxidized state). For the
stratified SWNT-spiro-OMeTAD structure, the broad feature of oxidized spiro-OMeTAD
becomes weaker and appears to be overlaid with a second, longer wavelength feature
centered around 1450 nm. This suggests a smaller or shorter-lived hole population in the
spiro-OMeTAD with the presence of SWNTs. To isolate the specific features of SWNTs in
the PIA spectra, PIA measurements were carried out on devices with neat-SWNT films in
place of spiro-OMeTAD. The resulting PIA spectrum is shown in Figure 5 together with the
absorption spectrum of an SWNT film on glass. The absorption spectrum has the
characteristic absorption peaks associated with the E1; transitions of s-type SWNTs according

to their chirality. Inthe PIA spectrum, a series of photobleaching (PB) features are observed,
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which perfectly coincide with bleaching of the ground state absorption of the SWNTs. The
PIA absorption feature further into the infrared is most likely absorption of the oxidized
SWNTs or electrons in the electron-accepting TiO> layer on the adjacent side of the
perovskite film. The spectral features were confirmed by chemically p-doping SWNTs in
solution. The spectral difference between the undoped and oxidized SWNTs revealed a

spectrum very similar to the PIA spectrum.
Example 1 — Functionalized CNTs embedded in an electrically insulating matrix

Since the PIA measurements indicated that the functionalized SWNTs can act as a hole-
acceptor in their own right, the inventors explored the possibility of omitting the organic
hole-conductor entirely and using only a layer of functionalized SWNTs for hole extraction.
The JV-curve of such a device is shown in Figure 6. The extracted photocurrent is
remarkably high indicating extremely efficient hole-transfer occurs through the nanotubes,
despite their relatively low contact area with the perovskite. The low fill factor and voltage
arise most likely from recombination losses due to direct contact of the metal electrode to the
perovskite, through the gaps between the SWNT “mesh”. Even so, the device still delivers an

impressive 7.4% power conversion efficiency.

Table 3: performance parameters of solar cells with only SWNTs as hole transporter

HTL architecture Jse [mA/cm?] Vo [V] FF PCE [%]¥
SWNT(HiPCO) only 20.8 0.85 0.42 7.4
SWNT(HiPCO)-PMMA 215 1.04 0.63 14.2
SWNT(CG200)-PMMA 22.7 1.02 0.66 15.3

a) obtained under simulated AM 1.5, of 100.0 mW/cm? equivalent irradiance

The high extracted photocurrent appeared to indicate that the contribution of spiro-OMeTAD
to the charge transfer in the stratified HTL structure is only minor or not necessary. The role
of spiro-OMeTAD may be to simply infill the gaps between the SWNTs in order to prevent
the metal electrode from directly contacting the perovskite. Spiro-OMeTAD was replaced
with an electronically and optically inert polymer, poly(methyl methacrylate) (PMMA), and
devices were constructed with sequential SWNT-PMMA films. The schematic architecture of
such a device is shown in Figure 12. Because PMMA is not a m-conjugated polymer it is
unable to support charge transport. The resulting current-voltage curve of the best
functionalized SWNT-PMMA (stratified) device is shown in Figure 6, which exhibits a high

power conversion efficiency of 14.2%. In this device, the functionalized SWNTSs were
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produced by the HIPCO (High Pressure Carbon monoxide) process, yielding a ratio of 2:1

semiconducting to metallic nanotubes.

It was found that the presence of metallic species among the P3HT/SWNT nanohybrids does
not introduce significant recombination losses, and since hole conductivity of the HTL is one
of the crucial factors for efficient the charge collection, further devices were tested with a
second type of metallic-enriched SWNTs (CoMoCAT, CG200). The more conductive SWNT
species led to further improvement in solar cell performance by increasing the extracted
photocurrent, thus yielding a power conversion efficiency of up to 15.3% (Figure 13, Table 4
below). It is evident that CNTs functionalized with a semiconducting polymer are highly
efficient in selectively transferring charges from the photoactive perovskite layer to the
electrode. Surprisingly, placing the functionalized CNTs within an electrically insulating

matrix produces a very effective component for transporting charge.

Table 4: performance parameters of devices comprising different hole transport materials

HTL architecture Jse Voc [V] FF PCE
P3HT/SWNT (HiPCO) only 20.8 0.85 0.42 7.4

P3HT/SWNT(HiPCO)-PMMA 215 1.04 0.63 14.2
P3HT/SWNT(CG200)-PMMA 22.7 1.02 0.66 15.3

a) obtained under simulated AM 1.5, of 100.0 mW/cm? equivalent irradiance
Example 2 — Thermal stability of component for transporting charge

Photovoltaic devices comprising a charge transport layer comprising a poly(methyl
methacrylate) (PMMA)/functionalized SWNT composite or a polycarbonate
(PC)/functionalized SWNT composite were manufactured by the above described methods.
While PMMA is not very stable at temperatures above 100°C, the much more robust polymer
polycarbonate (PC) was investigated and found to be also an adequate encapsulating inert

matrix with the advantage of being thermally stable up to 155°C.

The devices comprising these electrically insulating inert matrices were heated on a hot plate
at 80°C for 96 hours. Both devices were found to be thermally stable for this period and had
a peak power conversion efficiency of 14.3%. The current-voltage characteristics of the
device comprising a polycarbonate matrix is shown in Figure 7. The characteristics of this

device are: Jsc = 19.8 mAcm™; Voc = 1.03 V; FF = 0.70; and PCE = 14.3%.



WO 2015/140548 PCT/GB2015/050792
45

The SWNT-polymer composite as hole transport layer on perovskite solar cells is superior to

conventional hole transport materials with regards to thermal stability.

To compare devices comprising known hole transporting layers with the devices according to
the invention, devices were fabricated with the following hole transporting materials: spiro-
OMeTAD (+ Li-TFSI + tert-butyl pyridine); polytriarylamine (PTAA) (+ Li-TFSI + tert-
butyl pyridine); and poly(3-hexylthiophene) (P3HT) (+ Li-TFSI + tert-butyl pyridine). These
devices were placed on a hot plate for 96h at 80°C (in the same manner as for the PMMA and
PC devices according to the invention) to test the encapsulating properties of the hole-
transporting layer. Visually the films with spiro-OMeTAD, PTAA and P3HT had
significantly degraded whereas the films with SWNT-PMMA and SWNT-PC as hole
transport layer did not show any signs of degradation (Figure 8 and Figure 9). The
degradation of the perovskite layer was correlated with a change of its absorption
characteristic. The typical absorption across the visible range from 750 nm to 500 nm
vanishes gradually for devices with Li-spiro-OMeTAD, P3HT or PTAA as hole-transporting
layer, but remains unchanged for a device encapsulated by a hole-transporting structure
consisting of functionalized SWNTs and a PMMA matrix (Figure 10). The degradation of
devices with Li-spiro-OMeTAD, P3HT and PTAA is further illustrated by X-ray diffraction
(XRD) measurements. The comparison of the XRD spectrum before and after 96 h of heat
exposure at 80°C, shows that the material has lost the characteristic diffraction features of
CH;3NH;3PbI5.<Cly and now exhibits the features associated with Pbl, (Figure 11). In contrast,
the XRD spectrum of the device with the SWNT-PMMA composite structure shows no
change before and after heat exposure. It was found accordingly that the devices with spiro-
OMeTAD, PTAA or P3HT ceased to operate as efficient solar cells after the thermal
degradation. In contrast, as described above, the devices with functionalized
SWNT/insulating polymer composites as hole transport layers were fully functioning with a

peak efficiency of 14.3% and show very stable batch behavior (Figure 14).

Further evidence for increased thermal stability of perovskite solar cells employing SWNT-
insulating polymer hole-transporter components is given by measuring the solar cell
performance when operating at higher temperatures (Figure 15). Thermal dependence of
device performance was tested with a custom-built sample chamber, which was externally
heated by placing it on a hot-plate. The temperature was measured on the device surface with

an IR thermometer. Before measuring the photovoltaic performance of the devices under



WO 2015/140548 PCT/GB2015/050792
46

simulated sun light, they were held at each temperature point for 20 minutes in order to let
them equilibrate. The performance of the devices was measured in the temperature range

between 25°C and 100°C.

While the performance does drop for devices fabricated with both SWNT-PMMA and
SWNT-PC hole-transporting components, the performance decrease is small and the solar
cells recuperate their original performance after the thermal cycle. For devices employing Li-
spiro-OMeTAD, P3HT and PTAA as the hole-transporters the degradation ismuch more
pronounced and leads to irreversible damage to the devices, which accordingly do not recover
after having cooled down to room temperature. In contrast, devices with SWNT-polymer

matrices are still functioning after having been measured at temperatures of up to 100°C.

Example 3 — Water resistance of component for transporting charge

Photovoltaic devices comprising a charge transport layer comprising a poly(methyl
methacrylate) (PMMA)/functionalized SWNT composite or a polycarbonate
(PC)/functionalized SWNT composite were manufactured by the above described methods.
To test the water resistance of the encapsulating hole-transporting component, the complete
devices were directly placed within a stream of running water. The photovoltaic performance
of a device comprising a SWNT-PC hole-transporting component before and after having
been exposed to running water for 60 s was measured (Figure 16). The performance does not
change significantly (as shown in Table 5 below) which is evidence for the water resistance

of this structure.

Table 5: performance parameters of devices comprising different hole transport materials

P3HT/SWNT-PC Jse Voc [V] FF PCE [%]
Before water exposure 226 0.94 0.6 12.9
After water exposure 229 0.94 0.6 12.7

The SWNT-polymer composite as hole transport layer on perovskite solar cells is superior to

conventional hole transport materials with regards to water stability.

The work leading to this invention has received funding from the European Community’s

Seventh Framework Programme (FP7/2007-2013) under grant agreement no. 279881.
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CLAIMS

1. A photovoltaic device comprising a component for transporting charge, which
component comprises an electrically insulating matrix and, disposed in said matrix, carbon

nanotubes functionalized with a semiconducting polymer.

2. A photovoltaic device according to claim 1 wherein the carbon nanotubes
functionalized with a semiconducting polymer are dispersed within the electrically insulating

matrix.

3. A photovoltaic device according to claim 1 or claim 2 wherein the carbon nanotubes
functionalized with a semiconducting polymer are randomly dispersed within electrically

insulating matrix.

4. A photovoltaic device according to claim 3 wherein the carbon nanotubes
functionalized with a semiconducting polymer are randomly dispersed within a region or sub-
layer of the electrically insulating matrix, or within the whole of the electrically insulating

matrix.

5. A photovoltaic device according to any one of the preceding claims wherein the
electrically insulating matrix comprises an electrically insulating organic material, or a

dielectric inorganic material.

6. A photovoltaic device according to any one of the preceding claims wherein the

electrically insulating matrix comprises an electrically insulating organic polymer.

7. A photovoltaic device according to claim 6 wherein the electrically insulating organic
polymer comprises a poly(acrylate), a poly(methacrylate), a polyvinyl alcohol, a polystyrene,

a polybutyrate, a polyimide or a polycarbonate.

8. A photovoltaic device according to claim 6 or claim 7 wherein the electrically

insulating organic polymer comprises poly(methyl methacrylate).
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9. A photovoltaic device according to any one of the preceding claims wherein said

carbon nanotubes are coated at least in part with the semiconducting polymer.

10. A photovoltaic device according to any one of the preceding claims wherein said

carbon nanotubes are wrapped in the semiconducting polymer.

11. A photovoltaic device according to any one of the preceding claims wherein the

semiconducting polymer is a conjugated polymer.

12. A photovoltaic device according to any one of the preceding claims wherein the

semiconducting polymer is a hole-transporting polymer.

13. A photovoltaic device according to any one of the preceding claims wherein the
semiconducting polymer comprises a polythiophene, such as poly(3-hexylthiophene), poly(3-
octylthiophene) or poly(3-dodecylthiophene); a polyfluorene, such as poly(9,9-
dioctofluorene), poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) or poly(indenofluorene);

or a poly(phenylene vinylene).

14. A photovoltaic device according to any one of the preceding claims wherein the

carbon nanotubes are single-walled or multi-walled carbon nanotubes.

15. A photovoltaic device according to any one of the preceding claims wherein the

carbon nanotubes are single-walled carbon nanotubes.

16. A photovoltaic device according to any one of the preceding claims wherein the
carbon nanotubes are semiconducting carbon nanotubes, metallic carbon nanotubes, or a

mixture of semiconducting carbon nanotubes and metallic carbon nanotubes.

17. A photovoltaic device according to any one of the preceding claims wherein the

component for transporting charge is a hole-transporting component.

18. A photovoltaic device according to any one of the preceding claims wherein the

component for transporting charge is a charge-transporting layer.
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19. A photovoltaic device according to claim 18 wherein said charge-transporting layer
comprises a first sub-layer in contact with a second sub-layer, wherein both the first sub-layer
and the second sub-layer comprise said electrically insulating matrix and, disposed in said
electrically insulating matrix, said carbon nanotubes functionalized with a semiconducting
polymer, wherein the concentration of the carbon nanotubes functionalized with a

semiconducting polymer is greater in the first sub-layer than in the second sub-layer.

20. A photovoltaic device according to claim 18 or claim 19 wherein the charge-

transporting layer is a p-type layer.

21. A photovoltaic device according to any one of claims 18 to 20 which comprises a
photoactive region disposed between a first electrode and a second electrode, which

photoactive region comprises said charge-transporting layer.

22. A photovoltaic device according to claim 21 wherein the photoactive region further

comprises a photoactive material.

23. A photovoltaic device according to claim 22 wherein the photoactive material is in

contact with said charge-transporting layer.

24, A photovoltaic device according to claim 22 or claim 23 wherein the photoactive

material comprises a photoactive semiconductor or a photosensitising dye.

25. A photovoltaic device according to any one of claims 22 to 24 wherein the
photoactive material comprises a photoactive semiconductor selected from a perovskite,
gallium arsenide, lead selenide, lead sulphide, indium arsenide, indium phosphide, copper
indium selenide, copper zinc tin sulphide, copper zinc tin selenide, copper zinc tin selenide
sulphide, copper indium gallium selenide, copper indium gallium diselenide, and copper

indium gallium diselenide sulphide.

26. A photovoltaic device according to any one of claims 22 to 25 wherein the

photoactive material comprises a photoactive perovskite.
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27. A photovoltaic device according to claim 26 wherein the perovskite has a band gap of

less than or equal to 3.0 eV.

28. A photovoltaic device according to claim 26 wherein the perovskite has a band gap of

less than or equal to 2.0 eV.

29. A photovoltaic device according to any one of claims 22 to 28 wherein the
photoactive material comprises an organometal halide perovskite of the formula (I):
[AI[BI[X]: M
wherein:
[A] is at least one organic cation;
[B] is at least one metal cation, wherein [B] comprises at least one of Ca>*, Sr**, Cd*",
Cu?*, Ni*", Mn?", Fe’*, Co?*, Pd**, Ge?*, Sn’", Pb?", Yb** and Eu®>"; and

[X] is at least one halide anion.

30. A photovoltaic device according to any one of claims 22 to 29 wherein the
photoactive material comprises a mixed-halide perovskite of the formula (II)
[A]BI[X]s 1)

wherein:

[A] is at least one organic cation of the formula (R1R2R3R4N)", wherein:

(1) R is hydrogen, unsubstituted or substituted Ci-Czo alkyl, or unsubstituted or
substituted aryl,

(i) Rz is hydrogen, unsubstituted or substituted Ci-Cyo alkyl, or unsubstituted or
substituted aryl,

(ii1)  Rsis hydrogen, unsubstituted or substituted Ci-Cyo alkyl, or unsubstituted or
substituted aryl; and

(iv) R4 is hydrogen, unsubstituted or substituted Ci-Cyo alkyl, or unsubstituted or
substituted aryl; or

[A] is at least one organic cation of the formula (RsReN=CH-NR7Rs)", wherein:

(1) Rs is hydrogen, unsubstituted or substituted C1-Cao alkyl, or unsubstituted or
substituted aryl;

(i)  Re1s hydrogen, unsubstituted or substituted Ci-Cyo alkyl, or unsubstituted or
substituted aryl;
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(ii1) Ry is hydrogen, unsubstituted or substituted Ci-Cyo alkyl, or unsubstituted or
substituted aryl; and

(iv)  Rsgis hydrogen, unsubstituted or substituted Ci-Cyo alkyl, or unsubstituted or
substituted aryl;

[B] is at least one divalent metal cation; and

[X] is two or more different halide anions.

31 A photovoltaic device according to claim 29 or claim 30, wherein [B] comprises at

least one of Sn**, Pb**, Cu®", Ge** and Ni*".

32. A photovoltaic device according to any one of claims 22 to 31 wherein the charge-
transporting layer is as defined in claim 19 and wherein the photoactive material is in contact

with the first sub-layer of the charge-transporting layer.

33. A photovoltaic device according to any one of claims 22 to 32 wherein the
photoactive region comprises:

(a) said charge-transporting layer;

(b) said photoactive material; and

(c) a mesoporous scaffold layer, comprising a mesoporous dielectric scaffold material
or a mesoporous charge-transporting scaffold material,

wherein the photoactive material is disposed between said charge-transporting layer

and the mesoporous scaffold layer.

34. A photovoltaic device according to claim 33 wherein the photoactive material is

disposed in pores of the mesoporous scaffold layer.

35. A photovoltaic device according to claim 33 or claim 34 wherein the charge
transporting layer is a hole-transporting layer, and the mesoporous scaffold layer comprises a

mesoporous dielectric scaffold material or a mesoporous n-type scatfold material.

36. A photovoltaic device according to any one of claims 33 to 35 wherein the
photoactive region further comprises:
(d) a compact layer of a semiconductor, disposed between said mesoporous scaffold

layer and one of the electrodes.
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37. A photovoltaic device according to claim 36 wherein the charge-transporting layer is
a hole-transporting layer, the mesoporous scaffold layer comprises a mesoporous dielectric
scaffold material or a mesoporous n-type scaffold material, and the compact layer is a

compact layer of an n-type semiconductor.

38. A photovoltaic device according to claim 35 or claim 37 wherein:

the mesoporous dielectric scaffold material is an oxide of aluminium, germanium,
zirconium, silicon, yttrium or ytterbium; or alumina silicate;

the mesoporous n-type scaffold material is a mesoporous oxide of titanium, tin, zinc,
niobium, tantalum, tungsten, indium, gallium, neodymium, palladium, cadmium, or a
mesoporous oxide of a mixture of two or more of said metals; a mesoporous sulphide of
cadmium, tin, copper, zinc or a mesoporous sulphide of a mixture of two or more of said
metals; a mesoporous selenide of cadmium, zinc, indium, gallium or a mesoporous selenide
of a mixture of two or more of said metals; or a mesoporous telluride of cadmium, zinc,
cadmium or tin, or a mesoporous telluride of a mixture of two or more of said metals; and

the n-type semiconductor of the compact layer, when present, is an oxide of titanium,
tin, zinc, niobium, tantalum, tungsten, indium, gallium, neodymium, palladium, cadmium,
zirconium or an oxide of a mixture of two or more of said metals; a sulphide of cadmium, tin,
copper, zinc or a sulphide of a mixture of two or more of said metals; a selenide of cadmium,
zinc, indium, gallium or a selenide of a mixture of two or more of said metals; or a telluride

of cadmium, zinc, cadmium or tin, or a telluride of a mixture of two or more of said metals.

39. A photovoltaic device according to claim 37 wherein the mesoporous scaffold layer
comprises mesoporous alumina; the compact layer is a compact layer of titanium dioxide;

and the photoactive material comprises a perovskite as defined in any one of claims 29 to 31.

40. A photovoltaic device according to any one of claims 22 to 32 wherein the
photoactive region comprises:
(a) an n-type region comprising at least one layer of an n-type material,
(b) a p-type region comprising at least one layer of a p-type material; and,
disposed between the n-type region and the p-type region:

(©) a layer of the photoactive material,
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wherein said charge-transporting layer is a layer of a p-type material in said p-type

region or a layer of an n-type material in said n-type region.

41. A photovoltaic device according to claim 40 wherein said charge-transporting layer is

a layer of a p-type material in said p-type region.

42. A photovoltaic device according to claim 41 wherein the n-type region comprises at
least one layer of an n-type material selected from a metal oxide, a metal sulphide, a metal
selenide, a metal telluride, a perovskite, amorphous Si, an n-type group IV semiconductor, an
n-type group III-V semiconductor, an n-type group II-VI semiconductor, an n-type group I-
VII semiconductor, an n-type group IV-VI semiconductor, an n-type group V-VI
semiconductor, and an n-type group II-V semiconductor, any of which may be doped or

undoped.

43, A photovoltaic device according to any one of claims 40 to 42 wherein the layer of
the photoactive material forms a planar heterojunction with the n-type region or the p-type
region, or wherein the layer of the photoactive material forms a first planar heterojunction

with the n-type region and a second planar heterojunction with the p-type region.

44, A photovoltaic device according to any one of the preceding claims which does not

comprise elemental silicon.

45. A photovoltaic device according to any one of the preceding claims, wherein the
photovoltaic device is a photodiode, a solar cell, a photodetector, a photosensor or a

chromogenic device.

46. A process for producing a photovoltaic device, which photovoltaic device comprises a
component for transporting charge, which component comprises an electrically insulating
matrix and, disposed in said matrix, carbon nanotubes functionalized with a semiconducting
polymer, which process comprises:

(a) providing a substrate and, disposed on a surface of the substrate, carbon
nanotubes functionalized with a semiconducting polymer; and

(b) disposing an electrically insulating matrix onto the carbon nanotubes

functionalized with a semiconducting polymer.
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47. A process according to claim 46 which comprises:

(a) disposing said carbon nanotubes functionalized with a semiconducting
polymer on the surface of the substrate; and

(b) disposing an electrically insulating matrix onto the carbon nanotubes

functionalized with a semiconducting polymer.

48. A process according to claim 47 wherein the step of (a) disposing said carbon
nanotubes functionalized with a semiconducting polymer on the surface of the substrate
comprises:

(al) disposing a composition comprising a solvent and said carbon nanotubes
functionalized with a semiconducting polymer on the surface of the substrate; and

(a2) removing the solvent.

49. A process according to claim 48 wherein (al) comprises disposing the composition on

the surface of the substrate by spin-coating, slot-die-coating or spray coating.

50. A process according to any one of claims 47 to 49 which further comprises producing
the carbon nanotubes functionalized with a semiconducting polymer by:

(1) preparing a composition comprising carbon nanotubes, a solvent and,
dissolved in the solvent, said semiconducting polymer;

(i1) agitating the composition, optionally by sonicating the composition;

(iii)  separating solid material from the composition, which solid material
comprises non-functionalized carbon nanotubes and carbonaceous particles, and recovering
the supernatant;

(iv)  treating the supernatant to induce aggregation of carbon nanotubes
functionalized with the semiconducting polymer, optionally by heating the supernatant and/or
by adding a further solvent to the supernatant;

(V) recovering the aggregated carbon nanotubes functionalized with the
semiconducting polymer;

(vi)  washing the carbon nanotubes functionalized with the semiconducting
polymer with a solvent, to remove any free semiconducting polymer;

(vil)  recovering the carbon nanotubes functionalized with the semiconducting

polymer; and
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(viii) optionally repeating (vi) and (vii).

51. A process according to any one of claims 46 to 50 wherein the step of (b) disposing
an electrically insulating matrix onto the carbon nanotubes functionalized with a
semiconducting polymer comprises:

(b1)  disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising a solvent and said electrically insulating matrix; and

(b2) removing the solvent.

52. A process according to any one of claims 46 to 51 wherein the electrically insulating
matrix is as defined in any one of claims 5 to 8 and the carbon nanotubes functionalized with

a semiconducting polymer are as defined in any one of claims 9 to 16.

53. A process according to any one of claims 46 to 52 wherein the electrically insulating
matrix comprises an electrically insulating organic polymer and the step of (b) disposing an
electrically insulating matrix onto the carbon nanotubes functionalized with a semiconducting
polymer comprises:

(b1) disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising a solvent and said electrically insulating organic polymer;
and

(b2) removing the solvent.

54. A process according to any one of claims 46 to 50 wherein the electrically insulating
matrix comprises an electrically insulating organic polymer and the step of (b) disposing an
electrically insulating matrix onto the carbon nanotubes functionalized with a semiconducting
polymer comprises:

(b1)  disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising one or more monomers suitable for producing an
electrically insulating organic polymer; and

(b2) polymerising said monomers, and thereby producing said electrically

insulating organic polymer.

55. A process according to any one of claims 46 to 50 wherein the electrically insulating

matrix comprises an electrically insulating organic polymer and the step of (b) disposing an
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electrically insulating matrix onto the carbon nanotubes functionalized with a semiconducting
polymer comprises:

(b1)  disposing onto said carbon nanotubes functionalized with a semiconducting
polymer a composition comprising an uncured precursor to an electrically insulating organic
polymer; and

(b2)  curing said composition, and thereby producing said electrically insulating

organic polymer.

56. A process according to any one of claims 51 to 55 wherein (b1) comprises disposing
the composition onto said carbon nanotubes functionalized with a semiconducting polymer

by spin-coating, slot-die-coating or spray coating.

57. A process according to any one of claims 46 to 55 wherein the step of (b) disposing
an electrically insulating matrix onto the carbon nanotubes functionalized with a
semiconducting polymer comprises:

- disposing the electrically insulating matrix onto the carbon nanotubes to form a first
sub-layer, which first sub-layer comprises said electrically insulating matrix and, disposed in
said electrically insulating matrix at a first concentration, said carbon nanotubes
functionalized with a semiconducting polymer; and

- continuing to dispose the electrically insulating matrix to form a second sub layer on
the first sub-layer, wherein the second sub-layer comprises said electrically insulating matrix
and, disposed in said electrically insulating matrix at a second concentration, said carbon
nanotubes functionalized with a semiconducting polymer,

wherein the second concentration is less than the first concentration.

58. A process according to any one of claims 46 to 57 wherein the substrate comprises a
photoactive material and said surface of the substrate on which the carbon nanotubes
functionalized with a semiconducting polymer are disposed is a surface of the photoactive

material.

59. A process according to claim 58 wherein the photoactive material is as defined in any

one of claims 24 to 32.



WO 2015/140548 PCT/GB2015/050792
57

60. A process according to claim 58 or claim 59 wherein the substrate further comprises a
mesoporous scaffold layer, wherein said photoactive material is disposed on the mesoporous
scaffold layer, which mesoporous scaffold layer comprises a mesoporous dielectric scaffold

material or a mesoporous charge-transporting scaffold material.

61. A process according to claim 60 wherein the substrate further comprises a compact
layer of a semiconductor, wherein the mesoporous scaffold layer is disposed on said compact

layer.

62. A process according to claim 59 or claim 60 wherein the substrate further comprises
an n-type region comprising at least one layer of an n-type material, or a p-type region
comprising at least one layer of a p-type material, wherein said photoactive material is
disposed on the n-type region or the p-type region, optionally wherein the photoactive
material forms a planar heterojunction with the n-type region or the p-type region on which it

is disposed.

63. A process according to any one of claims 58 to 62 wherein the substrate further

comprises an electrode material.

64. A process according to claim 63 wherein the electrode material comprises a
transparent conducting oxide, optionally wherein the transparent conducting oxide is selected

from ITO, FTO and AZO.

65. A process according to any one of claims 46 to 64 which further comprises (c)
disposing a counter electrode material on the component for transporting charge, optionally

wherein the counter electrode material comprises a metal.

66. A process according to any one of claims 46 to 65 wherein the device is as further

defined in any one of claims 2 to 45.

67. A photovoltaic device which is obtainable by a process as defined in any one of

claims 46 to 66.
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