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TWO-STEP DEPOSITION PROCESS

FIELD OF THE INVENTION

The present invention relates to a process for producing a layer of a crystalline material. A
process for producing a semiconductor device comprising a layer of a crystalline material is

also described.

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.
BACKGROUND OF THE INVENTION

Hybrid organic-inorganic perovskite materials have recently become a topic of extreme
interest for photovoltaics, with devices based on these materials now reaching power
conversion efficiencies of above 15%. Other photoactive crystalline materials are also of

substantial current interest.

The key to achieving the highest efficiencies with this material appears to be optimisation of
the perovskite or crystalline material film quality. Typically, perovskite and other crystalline
films have been deposited by spin-coating a precursor containing necessary components to
form the perovskite: a metal halide and an organic component. However, spin-coating is by
its very nature a process which can easily result in non-uniform films or films with pinholes.
Spin-coating is highly susceptible to microscopic amounts of dust on the substrate,
precipitates in the solution, local atmosphere composition and temperature, and human error
when depositing. These factors combine to make spin-coating an inherently poorly
reproducible process for producing organometal perovskites and other crystalline materials.

Moreover, spin-coating is a process which cannot be easily scaled up.

A key breakthrough was achieved by Liu, Snaith et al. (Liu, M.; Johnston, M. B.; Snaith, H.
J. Efficient Planar Heterojunction Perovskite Solar Cells by Vapour Deposition. Nature 2013,
501, 395-398), who describe a high vacuum two-source vapour deposition technique to
produce extremely uniform, high quality perovskite films, resulting in the most efficient
devices af the time. However, this is a costly process; it requires large quantities of the

reagents as well as high temperatures and most importantly, a high vacuum chamber.
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Additionally, due to the volatile nature of the organic component employed, it is difficult to

control the rate of its deposition, making this process difficult to reproduce between batches.

A second breakthrough was achieved by Burschka ef al. (Burschka, I.; Pellet, N.; Moon, S.-
J.; Humphry-Baker, R.; Gao, P.; Nazeeruddin, M. K.; Griitzel, M. Sequential Deposition as a
Route to High-Performance Perovskite-Sensitized Solar Cells. Nature 2013, 499, 316-319)
who describe a two-step deposition route to form high-quality perovskite films using
solution-processing. The metal halide component is spin-coated on a mesostructured
substrate and the layer of the metal halide is subsequently dipped in a solution containing the
dissolved organic component. The perovskite film forms spontaneously. Recent research has
pointed to planar perovskite heterojunction solar cells having the greatest potential to reach
the highest efficiencies, rather than those based on a meso-structured (e.g. mesoporous)
oxide, and hence the two-step approach was recently adapted for planar soiar cells by Liu,
Kelly et al. (Liu, D.; Kelly, T. L. Perovskite Solar Cells with a Planar Heterojunction
Structure Prepared Using Room-Temperature Solution Processing Techniques. Nat.
Photonics 2013, 1-6). This produced some of the most efficient perovskite solar cells to date.
However, the films produced in this way are substantially non-uniform and the surface of the
perovskite layer comprises large crystallites of greater than a micron in size. The presence of
these crystallites causes high surface roughness. This is likely to be an issue in terms of
reproducibility: if an electrode touches a crystallite of the perovskite penetrating the hole-
transport layer it can provide a recombination pathway, lowering device performance and
affecting reproducibility. For the best solar cells, an extremely flat perovskite surface would
be optimal, allowing only a thin layer of hole transporting material to be employed, and

hence minimising resistive losses in that layer.

In light of this, the most recent development for making smooth perovskite ﬁlmé was made
by Chen, Yang et al. (Chen, Q.; Zhou, H.; Hong, Z.; Luo, S.; Duan, H.-S.; Wang, H.-H.; Liu,
Y.; Li, G.; Yang, Y. Planar Heterojunction Perovskite Solar Cells via Vapor Assisted
Solution Process. J. Am. Chem. Soc. 2013, 3—6), who have modified the two-step deposition
process, in the planar perovskite solar cell configuration, by replacing the solution-phase
organic dipping step with an atmospheric pressure vapour-phase conversion, where the
spincoated metal halide is annealed in an atmosphere of the sublimed organic component to

convert it to the perovskite. This results in perovskite films of low roughness and high purity.
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However, this procedure still makes use of spin-coating to form the metal halide initial film,

which results in the aforementioned issues with reproducibility and non-uniformity.

Kitazawa et al. (Kitazawa, N.; Yaemponga, D.; Aono, M.; Watanabe, Y. Optical Properties
of Organic—inorganic Hybrid Films Prepared by the Two-Step Growth Procéss. J. Lumin.
2009, 129, 1036—1041) describes a process to fabricate nanocrystal-sized (CsH17NH3)PbBra,
using two high vacuum stages. A first vacuum evaporation of a metal halide layer followed
by a second vacuum evaporation of an organic halide. A sequential two-step vacuum
deposition process is also described in Hu et al. (H. Hu, D. Wang, Y. Zhou, J. Zhang, S. Lv,
S. Pang, X. Chen, Z. Liu, N. P. Padture and G. Cui, RSC Adv., 2014, DOI:
10.1039/C4RA03820G).

Methods which make use of vacuum evaporation to form the metal halide layer followed by
completion of the perovskite by dipping the vacuum evaporated metal halide layer in a
solution of the organic component have not succeeded in producing high quality films. The
use of a second solution-based step results in unsuitable perovskite films comprising large

crystals and unstable device performance (see Comparative Example 2).

Thus, it is an object of the invention to provide an effective process for the production of
perovskite layers. In particular, it is desirable to produce layers of a crystalline material (e.g.
perovskite) by a process which is readily reproducible, easy to scale up and produces layers

of a crystalline material having a flat surface.
SUMMARY OF THE INVENTION

Here a new approach to prepare extremely smooth, pinhole-free perovskite (and other
crystalline material) films of high purity, for use in photovoltaics and other optical and
semiconducting applications is presented. The technique makes use of a two-stage vapour
phase technique to ensure extremely high quality of films, with no solution-processing
required at all. For instance, initially the metal halide can be deposited via thermal vapour
deposition, under high vacuum, to produce a high quality, smooth and pinhole-free film.
Subsequently, the film is placed and optionally heated in an atmosphere saturated with the
sublimed organic component, causing it to undergo conversion to the perovskite. The
advantage of this technique over the previously developed methods is two-fold. Firstly, no
solution-processing is required, which enables the most uniform and high quality films to be

produced. Secondly, by carrying out the film fabrication in two stages, and depositing the.



10

15

20

25

30

WO 2016/005758 PCT/GB2015/051993
4

organic at relatively high pressures and relatively low temperatures, it is a much more
controlled and reproducible method than the dual source, high vacuum method of Liu, Snaith
et al.. The process of the invention allows high efficiency perovskite solar cells to be
fabricated, and furthermore can enable the fabrication of new perovskite or perovskite-like
hybrid materials. The process of the invention circumvents the problems of prior art
approaches (for instance Chen ef al.) by employing solvent-free vapour deposition
approaches. Furthermore, the use of a two-stage vapour process allows materials which have
poor solubilities to be used. For instance, the process allows the production of new copper

based materials.

The invention provides a process for producing a layer of a crystalline material that
comprises a perovskite or a hexahalometallate, which process comprises:

(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate; and

(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline

material, wherein the pressure in the second chamber is greater than or equal to 1 mbar.

In step (i) the substrate may be exposed to a directional vapour comprising the first precursor
compound. In step (ii) the layer of the first precursor compound may be exposed to a non-
directional vapour comprising the second precursor compound. The first chamber and the

second chamber are preferably different chambers.

The invention also provides a process for producing a layer of a crystalline material that
comprises a perovskite or a hexahalometallate, which process comprises:

(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate, wherein the first
chamber is under a high vacuum; and

(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline
material, wherein the second chamber is not under a high vacuum. Preferably, the pressure in

the second chamber is also less than atmospheric pressure.

In step (i) the substrate may be exposed to a directional vapour comprising the first precursor

compound. In step (ii) the layer of the first precursor compound may be exposed to a non-
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directional vapour comprising the second precursor compound. The first chamber and the

second chamber are preferably different chambers.

The pressure in the first chamber may be less than or equal to 10~ mbar, and preferably the
pressure in the first chamber is less than or equal to 10> mbar. The pressure in the second
chamber may be not less than 10~ mbar, and preferably the pressure in the second chamber is

greater than or equal to 1 mbar.

The invention also provides a layer of a crystalline material obtainable by a process according

to the invention for producing a layer of a crystalline material.

The invention also provides a process for producing a semiconductor device comprising a
layer of a crystalline material, which process comprises producing said layer of a crystalline
material by a process according to the invention for producing a layer of a crystalline
material. A semiconductor device obtainable by a process according to the invention is also

provided.
BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows scanning electron microscope images of (A) a top-view of a perovskite film
grown by two-step vapour deposition, (B) short and (C) large scale cross-sections of devices

incorporating a perovskite film grown by two-step vapour deposition.

Figure 2 shows an XRD pattern comparing evaporated Pbl, before (peaks marked with *) and
after (peaks marked with *) MAI (methyl ammonium iodide) vapour treatment. This shows
that after treatment all of the Pbl; is converted into MAPbIz. Additional peaks (marked with

-) originating from the substrate are highlighted in the control spectrum.

Figure 3 shows current voltages characteristics under simulated AM1.5 sunlight (upper curve
is light; lower curve is dark) for a device comprising a photoactive layer of methylammonium

lead triiodide produced by a two-step vapour/vapour deposition.

Figure 4 shows a schematic diagram of an example of a two-step process according to the
invention. In step 1 a substrate (A) is exposed to a vapour of a first precursor compound (for
instance by vacuum deposition). In step 2 a substrate (A) comprising a layer of the first

precursor compound is placed in a second chamber (B) together with solid second precursor
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compound (C) and the second chamber is heated (T) to produce a sublimed vapour of the

second precursor compound.

Figure 5 shows conversion of lead iodide to methylammonium lead triiodide via a two-stage
process, one with spin-coated lead iodide and one with evaporated lead iodide. The Figure
shows scanning electron micrographs of a) spin-coated lead iodide surface, b)
methylammonium lead triiodide surface produced by atmospheric vapour phase organic
treatment of spin-coated lead iodide, c) evaporated lead iodide surface, d) methylammonium
lead triiodide surface produced by atmospheric vapour phase organic treatment of spin-coated
lead iodide.

Figure 6 shows X-ray diffraction patterns of a film of spin-coated lead iodide undergoing
conversion to methylammonium lead triiodide after a certain time in the methylammonium
iodide atmosphere. Total conversion is observed after ~1h30m. Horizontal axes represent

20. Vertical axes represent arbitrary units.

Figure 7 shows UV-vis absorbance spectra of the methylammonium lead triiodide films
produced from spin-coated lead iodide after a certain time in a methylammonium iodide

atmosphere (30, 60 or 90 minutes).

Figure 8 shows photovoltaic devices comprising methylammonium lead triiodide fabricated
via organic vapour conversion of spin-coated and evaporated lead triiodide: a) cross-sectional
SEM of device formed from converted spin-coated lead iodide; and b) cross-sectional SEM

of device formed from converted evaporated lead iodide.

Figure 9 shows current-voltage characteristics of methylammonium lead triiodide solar cells
fabricated via spin-coated Pblx/vapour deposited MAI: as a planar heterojunction (upper);

and on mesoporous TiO; (lower).

Figure 10 shows XRD spectra showing partial conversion of a film of spin-coated tin iodide
into methylammonium tin triiodide, after treatment in a methylammonium iodide atmosphere.

Perovskite peaks are labelled with a *.

Figure 11 shows the XRD of a new copper-based material formed using a spin-coating metal

halide/vapour deposited organic method with CuBr; and methylammonium chloride.
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Figure 12 shows the XRD of a copper-based material formed using a spin-coating metal

halide/vapour deposited organic method with CuCl; and methylammonium chloride.

Figure 13 shows the XRD of a copper-based material formed using a spin-coating metal

halide/vapour deposited organic method with CuCl; and ammonium chloride.

Figure 14 shows UV-Vis absorption of copper-based materials formed from CuBr; and
methylammonium chloride and CuCl, and methylammonium chloride using a spin-coating

metal halide/vapour deposited organic method.

Figure 15 shows SEM images showing the evolution of perovskite crystal growth at room
temperature by dip coating a PbCl, thin-film into a 20 mg/ml isopropanol solution of

methylammonium iodide after (a) Os, (b) 1s, (¢) 10s, (d) 100s, (¢) 1000s, (f) 10000s.
Figure 16 shows normalised XRD spectra for perovskite films at different dipping times, t.

Figure 17 shows SEM images showing the evolution of perovskite crystal growth at room
temperature by dip coating a Pbl; thin-film into a 20 mg/ml isopropanol solution of

methylammonium iodide after (a) Os, (b) 1s, (¢) 10s, (d) 100s, (e) 1000s, (f) 8000s.
Figure 18 shows normalised XRD spectra for perovskite films at different dipping times, t.

Figure 19 shows morphology variation when forming perovskite from PbCl; at 90°C after
500 seconds using the following MAI concentrations: (a) 3 mg/ml, (b) 4 mg/ml, (c) 5 mg/ml,
(d) 6 mg/ml, (e) 7 mg/ml.

Figure 20 shows morphology variation when forming perovskite from Pbl; at 90°C after 500
seconds using the following MAI concentrations: (a) 3 mg/ml, (b) 4 mg/ml, (¢) 5 mg/ml, (d)
6 mg/ml, (e) 7 mg/ml.

Figure 21 shows current density-voltage characteristics for the highest efficiency device
based on an active layer formed by dip coating of a PbCl; film at 90°C in a solution of 6.5
mg/ml MAI in isopropanol for 400s.

Figure 22 shows a histogram of device efficiencies from 12 devices fabricated by vapour-

solution method.
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Figure 23 shows a histogram of J-V curve stabilities for 12 devices fabricated by vapour-

solution method.

Figure 24 shows a top-view SEM of the surface of a formamidinium lead triiodide layer

produced by two-step vapour deposition.

Figure 25 shows a XRD pattern taken of a formamidinium lead triiodide layer produced by

two-step vapour deposition.

Figure 26 shows the UV-vis absorbance spectra of a formamidinium lead triiodide layer

produced by two-step vapour deposition.
DETAILED DESCRIPTION OF THE INVENTION
Definitions

The term “perovskite”, as used herein, refers to a material with a three-dimensional crystal
structure related to that of CaTiO3 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
K2NiF4-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]3, wherein
[A] is at least one cation, [B] is at least one cation and [X] is at least one anion. When the
perovskite comprises 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
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comprising more than one A cation, more than one B cation or more than one X cation, will

be lower than that of CaTiOs.

The term “metal halide perovskite”, as used herein, refers to a perovskite, the formula of
which contains at least one metal cation and at least one halide anion. The term
“organometal halide perovskite”, as used herein, refers to a metal halide perovskite, the

formula of which contains at least one organic cation.

The term “hexahalometallate”, as used herein, refers to a compound which comprises an
anion of the formula [MX¢]" wherein M is a metal atom, each X is independently a halide

anion and n is an integer from 1 to 4.

The term “chalcogenide” refers to anions of the elements of group 16, for instance 0%, $%,

Se?", or Te?". Typically, the chalcogenides are taken to be S2-, Se?", and Te*".

‘The term “monocation”, as used herein, refers to any cation with a single positive charge, i.e.

a cation of formula A* where A is any moiety, for instance a metal atom or an organic
moiety. The term “dication”, as used herein, refers to any cation with a double positive

. - 2+ . . .
charge, i.e. a cation of formula A“" where A is any moiety, for instance a metal atom or an
organic moiety. The term “tetracation”, as used herein, refers to any cation with a quadruple

positive charge, i.e. a cation of formula A*" where A is any moiety, for instance a metal atom.

The term “alkyl”, as used herein, refers to a linear or branched chain saturated hydrocarbon
radical. An alkyl group may be a Ci-29 alkyl group, a Ci.14 alkyl group, a Ci-10 alkyl group, a
C1-6 alkyl group or a Ci.4 alkyl group. Examples of a Ci.10 alkyl group are methyl, ethyl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl or decyl. Examples of Ci.¢ alkyl groups are
methyl, ethyl, propyl, butyl, pentyl or hexyl. Examples of Ci.4 alkyl groups are methyl, ethyl,
i-propyl, n-probyl, 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 “cycloalkyl”, as used herein, refers to a saturated or partially unsaturated cyclic
hydrocarbon radical. A cycloalkyl group may be a Cs.1p cycloalkyl group, a Cs.g cycloalkyl
group or a Cs_g cycloalkyl group. Examples of a C3-8 cycloalkyl group include cyclopropyl,
cyclobutyl, cyclopentyl, cyclohexyl, cyclohexenyl, cyclohex-1,3-dienyl, cycloheptyl and
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cyclooctyl. Examples of a Cs.¢ cycloalkyl group include cyclopropyl, cyclobutyl,

cyclopentyl, and cyclohexyl.

The term “alkenyl”, as used herein, refers to a linear or branched chain hydrocarbon radical
comprising one or more double bonds. An alkenyl group may be a Ca.59 alkenyl group, a Cs-
14 alkenyl group, a Ca-10 alkenyl group, a Ca-¢ alkenyl group or a Cz.4 alkenyl group.
Examples of a Co-19 alkenyl group are ethenyl (vinyl), propenyl, butenyl, pentenyl, hexenyl,
heptenyl, octenyl, nonenyl or decenyl. Examples of Cz.¢ alkenyl groups are ethenyl,
propenyl, butenyl, pentenyl or hexenyl. Examples of C,.4 alkenyl groups are ethenyl, i-
propenyl, n-propenyl, s-butenyl or n-butenyl. Alkenyl groups typically comprise one or two
double bonds.

The term “alkynyl”, as used herein, refers to a linear or branched chain hydrocarbon radical
comprising one or more triple bonds. An alkynyl group may be a Cz20 alkynyl group, a Ca.14
alkynyl group, a Cz.10 alkynyl group, a C2-¢ alkynyl group or a C.4 alkynyl group. Examples
of a Cz-10 alkynyl group are ethynyl, propynyl, butynyl, pentynyl, hexynyl, heptynyl, octynyl,
nonynyl or decynyl. Examples of C1-6 alkynyl groups are ethynyl, propynyl, butynyl,
pentynyl or hexynyl. Alkynyl groups typically comprise one or two triple bonds.

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, indanyl, anthrecenyl and pyrenyl
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.

LE A R 1

The terms “alkylene”, “cycloalkylene”, “alkenylene”, “alkynylene”, and “arylene™, as used
herein, refer to bivalent groups obtained by removing a hydrogen atom from an alkyl,
cycloalkyl, alkenyl, alkynyl, or aryl group, respectively. An alkylene group may be a Ci.18
alkylene group, a C;.14 alkylene group, a Ci.10 alkylene group, a C1- alkylene group or a Ci.4
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alkylene group. Examples of Cy.¢ alkylene groups are methylene, ethylene, propylene,
butylene, pentylene and hexylene. A cycloalkylene group may be a Cs.1o cycloalkylene
group, a Cs.g cycloalkylene group or a Cs.¢ cycloalkylene group. Examples of C3.6
cycloalkylene groups include cyclopentylene and cyclohexylene. An alkenylene group may
be a Cy.15 alkenylene group, a C.14 alkenylene group, a Ca-10 alkenylene group, a Cz.6
alkenylene group or a Cz.4 alkenylene group. Examples of a Cz.4 alkenylene group include
ethenylene (vinylene), propenylene and butenylene. An alkynylene group may be a Ca-13
alkynylene group, a Cz-14 alkynylene group, a C-19 alkynylene group, a Cz-¢ alkynylene group
or a Cp.4 alkynylene group. Examples of a Ca.4 alkynylene group include ethynylene and
propynylene. Examples of arylene groups include phenylene and a diradical derived from
thiophene. For alkylene, cycloalkylene, alkenylene, alkynylene, and arylene, these groups
may be bonded to other groups at any two positions on the group. Thus, propylene includes —
CH2CH>CHz— and —CH2CH(CH3)—, and phenylene includes ortho-, meta- and para-
phenylene.

The term “substituted”, as used herein in the context of substituted organic groups, refers to
an organic group which bears one or more substituents selected from Ci.0 alkyl, aryl (as
defined herein), cyano, amino, nitro, Cy.10 alkylamino, di(Ci-10)alkylamino, arylamino,
diarylamino, aryl(Ci-i0)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.

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 length) as its "pore-width " (J. Rouquerol et
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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., vo1.63, 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 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 and
nanopores, however. Such micropores and nanopores 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 sometimes have microporosity or nanoporosity.

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
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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 “consisting essentially of” refers to a composition comprising the components of
which it consists essentially as well as other components, provided that the other components
do not materially affect the essential characteristics of the composition. Typically, a
composition consisting essentially of certain components will comprise greater than or equal

to 95 wt% of those components or greater than or equal to 99 wt% of those components.

The term “high vacuum?”, as used herein, refers to a vacuum regime characterised by
pressures of between 107 mbar and 10 mbar. In contrast, the term “medium vacuum” refers
to a vacuum regime characterised by pressures of between 10 mbar and 0.1 mbar, whilst the
terms “low vacuum” and “rough vacuum” refer to a vacuum regime characterised by

pressures of between 0.1 mbar and 1000 mbar.

The term “atmospheric pressure”, as used herein, refers to the pressure generated by the
gravitational attraction between the earth and its surrounding air. Atmospheric pressure at the
surface of the earth is approximately 1000 mbar but varies, for instance, from 950 mbar to

1050 mbar.
Process for producing a layer of a crystalline material

The invention provides a process for producing a layer of a crystalline material, which
process comprises:

(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate; and

(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline

material, wherein the pressure in the second chamber is greater than or equal to 1 mbar.

The invention also provides a process for producing a layer of a crystalline material that

comprises a perovskite or a hexahalometallate, which process comprises:
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(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate, wherein the first
chamber is under a high vacuum; and

(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline

material, wherein the second chamber is not under a high vacuum.

In both processes, steps (i) and (ii) are usually performed sequentially. Thus, a layer of the
first precursor compound is formed in step (i) and then step (ii) is performed. However, steps
(1) and (ii) may overlap. For instance, the deposition of the first precursor compound may still
be ongoing when the deposition of the second precursor compound begins. The first or
second chamber may be evacuated before or after use to remove the vapour of the precursor
compound. Further steps may be performed between steps (1) and (i1). As discussed below,
the first and second chambers may be the same or different chambers. Thus, sometimes the
first chamber and the second chamber are the same chamber (i.e. there is one chamber, and it
is referred to as the first chamber during step (i) of the process and then referred to as the
second chamber during part (ii) of the process). Alternatively, the first chamber and the
second chamber may be different chambers. If the first and second chambers are different
chambers, then the layer of the first precursor compound on the substrate is typically
transferred from first chamber to the second chamber between steps (i) and (ii). Typically the
first and the second chambers are different chambers. If the first and second chambers are
different chambers then the process typically further comprises a step of transferring the
substrate (or allowing the substrate to be transferred) between step (i) and step (ii). In this
regard, it is preferable that the first and second chambers are different chambers as this avoids

the need to evacuate and then re-pressurise the chambers between deposition steps.

In both processes, the second chamber is not under a high vacuum (i.e. the pressure in the
second chamber is not less than 10~* mbar). For instance, the pressure of the second chamber
may be greater than or equal to 1 mbar. Preferably, the pressure in the second chamber is
also less than atmospheric pressure. The pressure in the second chamber may therefore be
less than 1000 mbar. Consequently, the pressure in the second chamber is greater than 107
mbar and may be less than 1000 mbar. In this regard, it is preferable that the pressure in the
second chamber is above high vacuum and less than atmospheric pressure as this provides for

better control over the deposition rate of the second precursor compound and therefore



10

15

20

25

30

WO 2016/005758 PCT/GB2015/051993
15

improved control over the crystal growth and its quality. In particular, when step (ii)
involves exposing the layer of the first precursor compound to a non-directional vapour
comprising the second precursor compound this control of the pressure in the second
chamber, such that the pressure is above high vacuum and less than atmospheric pressure,
allows for control of the partial pressure of the second precursor compound in the non-
directional vapour, which will determine the deposition rate of the second precursor
compound. The pressure of a chamber may be measured by any suitable means and is
typically measured by a pressure gauge attached to the chamber. The pressure of the second
chamber is preferably greater than the pressure of the second chamber (i.e. if the first
chamber and the second chamber are the same, single chamber, the pressure of the chamber
in step (i) (i.e. the second chamber) is preferably greater than the pressure of the chamber in

step (i) (i.e. the first chamber)).
Crystalline material

The process of the invention may be used to produce a layer of any suitable crystalline
material. Crystalline materials are those which can adopt one or more crystal structures.
Crystalline materials therefore typically comprise crystals or crystallites having an ordered

array of atoms or molecules.

" The layer of a crystalline material is often a crystalline layer of a compound. Thus, the

process of the invention is often a process for producing a crystalline layer of a compound.

The compound may be any compound which can form a crystalline layer.

Often the crystalline material is a semiconducting material. The crystalline material (or
crystalline layer of a compound) often has a band gap of equal to or less than 4.0 eV.
Preferably, the crystalline material has a band gap of equal to or less than 3.0 eV. For
instance, the crystalline material may have a band gap of from 0.1 eV to 4.0 €V, or from 0.5

eV to 3.5 eV. The crystalline material may have a band gap of from 1.0 eV to 3.0 eV.

The crystalline material may be a photoactive material. The crystalline material is typically a
photoabsorbent material. The crystalline material is preferably capable of absorbing light

having a wavelength of from 300 nm to 2000 nm.

The crystalline material present in the layer produced by the present invention typically

comprises a compound comprising two or more different types of atoms, ions or molecules.
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The crystalline material may comprise a binary, tertiary or quaternary compound. Binary
compounds are those which comprise two different types of atoms, molecules or ions. For
instance a binary compound is a compound of formula A.Bs, wherein A is an ion, atom or
molecule, B is a different ion, atom or molecule and a and b are integers. Ternary
compounds are those which comprise three different types of atoms, molecules or ions. For
instance a ternary compound is a compound of formula AaBysC., wherein A is an ion, atom or
molecule, B is a different ion, atom or molecule, C is another different ion, atom or molecule
and a, b and ¢ are integers. Quaternary compounds are those which comprise four different
types of atoms, molecules or ions. For instance a quaternary compound is a compound of
formula A.ByCcDgy, wherein A is an ion, atom or molecule, B is a different ion, atom or
molecule, C is another different ion, atom or molecule, D is yet another different ion, atom or
molecule and a, b, ¢ and d are integers. a, b, ¢ and d are each typically from 1 to 6. In these
definitions of binary, ternary and quaternary compounds, the ions may be atomic or
molecular ions. The bonds between these different ions, atoms and molecules may be ionic
or covalent or intermediate between ionic and covalent. Often, two or more ions which are
very similar may be considered as the same type of ion. For instance, a ternary compound
could comprise a first cation, a second cation and two or more halide anions, as the halide

anions may be considered to be the same type of ion.
Typically, the crystalline material comprises greater than 90 wt% of a single compound.

Preferably, the crystalline material comprises greater than 95 wt% of a single compound.

The single compound may be one of those as described herein.

‘Often the crystalline material comprises a ternary compound.

The crystalline material may comprise a compound with a formula which comprises one or
more first cations, one or more second cations and one or more anions. Thus, the crystalline
material may comprise a compound having a formula (I)

[Ala[Bs[Cle (D)
wherein [A] is one or more first cations, [B] is one or more second cations, [C] is one or more
anions, a is an integer from 1 to 6, b is an integer from 1 to 6, and ¢ is an integer from 1 to 18.
a is often an integer from 1 to 3, b is often an integer from 1 to 3, and c is often an integer

from 1 to 8.
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[A] may be at least one monocation selected from any suitable monocations. [A] is typically
at least one monocation selected from Li*, Na', K*, Rb", Cs*, NH4" and monovalent organic
cations. Monovalent organic cations are singly positively charged organic cations, which
may, for instance, have a molecular weight of no greater than 500 g/mol. For instance, [A]
may be a single cation selected from Li*, Na*, K*, Rb*, Cs*, NH4* and monovalent organic
cations. [A] is preferably at least one monocation selected from Rb*, Cs*, NHs" and
monovalent organic cations. For instance, [A] may be a single monocation selected from Rb*,
Cs*, NH4" and monovalent organic cations. In one embodiment, [A] may be at least one
inorganic monocation selected from Li*, Na*, K*, Rb*, Cs* and NH4". For instance, [A] may
be a singlev inorganic monocation selected from Li*, Na*, K*, Rb*, Cs* and NH4*. In another
embodiment, [A] may be at least one monovalent organic cation. For instance, [A] may be a

single monovalent organic cation.

When [A] is at least one organic monocation, [A] is typically an organic monocation
comprising an N atom. The N atom typically carries the positive charge (or part of the
positive charge). Preferably, [A] is at least one monocation selected from K¥, Rb*, Cs”,
(NR'R?R’RHY", (RIR?N=CR’R#", (R!IR’N-C(R*=NR*RH" and (R'R?N-C(NR’R®)=NR’R*",
wherein each of R!, R, R?, R*, R’ and R® is independently H, a substituted or unsubstituted
Ci-20 alkyl group or a substituted or unsubstituted aryl group. For instance, [A] may be a
single monocation selected from K*, Rb*, Cs*, (NR'R’R*R*)*, (R'R2N=CR3R**, (R'R?>N-
C(R)=NR’RH" and (R'R*N-C(NR’R®)=NR3R**, wherein each of R}, R?, R3, R4, R5 and R6
is independently H, a substituted or unsubstituted Ci20 alkyl group or a substituted or
unsubstituted aryl group. R!, R?, R?, R*, R?® and R® are typically independently H, a
substituted or unsubstituted Ci.s alkyl group or a substituted or unsubstituted aryl group.
Preferably R!, R?, R3, R*, R® and R® are independently H, or an unsubstituted C1.6 alkyl
group. For instance, R!, R?, R®, R%, R® and R® may independently be H, methyl, ethyl or
propyl.

Preferably, [A] is at least one monocation selected from K*, Rb*, Cs*, (RINH3)*, (NR?%)*,
and (H2N-C(R"Y=NH?)"*, wherein R! is H, a substituted or unsubstituted C1.20 alkyl group or a
substituted or unsubstituted aryl group, and each R? is independently a substituted or
unsubstituted Cj-10 alkyl group. More preferably, R! is H or an unsubstituted Ci.¢ alkyl group
and each R? is an unsubstituted Ci.¢ alkyl group. For instance, R! may be H, methyl, ethyl or
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propyl and each R? may be methyl, ethyl and propyl. All R may be the same and may be
methyl, ethyl and propyl.

Thus, [A] may be at least one monocation selected from K, Rb", Cs*, NH4", (CH3NH3)",
(CH3CH,NH3)*, (CH3CH,CH,NH3)*, (N(CHs)a)*, N(CH2CH3)4)*, (N(CH,CH2CH3)4)",
(H2N-C(H)=NH>)* and (HoN-C(CH3)=NHz)". Preferably [A] is at least one monocation
selected from Cs*, NHy*, (CH3sNH3)*, (CHsCH2NH3)", (N(CHs)s)*, (H2N-C(H)=NH,)" and
(H2N-C(CH3)=NH,)". Preferably, [A] is a single type of cation, i.e. the compound is of
formula As[B]s[C]c. [A] may be a single monocation selected from K*, Rb*, Cs*, NH4",
(CH3NH3)", (CH3CH,NH3)", (CH3CH2CH,NH3)", (N(CH3)sa)*, N(CH2CH3)4)",
(N(CH,CH2CH3)q)", (HaN-C(H)=NH)* and (HsN-C(CHz)=NH)".

Preferably, [A] is a single monocation selected from Cs*, NH4*, (CH3NH;3)*, (CH3CHaNH3)*,
(N(CH3)4)", N(CH2CH3)4)", (H;N-C(H)=NH>)* and (H,N— C(CH3)=NH>)". In one
embodiment, A is (CHgNH3)+. In another embodiment, A is (HoN— C(H)=NH)".

Often [B] is one or more metal or metalloid cations. Preferably [B] is one or more metal or
metalloid dications or [B] is one or more metal or metalloid tetracations. Metals include
elements of groups 3 to 12 of the Periodic Table of the Elements and Ga, In, T, Sn, Pb, Bi
and Po. Metalloids include Si, Ge, As, Sb, and Te. For instance, [B] may be at least one metal
or metalloid cation selected from Ti**, V**, Mn**, Fe*', Co**, Zr**, Nb*, Mo*', Ru*', Rh**,
Pd*, HE*, Ta*', W*, Re*t, Os™, Ir**, Pt**, Sn**, Pb*, Po*, Si**, Ge**, Te*, Ca?*, Sr?t, Cd*,
Cu?*, Ni%*, Mn**, Fe?*, Co?*, Pd*', Ge*', Sn?*, Pb**, Sn**, Yb?' and Eu®*. Typically, [B] is at
least one metal or metalloid cation selected from Pd*", W*", Re*", Os*', Ir**, Pt**, Sn**, Pb4",
Ge**, Te**, Sn**, Pb?", Cu**, Ge?" and Ni**. For instance, [B] may be a single metal or
metalloid cation selected from Pd*, W**, Re**, Os*, Ir*", Pt**, Sn**, Pb**, Ge**, Te**, Sn?*,
Pb%*, Cu?, Ge?" and Ni?*. Typically, [B] is at least one metal or metalloid cation selected

from Sn**, Pb*, Sn?*, Sn**, and Cu**.

[C] is typically one or more anions selected from halide anions and chalcogenide anions. [C]
may therefore be one or more anions selected from F~, Cl-, Br—, I, 0%, §%, Se?, and Te?".
Often, [C] is one or more anions selected from C1~, Br™, or I” or [C] is one or more anions

selected from S*°, Se?, and Te”".

The crystalline compound may therefore comprise a compound of formula (1)

[Ala[BIo[C]le (D)
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wherein:

[A] is one or more cations such as those described herein, for instance one or more
organic monocations;

[B] is one or more metal or metalloid cations selected from Pd**, W*", Re*, Os*', Ir**,
Pt*, Sn**, Pb*, Ge*, Te**, Sn?*, Pb**, Cu®*, Ge*" and Ni*";

[C] is one or more anions selected from F~, Cl-, Br, I, 0%, §%°, Se*", and Te*;

a is an integer from 1 to 3;

b is an integer from 1 to 3; and

¢ is an integer from 1 to 8.

For instance, if [A] is one cation (A), [B] is two cations (B1 and B2), and [C] is one anion
(C), the crystalline material comprises a compound of formula Aa(B!,B*),Ce. If [A], [B] or
[C] is more than one ion, those ions may be present in any propoftion. For instance,
Aa(B',B?),C. includes all compounds of formula A.B'syB2b(1-yCc wherein y is between 0 and

1, for instance from 0.05 to 0.95. Such materials may be referred to as mixed ion materials.

Typically, the crystalline material comprises a perovskite or a hexahalometallate. Preferably
the crystalline material comprises a perovskite. The crystalline material often comprises a
metal halide perovskite. The crystalline material often comprises an organometal halide

perovskite.

The crystalline material may comprise a perovskite of formula (II):
[AI[B][X]s (D
wherein:
[A] is at least one monocation; .
[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.

[A] may comprise at least one organic cation as described herein. For instance, [A] may
comprise one or more organic cations selected from (NR!R?R3RH)*, (RIR2ZN=CR3R**,
(R'R>N- C(R¥)=NR*RH" and (RIR*N-C(NR’R®)=NR?R*)*, wherein each of R}, R?, R?, R%,
R and R® is independently H, a substituted or unsubstituted C1.20 alkyl group or a substituted
or unsubstituted aryl group. R', R?, R?, R*, R’ and R® may be independently H, or an

unsubstituted Ci.s alkyl group. [A] may comprise one or more organic cations selected from
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(CH3NH3)", (CHsCHaNH3)*, (CHsCH,CH;NHs)*, (N(CHz)a)", (H2N—-C(H)=NHz)" and (HzN—
C(CH3)=NH)". [A] may be a single cation selected from (CH3NH3)", (CH3CH,NH3)",
(CH3CH,CH;NH3)*, (N(CH3)s)", (H2N-C(H)=NHa)" and (H;N-C(CH;)=NH)". A is often
(CHsNH;)*, (CH;CHaNH:)* or (CH;CHCH;NH;z).

[A] may comprise at least one inorganic cation. For instance, [A] may comprise one or more
inorganic cations selected from Cs*, Rb*, Cu*, Pd¥, Pt", Ag”, Au*, Rh*, and Ru*. [A] may
comprise an inorganic cation selected from Cs™ and Rb*. Typically, [A] comprises one or

more cations selected from (CHsNH3)*, (H2N-C(H)=NH3)" and Cs*.

The crystalline material may comprise a perovskite of formula (II):
[AlBIX]: D
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?*, NiZ*, Mn?*, Fe?*, Co**, Pd**, Ge**, Sn**, Pb%*, Yb?* and Eu®*; and

[X] is at least one halide anion.

Perovskite materials which may be formed by the process according to the invention are
methylammonium lead iodide, methylammonium lead iodide chloride, methylammonium tin
iodide, methylammonium tin iodide chloride, methylammonium lead bromide,
formamidinium lead iodide, methylammonium copper bromide chloride, methylammonium

copper chloride and ammonium copper bromide chloride.

The process of the invention allows layers of crystalline materials to be formed from low
solubility precursor compounds, for instance copper precursor compounds. Thus, in one
embodiment, the invention provides a perovskite comprising copper as described herein. The
invention may provide a compound of formula ACuls, ACuBr3, ACuCls, ACuF3;, ACuBrl,
ACuBryl3.x, ACuBryCls.x, ACuF3.4Brx, ACulxBrs.x, ACulxClz.x, ACuF3.xlx, ACuClxBrs.x,
ACul3xClx, or ACuF3.4Clx where x is from 0 to 3, and wherein A is a monocation as
described herein. For instance, the invention may provide a perovskite which is CH;3NH3Culs,
CH3NH3CuBr3, CH3NH3CuCls, CH3NH3CuF3, CH3NH3CuBrl>, CH3NH3CuBrxl3x,
CH3NH3CuBrxClsx, CHsNH3CuF3.xBrx, CH:NH3CulxBr3-x, CH3NH3CulxCls.,
CH3NH3CuF3.xlx, CHsNH3CuCliBrs3«x, CH3NH3Cul34Clx, and CH3NH3CuF3.xClx where x is
from 0 to 3. x may be from 0.05 to 2.95.
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In one embodiment, the perovskite is a perovskite compound of the formula (IIA):
AB[X]3 (TTA)

wherein: A is a monocation; 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 monocation and metal cation may be as defined above. For

instance, A may be an organic cation.

The crystalline material may, for instance, be a perovskite compound of formula (IIC):
ABX3xX’x  (1IC)

wherein: A is a monocation; 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. A may be an organic cation.

Again, in formula (IIC), the monocations and metal cations may be as further defined
hereinbefore. Thus the monocations may be selected from any organic cation or inorganic
cation described 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?*. Preferably, the metal cation is Sn**, Pb** or Cu?".

The crystalline material may comprise, or consist essentially of, a perovskite compound
selected from APbls, APbBr3, APbCls, APbF3, APbBryls.x, APbBrxCls«, APbIxBrs,
APDYIClzx, APbClBrs.x, APbl3.xClx, ASnl3, ASnBr3, ASnCl3, ASnF3, ASnBrlz, ASnBryls.x,
ASnBrClsx, ASnF3xBrx, ASnlxBrsx, ASnlxCls.x, ASnF3.xIx, ASnClyBr3.x, ASnl3.xClx and
ASnF34Clx, ACulz, ACuBr3, ACuCls, ACuF3, ACuBrlx, ACuBrxl3x, ACuBrxClsx, ACuFs.
«Brx, ACulxBrs.x, ACulxClsx, ACuF3.4Ix, ACuClyBrsx, ACulsClx, and ACuF3.xClx where x
is from O to 3, and wherein A is a monocation as described herein or an ammonium cation. 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. A may be an organic cation.

The crystalline material may comprise, or consist essentially of, a perovskite compound
selected from CH3NH3Pbl3, CH3NH3PbBr3, CH;NH3PbCls, CHsNH3PbF3, CHsNH3PbBrxlz.x,
CH3NH3PbBryCls.x, CH3NH3PblxBrsx, CHsNH3PbIxClsx, CH;NH3PbClBr3.4, CH3NH3PbIg-
xClx, CH3NH3Snl3, CHsNH3SnBr3, CH3NH3SnCls, CH3NH3SnF3, CH3NH3SnBrl,
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CH3NH3SnBr«l3.x, CHsNH3SnBrxClsx, CHsNH3SnF3«Brx, CHsNH3SnIxBrsx,
CH3NH3SnIxClsx, CHsNH3SnF3xIx, CHsNH3SnClxBrs.x, CH3NH3Snl3xCly, and
CH3NH;3S8nF3.xClx, CHsNH3Culs, CH3NH3CuBr3, CHsNH3CuCls, CH3NH3CuFs3,
CH3NH3CuBrl,, CH3NH3CuBrxl3.x, CHsNH3CuBrxCls.x, CH3NH3CuF3.xBrx,
CH3NH3CulxBr3-x, CH3NH3CulkClsx, CH3NH3CuF3.xIx, CH3NH3CuClxBr3.x, CH3NH3Culs.

xCly, and CH3NH3CuF3.xClx where x is from 0 to 3. x may be from 0.05 to 2.95. 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 crystalline material may comprise, or consist essentially of, a perovskite compound
selected from CH3NH3Pblz, CH:NH3PbBrs, CH3NH3PbCls, CH3NH3PbF3, CHsNH3PbBrly,
CH3NH3PbBrCla, CH3NH3PbIBr2, CHsaNH3PbICly, CH3NH3PbCIBr2, CH3NH3PbLCl,
CH3NH3Snl3, CH3NH3SnBrs, CH3NH3SnCls, CH3NH3SnF3, CH3NH3SnBrl,
CH3NH3SnBrCl,, CH3NH3SnF2Br, CH3NH3SnIBr2, CH3NH3SnICl,, CH3NH3SnF>,
CH3NH3SnClIBr2, CH3NH;3Snl>Cl, and CH3NH3SnF>Cl.

The crystalline material may comprise, or consist essentially of, a perovskite compound
selected from CH3NH3PbBrxI3.x, CHsNH3PbBrxClsx, CHs3NH3PbIxBrs.x, CH3NH3PbIxCls,
CH3NH3PbClxBra.x, CHs3NH3Pbl3xClx, CHs3NH3SnBrxI3.x, CHsNH3SnBrxCls.x, CH3NH3SnF3.
xBrx, CH3NH3SnIxBrs x, CH3NH3Snl:Clz.x, CHsNH3SnF3xIx, CHsNH3SnClxBrs.x,
CH3NH3Snl3xClx, and CH3NH3SnF3xCly, where x is from 0.05 to 2.95. For instance, x may
be from 0.5 to 2.5, from 0.75 to 2.25, or from 1 to 2.

The perovskite compound may be selected from CH3NH3PbBrlz, CHsNH3PbBrCl,
CH3NH3zPbIBr2, CH:NH3PbICly, CH3NH3SnF>Br, and CH3NH3SnF2I. The perovskite may
be CH3NH;3;PbCll.

Preferably, the crystalline material comprises, or consists essentially of, a perovskite
compound selected from CH3NH3Pbls, CHsNH3PbBrs, CHsNH3PbCl3, CH3NH3Snl3,
CH3NH3SnBr3, CH:NH3SnCls, CH3NH3Culz, CH3NH3CuBr3, CH3NH3CuCls, NH4Culs,
NH4CuBr3, NH4CuClz, NH4Cul;Br, NH4Cul>Cl, NH4CuBr,Cl, NH4CuCl,Br,
CH3NH3Cul;Br, CH3NH3Cul,Cl, CH;NH3CuBr,Cl, and CHsNH3CuCl:Br. More preferably,
the crystalline material comprises, or consist essentially of, a perovskite compound selected
from CH3NH3Pbls, CH:NH3Snl3, NH4CuCl;Br, CH3NH3CuCls, and CH3NH3CuCl,Br.



10

15

20

25

30

WO 2016/005758 PCT/GB2015/051993
23

The crystalline material may for instance comprise, or consist essentially of, a perovskite
compound selected from (HoN-C(H)=NH)Pblz, (H2N-C(H)=NH>)PbBrs, (H2N—
C(H)=NH2)PbCls, (Ho2N-C(H)=NH2)Snlz, (H2N-C(H)=NH2)SnBr3, (H2N-C(H)=NH2)SnCls,
(HoN-C(H)=NH2)Culs, (H2N-C(H)=NH2)CuBr3 and (H2N—C(H)=NH>)CuCls.

The crystalline material may comprise a hexahalometallate of formula (I1I):
[ARLIM][X]s  (III)
wherein:
[A] is at least one monocation;
[M] is at least one metal or metalloid tetracation; and

[X] is at least one halide anion.

[A] is at least one monocation; [M] is at least one metal or metalloid tetracation; and X is at
least one halide anion. In a mixed monocation hexahalometallate, [A] is at least two

monocations; [M] is at least one metal or metalloid tetracation (and typically [M] is a single

- metal or metalloid tetracation); and [X] is at least one halide anion (and typically [X] is a

single halide anion). In a mixed metal hexahalometallate, [A] is at least one monocation (and
typically [A] is a single monocation); [M] is at least two metal or metalloid tetracations (for
instance Ge*" and Sn*"); and [X] is at least one halide anion (and typically [X] is a single
halide anion). In a mixed halide hexahalometallate, [A] is at least one monocation (and
typically [A] is a single monocation); [M] is at least one metal or metalloid tetracation (and
typically [M] is a single metal tetra cation); and [X] is at least two halide anions, for instance

Br and CI'.

[A] may be at least one monocation selected from any suitable monocations, such as those
described above for a organometal halide perovskite. [A] is typically at least one monocation
selected from Li*, Na*, K*, Rb*, Cs*, NH4" and monovalent organic cations. Monovalent
organic cations are singly positively charged organic cations, which may, for instance, have a
molecular weight of no greater than 500 g/mol. For instance, [A] may be a single cation
selected from Li*, Na*, K*, Rb", Cs*, NHs" and monovalent organic cations. [A] is preferably
at least one monocation selected from Rb*, Cs*, NHs" and monovalent organic cations. For
instance, [A] may be a single monocation selected from Rb*, Cs*, NH4" and monovalent
organic cations. In one embodiment, [A] may be at least one inorganic monocation selected
from Li*, Na*, K*, Rb*, Cs* and NH4". For instance, [A] may be a single inorganic

monocation selected from Li*, Na*, K*, Rb*, Cs* and NH4". In another embodiment, [A] may
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be at least one monovalent organic cation. For instance, [A] may be a single monovalent

organic cation.

When [A] is at least one organic monocation, [A] is typically an organic monocation
comprising an N atom. The N atom typically carries the positive charge (or part of the
positive charge). Preferably, [A] is at least one monocation selected from K*, Rb", Cs”,
(NR'RZRRY*, (R'IRIN=CR?RY*, (R'RIN-C(R?)=NR3R*" and (R'R2ZN-C(NR’R®=NR*R*%",
wherein each of R!, R?, R3, R* R and R® is independently H, a substituted or unsubstituted
Ci-20 alkyl group or a substituted or unsubstituted aryl group. For instance, [A] may be a
single monocation selected from K*, Rb*, Cs*, NR'RZR3R*", (R'R?N=CR3R*", (R!R?N—
C(R*=NR*RH" and (R'IRIN-C(NR’R)=NR’R*)*, wherein each of R}, R%, R3, R¥, R® and R®
is independently H, a substituted or unsubstituted Ci-20 alkyl group or a substituted or
unsubstituted aryl group. R!, R%, R?, R*, R3 and R are typically independently H, a
substituted or unsubstituted Ci.s alkyl group or a substituted or unsubstituted aryl group.
Preferably R!, R?, R3, R4 R? and R® are independently H, or an unsubstituted C)-¢ alkyl
group. For instance, R}, R%, R» R, R’ and R® may independently be H, methyl, ethyl or
propyl.

Preferably, [A] is at least one monocation selected from K*, Rb*, Cs*, (R'NH3)*, (NR%)", and
(H:2N-C(RYH=NH,)*, wherein R! is H, a substituted or unsubstituted Ci-20 alkyl group or a
substituted or unsubstituted aryl group, and each R? is independently a substituted or
unsubstituted C1.10 alkyl group. More preferably, R! is H or an unsubstituted Ci.6 alkyl group
and each R? is an unsubstituted Ci.¢ alkyl group. For instance, R! may be H, methyl, ethyl or
propyl and each R? may be methyl, ethyl and propyl. All R? may be the same and may be
methyl, ethyl and propyl.

Thus, [A] may be at least one monocation selected from K*, Rb*, Cs*, NHs ¥, (CH3NH3)",
(CHsCH:NH3), (CHsCH,CHzNH3)", (N(CHz)a)*, (N(CH2CH3)a)*, (N(CH2CH2CH;)a)",
(HoN-C(H)=NH)* and (H;N-C(CH3)=NH,)". Preferably [A] is at least one monocation
selected from Cs*, NHy4 ¥, (CH3NH3)", (CH3CH2NH3)*, (N(CH3)4)", (H:2N-C(H)=NH>)" and
(HoN-C(CH3)=NH>)".

Preferably, [A] is a single type of cation, i.e. the hexahalometallate is a compound of formula
A2[M][X]s. [A] may be a single monocation selected from K*, Rb*, Cs*, NHs *, (CH3NH3)",
(CH3CH2NH3)", (CHsCH2CH2NH3)*, (N(CH3z)s)*, N(CH2CH3)4)", N(CH2CH2CHs)s)*,
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(H2N-C(H)=NH>)" and (HN-C(CH3)=NH)". Preferably, [A] is a single monocation
selected from Cs*, NHy *, (CH3NH3)*, (CHsCHaNH3)*, (N(CH3)a), (N(CH2CHz3))*, (HaN—
C(H)=NH>)" and (H:2N-C(CH3)=NH>)". In one embodiment, [A] is (CH3sNH3)". In another
embodiment, [A] is (H2N-C(H)=NH,)".

[M] may be any suitable metal or metalloid tetracation. Metals include elements of groups 3
to 12 of the Periodic Table of the Elements and Ga, In, T1, Sn, Pb, Bi and Po. Metalloids
include Si, Ge, As, Sb, and Te. For instance, [M] may be at least one metal or metalloid
tetracation selected from Ti**, V4, Mn**, Fe**, Co**, Zr*', Nb*, Mo*', Ru**, Rh**, Pd*', Hf",
Ta%, W#, Re*, Os*, "', Pt**, Sn*, Pb*", Po**, Si**, Ge**, and Te**. Typically, [M] is at
least one metal or metalloid tetracation selected from Pd*", W**, Re**, Os**, Ir**, Pt**, Sn*,
Pb*, Ge*", and Te**. For instance, [M] may be a single metal or metalloid tetracation selected

from Pd*, W#, Re*, Os*, Ir*', Pt*, Sn*', Pb*, Ge**, and Te*.

Typically, [M] is at least one metal or metalloid tetracation selected from Sn**, Te**, Ge**
and Re**. In one embodiment [M] is at least one metal or metalloid tetracation selected from
Pb*, Sn*", Te*", Ge** and Re**. For instance, [M] may be at least one metal or metalloid
tetracation selected from Pb**, Sn*", Te*" and Ge*'. Preferably, [M] is at least one metal or
metalloid tetracation selected from Sn**, Te**, and Ge**. As discussed above, the
hexahalometallate compound may be a mixed-metal or a single-metal hexahalometallate.
Preferably, the hexahalometallate compound is a single-metal hexahalometallate compound.
More preferably, [M] is a single metal or metalloid tetracation selected from Sn*, Te**, and
Ge*". For instance, [M] may be a single metal or metalloid tetracation which is Te*'. For
instance, [M] may be a single metal or metalloid tetracation which is Ge*'. Most preferably,

[M] is a single metal or metalloid tetracation which is Sn**.

[X] is at least one halide anion. [X] is therefore at least one halide anion selected from F,
CIl', Br™ and I'". Typically, [X] is at least one halide anion selected from CI~, Br~ and I". The
hexahalometallate compound may be a mixed'halide hexahalometallate or a single halide
hexahalometallate. If the hexahalometallate is mixed, [X] is two, three or four halide anions
selected from F~, CI7, Br~ and I". Typically, in a mixed halide compound, [X] is two halide

anions selected from F~, CI", Brand I'.
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Typically, [A] is a single monocation and [M] is a single metal or metalloid tetracation. Thus,
the crystalline material may, for instance, comprise a hexahalometallate compound of
formula (IITA)

AsM[X]e (IITA)
wherein: A is a monocation; M is a metal or metalloid tetracation; and [X] is at least one
halide anion. [X] may be one, two or three halide anions selected from F~, CI~, B~ and I", and
preferably selected from ClI-, Br~ and I". In formula (TIIA), [ X] is preferably one or two halide

anions selected from CI-, Br and I".

The crystalline material may, for instance, comprise a hexahalometallate compound of
formula (I1IB)

AMXeyX'y  (IIIB)
wherein: A is a monocation; M is a metal or metalloid tetracation; X and X' are each
independently a (different) halide anion; and y is from 0 to 6. When y is 0 or 6, the
hexahalometallate compound is a single-halide compound. When y is from 0.01 to 5.99 the
compound is a mixed-halide hexahalometallate compound. When the compound is a mixed-

halide compound, y may be from 0.05 to 5.95. For instance, y may be from 1.00 to 5.00.

The hexahalometallate compound may, for instance, be A2SnFe,Cly, A2SnFe.,Bry, A2SnFs.yly,
AaSnClgyBry, A2SnCleyly, A2SnBreyly, A2TeFs.yCly, AoTeFs.yBry, A2TeFsyly, A2TeClsyBry,
AxTeCleyly, AoTeBreyly, AxGeFsyCly, A2GeFs.yBry, AoGeFeyly, A2GeClsyBry, A2GeClsyly,
A2GeBreyly, A2ReFs.yCly, A2ReFe.yBry, AsReFesyly, A2ReClsyBry, A2ReClsyly or Az‘ReBrg-
yIy, wherein: A is K¥, Rb*, Cs*, (RINH3)*, (NR%s)", or (HoN—C(R)=NH,)", wherein R' is H, a
substituted or unsubstituted Ci.20 alkyl group or a substituted or unsubstituted aryl group, and
R? is a substituted or unsubstituted Ci-19 alkyl group; and y is from 0 to 6. Optionally, y is
from 0.01 to 5.99. If the hexahalometallate compound is a mixed-halide compound, y is
typically from 1.00 to 5.00. A may be as defined above. For instance, A may be Cs*, NH; *,
(CH3NH3)*, (CH3CH2NH3)*, N(CH3)4)*, N(CH2CHz)a)*, (H2N-C(H)=NHz)" or (H2N-
C(CH3)=NH,)*, for instance Cs*, NHs ", or (CHsNH3)".

The hexahalometallate compound may typically be A2SnFe.yCly, A2SnFs.yBry, A2SnFsyly,
A2SnClsyBry, A2SnClg.yly, or A2SnBreyly, wherein: A is K¥, Rb*, Cs*, (RINHs)*, NR%)*, or
(Ho2N-C(RDH=NH2)", or A is as defined herein, wherein R! is H, a substituted or unsubstituted

C1-20 alkyl group or a substituted or unsubstituted aryl group, or R! is as defined herein, and
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R? is a substituted or unsubstituted Cj-10 alkyl group, or R? is as defined herein; and y is from

0 to 6 or y is as defined herein.

In another embodiment, the hexahalometallate compound is A2GeFe4Cly, A2GeFs.yBry,
AxGeFe.yly, A2GeCle.yBry, A2GeClsyly, or A;GeBrsyly, wherein: A is K¥, Rb*, Cs*, (RINH3)",
(NR%)*, or (H;N-C(RY)=NH>)", or A is as defined herein, wherein R! is H, a substituted or
unsubstituted Ci-20 alkyl group or a substituted or unsubstituted aryl group, or R} is as defined
herein, and R? is a substituted or unsubstituted Ci.10 alkyl group, or R? is as defined herein;

and y is from 0 to 6 or y is as defined herein.

The hexahalometallate compound may, for instance, be A;TeF¢yCly, AoTeFs.yBry, AoTeFeyly,
A;TeClsBry, A2TeClsyly, or A2TeBre.yly, wherein: A is K*, Rb*, Cs*, (R'NH3)*, NR%)*, or
(HoN-C(RH=NH>)", or A is as defined herein, wherein R! is H, a substituted or unsubstituted
Ci-20 alkyl group or a substituted or unsubstituted aryl group, or R! is as defined herein, and
R? is a substituted or unsubstituted Ci.10 alkyl group, or R? is as defined herein; and y is from

0 to 6 or y is as defined herein.

Often, y will be from 1.50 to 2.50. For instance, y may be from 1.80 to 2.20. This may occur
if the compound is produced using two equivalents of AX' and one equivalent of MX4, as

discussed below.

In some embodiments, all of the ions are single anions. Thus, the crystalline material may
comprise a hexahalometallate compound of formula (IV)

AoMXs (Iv)
wherein: A is a monocation; M is a metal or metalloid tetracation; and X is a halide anion. A,

M and X may be as defined herein.

The hexahalometallate compound may be A2SnFs, A2SnCls, A2SnBrs, A2Snls, A2TeFs,
AxTeCls, A2TeBrs, AxTelg, A2GeFs, A2GeClg, A2GeBrs, A2Gels, AzReFs, A2ReCls, A2ReBrs
or AsRels, wherein: A is K¥, Rb*, Cs*, (R'INH;)*, (NR? 4)*, or (HaN—C(R!))=NH,)", wherein
R!is H, a substituted or unsubstituted Ci.20 alkyl group or a substituted or unsubstituted aryl
group, and R? is a substituted or unsubstituted Ci.10 alkyl group. A may be as defined herein.

Preferably, the hexahalometallate compound is A2Snls, A2SnBre, A2SnBreyly, A2SnCle.yly, or
AxSnCleBry wherein: A is K¥, Rb", Cs*, (R'INH;3)*, (NR%)*, or (Ho2N-C(R")=NH>)*, wherein

R!is H, a substituted or unsubstituted Ci-20 alkyl group or a substituted or unsubstituted aryl
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group, and R? is a substituted or unsubstituted Ci-io alkyl group; and y is from 0.01 to 5.99. A

and y may be as defined herein.

More preferably, the hexahalometallate compound is Cs2Snle, Cs2SnBrs, Cs2SnBrsyly,
Cs28nCleyly, Cs2SnClsyBry, (CH3NH3)2Snls, (CH3NH3)2SnBrg, (CH3NH3)2SnBreyly,
(CH3NH3)2SnCls.yly, (CH3NH3)2SnCls.yBry, (H2N—C(H)=NH2)2Snls, (H2N-
C(H)=NH>)2SnBrs, (Ho2N-C(H)=NH>)2SnBre.yly, (H2N-C(H)=NH>)>SnCls.yly or (HoN—
C(H)=NH2)2SnCls.yBry wherein y is from 0.01 to 5.99. y may be as defined herein. For
example, the hexahalometallate compound may be (CH3NH3)2Snls, (CH3NH3),SnBrs,
(CH3NH3)28nCls, (HaN-C(H)=NH2)2Snl6, (H2N-C(H)=NH2)2SnBrs or (H2N-
C(H)=NH2)2SnCls. The hexahalometallate compound may be Cs2Snls, Cs2SnBrs, Cs2SnCls.
yBry, (CH3NH3)2Snls, (CH3NH3)2SnBrs, or (H2N-C(H)=NH2)>Snl.

Conditions

In the processes of the invention, the second chamber is not under a high vacuum (i.e. the
pressure in the second chamber is not less than 10~ mbar), The pressure in the second
chamber is therefore greater than 10~ mbar, for instance, the pressure of the second chamber
may be greater than or equal to 1 mbar. The pressure in the second chamber means that step

(ii) is not typically a vacuum deposition.

In one embodiment, the pressure in the second chamber may be greater than or equal to 100
mbar. Preferably, the pressure in the second chamber is greater than or equal to 500 mbar.
The second chamber is often at atmospheric pressure. Thus, the pressure in the second

chamber may be from 900 mbar to 1100 mbar, for instance from 950 mbar to 1050 mbar.

In a further embodiment, the pressure in the second chamber is above high vacuum and is
also less than atmospheric pressure. The pressure in the second chamber may therefore be
less than 1000 mbar. Consequently, the pressure in the second chamber is greater than 107

mbar and may be less than 1000 mbar.

The second chamber comprises a vapour comprising the second precursor compound during
the production of the layer of the crystalline compound. The second chamber may comprise a
carrier case, for instance an inert gas such as nitrogen, air, helium, neon, argon or krypton.

The second chamber often contains nitrogen or air.
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The pressure in the first chamber is typically less than or equal to 10 mbar. Often, the
pressure in the first chamber is less than or équal to 10” mbar. The pressure in the first
chamber is therefore often at least a rough vacuum. Preferably, the pressure in the first
chamber is less than or equal to 10* mbar. For instance, the pressure in the first chamber may
be less than or equal to 10~ mbar. Therefore, the first chamber is preferably under a high

vacuum.

The pressure in the second chamber is higher than the pressure in the first chamber. For
instance, the pressure in the first chamber may be less than or equal to 10 mbar and the

pressure in the second chamber is greater than or equal to 100 mbar.

If the first chamber is under a high vacuum (for instance, less than or equal to 10" mbar) or,
for instance, a pressure of less than or equal to 10 mbar, step (i) typically comprises vacuum
deposition of the first precursor compound. As the pressure in the second chamber is above
high vacuum (for instance greater than 10 mbar or greater than or equal to 1 mbar), step (ii)
typically comprises exposing the layer of the first precursor compound to a vapour
comprising the second precursor compound at a pressure of greater than 10 mbar (e.g.

greater than or equal to 1 mbar).

Thus, in a first embodiment the process of the invention may comprise:

(i) producing a layer of a first precursor compound on a substrate by vacuum
deposition with a vapour comprising the first precursor compound; and

(ii) exposing the layer of the first precursor compound to a vapour of the second
precursor compound at a pressure of greater than or equal to 1 mbar, for instance greater than

or equal to 500 mbar.

In a second embodiment the process of the invention may comprise: »
(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate, wherein the first
chamber is under a high vacuum; and
(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline

material, wherein the second chamber is not under a high vacuum.

In both processes, the vapour comprising the first precursor compound is typically produced

by heating a composition comprising (or consisting essentially of) the first precursor
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compound. The composition comprising the first precursor compound is typically heating in
a vessel such as a crucible (which is the source of the vapour). The vapour produced by
heating the first precursor compound travels to the substrate, which is often placed above the
heated composition, and condenses on the substrate to form a layer of the first precursor
compound. The composition comprising, or consisting essentially of, the first precursor
compound is typically heated at a temperature of from 50°C to 250°C, for instance from 50°C
to 150°C or from 150°C to 250°C. The substrate is usually placed from 1 cm to 20 cm (for
instance form 5 cm to 10 cm) away from the source of the vapour of the first precursor

compound.

The rate of disposition of the first precursor compound is often from 0.05 to 1.0 nm/s, for
instance from 0.1 to 0.5 nm/s. The substrate is often exposed to the vapour comprising the
first precursor compound for from 1 minute to 1 hour, for instance from 10 minutes to 30

minutes.

Step (1) is continued until a layer of the first precursor compound of desired thickness is
formed on the substrate. For instance, the substrate may be exposed to the vapour comprising
the first precursor compound until a layer of the first precursor compound having a thickness
of from 10 nm to 1 um, for instance from 100 nm to 500 nm is formed. Often, the layer of the
first precursor compound has a thickness of greater than or equal to 100 nm. Preferably,

exposure is continued until a layer having a thickness of from 200 nm to 300 nm is formed.

Step (ii) comprises exposing the layer of the first precursor compound to a vapour comprising
a second precursor compound in a second chamber to produce the layer of a crystalline
material, wherein the second chamber is not under a high vacuum, step (ii) is not a vacuum
deposition process. Step (ii) may comprise: annealing (i.e. heating) the layer of the first
precursor compound on the substrate in an atmosphere comprising a vapour comprising a

second precursor compound to produce the layer of a crystalline material.

Typically, the second chamber is a sealed chamber comprising: the substrate with the layer of
the first precursor compound disposed thereon; a solid composition comprising, or consisting
essentially of the second precursor compound; the vapour comprising the second precursor
compound; and optionally a carrier gas, for instance air or nitrogen. The second chamber may
further comprise a solvent such that the solvent annealing step described below occurs

simultaneously with step (ii).
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The process typically further comprises producing the vapour comprising a second precursor
compound by heating the second precursor compound in the second chamber. The second
chamber may be a sealed chamber comprising the layer of the first precursor compound on a
substrate and a solid composition comprising, or consisting essentially of, the second
precursor compound. The solid composition comprising, or consisting essentially of, the
second precursor compound may be placed in a crucible which is heated, or it may be placed
directly on an interior surface of the second chamber, for instance on the floor of the second
chamber, and the second chamber may then be heated. The second chamber may be placed
on a hot plate. Upon heating the second chamber, the second precursor compound may
sublime to form a vapour comprising the second precursor compound which fills the second
chamber. The layer of the first precursor compound is then exposed to the vapour comprising
the second precursor compound (for instance as an atmosphere of the vapour) which allows

the formation of the layer of the crystalline material.

The layer of the first precursor compound is typically exposed to a vapour comprising the
second precursor compound in the second chamber to produce the layer of a crystalline
material for from 10 minutes to 12 hours or from 30 minutes to 6 hours. The layer of the first
precursor compound is exposed to a vapour comprising a second precursor compound for a
time sufficient to allow formation of the layer of the crystalline material. The layer of the first
precursor compound is typically exposed to a vapour comprising a second precursor

compound for from 1 to 4 hours, for instance from 1.5 to 2.5 hours.

Typically, the first chamber and the second chamber are different chambers, i.e. they are
unconnected chambers. The substrate comprising the layer of the first precursor compound is
therefore often transported from the first chamber to the second chamber following step (i).
The substrate comprising the layer of the first precursor compound is therefore often

transported through air to the second chamber.

Thus, a typical process according to the invention may comprise:

(a) placing a substrate within a first chamber comprising a composition comprising, or
consisting essentially of, the first precursor compound and evacuating the first chamber such
that the pressure is less than or equal to 10 mbar (or another pressure as described herein for
the first chamber);

(b) heating the composition comprising, or consisting essentially of, the first precursor

compound to produce a vapour comprising the first precursor compound and exposing the
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substrate to the vapour comprising the first precursor compound in the first chamber to
produce a layér of the first precursor compound on the substrate;

(¢) transferring the layer of the first precursor compound on the substrate from the
first chamber to a second chamber (or allowing it to be transferred) at greater than 10" mbar
(for instance at greater than or equal to 1 mbar, for instance at greater than or equal to 500
mbar or at atmospheric pressure) which comprises a composition comprising, or consisting
essentially of, a second precursor compound;

(d) heating the composition comprising, or consisting essentially of, the second
precursor compound to produce a vapour comprising the second precursor compound at a
pressure of greater than 10™ mbar (for instance at greater than or equal to 1 mbar, for instance
at greater than or equal to 500 mbar or at atmospheric pressure); and

(e) exposing the layer of the first precursor compound to the vapour comprising the
second precursor compound (e.g. an atmosphere of the vapour) in a second chamber
(optionally for a time of from 30 minutes to 6 hours) to produce the layer of a crystalline
material, wherein the pressure in the second chamber is greater than 10 mbar (or at greater
than or equal to 1 mbar, for instance at greater than or equal to 500 mbar or at atmospheric

pressure).

In some embodiments, the first chamber and the second chamber are the same chamber.
Thus, there is one chamber which is referred to as the first chamber during step (i) and which
is then referred to as the second chamber during step (ii). In such an arrangement, the
pressure in the single chamber is typically increased between step (i) and step (ii). For
instance, the chamber may be evacuated (to lower the pressure) to act as the first chamber for
step (i), before a carrier gas or the vapour comprising the second precursor compound is
introduced into the chamber to increase the pressure such that the chamiber acts as the second

chamber during step (ii).

Often, step (i) comprises vacuum deposition of the first compound (for instance in a first
chamber at a pressure of less than or equal to 10~ mbar) and step (ii) comprises annealing or
heating the layer of the first precursor compound in vapour comprising the second precursor
compound at a pressure of greater than 10 mbar (for instance greater than or equal to 1
mbar). Vacuum deposition is typically a directional deposition whereby molecules of the
compound being deposited travel in a straight or substantially straight line to the substrate.

Thus vacuum deposition requires a low pressure to prevent collision of the molecules of the
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compound being disposed with other molecules or particles in the atmosphere. In contrast,
step (i1) comprises exposing the layer of the first precursor compound to a vapour comprising
a second precursor compound in a second chamber to produce the layer of a crystalline
material, wherein the pressure in the second chamber is greater than 10" mbar (for instance
greater than or equal to 1 mbar). High vacuum is considered to be where the mean free path
of a gas or vapour is longer than the size of the chamber, such that there are very few
collisions between molecules or particles in the vapour/gas (i.e. molecular flow). At
pressures above high vacuum (e.g. at greater than or equal to 1 mbar) molecules of the second
precursor compound typically collide frequently with other gaseous molecules or particles in
the second chamber. The layer of the first precursor compound is therefore exposed to a non-
directional vapour comprising the second precursor compound. This is thought to improve

formation of the layer of the crystalline material.

The crystalline material is formed by reaction between the layer of the first precursor

compound and vapour comprising the second precursor compound.

Typically, the mean free path of the vapour of the first precursor compound is greater than or
equal to 10 mm or the mean free path of the vapour of the second precursor compound is less
than or equal to 0.1 mm. For instance, the mean free path of the vapour of the first precursor
compound may be greater than or equal to 10 mm and the mean free path of the vapour of the
second precursor compound may be less than or equal to 0.1 mm. Often, the mean free path
of the vapour of the first precursor compound is greater than or equal to 100 mm or the mean
free path of the vapour of the second precursor compound is less than or equal to 1 um. The
mean free path of a vapour may be calculated based on, for instance, temperature and

pressure.

The temperature of the second chamber is often greater than or equal to 50°C or greater than
or equal to 100°C. The temperature is typically sufficient to allow some of the second
precursor compound to sublime. For instance, temperature of the second chamber may be
from 100°C to 500°C. Preferably, the temperature of the second chamber may be from
100°C to 250°C. The temperature of the walls of the second chamber is typically greater than
the temperature of the substrate, as this can prevent deposition of the second precursor
compound on the walls of the second chamber. In some cases, the temperature of the second

chamber is less than or equal to 150°C.
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Precursor compounds

The first and second precursor compounds may be any suitable precursor compounds for
formation of the crystalline material. Additional precursor compounds may be present in

either step (i) or step (ii).

Typically (i) the first precursor compound comprises one or more first cations and one or
more first anions and (ii) the second precursor compound comprises one or more second

cations and one or more second anions.

The one or more first cations are typically selected from metal cations. Metal cations include
any cation of metals in groups 1 to 14 of the periodic table. The one or more first cations are
often one or more metal monocations, one or more metal dications, or one or more metal
tetracations. Preferably, the one or more first cations are one or more metal dications or one
or more metal tetracations. Often, the one or more first cations are a single type of metal
cation, for instance a single metal dication or a single metal tetracation. If the crystalline
material comprises a perovskite, the one or more first cations typically comprise one or more
metal dications. If the crystalline material comprises a hexahalometallate, the one or more

first cations typically comprise one or more metal tetracations.

The one or more first anions are typically selected from halide anions and chalcogenide
anions. The one or more first anions are often selected from halide anions. The one or more

first anions are often a single type of halide anion.

The one or more second cations are typically selected from metal cations, ammonium and

organic cations. The one or more second cations are typically one or more monocations.

The one or more second anions are typically selected from halide anions and chalcogenide
anions. The one or more second anions are often selected from halide anions. The one or

more second anions are often a single type of halide anion.

Typically (i) the first precursor compound comprises a metal cation and one or more first
anions and (ii) the second precursor compound comprises an inorganic cation (e.g. a caesium
cation (Cs"), an ammonium cation (NH*") or an organic cation and one or more second

anions.
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Typically, the metal cation is Ca®*, Sr?*, Cd**, Cu®*, Ni%*, Mn?', Fe?', Co**, Pd?*, Ge**, Sn**,
Pb?*, Yb?*, Eu?*, Pd*, W*, Re*, Os*, Ir™*, Pt**, Sn**, Pb*, Ge**, or Te*': the one or more
first anions are selected from halide anions; the inorganic cation is a caesium cation or a
rubidium cation; the organic cation is an organic ammonium cation or an organic

formamidinium cation; and the one or more second anions are selected from halide anions.

The organic cation may be any organic cation as described above. For instance, the organic
cation may be selected from (NR!R?R3R*)*, (RIR*N=CR*RH*, (R'R*N-C(R*)=NR3*RH* and
(RIR*N-C(NR’R®)=NR3R*)*, wherein each of R!, R?, R®, R R’ and R® is independently H, a
substituted or unsubstituted Ci-20 alkyl group or a substituted or unsubstituted aryl group. R!,
R2, R R* R® and R® are typically independently H, a substituted or unsubstituted C1.¢ alkyl
group or a substituted or unsubstituted aryl group. Preferably R!, R%, R3, R4, R’ and R® are
independently H, or an unsubstituted C1.¢ alkyl group. For instance, R', R?, R?, R, R® and R®
may independently be H, methyl, ethyl or propyl.

Preferably, the organic cation is selected from (R'NH3)*, (NR?%)*, and (H:N-C(R')=NH>)",
wherein R! is H, a substituted or unsubstituted Ci-0 alkyl group or a substituted or
unsubstituted aryl group, and each R? is independently a substituted or unsubstituted Ci-10
alkyl group. More preferably, R! is H or an unsubstituted Cj-¢ alkyl group and each R? is an
unsubstituted C1-6 alkyl group. For instance, R! may be H, methyl, ethyl or propyl and each
R? may be methyl, ethyl and propyl. All R? may be the same and may be methyl, ethyl and
propyl. For instance, the organic cation may be selected from (CH3NH3)*, (CH3;CH2NH3)*,
(CH3CH,CH,NH3)*, (N(CH3)4)*, (N(CH2CH3)4)", (N(CH2CH2CH3)4)", (H2N-C(H)=NH>)*
and (HoN-C(CH3)=NHz)".

Often, the metal cation is Cu?*, Ge?*, Sn?", Pb**; the one or more first anions are selected
from F-, CI", Br~ and I7; the organic cation is a cation of formula (R°NH3)" wherein R® is a
unsubstituted or substituted Ci20 alkyl group or an unsubstituted or substituted aryl group; or
the one or more second anions are selected from F~, CI~, Br~ and I". For instance, the metal
cation may be Cu?*, Ge?*, Sn?*, Pb?*; the one or more first anions may be selected from F-,
CI-, Br~ and I'; the organic cation may be a cation of formula (R°NH?)" wherein R’ is a
unsubstituted or substituted Ci20 alkyl group or an unsubstituted or substituted aryl group;

and the one or more second anions may be selected from F~, CI", Br and I".
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If the metal cation is a dication, the crystalline material is often a perovskite, such as that
described by formula (II) above. If the metal cation is a tetracation, the crystalline material is

often a hexahalometallate as describe by formula (III) above.

If the crystalline material is a perovskite, the first precursor compound is often a metal
dihalide and the second precursor compound is often a halide of an organic cation. If the
crystalline material is a hexahalometallate, the first precursor compound is often a metal

tetrahalide and the second precursor compound is often a halide of an organic cation.

The first precursor compound may be a compound of formula BX; wherein B is a metal
cation and X is a halide anion; and/or the second precursor compound may be a compound of
formula AX' wherein A is a monocation (for instance an organic cation) and X' is a halide
anion. In some cases, X and X' are different halide anions. This is typically the case for

perovskites.

The first precursor compound may, for instance, be selected from lead difluoride, lead
dichloride, lead dibromide, lead diiodide, tin difluoride, tin dichloride, tin dibromide, tin
diiodide, copper difluoride, copper dichloride, copper dibromide, copper diiodide, germanium
difluoride, germanium dichloride, germanium dibromide, germanium diiodide, lead
tetrafluoride, lead tetrachloride, lead tetrabromide, lead tetraiodide, tin tetrafluoride, tin
tetrachloride, tin tetrabromide, tin tetraiodide, germanium tetrafluoride, germanium
tetrachloride, germanium tetrabromide, and germanium tetraiodide. The first precursor
compound may be selected from lead dichloride, lead dibromide, lead diiodide, tin dichloride,
tin dibromide, tin diiodide, copper dichloride, copper dibromide, copper diiodide, germanium
dichloride, germanium dibromide, germanium diiodide, lead tetrachloride, lead tetrabromide,
lead tetraiodide, tin tetrachloride, tin tetrabromide, tin tetraiodide, germanium tetrachloride,
germanium tetrabromide, and germanium tetraiodide. Preferably, the first precursor
compound is selected from lead dichloride, lead dibromide, lead diiodide, tin dichloride, tin

dibromide, and tin diiodide.

The first precursor compound may be a compound of formula MX4 wherein M is a metal
cation and X is a halide anion; and/or the second precursor compound may be a compound of
formula AX’ wherein A is said organic cation and X' is a halide anion. In some cases, X and

X' are different halide anions. This is typically the case for hexahalometallates.
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The first precursor compound may, for instance, be selected from lead tetrafluoride, lead
tetrachloride, lead tetrabromide, lead tetraiodide, tin tetrafluoride, tin tetrachloride, tin

tetrabromide and tin tetraiodide.

The second precursor compound may, for instance, be selected from (HsNRHX,
ANRIRZR’RHX, (RIR2N=CR3RHX, (RIR2N-C(R*)=NR’RHX and (R'R*N-
C(NR’R®=NR3R*)X, wherein each of R, R%, R} R* R’ and R® is independently H, a
substituted or unsubstituted Ci.20 alkyl group or a substituted or unsubstituted aryl group, and
XisF-, CI, Br, or I. Preferably the second precursor compound is (HsNR)X, wherein R!
is an unsubstituted Cj.¢ alkyl group and X is C1~, Br, or I".

The one or more second precursor compounds may, for example, be selected from CsF, CsCl,
CsBr, Csl, NH4F, NH4Cl, NH4Br, NHal, (CH3NH3)F, (CH3NH3)Cl, (CH3NH3)Br,
(CH3NH3)I, (CH3CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3),
(N(CHs)4)F, (N(CHz3)4)Cl, (N(CH3)4)Br, (N(CH3)4)I, (H2N-C(H)=NH2)F, (H2N—
C(H)=NH2)Cl, (H:2N-C(H)=NH2)Br and (H2N-C(H)=NH>)I. Typically, the second precursor
compounds is selected from CsCl, CsBr, Csl, NH4CI, NH4Br, NH4l, (CH3NH3)CI,
(CH3NH3)Br, (CH3NH3)I, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH3CH2NH3)I, (N(CH3)4)Cl,
(N(CH3)4)Br, (N(CH3)4)I, (Ho2N-C(H)=NH2)Cl, (Ho2N-C(H)=NH2)Br and (H_2N-C(H)=NH;)I.

Preferably, the first precursor compound is a lead dihalide, a tin dihalide or a copper dihalide,
for instance lead diiodide, tin diiodide, copper dibromide or copper dichloride, and the second
precursor compound is an alkylammonium halide, for instance methylammonium iodide,
methylammonium bromide, or methylammonium chloride, or an ammonium halide, for
instance ammonium iodide, ammonium bromide, or ammonium chloride. The first precursor
compound may be lead diiodide and the second precursor compound may be
methylammonium iodide. The first precursor compound may be lead diiodide and the second
precursor compound may be methylammonium chloride. The first precursor compound may
be tin diiodide and the second precursor compound may be methylammonium iodide. The
first precursor compound may be copper dibromide and the second precursor compound may
be methylammonium chloride. The first precursor compound may be copper dichloride and
the second precursor compound may be methylammonium chloride. The first precursor
compound may be copper dichloride and the second precursor compound may be ammonium

bromide.
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Substrate

The substrate may be any suitable substrate. For instance, the substrate may be a substrate

suitable for a semiconductor device.

The substrate typically comprises a layer of a first electrode material. Thus the substrate
typically comprises one or more first electrodes. The first electrode material may be any
suitable electrically conductive material. Suitable conductive materials include metals,
transparent conducting oxides, graphite, and conductive polymers. Examples of metals
which may form the first electrode material include silver, gold, copper, aluminium, platinum,
palladium, or tungsten. The first electrode material typically comprises, or consists
essentially of, a transparent conducting oxide. The transparent conducting oxide may be
selected from fluorine doped tin oxide (FTO), indium tin oxide (ITO), or aluminium zinc
oxide (AZO), and preferably FTO. The first electrode material may form a single layer or

may be patterned.

The substrate typically comprises a layer of an n-type semiconductor or a layer of a p-type
semiconductor. Preferably, the layer of an n-type semiconductor or the layer of a p-type
semiconductor is a compact layer. Compact layers are typically layers without open porosity.
The thickness of the layer of an n-type semiconductor or the layer of a p-type semiconductor
is typically from 10 nm to 500 nm. For instance, the thickness may be from 50 nm to 200

nm.

The n-type semiconductor may comprise an inorganic or an organic n-type semiconductor. A
suitable inorganic n-type semiconductor may be 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. Typically, the n-type semiconductor is selected from a metal oxide, a metal
sulphide, a metal selenide, and a metal telluride. Thus, the n-type semiconductor may be an
inorganic material selected from oxide of titanium, tin, zinc, niobium, tantalum, tungsten,
indium, gallium, neodymium, palladium, or cadmium, or an oxide of a mixture of two or
more of said metals. For instance, the n-type semiconductor may comprise TiO2, SnO,, ZnO,

Nb2Os, Tax0s, WO3, W20s, In203, Gaz03, Nd203, PbO, or CdO. Preferably, the n-type
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semiconductor comprises, or consists essentially of, TiO. The substrate may comprise a

compact layer of titanium dioxide.

The p-type semiconductor may comprise an inorganic or an organic p-type semiconductor.
Typically, the p-type semiconductor comprises an organic p-type semiconductor. Suitable
ptype semiconductors may be selected from polymeric or molecular hole transporters. The
ptype semiconductor may comprise spiro-OMeTAD (2,2°,7,7’-tetrakis-(N,N-di-
pmethoxyphenylamine) 9,9’-spirobifluorene)), P3HT (poly(3-hexylthiophene)), PCPDTBT
(Poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-
b'ldithiophene-2,6-diyl]]) or PVK (poly(N-vinylcarbazole)). The p-type semiconductor may
comprise carbon nanotubes. Usually, the p-type semiconductor is selected from spiro-
OMeTAD, P3HT, PCPDTBT and PVK. Preferably, the p-type semiconductor is spiro-
OMeTAD.

The substrate may, for instance, comprise a layer of a first electrode material and a layer of an
n-type semiconductor. Often, the substrate comprises a layer of a transparent conducting

oxide, for instance FTO, and a compact layer of an n-type semiconductor, for instance TiO;.
In some embodiments, the substrate comprises a layer of a porous scaffold material.

The layer of a porous scaffold is usually in contact with a layer of an n-type or p-type
semiconductor material, for instance a compact layer of an n-type semiconductor or a
compact layer of a p-type semiconductor. The scaffold material is typically mesoporous or
macroporous. The scaffold material may aid charge transport from the crystalline material to
an adjacent region. The scaffold material may also aid formation of the layer of the
crystalline material during deposition. The porous scaffold material is typically infiltrated by

the crystalline material after deposition.

Typically, the porous scaffold material comprises a dielectric material or a charge-
transporting material. The scaffold material may be a dielectric scaffold material. The
scaffold material may be a charge-transporting scaffold material. The porous scaffold
material may be an electron-transporting material or a hole-transporting scaffold material. N-
type semiconductors are examples of electron-transporting materials. p-type semiconductors
are examples of hole-transporting scaffold materials. Preferably, the porous scaffold material
is a dielectric scaffold material or a electron-transporting scaffold material (e.g. an n-type

scaffold material).
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The porous scaffold material may be a charge-transporting scaffold material (e.g. an
electrontransporting material such as titania, or alternatively a hole transporting material) or a
dielectric material, such as alumina. The term “dielectric material”, as used herein, refers to
material which is an electrical insulator or a very poor conductor of electric current. The term
dielectric therefore excludes semiconducting materials such as titania. The term dielectric, as
used herein, typically refers to materials having a band gap of equal to or greater than 4.0 eV.
(The band gap of titania is about 3.2 eV.) The skilled person of course is readily able to
measure the band gap of a material by using well-known procedures which do not require
undue experimentation. For instance, the band gap of a material can be estimated by
constructing a photovoltaic diode or solar cell from the material and determining the
photovoltaic action spectrum. The monochromatic photon energy at which the photocurrent
starts to be generated by the diode can be taken as the band gap of the material; such a
method was used by Barkhouse et al., Prog. Photovolt: Res. Appl. 2012; 20:6—11. References
herein to the band gap of a material mean the band gap as measured by this method, i.e. the
band gap as determined by recording the photovoltaic action spectrum of a photovoltaic diode
or solar cell constructed from the material and observing the monochromatic photon energy

at which significant photocurrent starts to be generated.

The thickness of the layer of the porous scaffold is typically from 5 nm to 300 nm. For

instance, the thickness of the layer of the porous scaffold may be from 10 nm to 50 nm.

The substrate may, for instance, comprise a layer of a first electrode material, a layer of an
ntype semiconductor, and a layer of a dielectric scaffold material. The substrate may therefore
comprise a layer of a transparent conducting oxide, a compact layer of TiO; and a porous

layer of Al>Os.

The thickness of the layer of the first precursor compound is typically from 50 nm to 1000
nm. Thus, the layer of the first precursor compound may be deposited until it has a thickness
of from 50 nm to 1000 nm. Often, the layer of the first precursor compound has a thickness of

greater than or equal to 100 nm.

The layer of the first precursor compound is often without open porosity. The layer of the

crystalline compound is often without open porosity.



10

15

20

25

30

WO 2016/005758 PCT/GB2015/051993
41

Solvent annealing step

In some cases it is desirable to perform an additional solvent annealing step. The solvent
annealing step can be used to obtain desired crystal sizes within the layer of the crystalline
material. The solvent annealing step can be performed simultaneously with step (ii) to
improve crystal formation. In the solvent annealing step the layer of the crystalline material,
or layer comprising the first precursor compound and the crystalline material, is exposed to a

solvent atmosphere and optionally heated in this atmosphere.

Thus, the process may further comprise: (iii) exposing the layer of the crystalline material to

a vapour comprising a solvent.

The solvent annealing step may occur subsequently to step (ii) or simultaneously with step
(i1). If steps (iii) and (ii) occur at the same time, the substrate comprising a layer of the first
precursor compound is exposed to a vapour comprising both the second precursor compound

and the solvent in a second chamber to produce the layer of a crystalline material.

The solvent may be any suitable solvent. The solvent may be a polar solvent or a non-polar
solvent. Typically the solvent is a polar solvent. Examples of polar solvents include water,
alcohol solvents (such as methanol, ethanol, n-propanol, isopropanol and n-butanol), ether
solvents (such as dimethylether, diethylether and tetrahydrofuran), ester solvents (such as
ethyl acetate), carboxylic acid solvents (such as formic acid and ethanoic acid), ketone
solvents (such as acetone), amide solvents (such as dimethylformamide and
diethylformamide), amine solvents (such as triethylamine), nitrile solvents (such as
acetonitrile), sulfoxide solvents (dimethylsulfoxide) and halogenated solvents (such as
dichloromethane, chloroform, and chlorobenzene). The solvent may be selected from polar
protic solvents. Examples of protic polar solvents include water, methanol, ethanol,
npropanol, isopropanol, n-butanol, formic acid, ethanoic acid. Examples of non-polar solvents
include alkanes (such as pentane and hexane), cycloalkanes (such as cyclopentane and

cyclohexane), and arenes (such as benzene, toluene and xylene).

The vapour comprising a solvent is usually produced by heating a sample of the solvent. The
solvent may be heated at a temperature of from 10°C to 200°C. For instance, the solvent may
be heated at a temperature of from 50°C to 150°C. The solvent annealing step may occur in

the same chamber as step (ii), or the layer of the crystalline material may be transferred to
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another chamber before the solvent annealing step is performed. Step (iii) is typically

performed in a sealed chamber containing the layer of the crystalline material and solvent.

The substrate is usually heated during the solvent annealing step. The layer of the crystalline
material may be heated at a temperature of from 30°C to 300°C. For instance, the layer of the
crystalline material may be heated at a temperature of from 50°C to 150°C. The layer ofthe
crystalline material may be heated (i.e. annealed in the solvent atmosphere) for from 10
minutes to 24 hours. For instance, layer of the crystalline material may be heated for from 30
minutes to 12 hours, or from 1 hours to 6 hours. The pressure in the chamber during step (iii)
is typically greater than or equal to 500 mbar. Typically, the pressure is approximately

atmospheric, for instance from 950 mbar to 1050 mbar.

The process may further comprise an annealing step, step (iv). Thus, the process may further
comprise: (iv) heating the layer of the crystalline material to a temperature of from 50°C to
250°C. This step may be in addition to sfep (iii), or may occur instead of step (iii). Thus, the
process of the invention may comprise: steps (i) and (ii); steps (i), (i) and (iii); steps (i), (ii)

and (iv); or steps (i), (ii), (iii) and (iv).

The layer of the crystalline material is typically heated at a temperature of from 50°C to
200°C, for instance at from 100°C to 200°C. The layer of the crystalline material may be
heated (in step (iv)) for from 10 minutes to 24 hours. For instance, layer of the crystalline
material may be heated for from 30 minutes to 12 hours, or from 1 hours to 6 hours. The
pressure in the chamber during step (iv) is typically greater than or equal to 500 mbar.
Typically, the pressure is approximately atmospheric, for instance from 950 mbar to 1050

mbar.
Orne step process

The invention also provides a one step process for producing a layer of a crystalline material.
Thus, the invention provides a process for producing a layer of a crystalline material, which
process comprises exposing a layer of a first precursor compound on a substrate to a vapour
comprising a second precursor compound in a chamber to produce the layer of a crystalline
material, wherein the pressure in the chamber is greater than 10" mbar (for instance greater

than or equal to 1 mbar) and less than atmospheric pressure.



10

15

20

25

30

WO 2016/005758 PCT/GB2015/051993
43

A pressure which is less than atmospheric pressure will depend on the atmospheric pressure
of the area in which the process is performed. Less than atmospheric pressure is typically less
than or equal to 99% of atmospheric pressure. Often, less than atmospheric pressure is less
than or equal to 95% of atmospheric pressure or less than or equal to 95% of atmospheric
pressure. Less than atmospheric pressure may be less than or equal to 1000 mbar or less than
or equal to 950 mbar. Thus, the pressure in the chamber may be greater than or equal to 10
mbar and less than or equal to 950 mbar. The pressure in the chamber is typically from 500
mbar to 900 mbar. For instance, the pressure in the chamber is typically from 500 mbar to
900 mbar.

The chamber in which the one-step process comprises a vapour comprising a second
precursor compound. The chamber may also comprise other gases or vapours, for instance a
carrier gas. Often, however, the chamber does not comprise nitrogen (or comprises a partial
pressure of less than or equal to 100 mbar or less than equal to 1 mbar of nitrogen).
Alternatively, or additionally, the chamber sometimes does not comprise oxygen (or
comprises a partial pressure of less than or equal to 100 mbar or less than equal to 1 mbar of

oxygen).

The layer of a first precursor compound on a substrate may be obtainable by solution-
processing the first precursor compound or obtainable by vacuum deposition of the first

precursor COl’l’lpOllIld.

The one-step process according to the invention may be as described above for the two-step
process of the invention. In particular, the one-step process may be as defined above for step
(ii) of the two-step process. Thus, the first and second precursor compounds may be as
defined above. The chamber in the one step process may be as defined for the second

chamber above.
Layer

The invention also provides a layer of a crystalline material obtainable by a process according

to the invention for producing a layer of a crystalline material.

The layer of a crystalline material may be as defined herein. For instance, the layer of a
crystalline material may be a layer without open porosity. The crystalline material may a

perovskite of formula (II) or a hexahalometallate compound of formula (IIT).
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Process for producing a semiconductor device

The invention also a process for producing a semiconductor device comprising a layer of a
crystalline material, which process comprises producing said layer of a crystalline material by

a process according to the invention.

The process typically further comprises disposing on the layer of a crystalline material a layer
of a p-type semiconductor or a layer of a n-type semiconductor. Often, the process typically
comprises disposing on the layer of a crystalline material a layer of a p-type semiconductor.

The n-type or p-type semiconductor may be as defined herein. For instance, the p-type

- semiconductor may be an organic p-type semiconductor. Suitable p-type semiconductors may

be selected from polymeric or molecular hole transporters. Preferably, the p-type
semiconductor is spiro-OMeTAD. The layer of a p-type semiconductor or a layer of a n-type

semiconductor is typically disposed on the layer of the crystalline material by

- solutionprocessing, for instance by disposing a composition comprising a solvent and the n-

type or ptype semiconductor. The solvent may be selected from polar solvents, for instance
chlorobenzene or acetonitrile. The thickness of the layer of the p-type semiconductor or the

layer of the n-type semiconductor is typically from 50 nm to 500 nm.

The process typically further comprises disposing on the layer of the p-type semiconductor or
n-type semiconductor a layer of a second electrode material. The second electrode material
may be as defined above for the first electrode material. Typically, the second electrode
material comprises, or consists essentially of, a metal. Examples of metals which the second
electrode material may comprise, or consist essentially of, include silver, gold, copper,
aluminium, platinum, palladium, or tungsten. The thickness of the layer of a second electrode

material is typically from 5 nm to 100 nm.

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 semiconductor device is typically an optoelectronic device. Examples of optoelectronic
devices include photovoltaic devices, photodiodes (including solar cells), phototransistors,
photomultipliers, photoresistors, and light emitting devices. Preferably, the semiconductor

device is a photovoltaic device.
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The invention also provides a semiconductor device obtainable by a process for producing a

semiconductor device according to the invention.

A photovoltaic device according to the invention may comprise the following layers in the

following order:

L.
1I.

IIL.
IV.

V.

VL

a layer of a first electrode material as defined herein;

a layer of an n-type semiconductor as defined herein

optionally a layer of a porous scaffold material as defined herein;
a layer of a crystalline material as defined herein;

a layer of an p-type semiconductor as defined herein; and

a layer of a second electrode material as defined herein.

A photovoltaic device according to the invention may comprise the following layers in the

following order:

L
1L

II.

Iv.

V.

VL

a layer of a transparent conducting oxide, preferably FTO;

a compact layer of an n-type semiconductor as defined herein, preferably
TiOy;

optionally a layer of a porous scaffold material as defined herein, preferably
AlOs or TiOy;

a layer of a crystalline material as defined herein;

a layer of an p-type semiconductor as defined herein, preferably spiro-
OMeTAD; and

a layer of a second electrode material comprising gold or silver.

The layer of the first electrode material may have a thickness of from 100 nm to 700 nm, for

instance of from 100 nm to 400 nm. The layer of the second electrode material may have a

thickness of from 10 nm to 500 nm, for instance from 50 nm to 200 nm or from 10 nm to 50

nm. The layer of an n-type semiconductor may have a thickness of from 50 nm to 500 nm.

The layer of an p-type semiconductor may have a thickness of from 50 nm to 500 nm.

The invention will now be further described by the following Examples.
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EXAMPLES
Example 1

A photovoltaic device comprising a layer of a methylammonium lead iodide perovskite was
produced by the following procedure which includes the two-step vapour/vapour deposition
method according to the invention. FTO glass was first cleaned before being spin-coated
with an electron selective layer of TiO; having a thickness of approximately 50 nm. A layer
of lead diiodide (Pblz) was then evaporated onto the electron selective layer at a pressure of
approximately 5 x 10-6 mbar and a rate of 0.2 nm/s until a layer of Pbl; having a thickness of
from 250 to 300 nm was formed. The sample comprising the Pbl; layer was then transferred
through a lab atmosphere to a nitrogen filled glovebox. The sample was put in a covered
glass container at atmospheric pressure together with methylammonium iodide (MAI,
CH3NH3l) and the container was heated to 150°C. The substrate and the MAI powder were
held at the same temperature for 2 hours. The Pbl, layer was converted to methylammonium
lead iodide perovskite under exposure to the sublimed vapour of MAI. The device was
completed by spin-coating a layer of spiro-OMeTAD as a hole transport material and finally
evaporating Au/Ag electrodes.

A scanning electron microscope (SEM) image of a top view of the layer of the
methylammonium lead iodide perovskite produced by this two-step deposition method is
shown in Figure 1(A). Short and large scale cross-sections of the device incorporating the
methylammonium lead iodide film grown by this two-step vapour deposition are shown in
Figures 1(B) and 1(C) respectively. Figures 1(B) and 1(C) show that the produced perovskite

films have considerable uniformity of surface coverage and thickness.

Powder X-ray diffraction (XRD) patterns were taken before and after the conversion of the
Pbl> layer to the perovskite. These are shown in Figure 2 together with a control XRD
pattern of the FTO + TiO; substrate. Peaks observed in the FTO + TiO; substrate XRD are
marked with a dash (-), peaks observed in the Pbl; XRD are marked with a plus (+) and peaks
observed in the MAPbI; XRD are marked with an asterisk (*). These peaks show that the
Pbl; has been converted to MaPbls.

The device produced by the above method was characterised under simulated AM1.5
sunlight. The current-voltage characteristics of the device are shown in Figure 3. The device

performance parameters measured were: Jsc = 18.1 mA/cm?; Voc = 0.81 V; FF = 0.62; power



10

15

20

25

30

WO 2016/005758 PCT/GB2015/051993
47

conversion efficiency (PCE) = 9.24 %; and intensity = 0.986 suns. A significant PCE of 9.24
% was therefore observed by a device produced by a method using a two-step vapour
deposition method according to the invention. A schematic diagram of the two-step vapour

deposition process is shown in Figure 4.
Example 2

Layers of lead iodide (Pbl,) were produced by either spin-coating a solution comprising Pbl>
(comparative) or by vacuum evaporating Pbl at a pressure of approximately 5 x 10-6 mbar
(the invention). These layers were then exposed to a sublimed vapour of methylammonium
iodide (MAI) at approximately atmospheric pressure for 90 minutes by placing the Pbl>
layers in a heated sealed container with MAI powder. Figure 5 shows SEM images of top-
views of the produced layers. Figure 5(a) shows a top-view SEM of a spin-coated Pbl,
surface. Figure 5(b) shows a top-view SEM of a methylammonium lead triiodide surface
produced by exposing the spin-coated Pbl> surface of Figure 5(a) to the vapour of MAL
Figure 5(c) shows a top-view SEM of an evaporated Pbl, surface. Figure 5(d) shows a top-
view SEM of a methylammonium lead triiodide surface produced by exposing the evaporated

Pbl; surface of Figure 5(c) to the vapour of MAIL

The conversion of the spin-coated layer of Pbl, to CHs3NH3Pbls can be seen in Figure 6 which
shows a number of XRD patterns taken of the Pbl, film before exposure to the MAI vapour
and after 30 minutes exposure, 60 minutes exposure and 90 minutes exposure. After 90
minutes total conversion of the layer to the perovskite methylammonium lead triiodide is
observed. The conversion of the spin-coated layer of Pblx to CHsNH3Pbl3 can also be
observed from Figure 7 which shows the change in the UV vis absorbance spectra of the
methylammonium lead triiodide films produced after exposure of the spin-coated Pbl; to the

MALI atmosphere after 30, 60 or 90 minutes.

Photovoltaic devices were then constructed comprising methylammonium lead triiodide films
fabricated by organic vapour conversion of spin-coated or evaporated Pbl, films as described

above. The devices were completed by spin-coating a solution comprising spiro-OMeTAD

_ as a hole-transporter material and evaporating Auw/Ag electrodes. Cross-sectional SEM

images of the completed devices are shown in Figure 8, with (a) showing the cross-section of
a device containing a perovskite layer produced from spin-coated Pbl, and (b) showing the

cross-section of a device containing a perovskite layer produced from evaporated Pblo. In the
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SEM images the layers, from bottom to top, are: glass, FTO, compact TiO2, MAPbI3

perovskite, spiro-OMeTAD, Au/Ag electrode. These are planar heterojunction devices.
Comparative Example 1

A photovoltaic device comprising a methylammonium lead triiodide perovskite layer
produced from the spin-coated layer of Pbl> together with a mesoporous layer of TiO; was
also produced. The perovskite was then formed from the spin-coated layer of Pbly by
exposure to a saturated atmosphere of MAI as in Examples 1 and 2. The structure of this
device was the same as the planar heterojunction devices produced in Example 2 except the
additional mesoporous layer was included between the compact TiO; layer and the
perovskite. The current-voltage device characteristics of the planar heterojunction device
containing the perovskite derived from spin-coated Pbl; is shown in Figure 9 (upper) together
with the device comprising a methylammonium lead triiodide perovskite layer produced from
the spin-coated layer of Pbl, together with a mesoporous layer of TiO2 (lower). Both devices
were produced by spin coating layers of Pbly. The device parameters of the planar
heterojunction device (upper figure) are: Jsc = 16.9 mA/cm?; Voc = 0.88 V; FF = 0.54; and
PCE = 7.69 %. The device parameters of the mesoporous TiOz device (lower figure) are: Jsc
=16.4 mA/cm* Voc=0.76 V; FF = 0.51; and PCE = 6.17 %. It can therefore be seen that the
vapour-vapour two-step process of Example 1 produces devices which outperform (PCE of
9.24 %) those produced by a solution-vapour two-step process (Figure 9, Comparative
Example 1, PCEs of less than 7.7 %).

Example 3

A two-step process was used to produce other perovskite materials. Methylammonium tin
iodide was produced by converting a spin-coated layer of tin iodide in a methylammonium
iodide (MAI) atmosphere. The partial conversion of the layer of Snl> to CH3NH3Snl; is
shown in Figure 10 which shows the XRD patter of Snl2 alone and after 15 exposure to an

MALI atmosphere. Perovskite peaks are marked with a *.

Figures 11, 12 and 13 show XRD patterns of copper based materials produced using a spin-
coated metal halide/vapour deposited organic method. Exposure to the atmosphere of the
nitrogen containing component was for approximately 90 minutes. Figure 11 shows the XRD
of a perovskite produced by exposing a spin-coated layer of CuBr; to an atmosphere of

methylammonium chloride. Figure 12 shows the XRD of a perovskite produced by exposing
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a spin-coated layer of CuCl, to an atmosphere of methylammonium chloride. Figure 13
shows the XRD of a perovskite produced by exposing a spin-coated layer of CuCl, to an
atmosphere of ammonium chloride (NH4Cl). The UV-vis absorption spectra of the first two
of these materials (CuBr2 + methylammonium chloride and CuCl; + methylammonium

chloride) are shown in Figure 14.
Comparative Example 2

In order to provide a comparison with a vacuum/solution based method, the following
experiment was performed. A thin TiO» electron-selective layer was spin-coated from a
mildly acidic precursor solution of titanium isopropoxide in anhydrous ethanol onto clean
FTO-coated glass and annealed for 30 minutes at 500°C. This was then transferred to a
vacuum evaporation chamber and a 250 nm thin-film of either Pbl or PbClz was evaporated
at a pressure of ~5%10° mbar. The substrates are then dipped into a solution of
methylammonium iodide (MAI) in anhydrous isopropanol for a prescribed time. The
reaction rate was thermally controlled by placing the reaction vessel on a hotplate. During
this step MAI intercalates into the lead halide lattice to form the perovskite. When the
reaction was complete, the sample was rinsed in isopropanol and dried. For devices, a
solution of spiro-OMeTAD in chlorobenzene containing Li-TFSI and tert-butyl pyridine was
spin-coated onto the perovskite layer as the hole-selective contact. The devices were

completed following thermal evaporation of silver top contacts in vacuum.

SEM images showing the evolution of perovskite crystal growth at room temperature by dip
coating a PbCl; thin-film into a 20 mg/ml isopropanol solution of methylammonium iodide
after (a) 0s, (b) 1s, (c) 10s, (d) 100s, (e) 1000s, (f) 10000s are shown in Figure 15. The
growth mode leads to random protrusions of plate-like and needle-like perovskite crystals
from the surface providing high-levels of roughness. Figure 16 then shows the normalised
XRD spectra for films at different dipping times, t. The spectra indicate that perovskite
formation occurs immediately upon dip coating the film, PbCl, is consumed as the dipping
time increases, and the reaction is almost complete after 10000s. This corresponds with a

very rough film as shown in Figure 15(f).

SEM images showing the evolution of perovskite crystal growth at room temperature by dip
coating a Pbly thin-film into a 20 mg/ml isopropanol solution of methylammonium iodide

after (a) Os, (b) 1s, (c) 10s, (d) 100s, (e) 1000s, (f) 8000s are shown in Figure 17. The growth
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mode also leads to random protrusions of plate-like and needle-like perovskite crystals from
the surface providing high-levels of roughness. Figure 18 then shows the normalised XRD
spectra for films at different dipping times, t. The spectra indicate that perovskite formation
occurs immediately upon dip coating the film, Pbl, is consumed és the dipping time
increases, and the reaction is complete at some point between 1000-10000s. This

corresponds with a very rough film as shown in Figure 17(f).

Variation in the concentration of the MAI solution was also investigated. Figure 19 shows
morphology variation when forming perovskite from PbCl, at 90°C after 500 seconds using
the following MAI concentraions: (a) 3 mg/ml, (b) 4 mg/ml, (c) 5 mg/ml, (d) 6 mg/ml, (e) 7
mg/ml. Figure 20 shows morphology variation when forming perovskite from PbI2 at 90°C
after 500 seconds using the following MAI concentraions: (a) 3 mg/ml, (b) 4 mg/ml, (c) 5
mg/ml, (d) 6 mg/ml, (¢) 7 mg/ml.

The current density-voltage characteristics from devices based on an active layer formed by
dip coating of a PbCl, film at 90°C in a solution of 6.5 mg/ml MAI in isopropanol for 400s as
described above are shown in Figures 21, 22 and 23. The device structure is a planar
heterojunction with TiO; coated onto the FT'O-coated glass substrate as the electron-selective
contact, and silver on spiro-OMeTAD deposited on top of the perovskite layer as the hole-
selective contact. Figure 21 shows the J-V characteristics of the highest efficiency device
(efficiency = Pmax/Pin). This curve shows significant instability (Js is lower than J at
maximum power output) suggesting that maximum power extracted based on the curve will
be unstable. Figure 22 shows a histogram of device efficiencies from 12 devices fabricated in
the same batch suggesting that devices fabricated with this procedure have a high failure rate.
Figure 23 shows a histogram of J-V curve stability based on the ratio of the expected power

output of the device based on the fundamental J-V parameters to the maximum power output,
Pmax =J * V evaluated at V where %= 0. This suggests that unstable device characteristics

are obtained for a significant proportion of devices following the vapour/solution technique,
Example 4

A two-step process was used to produce further perovskite materials. Formamidinium lead
trilodide was produced by converting a layer of lead iodide of approximately 160 nm

thickness by exposure to a non-directional vapour of formamidinium iodide (FAT) at
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approximately 1 mbar for 120 minutes at 170°C by placing the Pbl; layer in a heated chamber
with FAI powder.

Figure 24 shows a top-view SEM of the surface of the formamidinium lead triiodide
produced. The formation of FAPDI3 can be seen by comparison with Figure 2, which shows
the XRD pattern of evaporated Pbl,, with Figure 25 which shows a XRD pattern taken of the
film after exposure of the Pbl, layer to the FAI vapour. The formation of FAPbI; can also be
observed from Figure 26 which shows the UV-vis absorbance spectra of the formamidinium

lead triiodide films produced after exposure of the Pblz to the FAI vapour.

In order to provide a comparison with a vacuum based methods at atmospheric pressure, an
attempt to produce a layer of formamidinium lead triiodide by was performed. However, at
atmospheric pressure there was insufficient FAI vapour pressure to drive the conversion of
the Pbl; layer. In order to overcome this lack of vapour pressure, the temperature of the
conversion chamber was increased, which lead to decomposition/degradation of the layer

resulting in unsuccessful formation of any formamidinium lead triiodide.
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CLAIMS

1. A process for producing a layer of a crystalline material comprising a perovskite or a
hexahalometallate, which process comprises:

(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate; and

(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline

material, wherein the pressure in the second chamber is greater than or equal to 1 mbar.

2. A process according to claim 1, wherein in step (i) the substrate is exposed to a

directional vapour comprising the first precursor compound.

3. A process according to claim 1 or claim 2, wherein in step (ii) the layer of the first
precursor compound is exposed to a non-directional vapour comprising the second precursor

compound.

4. A process according to any preceding claim, wherein the crystalline material consists

essentially of a perovskite or a hexahalometallate.

5. A process according to any preceding claim, wherein the crystalline material
comprises a perovskite of formula (IT):
[AIB][X]s iy
wherein:
[A] is at least one monocation;
[B] is at least one metal cation, wherein [B] comprises at least one of Ca®*, Sr?*, Cd**,
Cu?", Ni*, Mn?*, Fe?t, Co?*, Pd?", Ge?*, Sn?*, Pb?*, Yb** and Eu?*; and

[X] is at least one halide anion.

6. A process according to claim 5, wherein [A] comprises at least one organic cation,
and preferably comprises one or more organic cations selected from (CH3NH3)*,
(CH3CH2NH3)', (CH3CH2CHoNH3)", (N(CH3)a)*, (H2N-C(H)=NH>)" and (H2N-
C(CH3)=NH>)*, and more preferably comprises one selected from (CH3NH3)" and (H2N-
C(H)=NH>)".
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7. A process according to any of claims 5 or 6, wherein [A] comprises at least one
inorganic cation, and preferably comprises one or more inorganic cations selected from Cs”,
Rb*, Cu*, Pd*, Pt*, Ag®, Au”, Rh*, and Ru’, and is preferably selected from Cs™ and Rb*, and

is more preferably Cs™.

8. A process according to any of claims 5 to 7, wherein [A] comprises one or more

cations selected from (CH3NH3)", (Ho2N-C(H)=NH>)" and Cs™.

9. A process according to any one of claims 1 to 4, wherein the crystalline material
comprises a hexahalometallate of formula (III):
[A][B][X]s (1D
wherein:
[A] is at least one monocation;
[M] is at least one metal or metalloid tetracation; and

[X] is at least one halide anion.

10. A process according to any one of the preceding claims, wherein the pressure in the
first chamber is less than or equal to 10~ mbar, is preferably is less than or equal to 10 mbar,

and more preferably is less than or equal to 10~ mbar.

11. A process according to any one of the preceding claims, wherein the first chamber
and the second chamber are the same chamber or different chambers, and are preferably

different chambers.

12. A process according to any one of the preceding claims, wherein the mean free path
of the vapour of the first precursor compound is greater than or equal to 10 mm or the mean

free path of the vapour of the second precursor compound is less than or equal to 0.1 mm.

13. A process according to any one of the preceding claims, wherein the temperature of

the second chamber is greater than or equal to 100°C.

14. A process according to any one of the preceding claims, wherein (i) the first precursor
compound comprises a metal cation and one or more first anions and (ii) the second precursor

compound comprises a monocation and one or more second anions.
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15. A process according claim 14, wherein

the metal cation is Ca?", Sr?*, Cd?**, Cu?*, Ni?*, Mn?*, Fe?*, Co?*, Pd**, Ge**, Sn**,
Pb%*, Yb?*, Eu*, Pd**, W*, Re, Os*, Ir*, Pt*", S, Pb*, Ge*', or Te**:

the one or more first anions are selected from halide anions;

the monocation is an organic ammonium cation, an organic formamidinium cation, or
a caesium cation; and

the one or more second anions is a halide anion.

16. A process according to claim 14 or claim 15, wherein:

the metal cation is Cu?*, Ge?*, Sn*', Pb%**;

the one or more first anions are selected from F~, CI", Br, and I";

the monocation is an organic cation of formula (R°NH3)* wherein R is a
unsubstituted or substituted Ci.20 alkyl group or an unsubstituted or substituted aryl group; or

the one or more second anions are selected from F~, CI", Br—, and I".

17. A process according to any one of claims 14 to 16, wherein:

the first precursor compound is a compound of formula BX; wherein B is said metal
cation and X is a halide anion; or

the second precursor compound is a compound of formula AX' wherein A is said
monocation and X' is a halide anion;

optionally wherein X and X' are different halide anions.

18. A process according to any one of the preceding claims wherein the first precursor
compound is a lead dihalide, a tin dihalide or a copper dihalide, and the second precursor

compound is an alkylammonium halide, a formamidinium halide or a caesium halide.

19. A process according to any one of the preceding claims, wherein the substrate

comprises a layer of an n-type semiconductor or a layer of a p-type semiconductor.

20. A process according to any one of the preceding claims wherein the substrate

comprises a layer of a porous scaffold material.

21. A process according to any one of the preceding claims wherein the thickness of the

layer of the first precursor compound is from 50 nm to 1000 nm.
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22. A process according to any one of the preceding claims, which process further
comprises:

(iii) exposing the layer of the crystalline material to a vapour comprising a solvent.

23. A process according to any one of the preceding claims, which process further
comprises:
(iv) heating the layer of the crystalline material to a temperature of from 50°C to

250°C.

24. A process for producing a layer of a crystalline material that comprises a perovskite or
a hexahalometallate, which process comprises exposing a layer of a first precursor compound
on a substrate to a vapour comprising a second precursor compound in a chamber to produce
the layer of a crystalline material,

wherein the pressure in the chamber is greater than or equal to 1 mbar and less than

atmospheric pressure.

25. A process according to claim 24, wherein the layer of the first precursor compound is

exposed to a non-directional vapour comprising the second precursor compound.

26. A process according to claim 24 or claim 25 which is as further defined in any one of

claims 4 to 23.

27. A process for producing a layer of a crystalline material that comprises a perovskite or
a hexahalometallate, which process comprises:

(i) exposing a substrate to a vapour comprising a first precursor compound in a first
chamber to produce a layer of the first precursor compound on the substrate, wherein the first
chamber is under a high vacuum; and

(ii) exposing the layer of the first precursor compound to a vapour comprising a
second precursor compound in a second chamber to produce the layer of a crystalline

material, wherein the second chamber is not under a high vacuum

28. A process according to claim 27, wherein the pressure in the second chamber is less

than atmospheric pressure, and is preferably less than 1000 mbar.

29. A process according to claim 27 or claim 28, wherein the first chamber and the

second chamber are different chambers.
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30. A process according to any of claims 27 to 29, wherein the pressure in the first
chamber is less than or equal to 10 mbar, and preferably the pressure in the first chamber

may be less than or equal to 10~ mbar

31. A process according to any of claims 27 to 30, wherein the pressure in the second
chamber is not less than 10~ mbar, and preferably the pressure in the second chamber is

greater than or equal to 1 mbar.

32. A process according to any of claims 27 to 31, wherein in step (i) the substrate is

exposed to a directional vapour comprising the first precursor compound.

33. A process according to any of claims 27 to 32, wherein in step (ii) the layer of the first
precursor compound is exposed to a non-directional vapour comprising the second precursor

compound.

34. A process according to any of claims 27 to 33, wherein the crystalline material

consists essentially of a perovskite or a hexahalometallate.

35.  Alayer of a crystalline material obtainable by a process as defined in any one of the

preceding claims.

36. A process for producing a semiconductor device comprising a layer of a crystalline
material, which process comprises producing said layer of a crystalline material by a process

as defined in any one of claims 1 to 34.

37. A process according to claim 36, which process further comprises disposing on the
layer of a crystalline material a layer of a p-type semiconductor or a layer of a n-type

semiconductor.

38. A process according to claim 37, which process further comprises disposing on the
layer of the p-type semiconductor or n-type semiconductor a layer of a second electrode

material.

39. A process according to any one of claims 36 to 38, wherein the semiconductor device
is an optoelectronic device, preferably wherein the semiconductor device is a photovoltaic

device.
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40. A semiconductor device obtainable by a process according to any one of claims 36 to

39.
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