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PROCESS FOR PRODUCING A LAYER OF ORGANIC PEROVSKITE MATERIAL WITH IMPROVED CRYSTALLINITY

FIELD OF THE INVENTION

The present invention relates to a process for producing a layer of a crystalline material. The
layer of crystalline material thus produced can be useful in the manufacture of semiconductor
devices, for instance photovoltaic devices. A process for producing a semiconductor device

is also described.

The work leading to this invention has received funding from the European Research Council
under the European Community’s Seventh Framework Programme (FP7/2007-2013) / ERC
grant agreement no 279881.

BACKGROUND TO THE INVENTION

Layers and thin films of crystalline materials are important in a wide number of applications
including glazing, electronics and photovoltaics. It is often important that such layers are
smooth and free of holes or defects. Furthermore, it is desirable to be able to produce such
layers quickly, easily and with minimal expense. Layers and thin films are typically
produced by vapour deposition or solution deposition. Both processes can have inherent

difficulties.

Solution processing is a promising technology for production of layers of crystalline
materials. As compared to vapour deposition, solution processing is generally applicable to
large-scale substrates, easily transferable to reel-to-reel printing and cheaper than vacuum
techniques. Well-known solution based techniques include graveur coating, slot dye coating,
screen printing, ink jet printing, doctor blade coating, spray coating and spin-coating.
However, there are still problems associated with known solution coating techniques and the
precursor solutions used in these solution based techniques. In particular, conventional
precursor solutions used in solution processing of crystalline materials often require long
anneal times for film formation. This both slows the production of the layers of crystalline
materials and also increases the associated costs due to greater energy requirements.
Furthermore, films produced by solution coating often have surfaces which are too rough for

practical application to thin film optoelectronic devices.
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One area in which the efficient and effective production of thin films of crystalline materials
is of great importance is optoelectronics and photovoltaics. For instance, perovskite solar
cells, which have demonstrated great promise for photovoltaic technology with the lowest
cost and highest efficiency, often require high quality films of the crystalline materials
perovskite. Through rational device architecture design, materials interface engineering, as
well as processing technique optimization, a recorded efficiency around 18% has been
attained for organic-inorganic metal halide perovskites, showing great potential for
commercialization to compete with traditional crystalline silicon solar cells. Although the
device performance of perovskite solar cells has improved at an unprecedented rate over
recent years, the basic properties of organic-inorganic metal halide perovskites, for instance
CH;3NH;PbX;5 where X=ClI, Br, I (which is also referred to herein as MAPbX3), such as the
role of cation and anion, are still not well understood. Most research focuses on tuning the
perovskite band gap by changing the ratio of either anions (Br” to I') or cations
(formamidinium (FA) to methylammonium (MA)). Known methods for producing layers of
organic-inorganic metal halide perovskite materials typically comprise solution- or vacuum-
processing a metal halide and a halide salt of the organic component, for instance Pbl, and

CH;NH;I (MAT).

It has become apparent that the quality and form of the film of perovskite used in organic-
inorganic metal halide perovskite solar cells is of great importance for device efficiency.
There is a need for a new approach to form high quality, smooth and substantially pinhole-
free thin films of crystalline materials. It is also desirable to provide an efficient and scalable

process by which to produce such films.

SUMMARY OF THE INVENTION

The inventors have developed a new approach to the solution processing of films of a
crystalline material which surmounts the problems associated with solution processing such
as pinholes, roughness and annealing time. Surprisingly the inventors have found that by
including a sacrificial anion in the precursor solution for film production, the rate of film
formation and quality of the resulting films is greatly improved. In particular, it has been
found that using a first precursor compound comprising a metal or metalloid cation and a first
sacrificial anion which comprises at least two atoms allows for unexpectedly improved film
formation. The sacrificial anion does not typically form part of the crystalline material and

acts to bring about substantial improvement in film formation.
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In the context of layers of organic-inorganic metal halide perovskites, the problems with
known methods have be solved by the inventors by using a metal salt such as lead acetate,
where the acetate is a sacrificial anion, rather than known metal precursors such as lead
halides. The film formation for perovskite materials can take as little as 5 minutes when
using the process of the invention rather than known processes which can require several
hours of annealing time. The film smoothness is improved by the process of the invention and
even exceeds evaporated films where was previously the smoothest means to make
polycrystalline thin films. The invention provides a new synthesis method for highly smooth
films of crystalline materials, for instance perovskites, which form in a very short time. As
such, the device performance based on the new precursor combination of the invention
outperforms the conventional precursors used for solution coating and is even comparable to
that from vapour-deposition but in a much quicker and cheaper way. The decreased anneal
time can also decrease production costs. This is a very important factor since, for instance in
a glass coating manufacturing line, the time each glass sheet would ideally spend at each
stage in the manufacturing is between 45 to 60 seconds. If the thin film crystallisation takes
60 minutes then over 60 parallel stages would be required to anneal the films in order to
sustain the fast throughput rate. For a solution processing line this would amount to a
significant fraction of the capital expenditure, and the space required for manufacture. If this
annealing time can be reduced to 5 minutes then only around 5 parallel annealing stages
would be required. Ideally any individual step in the manufacturing would take no longer

than 45 seconds.

Thus the invention provides a process for producing a layer of a crystalline material, which
process comprises disposing on a substrate:

a first precursor compound comprising a first cation and a sacrificial anion, which
first cation is a metal or metalloid cation and which sacrificial anion comprises two or more
atoms; and

a second precursor compound comprising a second anion and a second cation.
Typically, the second cation can together with the sacrificial anion form a first volatile

compound.

The inventors have found that the process of the invention may be further improved by

incorporating a further precursor compound comprising a second sacrificial cation. The
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invention therefore also provides a process according to the invention, which process
comprises disposing on the substrate:

said first precursor compound;

said second precursor compound; and

a third precursor compound comprising a sacrificial cation, which sacrificial cation
comprises two or more atoms and has a lower molecular weight than the second cation.
Typically, the sacrificial cation can together with the sacrificial anion form a second volatile

compound.

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

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

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 for producing a layer of a crystalline material according to the

invention.

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

layer of a crystalline material according to the invention.

In addition to the process of the invention, the inventors have also developed a composition
which is useful in the production of layers of crystalline materials. The invention therefore
also provides a composition comprising:

(a) a solvent;

(b)  NHiX;

(©) AX; and

(d) BYaorMYy
wherein

each X is independently I, Br~, CI” or F~;

Ais Li", Na*, K*, Rb", Cs*, (NR'4)" or (H2N-C(R))=NH,)", wherein each R! is
independently selected from H and an unsubstituted Ci. alkyl group;

B is Cu®", Pb**, Ge*", Sn*", Fe’" or Zn®";

M is Sn**, Pb*", Ge** or Te*"; and

Y is an anion of formula RCOO™ or NOs~ wherein R is H or unsubstituted Ci alkyl.
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BRIEF DESCRIPTION OF THE FIGURES

Figure 1 shows the X-ray diffraction spectra for perovskite films deposited on a FTO/c-Ti0O»
(compact-TiO») substrate from the three different lead precursor solutions of 3 molar
equivalent of CH3;NH;sI with one molar equivalent of: lead (II) iodide (Pblz, upper), lead (1)
chloride (PbCl,, middle), and lead (II) acetate (PbAc,, lower).

Figure 2 shows in-situ WAXS data for all three systems. 2D scattering images for films
made from (a) PbAcs, (b) PbCl,, and (c) Pbl,. The 2 rings marked with a “x” are from the
TiO; substrate, horizontal line is the detector seam. (d) Azimuthal line scans for (110) peak
at 10 nm™ (g vector) for the PbAc, (dash), PbCl, (solid) and Pbl (dot). (e) x(2) plots for all
three samples with the PbAc, plotted against the top abscissa and PbCl,/Pbl, against the
bottom abscissa, inset shows the time normalized x(7) after #/. (x(z) and 7/ are defined in the

text.) (f) Absolute peak intensity for the (110) reflection, same line type and axis as (e).

Figure 3 shows absorption spectra (left axis) and photoluminescence spectra (PL, right axis)
for perovskite films deposited on a FTO/c-TiO; substrate made from the three different lead
precursors (Pbl, PbCl, and PbAcy).

Figure 4 shows the absorption spectra of CH;NH3PbI; perovskite films made from the
different lead precursors measured using photothermal deflection spectroscopy (PDS)

technique.

Figure 5 shows SEM images of perovskite films deposited on a FTO/c-TiO; substrate from
the three different lead precursors PbAc: (a, b, ¢), PbCl, (d, e, f) and Pbl, (g, h, 1), with the
scale bar as: 20 um for a, d, g; S um for b, e, h; and 1 um for ¢, f, 1.

Figure 6 shows cross-section SEM images of full devices made from lead precursors PbAc;

(d), PbCl, (e) and Pbl (f).

Figure 7 shows AFM images of perovskite films deposited on a FTO/c-TiO; substrate by
spin-coating from the three different perovskite precursor solutions, PbCl, (a), Pbl: (b),

PbAc: (¢), and vapour-deposited film based on PbCl, with CH3;NH;sI (d).

Figure 8 shows AFM images of perovskite films deposited on a FTO/c-TiO; substrate by
spin-coating from the three different perovskite precursor solutions, 3 molar equivalent of

CH;NHsI with one molar equivalent of PbCls (a), Pblz (b), PbAc: (c), and vapour-deposited
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film based on PbCl, with CH3NH;5I (d). The scale bars are 4um. Examples of pin holes in
perovskite films fabricated from PbCl, and Pbl, precursor salts are circled. Line segments
from each scan (e) and the height distribution (f) around the average height, H4,, are also

shown.

Figure 9 planar heterojunction device performance at optimized conditions using different
perovskite precursor solutions measured under simulated AM1.5 sunlight of 100mW/cm?

irradiance (left to right for each plot: PbAc,, PbCly, Pbly).

Figure 10 shows planar heterojunction solar cell performance (anneal time dependence, best
J-V) for a device comprising a layer of perovskite synthesised using PbCl, (anneal at 100

°C).

Figure 11 shows planar heterojunction solar cell performance (anneal time dependence, best

J-V) for a device comprising a layer of perovskite synthesised using Pbl, (anneal at 150 °C).

Figure 12 shows planar heterojunction solar cell performance (anneal time dependence, best
J-V) for a device comprising a layer of perovskite synthesised using PbAc; (anneal at 100

°C).

Figure 13 shows the best J-V curve for a device produced using PbAc,. A scan rate of 0.15

V/s was used (FB is forward bias, SC is short circuit).

Figure 14 shows the photocurrent density and power conversion efficiency as a function of

time for the same cell as in Figure 13 held close to 0.68 V forward bias.

Figure 15 shows recombination resistance (Ry.c) plotted against open circuit voltage (V) for

devices producing using PbAc,, PbCl; or Pbl.

Figure 16 shows thermogravimetric analysis curves for CH;NHsAc (A, left curve,
methylammonium acetate), CH;NHsI (B, middle curve, methylammonium iodide) and

CH;NH;Cl (C, right curve, methylammonium chloride) in a nitrogen atmosphere.

Figure 17 shows the UV-Vis absorption spectrum of MAPbI; perovskite formed at room
temperature by spin-coating a NH4I:CH3NH3I:PbAc, precursor composition with a molar

ratio of 2:1:1 of NH4I:CH;NH;3I:PbAc;.
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Figure 18 shows SEM images of increasing magnification of the films produced by spin-
coating a NH4I:CH3NH;3I:PbAc; ratio 2:1:1 precursor composition (with length scale of upper

image 100 um, length scale of middle image 25 um, and length scale of lower image 5 um).

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

be lower than that of CaTiOs.

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 “organic-
inorganic metal halide perovskites ”, as used herein, refers to a metal halide perovskite, the

formula of which contains at least one organic cation.
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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 O*~, S,

Se’", or Te’". Typically, the chalcogenides are taken to be S?, 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
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 Ci0 alkyl group, a Ci.14 alkyl group, a Ci-10 alkyl group, a
Ci6 alkyl group or a Ci4 alkyl group. Examples of a Ci.10 alkyl group are methyl, ethyl,
propyl, butyl, pentyl, hexyl, heptyl, octyl, nonyl or decyl. Examples of Ci.s alkyl groups are
methyl, ethyl, propyl, butyl, pentyl or hexyl. Examples of Ci.4 alkyl groups are methyl, ethyl,
i-propyl, n-propyl, t-butyl, s-butyl or n-butyl. If the term “alkyl” is used without a prefix
specifying the number of carbons anywhere herein, it has from 1 to 6 carbons (and this also

applies to any other organic group referred to herein).

The term “cycloalkyl”, as used herein, refers to a saturated or partially unsaturated cyclic
hydrocarbon radical. A cycloalkyl group may be a Cs.10 cycloalkyl group, a Css cycloalkyl
group or a Cs.6 cycloalkyl group. Examples of a Cs.5 cycloalkyl group include cyclopropyl,
cyclobutyl, cyclopentyl, cyclohexyl, cyclohexenyl, cyclohex-1,3-dienyl, cycloheptyl and
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 C,0 alkenyl group, a C».
14 alkenyl group, a Cz.10 alkenyl group, a Cz alkenyl group or a Cz4 alkenyl group.
Examples of a Cs.10 alkenyl group are ethenyl (vinyl), propenyl, butenyl, pentenyl, hexenyl,
heptenyl, octenyl, nonenyl or decenyl. Examples of Cs.¢ alkenyl groups are ethenyl,

propenyl, butenyl, pentenyl or hexenyl. Examples of C24 alkenyl groups are ethenyl, i-
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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 C20 alkynyl group, a Cs-14
alkynyl group, a C».10 alkynyl group, a C.6 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 C1s 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.

2% ¢
2

2% LC
2

2% LC

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.13
alkylene group, a Ci.14 alkylene group, a Ci.10 alkylene group, a Ci alkylene group or a Ci4
alkylene group. Examples of Ci.s alkylene groups are methylene, ethylene, propylene,
butylene, pentylene and hexylene. A cycloalkylene group may be a Cs.10 cycloalkylene
group, a Csg cycloalkylene group or a Cs cycloalkylene group. Examples of Cs.6
cycloalkylene groups include cyclopentylene and cyclohexylene. An alkenylene group may
be a Cs.13 alkenylene group, a Cs.14 alkenylene group, a Cs.10 alkenylene group, a Ca.6
alkenylene group or a Ca4 alkenylene group. Examples of a C24 alkenylene group include
ethenylene (vinylene), propenylene and butenylene. An alkynylene group may be a Cs.18
alkynylene group, a C;.14 alkynylene group, a Cs.10 alkynylene group, a Cz.¢ alkynylene group

or a C,.4 alkynylene group. Examples of a C,.4 alkynylene group include ethynylene and
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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 —
CH,CH,CH»- and —CH,CH(CHj3)—, 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.10 alkyl, aryl (as
defined herein), cyano, amino, nitro, Ci.10 alkylamino, di(Ci.10)alkylamino, arylamino,
diarylamino, aryl(Ci.10)alkylamino, amido, acylamido, hydroxy, oxo, halo, carboxy, ester,
acyl, acyloxy, Ci.0 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
al., “Recommendations for the Characterization of Porous Solids”, Pure & Appl. Chem., Vol.
66, No. 8, pp.1739-1758, 1994). The following distinctions and definitions were adopted in
previous IUPAC documents (K.S.W. Sing, et al, Pure and Appl. Chem., vol.57, n04, pp 603-
919, 1985; and IUPAC "Manual on Catalyst Characterization", J. Haber, Pure and Appl.
Chem., vol.63, pp. 1227-1246, 1991): micropores have widths (i.e. pore sizes) smaller than 2
nm; Mesopores have widths (i.e. pore sizes) of from 2 nm to 50 nm; and Macropores have
widths (i.e. pore sizes) of greater than 50 nm. In addition, nanopores may be considered to

have widths (i.e. pore sizes) of less than 1 nm.
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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
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
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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 “volatile compound”, as used herein, refers to a compound which is easily removed
by evaporation or decomposition. For instance a compound which is easily removed by
evaporation or decomposition at a temperature of less than or equal to 150°C, or for instance
at a temperature of less than or equal to 100°C, would be a volatile compound. “Volatile
compound” also includes compounds which are easily removed by evaporation via
decomposition products. Thus, a volatile compound X may evaporate easily thorough
evaporation of molecules of X, or a volatile compound X may evaporate easily by
decomposing to form two compounds Y and Z which evaporate easily. For instance,
ammonium salts can be volatile compounds, and may either evaporate as molecules of the
ammonium salt or as decomposition products, for instance ammonium and a hydrogen
compound (e.g. a hydrogen halide). Thus, a volatile compound X may have a relatively high
vapour pressure (e.g. greater than or equal to 500 Pa) or may have a relatively high
decomposition pressure (e.g. greater than or equal to 500 Pa for one or more of the

decomposition products), which may also be referred to as a dissociation pressure.
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 disposing on a substrate: a first precursor compound comprising a first
cation and a sacrificial anion, which first cation is a metal or metalloid cation and which
sacrificial anion comprises two or more atoms; and a second precursor compound comprising
a second anion and a second cation. Each of the first cation, the sacrificial anion, the second
cation and the second anion may be as described herein. Usually, the second cation can

together with the sacrificial anion form a first volatile compound.

The sacrificial anion and the second cation can often together form a first volatile compound.
Thus, the compound A.Yy, where A is the second cation, Y is the sacrificial anion and a and
y are integers is usually a volatile compound. As discussed herein, volatile compounds are
those compounds which are removed easily by evaporation, whether by evaporation of the

compound itself or by evaporation of decomposition products from the compound.
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Typically, the second cation and sacrificial anion do together form a first volatile compound.
Thus, the process may further comprise allowing the second cation and the sacrificial anion
to form a first volatile compound and allowing the first volatile compound to be removed
from the composition disposed on the substrate. The first volatile compound may be allowed
to be removed from the composition disposed on the substrate by allowing the first volatile
compound to evaporate, decompose, or evaporate and decompose. Thus, allowing the first
volatile compound to be removed may comprise heating the substrate or exposing the
composition disposed on the substrate. Often, the substrate and/or composition is heated to

remove the first volatile compound.

Typically, the first volatile compound is more volatile than a compound which consists of the
second cation and the second anion. Whether one compound is more volatile than another is
easily measured. For instance, thermogravimetric analysis may be performed and the
compound which loses certain mass (for instance 5% mass) at the lower temperature is the
more volatile. Often, the temperature at which the first volatile compound (comprising the
second cation and the sacrificial anion) has lost 5% mass (following heating from room
temperature, e.g. 20°C) is more than 25°C less than the temperature at which a compound
which consists of the second cation and the second anion has lost 5% mass (following heating
from room temperature, e.g. 20°C). For instance, if a compound which consists of the second
cation and the second anion (e.g. methylammonium iodide) has lost 5% mass at a temperature
of 200°C, the first volatile compound (for instance methylammonium acetate) has typically

lost 5% mass at a temperature of 175°C or lower.
First precursor compound

The first precursor compound comprises a first cation and a sacrificial anion. The first
precursor compound may comprise further cations or anions. The first precursor compound

may consist of one or more of the first cations and one or more of the sacrificial anions.

The sacrificial anion comprises two or more atoms. The sacrificial anion is typically a
monoanion (i.e. single negative charge). The two or more atoms may be the same atoms or
different atoms. The negative charge may be localised onto one atom within the sacrificial
anion or may be spread over two or more atoms in a delocalised arrangement. The two or
more atoms are typically bonded by covalent bonds. The sacrificial anion is typically an

anion derived from a molecule (for instance by deprotonation). Typically, the two or more
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atoms are different atoms. Typically, one of the two or more atoms is a carbon atom.
Alternatively, one of the two or more atoms may be selected from a sulphur atom, a
phosphorous atom or a nitrogen atom. Often, one of the one or more atoms is an oxygen
atom. The sacrificial anion often comprises one or more carbon atoms, one or more
hydrogen atoms, and one or more oxygen atoms. If an oxygen atom is present, the negative
charge is often at least partially localised on this oxygen atom. For instance, the sacrificial
anion may comprise one or more carbon atoms and one or more oxygen atoms. Often, the
sacrificial anion is an organic anion. Organic anions include those derived from any organic
compound, where organic compounds typically comprise at least one hydrogen atom bonded
to a carbon atom. However, in some cases, organic anions may include those which comprise

a carbon atom and no hydrogen atoms, for instance carbonate (COs>") or CCls™.

Typically, the sacrificial anion is an organic anion. Organic anions are those obtained from
organic compounds, for instance by deprotonation. The sacrificial anion is preferably an
organic anion having a molecular weight of less then or equal to 500 gmol™. For instance the
sacrificial anion may be an organic cation having a molecular weight of less than or equal to
250 gmol™ or less than or equal to 150 gmol™. Examples of organic anions include

carboxylates, alkylcarbonates, alkylsulfonates, alkylphosphates, alkoxides and thiolates.

Typically, the sacrificial anion is an organic anion of formula RCOO~, ROCOO~, RSOs~,
ROP(O)(OH)O™ or RO™, wherein R is H, substituted or unsubstituted Ci.10 alkyl, substituted
or unsubstituted C,.10 alkenyl, substituted or unsubstituted C»-10 alkynyl, substituted or
unsubstituted Cs.10 cycloalkyl, substituted or unsubstituted Cs.10 heterocyclyl or substituted or

unsubstituted aryl.

For instance R may be H, substituted or unsubstituted Ci.10 alkyl, substituted or unsubstituted
Cs.10 cycloalkyl or substituted or unsubstituted aryl. Typically R is H substituted or
unsubstituted Ci alkyl or substituted or unsubstituted aryl. For instance, R may be H
unsubstituted Ci alkyl or unsubstituted aryl. Thus, R may be selected from H, methyl, ethyl,
propyl, butyl, pentyl, hexyl, cyclopentyl, cyclohexyl and phenyl.

Often, the sacrificial anion is a compound of formula RCOO™, wherein R is H, substituted or
unsubstituted Ci.10 alkyl, substituted or unsubstituted C-10 alkenyl, substituted or
unsubstituted C,-10 alkynyl, substituted or unsubstituted Cs.10 cycloalkyl, substituted or
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unsubstituted Cs.1o heterocyclyl or substituted or unsubstituted aryl. For instance, R may be

H unsubstituted Cis alkyl or unsubstituted aryl.

Typically, the sacrificial anion is formate, acetate, propanoate, butanoate, pentanoate or

benzoate.

Preferably the sacrificial anion is formate, acetate, propanoate or benzoate. More preferably

the sacrificial anion is formate or acetate. Most preferably, the sacrificial anion is acetate.

In one embodiment, the process for producing a layer of a crystalline material may comprises
disposing on a substrate: a first precursor compound comprising a first cation and a sacrificial
anion, which first cation is a metal or a metalloid cation and which sacrificial anion is an
organic anion comprising a carboxylate group (e.g. of formula RCOQO"); and a second
precursor compound comprising a second anion and a second cation, which second cation can

together with the sacrificial anion form a first volatile compound.

The first precursor compound comprises a first cation which is a metal or metalloid cation.
The metal or metalloid cation may be a cation derived from any metal in groups 1 to 16 of the
periodic table of the elements. The metal or metalloid cation may be any suitable metal or
metalloid cation. The metal or metalloid cation may be a monocation, a dication, a trication

or a tetracation. The metal or metalloid cation is typically a dication or a tetracation.

Metalloids are usually taken to be following elements: B, Si, Ge, As, Sb, Te and Po. The first
cation is often a metal dication, trication or tetracation. Preferably, the first cation is a metal

or metalloid dication, for instance in metal dication.

Typically, the metal or metalloid cation is Ca>*, Sr**, Cd**, Cu®>*, Ni**, Mn**, Fe**, Co®", Pd**,
Ge?*, Sn?", Pb?*, Yb?*, Eu?*, B**, Sb*", Pd*", W, Re*", Os*", Ir**, Pt*", Sn*", Pb*", Ge*" or
Te**. Preferably, the metal or metalloid cation is Cu®”, Pb>*, Ge** or Sn*>*. Often, the first

cation is a metal or metalloid cation which is Pb*" or Sn*".

Often, the first precursor compound consists of the first cation and the sacrificial anion.
Accordingly, the first precursor compound can be a compound of formula ByYy wherein B is
a first cation as described herein, Y is a sacrificial anion as described herein, and b and y are

each integers from 1 to 5.
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Typically, the first precursor compound is a compound of formula BY, or MY, wherein B is
said first cation which is a metal or metalloid dication, M is said first cation which is a metal

or metalloid tetracation, and Y is said sacrificial anion.

Often, the first precursor compound is a lead salt or a tin salt. Thus the first precursor
compound may be a compound of formula PbY>, PbY4, SnY> or SnY4 wherein Y is a
sacrificial anion as described herein. Often, the first precursor compound is a carboxylate salt
of a metal, for instance lead or tin. The first precursor compound may be a compound of

formula Pb(RCOO); or Sn(RCOO); where R is described above.

Typically, the first precursor compound is lead (I) acetate, lead (II) formate, lead (IT)

propanoate, tin (I) formate, tin (II) acetate or tin (I) propanoate.
Second precursor compound

The second precursor compound comprises a second anion and a second cation. The second
anion and second cation may be any suitable ions. For instance the second cation may be a
metal or metalloid cation or an organic cation. For instance the second cation may be a
cation selected from Li", Na™, K*, Rb", Cs™, Cu”, Pd", Pt", Ag", Au", Rh™, Ru”, and an organic
cation. For instance the second cation may be a cation selected from Li", Na™, K", Rb", Cs*
and an organic cation. The second cation is often a monocation, for instance a metal or

metalloid monocation or an organic monocation.

Typically, the second cation is an organic cation. The second cation may be any suitable
organic cation. The organic cation may be a cation derived from an organic compound, for
instance by protonation. The second cation may be an organic monocation or an organic
dication. The second cation is typically an organic monocation. The second cation typically
has a molecular weight of less than or equal to 500 gmol™. Preferably, the second cation has
a molecular weight of less than or equal to 250 gmol™ or less than or equal to 150 gmol™.
Often, the second cation is an organic cation comprising a nitrogen atom or a phosphorous

atom. For instance, the organic cation may comprise a quaternary nitrogen atom.

Typically, the second cation is (NR'R’R’R*)", (R'R?N=CR’R*)", (R'R’N-C(R*)=NR*R*)" or
(R'R*N-C(NR°R®)=NR’R*)", and 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° are typically independently H, a substituted or unsubstituted Ci.¢ alkyl
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group or a substituted or unsubstituted aryl group. Preferably R!, R?, R?, R* 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 second cation is selected from (R'NH3)", (NR%)", and (H:N-C(R')=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 H, or a substituted or unsubstituted Ci-
10alkyl group. Often, R! is H or an unsubstituted C1- alkyl group and each R? is an
unsubstituted C.s 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 second cation may be selected from (CH3NH3)*, (CH3;CH,NH3)",
(CH3CH,CH,NH3)", (N(CH3)4)", (N(CH2CH3)s)", (N(CH2CH2CHz)4)", (HoN-C(H)=NH,)"
and (H,N-C(CH3)=NH>)".

Often, the second cation is (CH3NH3)", (CH3;CH>NH3)® or (CH;CH,CH>NH3)™. For instance,
the second cation may be (CH;NH;3)".

Typically, the second anion is a halide anion or a chalcogenide anion. The second anion may
be a halide anion, i.e. F~, CI", Br~ or I". Often, the second anion is CI-, Br~ or I". The second
anion may be a chalcogenide anion, for instance 0%, S>-, Se>~ or Te’". Chalcogenide anions
are typically selected from S*-, Se’~ or Te?". For instance, the second anion may be CI-, Br",

I, S*-, Se’~ or Te?~.

The second precursor compound is typically, a compound of formula AX, wherein A is said
second cation and X is said second anion, which second anion is a halide anion. The second

cation may be as defined herein. The second anion may be as defined herein.

The second precursor compound may, for instance, be selected from (H;NR)X,
(NR'RZR’RHX, (R'IRIN=CR’R¥)X, (R'RZN-C(R%)=NR’R*)X and (R'R*N-
C(NR’R®)=NR’R*)X, wherein each of R!, R?, R?>, R* R’ and R® is independently H, a
substituted or unsubstituted Ci-0 alkyl group or a substituted or unsubstituted aryl group, and
Xis F~, CI", Br-, or I". Preferably the second precursor compound is (H;NR!)X, wherein R!
is an unsubstituted Ci. alkyl group and X is CI-, Br~, or I".

The one or more second precursor compounds may, for example, be selected from CsF, CsCl,

CsBr, CSI, NH4F, NH4C1, NH4Br, NH4I, (CH3NH3)F, (CH3NH3)C1, (CH3NH3)BT,



WO 2016/020699 PCT/GB2015/052293
18

(CH3NH3)I, (CH;CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3)I,
(N(CH3)4)F, (N(CH3)4)CI, (N(CHs3)4)Br, (N(CH3)4)IL, (H2N-C(H)=NH»)F, (H2N-
C(H)=NH,)Cl, (H,N-C(H)=NH>)Br and (H.N-C(H)=NH>)I. Typically, the second precursor
compounds is selected from (CH3NH3)Cl, (CH3NH3)Br, (CH3NH;3)I, (CH3;CH2NH;3)CI,
(CH3CH2NH3)Br, (CH3CH2NH3)I, (N(CH3)4)Cl, (N(CH3)4)Br, (N(CH3)4)I, (HoN-
C(H)=NH)Cl, (Ho2N-C(H)=NH)Br and (HN-C(H)=NH)L.

Often, the second precursor compound is (CH3NH3)F, (CH3NH3)Cl, (CH3NH;3)Br,
(CH3NH3)I, (CH;CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3)I,
(N(CH3)4)F, (N(CH3)4)CI, (N(CHj3)4)Br, (N(CH3)4)L, (H2N-C(H)=NH,)CI, (H2N-
C(H)=NH)Br and (H,N-C(H)=NH»)I. Preferably, the second precursor compound is
(CH3NH3)C1, (CH3NH3)Br, (CH3NH3)I, (CH3CH2NH3)Cl, (CH3CH2NH3)Br or
(CH3;CH2NH3)L

Crystalline Material

The process of the invention may be used to produce layers of many different types of
crystalline materials. The crystalline material may comprise one or more cations and one or
more anions. The layer of the crystalline material may consist essentially of the crystalline

material.

The sacrificial anion is present to drive the film formation and improve the resulting film.
The sacrificial anion typically forms part of a first volatile compound which preferably
evaporates during film formation. The sacrificial anion does not typically form part of the
crystalline material. For instance, the formula for the crystalline material does not typically
comprise the sacrificial anion. Thus, the layer of the crystalline material formed by a process
of the invention does not usually comprise a large amount of the sacrificial anion. For
instance, the layer of the crystalline material typically comprises less than or equal to 15 wt%
of the sacrificial anion. The weight percentage is taken by taking the weight of the formed
layer as a whole and calculating the percentage of that mass which is due to sacrificial anions

in the layer.

Typically, the layer of the crystalline material comprises less than or equal to 5 wt% of the
sacrificial anion. Often, the layer of the crystalline material comprises less than or equal to 2
wt% of the sacrificial anion, for instance less than or equal to 1 wt% or 0.1 wt% of the

sacrificial anion.
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The crystalline material typically comprises a compound comprising: said first cation which
is a metal or metalloid cation; said second cation, which second cation is an organic cation;
and the second anion which is a halide anion or a chalcogenide anion. Often, the crystalline
material comprises a compound consisting of: said first cation which is a metal or metalloid
cation; said second cation, which second cation is an organic cation; and the second anion
which is a halide anion or a chalcogenide anion. The crystalline material typically comprises
greater than or equal to 90% by weight of a compound comprising said first cation which is a
metal or metalloid cation; said second cation, which second cation is an organic cation; and
the second anion which is a halide anion or a chalcogenide anion. For instance the crystalline
material may consist essentially of a compound described below, for instance a perovskite or

a hexahalometallate.

Often the crystalline material comprises a ternary compound. Thus, the crystalline material
may comprise a compound having a formula (I)

[AL[BJ[C]. (D)
wherein [A] is one or more of said second cations, [B] is one or more of said first cations, [C]
is one or more or said second anions, a is an integer from 1 to 6, b is an integer from 1 to 6,
and c is an integer from 1 to 18. ais 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.

The crystalline compound may therefore comprise a compound of formula (I)
[AL[BJ[C]. (D)
wherein:
[A] is one or more second cations such as those described herein, for instance one or
more organic monocations;
[B] is one or more first cations which are metal or metalloid cations selected from
Pd*, W* Re*", Os*", Ir**, Pt**, Sn*", Pb*", Ge*", Te*", Bi**, Sb*", Sn?*, Pb?>", Cu?*, Ge*" and
Ni2*;
[C] is one or more second anions selected from CI~, Br~, I, 0%, S*-, Se’", and Te*";
a 1s an integer from 1 to 3;

b is an integer from 1 to 3; and

c is an integer from 1 to 8.

If [A] is one cation (A), [B] is two cations (B! and B?), and [C] is one anion (C), the

crystalline material may comprise a compound of formula Aa(B!,B*),C.. [A] may represent
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one, two or more A ions. If [A], [B] or [C] is more than one ion, those ions may be present in
any proportion. For instance, Aa(B!,B*),C. includes all compounds of formula AaB',yB%(-
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 typically comprises:
a perovskite of formula (II):
[AI[B][X]s 1)
wherein: [A] is at least one monocation; [B] is at least one metal or metalloid dication; and
[X] is at least one halide anion;
or
a hexahalometallate of formula (I1I):
[ALIM][X]s (I10)
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] comprises said second cation. [B] and/or [M] comprise said first cation. [X] comprises

said second anion.

The crystalline material may comprise a perovskite of formula (II):
[AI[B][X]s 1)
wherein:
[A] is at least one second cation as defined herein;
[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 be at least one organic cation as described herein for the second cation. For
instance, [A] may be one or more organic cations selected from (NR'R’R'R*)",
(R'R*N=CR’R*)", (R'R’N-C(R*)=NR’R*)" 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 Ci0 alkyl
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group or a substituted or unsubstituted aryl group. R!, R?, R?, R* R® and R® may be
independently H, or an unsubstituted Ci alkyl group. [A] may be one or more organic
cations selected from (CH3NH3)", (CH3CH2NH3)*, (CH3CH,CH2NH3)™, (N(CH3)4)", (HoN-
C(H)=NH,)" and (H,N-C(CH3)=NH>)". [A] may be a single cation selected from
(CH;NH;)*, (CH;CH,NH3)*, (CH;CH,CHoNH; )Y, (N(CHs)a)*, (HoN-C(H)=NH,)" and (HN—
C(CH3)=NH,)". A is often (CH3NH3)", (CH3CH,NH3)"™ or (CH;CH2CH2NH3)™.

[A] may be at least one metal or metalloid cation as described herein for the second cation.
For instance, [A] may be one or more organic cations selected from Cs™, Rb", Cu®, Pd", Pt",

Ag”, Au”, Rh", and Ru™. [A]is often selected from Cs™ and Rb", and is more preferably Cs".
The crystalline material may comprises a perovskite of formula (II):
[AI[B][X]s 1)

wherein: [A] is at least one organic cation; [B] is at least one metal or metalloid dication; and
[X] is at least one halide anion. [A] may then be at least one organic cation as described

herein for the second cation.

In one embodiment, the perovskite is a perovskite compound of the formula (ITA):

AB[X]3 (ITA)
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 the

second cation and first cation respectively. For instance, A may be an organic cation.

The crystalline material may, for instance, comprise a perovskite compound of formula (IIC):
ABX;5xX'x (I1C)

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 monocation A and metal cation B may be as further defined
hereinbefore for the second and first cations respectively. Thus the monocations A may be

selected from any metal, metalloid or organic monocation described above. The metal
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cations B may be selected from divalent metal cations. For instance, the metal cations B may
be selected from Ca’", Sr’*, Cd**, Cu*", Ni**, Mn?", Fe?*, Co**, Pd*", Ge**, Sn**, Pb%>", Yb**
and Eu?". The metal cation B may be selected from Sn>*, Pb>*, Cu®>*, Ge** and Ni*".

Preferably, the metal cation B is Sn**, Pb*" or Cu*".

The crystalline material may comprise, or consist essentially of, a perovskite compound
selected from APbls, APbBr3;, APbCls;, APbF3, APbBr«I3.x, APbBriCls.x, APbIBr3.,
APbIxCls.x, APbCl«Br3.x, APbl3«Cly, ASnl3, ASnBr3;, ASnCls, ASnF3, ASnBrl,, ASnBryls.,
ASnBr«Cls.x, ASnF;.Brx, ASnliBr3.x, ASnlxCls.x, ASnF3.Ix, ASnCIlBr3.x, ASnl5.Clx and
ASnF;.«Clx, ACuls, ACuBr3;, ACuCls, ACuF3, ACuBrl,, ACuBri;3.x, ACuBriCls.x, ACuFs.
«Bry, ACuliBr3.x, ACuliClsx, ACuFs.x, ACuClxBr3, ACul3xCly, and ACuF;«Clx 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 CH3NHsPblI3, CHsNH3;PbBr3, CH;NH3;PbCls, CH3sNH3PbF3, CH3;NH3PbBr«I3.,
CH3NH;3PbBr,Cls.x, CHsNH3PbIBr3., CHsNH3PbI,Cls.x, CHsNH3PbClyBr3.y, CH;NH3PbI:.
«Clx, CH3NH3Snl3, CH3sNH;SnBrs, CH3;NH3;SnCls, CH3NH3SnF3;, CH3;NH3;SnBrl,
CH;NH3SnBr«l3.x, CH3NH3SnBryCls.x, CH3;NH3SnF3.«Bry, CH3NH3SnIBrs .,
CH3NH;3S8nICls«, CH3NH3SnF3.4Ix, CH3NH3SnCIlBr3.x, CH3NH3SnI3«Cly and
CH;3NH;3SnF;3.4Cly, CH3NH;3Culs, CH3NH3CuBrs, CH;NH3CuCls, CH;NH3CuFs3,
CH;3NH;3CuBrlz, CH3NH3CuBrl3.x, CH;NH3CuBrCls.x, CH;NH3CuF3.Bry,
CH;3NH;3CulBrs.x, CH3sNH;3CulCls.x, CH3;NH3CuF3.«Ix, CH3NH3CuCliBr3.x, CH;NH;3Culs.
«Clx, and CH3NH;CuF5.<Clx where x is from 0 to 3. x may be from 0.05 to 2.95. For
instance, X may be from 0.1 to0 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. For instance, if the first cation is Pb?*, the second cation is CH;NH;" and the
second anion is I, then the crystalline material may comprise or consist essentially of

CH;NH;PbI;.

The crystalline material may comprise, or consist essentially of, a perovskite compound
selected from CH3NH3PblIz, CH;NH3;PbBr3, CH;NH3;PbCl;, CH3sNH3PbF3;, CH;NH3PbBrl»,
CH3NH;3PbBrCl,, CH3;NH3;PbIBr,, CH3NH3PbICl,, CH3sNH3PbCIBr2, CH3sNH3PbI Cl,
CH3NH;Snl3, CH3NH3SnBr3, CH3;NH3SnCls, CH3NH3SnF3;, CH3NH3;SnBrl,



WO 2016/020699 PCT/GB2015/052293
23

CH;sNH;3 SnBrClz, CH;3;NH; SanBr, CH;3;NH; SnIBrz, CH;3;NH; SnIClz, CH;3;NH; SanL
CH;sNH;3 SnClBrz, CH;3;NH; SHIQCI and CH;sNH;3 SHFQCI.

The crystalline material may comprise, or consist essentially of, a perovskite compound
selected from CH3NH3PbBr«I3.x, CH;NH3PbBr«Cls.x, CH;NH3PbIBr3.«, CH;NH3PbI(Cls.y,
CH;3NH;3PbClBrs.x, CH3NH;3PbI5.<Cly, CH3;NH3SnBr«l3.x, CH3;NH3SnBryCls.x, CH3;NH;3SnFs.
«Bry, CH3NH;3SnIBrs., CH3NH;3SnICls.x, CH3sNH3SnF3..Ix, CH;NH3SnClBrs .,
CH;NH;SnI5.4Clx and CH3NH;SnF;.Cly, where x 1s 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 CH3NH3;PbBrl,, CH;NH3;PbBrCly,
CH3NH3PbIBr2, CH3NH3PbIC12, CH;3;NH; SanBr, and CH3NH3SnF>I. The perovskite may
be CH3;NH;PbCL 1

Preferably, the crystalline material comprises, or consist essentially of, a perovskite
compound selected from CH3;NH;Pbls, CH3;NH3PbBr3, CH;NH3;PbCls, CH3;NH;3Snl3,
CH3NH;3SnBrs, CH3NH3SnCls, CH;NH3Culs, CHsNH3CuBrs, CH3;NH3CuCls, NH4Culs,
NH4CuBr3, NH4CuCls, NH4Cul,Br, NH4Cul,CIl, NH4+CuBr,Cl, NH4CuCl,Br,
CH;3NH;Cul,Br, CH3sNH;3Cul,Cl, CH3sNH3CuBr;Cl, and CH3;NH3CuCl,Br. More preferably,
the crystalline material comprises, or consist essentially of, a perovskite compound selected

from CH3NH;3Pbls, CH3NH;3Snl;, NH4CuCl,Br, CH;NH3CuCls, and CH3NH3CuCl,Br.

In the case of where the crystalline material comprises a perovskite, the process of the
invention may be explained as follows. Processes for producing a perovskite compound can
comprise reacting a monovalent metal halide or an organic halide (e.g. methylammonium
iodide) with a divalent metal halide (for instance lead iodide). An excess of the monovalent
metal halide/organic halide is often required, for instance 3 equivalents monovalent metal

halide/organic halide to 1 equivalent metal halide. The following reaction scheme may

apply.
3AX+BX; — ABX3 +2AX

Here, A is a monocation, B is a divalent metal cation and X is a halide anion. The excess
halide anion is thought to be lost as AX (for instance by evaporation). In this process, A may

be an organic cation, such that AX is an organic halide.



WO 2016/020699 PCT/GB2015/052293
24

The inventors have surprisingly found that the divalent metal compound may be optimised by
the inclusion of a sacrificial anion which increases the volatility of the side product
comprising the excess monocation. Thus, an example reaction scheme for the process of the

invention when applied to perovskite layer production may be as follows.
3AX +BY; — ABX3 +2AY

Here, A is a monocation, B is a divalent metal cation, X is a halide anion and Y is a
sacrificial anion. BY is the first precursor compound. AX is the second precursor
compound. The first volatile compound, AY, produced is a volatile compound which may
therefore easily evaporate or decompose to products which evaporate. AY is typically more
volatile than AX. In this process, A may be an organic cation, such that AX is an organic

halide.

The crystalline material may comprise a hexahalometallate of formula (I1I):
[ALIM][X]s (I10)
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 perovskite. [A]is typically at least one monocation selected from Li",

*, K", Rb", Cs”, NH4" and monovalent organic cations. Monovalent organic cations are
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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”, NH;* and monovalent organic cations. For instance, [A]
may be a single monocation selected from Rb™, Cs*, NHs" 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 be at least one
monovalent organic cation. For instance, [A] may be a single monovalent organic cation.

[A] may comprise one or more cations as described for the second cation.

Preferably, [A] is a single type of cation, i.e. the hexahalometallate is a compound of formula
As[M][X]6. [A] may be a single monocation selected from K™, Rb™, Cs™, NHs", (CH3NH3)",
(CH;CH:NH;)*, (CH;CHCH;NH;3)", (N(CHs)s)", (N(CH2CHs)s)*, (N(CH2CH2CHs)y)',
(Ho2N-C(H)=NH>)" and (HoN-C(CH3)=NH,)". Preferably, [A] is a single monocation
selected from Cs*, NH4", (CH3NH3)", (CH3;CH,NH3)", (N(CH3)4)", (N(CH2CH3s)4)", (HoN-
C(H)=NH>)" and (H,N-C(CH3)=NH,)". In one embodiment, [A]is (CHsNH3)". In another
embodiment, [A] is (H:N-C(H)=NH:)".

[M] may comprise one or more suitable metal or metalloid tetracations. Metals include
elements of groups 3 to 12 of the Periodic Table of the Elements and Ga, In, Tl, 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*", V¥, Mn*", Fe**, Co*", Zr**, Nb**, Mo**,
Ru**, Rh**, Pd*", Hf*", Ta*", W*, Re*", Os*", Ir**, 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

Te4+

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.
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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] may be at least one halide anion. [X] is therefore at least one halide anion selected from
F-, CI', 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~, CI", Br~ and I". Typically, in a mixed-halide compound, [X] is two

halide anions selected from F~, CI", Brand I".

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 (II1A)

AoM[X]s (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-, Br~and I,
and preferably selected from CI7, Br~ and I". In formula (ITTA), [X] is preferably one or two

halide anions selected from CI~, Br and I".

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

AMXe, X'y  (IIB)
wherein: A is a monocation (i.e. the second cation); M is a metal or metalloid tetracation (i.e.
the first cation); X and X' are each independently a (different) halide anion (i.e. two second
anions); and y is from 0 to 6. When y is 0 or 6, the hexahalometallate compound is a single-
halide compound. Wheny 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 A>SnFe.yCly, A2SnFs.yBry, A2SnFe.yly,
AzSIlCls.yBry, AzSIlCls.ny, AZSnBr6-ny’ A2T6F6-ycly’ A2T6F6-yBry’ A2T6F6-y:[y’ A2T6C16-yBry’
A2T6C16-y:[y’ AZTeBr6-ny’ A2G6F6-ycly’ A2G6F6-yBry’ A2G6F6-y:[y’ A2G6C16-yBry’ A2G6C16-y:[y’
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AxGeBreyly, AsReFsyCly, A2ReFsyBry, AsReFsyly, A2ReClsyBry, A2ReCls.yly or AzReBrs.
JIy, wherein: A is K, Rb", Cs™, (R'NH3)", (NR%)", or (HoN-C(R')=NH,)", wherein R' is H, a
substituted or unsubstituted Ci-0 alkyl group or a substituted or unsubstituted aryl group, and
R? is a substituted or unsubstituted Ci.10 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™, NH4",
(CH3NH3)", (CH3CH2NH3)", (N(CHs)4)", (N(CH2CH3)s)™, (H2N-C(H)=NH>)" or (HoN-
C(CH;3)=NH.)", for instance Cs*, NH4", or (CH3NH3)".

The hexahalometallate compound may typically be A2SnFsyCly, A2SnFeyBry, A2SnFe.yly,
A2SnClsBry, A2SnCls4ly, or A;SnBreyly, wherein: A is K*, Rb™, Cs*, (R'NH;z)*, (NR%), or
(HoN-C(RH)=NH,)", or A is as defined herein, wherein R is H, a substituted or unsubstituted
Ci-0 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 ory is as defined herein.

In another embodiment, the hexahalometallate compound is A2GeFeyCly, A2GeFs.yBry,
ArGeFe 41y, AxGeCloyBry, A2GeClsyly, or AGeBreyly, wherein: A is K, Rb™, Cs*, (RINH3)",
(NR2%)*, or (H,N-C(R")=NH,)", 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 R? is a substituted or unsubstituted Ci-10 alkyl group, or R? is as defined herein;

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

The hexahalometallate compound may, for instance, be AsTeFes.yCly, AsTeFsyBry, AcTeFe.yly,
A;TeClsBry, A2TeClsyly, or A2TeBreyly, wherein: A is K*, Rb™, Cs*, (R'NH;3)*, (NR%), or
(HoN-C(RH)=NH,)", or A is as defined herein, wherein R is H, a substituted or unsubstituted
Ci-0 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 ory 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 MXy, as

discussed below.

In some embodiments, all of the ions are single anions. Thus, the crystalline material may

comprise, or consist essentially of, a hexahalometallate compound of formula (IV)
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AxMX (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 A,SnFs, A2SnCls, A2SnBrs, A2Snls, AxTeFe,
AsTeClg, Ay TeBrs, AxTels, AuGeFes, A2GeCls, A2GeBrs, AxGels, AsReFs, AsReCls, AxReBrg
or AsRelg, wherein: A is K, Rb*, Cs*, (R'NH3)", (NR?%)", or (H:N-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 Cs>Snls, Cs2SnBrs, Cs:SnBrs.yly, Cs2SnCle.
yIy, Cs28nClsyBry, (CH3NH3)2Snls, (CH3NH3)2SnBrs, (CH3NH3)2SnBre.yly, (CH3NH3)2SnCls.
oIy, (CH3NH;3),SnClsBry, (HyN-C(H)=NH,),Snls, (H;N-C(H)=NH,),SnBrs, (H2N—
C(H)=NH>)>SnBre.ly, (H2N-C(H)=NH),SnCle.yIy or (H,N-C(H)=NH>),SnCls.yBry wherein
y is from 0.01 to 5.99. y may be as defined herein. For example, the hexahalometallate
compound may be (CH3NH3),Snls, (CH3NH3)2SnBrs, (CH3NH3)2SnClg, (HoN—
C(H)=NH;),Snls, (H,N-C(H)=NH:),SnBrs or (H;N-C(H)=NH;).SnCls. The
hexahalometallate compound may be Cs,Snls, Cs>SnBrs, Cs2SnClsyBry, (CH3NH3)2Snls,
(CH3NHj3)2SnBrs, or (H2N-C(H)=NH,),Snls.

In one embodiment, the crystalline material comprises a compound of formula (V), which
may for instance be a layered perovskite:
[AL[B][X]4 V)
wherein:
[A] is at least one monocation, which is typically an organic cation;
[B] is at least one metal or metalloid cation, which is typically a metal or metalloid
dication; and

[X] is at least one halide anion.

[A], in the compound of formula (V), which is typically at least one organic cation,

may be as further defined herein for the perovskite of formula (II).

[B] in the compound of formula (V), which is typically at least one metal or

metalloid dication, may be as further defined herein for the perovskite of formula (II).
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[X] in the compound of formula (V), which is at least one halide anion, may be as

further defined herein for the perovskite of formula (II).
First volatile compound

The first volatile compound may evaporate or decompose and drive formation of the layer of

the crystalline material.

The first volatile compound often has a vapour pressure of greater than or equal to 500 Pa at
20°C or a dissociation pressure of greater than or equal to 500 Pa at 20°C. The first volatile
compound may for instance have a vapour pressure of greater than or equal to 1000 Pa at
20°C. For instance, NH4Ac (ammonium acetate) has a vapour pressure of 1850 Pa at 20°C.
Vapour pressures for compounds may be found in data tables. The dissociation pressure is
defined as the vapour pressure of one or more of the decomposition products formed by
decomposition (dissociation) of the first volatile compound. For instance, for an ammonium
compound such as ammonium acetate which may decompose to form ammonia and acetic
acid, the dissociation pressure may be measured as the vapour pressure of ammonia

produced.

Typically, the first volatile compound is more volatile than methylammonium iodide. Thus,
the first volatile compound often evaporates or decomposes at a lower temperature than
methylammonium iodide. Evaporation or decomposition may be measured by
thermogravimetric analysis, for instance by measuring the temperature at which 5% mass has

been lost.

Typically, the first volatile compound has an initial thermal decomposition temperature
where 5 wt% weight is lost of less than or equal to 250°C. For instance, the first volatile
compound may have an initial thermal decomposition temperature (where 5 wt% weight is

lost) of less than or equal to 200°C, or less than equal to 180°C.

Typically, the first volatile compound is a compound of formula AY, wherein A is said
second cation, which second cation is (NR'R’R'R*)", (R'R*N=CR*R*)", (R'R*N-
C(R*)=NR'RH" or (R'IR2ZN-C(NR’R®)=NR’R*)*, and 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 Y is said sacrificial anion, which sacrificial anion is an anion of

formula RCOO~, ROCOO~, RSO;~, ROP(O)(OH)O™ or RO, and R is H, substituted or
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unsubstituted Ci.10 alkyl, substituted or unsubstituted C-10 alkenyl, substituted or
unsubstituted C,-10 alkynyl, substituted or unsubstituted Cs.10 cycloalkyl, substituted or

unsubstituted Cs.io heterocyclyl or substituted or unsubstituted aryl.

For instance, the first volatile compound may be a compound of formula AY, wherein A is
said second cation, which second cation is (R'NH3)", (NR?%4)* or (H;N-C(R")=NH,)",
wherein R! is H or an unsubstituted Ci.s alkyl group and each R? is independently an
unsubstituted Ci alkyl group, and Y is said sacrificial anion, which sacrificial anion is an

anion of formula RCOO™, wherein R is H or unsubstituted Cis alkyl.

For instance, the first volatile compound may be ammonium formate, ammonium acetate,
ammonium propanoate, ammonium butanoate, ammonium pentanoate, ammonium
hexanoate, ammonium benzoate, methylammonium formate, methylammonium acetate,
methylammonium propanoate, methylammonium butanoate, methylammonium pentanoate,
methylammonium hexanoate, methylammonium benzoate, ethylammonium formate,
ethylammonium acetate, ethylammonium propanoate, ethylammonium butanoate,

ethylammonium pentanoate, ethylammonium hexanoate or ethylammonium benzoate.
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
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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 [-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 TiOz, SnO», ZnO,
Nb20s, Ta;0s, WO3, W20s, Iny O3, Ga;03, Nd2O3, PbO, or CdO. Preferably, the n-type
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 p-
type semiconductors may be selected from polymeric or molecular hole transporters. The p-
type semiconductor may comprise spiro-OMeTAD (2,2’,7,7 -tetrakis-(N,N-di-p-
methoxyphenylamine)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']dithiophene-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».
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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).

The porous scaffold material may be a charge-transporting scaffold material (e.g. an electron-
transporting 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
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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 400 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 n-
type 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.
Process conditions

The ratio by amount (first precursor compound):(second precursor compound) is typically
from 1:0.9to 1:6. Thus, if 1 mol of the first precursor compound (for instance lead acetate) is
disposed on the substrate, from 0.9 mol to 6 mol of the second precursor compound (for
instance methyl ammonium iodide) is typically disposed on the substrate. Often, the ratio by
amount (first precursor compound):(second precursor compound) is typically from 1:2 to 1:4.
If the crystalline material is a perovskite, the ratio by amount (first precursor
compound):(second precursor compound) is typically around 1:3, for instance from 1:2.5 to
1:3.5. For instance, for each equivalent of a first precursor compound BY> (for instance as
defined above) there could be from 2.5 to 3.5 equivalents of a second precursor compound

AX (for instance as defined above).

Typically, the first and second precursor compounds are disposed by solution processing.
Thus, typically, disposing the first and second precursor compounds on the substrate
comprises disposing a composition on the substrate, which composition comprises the first

and second precursor compounds and a solvent.

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
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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, n-
propanol, 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). Preferably the solvent is a
polar solvent. More preferably, the solvent is a polar aprotic solvent. Examples of polar
aprotic solvents include ketone solvents (such as acetone), amide solvents (such as
dimethylformamide and diethylformamide), nitrile solvents (such as acetonitrile), sulfoxide
solvents (dimethylsulfoxide) and halogenated solvents (such as dichloromethane, chloroform,
and chlorobenzene). For example, the solvent may be one or more of dimethyl formamide
(DMF), dimethyl sulfoxide (DMSO) and gamma-butyrolactone (GBL). Preferably, the

solvent is an amide solvent, for instance dimethylformamide (DMF).

The ratio of the concentration of the first and second precursor compounds is typically as for
the amount ratio described above. For instance, the ratio by concentration in the composition
comprising the first precursor compound (e.g. BY3), second precursor compound (e.g. AX)
and solvent is, for (first precursor compound):(second precursor compound), typically from
1:0.9 to 1:6. Often, the ratio by concentration (first precursor compound):(second precursor

compound) is from 1:2 to 1:4, for instance from 1:2.5 to 1:3.5.

The final concentration of the precursor compounds in the composition comprising the
precursor compounds and solvent is typically from 10 to 60 wt%. The concentration may be

from 30 to 50 wt%, for instance about 40 wt%.

The composition comprising the first and second precursor compounds and a solvent may be
disposed on the substrate by any suitable method, for instance solution phase deposition. The
composition may be disposed on the substrate by graveur coating, slot dye coating, screen
printing, ink jet printing, doctor blade coating, spray coating or spin-coating. Often the

composition is disposed by spin-coating.

Alternatively, the deposition of the first and second precursor compounds could be by vapour
deposition, for instance vacuum deposition. The first and second precursor compounds may
be disposed on the substrate by evaporation from a single source or from two separate

sources (simultaneously or sequentially).
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In some embodiments, the compounds employed in the process of the invention (i.e. the first
precursor compound, the second precursor compound, optionally, a third precursor
compound as defined herein, and optionally, an auxiliary metal compound as defined herein),
are disposed on the substrate separately or sequentially. Any order of separate or sequential
disposition may be employed. Also, each particular compound (of the first precursor
compound, the second precursor compound, optionally, the third precursor compound, and
optionally, the auxiliary metal compound) may be disposed on the substrate by the same
method or by different methods. The methods may be selected, independently for the
disposition of each compound, from solution phase deposition, for instance graveur coating,
slot dye coating, screen printing, ink jet printing, doctor blade coating, spray coating or spin-
coating; and vapour phase deposition, for instance vacuum deposition. Accordingly, in one
embodiment of the process of the invention, said disposing comprises disposing on the
substrate: the first precursor compound; the second precursor compound; optionally, a third
precursor compound as defined herein; and optionally, an auxiliary metal compound as
defined herein, simultaneously, separately, or sequentially in any order. Each of said
compounds may be disposed on the substrate by a deposition method which is the same or
different for each compound, and which may be independently selected from: solution phase
deposition, for instance graveur coating, slot dye coating, screen printing, ink jet printing,
doctor blade coating, spray coating or spin-coating; and vapour phase deposition, for instance
vacuum deposition. In one embodiment, one of the first and second precursor compounds is
disposed on the substrate by solution phase deposition, for instance by graveur coating, slot
dye coating, screen printing, ink jet printing, doctor blade coating, spray coating or spin-
coating; and the other of the first and second precursor compounds is disposed on the
substrate by vapour phase deposition, for instance by vacuum deposition. In another
embodiment, both of the first and second precursor compounds are disposed on the substrate
by solution phase deposition, for instance by graveur coating, slot dye coating, screen
printing, ink jet printing, doctor blade coating, spray coating or spin-coating. In another
embodiment, both of the first and second precursor compounds are disposed on the substrate

by vapour phase deposition, for instance vacuum deposition.

The process of the invention typically further comprises heating the disposed first and second
precursor compounds to, or at, a temperature of from 50°C to 200°C. For instance, the
disposed first and second precursor compounds maybe heated to a temperature of from 60°C

to 150°C, or from 90°C to 110°C. The precursor compounds are typically heated for from 45
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seconds to 2 hours. Often, the disposed precursor compounds are heated for from 2 minutes

to 20 minutes.

The layer of the crystalline material produced by the process of the invention may be
extremely smooth. For instance, the layer of the crystalline material may have a root mean
square surface roughness of less than or equal to 50 nm in the range 15 um x 15 pum. Often,
the root mean square surface roughness may be less than or equal to 25 nm, or less than equal
to 15 nm, in the range 15 um x 15 um. The surface roughness may be measured by atomic

force microscopy.

The thickness of the layer of crystalline material produced by the method may be any suitable
value, which may typically be in the range 1 nm to 1 mm. For instance, the layer of the
crystalline material may have a thickness of greater than or equal to 50 nm. Preferably, the
layer of the crystalline material has a thickness of greater than or equal to 100 nm, for

instance from 100 nm to 700 nm.

In one preferred embodiment, the process comprises:

(a) disposing on a substrate a composition comprising a solvent, said first
precursor compound and said second precursor compound; and

(b) removing the solvent;

wherein

the solvent is a polar aprotic solvent,

the first precursor compound is lead (II) acetate, lead (II) formate, lead (II)
propanoate, tin (II) formate, tin (II) acetate or tin (II) propanoate, preferably lead (II) acetate
and

the second precursor compound is (CH3NH3)F, (CH3NH;3)Cl, (CH3NH3)Br,
(CH3NH3)I, (CH;CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3)I,
(N(CH3)4)F, (N(CH3)4)CI, (N(CH3)4)Br, (N(CH3)4)L, (H2N-C(H)=NH»)F, (H2N-
C(H)=NH,)Cl, (H,N-C(H)=NH>)Br or (H2N-C(H)=NH>)I, preferably (CH3;NHj3)IL.

Removing the solvent is typically performed by heating the disposed composition, for

instance at a temperature of from 50°C to 150°C.
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Sacrificial cation

The inventors have surprisingly found that the process of the invention may be even further

improved by the addition of a sacrificial cation (in addition to the sacrificial anion).

Thus, in one embodiment, the process comprises disposing on the substrate:

said first precursor compound;

said second precursor compound; and

a third precursor compound comprising a sacrificial cation, which sacrificial cation
comprises two or more atoms and has a lower molecular weight than the second cation. The
sacrificial cation can together with the sacrificial anion form a second volatile compound.

The sacrificial cation may be referred to as Z.

The first precursor compound, the second precursor compound, the crystalline material, the
substrate and all other features of the process using a third precursor compound may be as

defined above for the process using only first and second precursor compounds.

The sacrificial anion and the sacrificial cation can together form a second volatile compound.
Thus, the compound Z,Yy, where Z is the sacrificial cation, Y is the sacrificial anion and z
and y are integers is a volatile compound. As discussed herein, volatile compounds are those
compounds which are removed easily by evaporation, whether by evaporation of the
compound itself or by evaporation of decomposition products from the compound, or by

decomposition.

Typically, the second cation and sacrificial anion do together form a second volatile
compound. Thus, the process may further comprise allowing the sacrificial cation and the
sacrificial anion to form a second volatile compound and allowing the second volatile
compound to be removed from the composition disposed on the substrate. The second
volatile compound may be allowed to be removed from the composition disposed on the
substrate by allowing the second volatile compound to evaporate, decompose, or evaporate
and decompose. Allowing the second volatile compound to be removed may comprise
heating the substrate or exposing the composition disposed on the substrate. Often, the
substrate and/or composition is heated to remove the second volatile compound. The second

volatile compound may evaporate without requiring heating.
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Typically, the second volatile compound is more volatile than a compound which consists of
the second cation and the second anion. Furthermore, the second volatile compound is
typically more volatile than the first volatile compound (i.e. a compound which typically
consists of the second cation and the sacrificial anion). The sacrificial cation is chosen such
that the second volatile compound is more volatile than the first volatile compound, for

instance due to the sacrificial cation having a lower molecular weight than the second cation.

Whether one compound is more volatile than another is easily measured. For instance,
thermogravimetric analysis may be performed and the compound which loses certain mass
(for instance 5% mass) at the lower temperature is the more volatile. Often, the temperature
at which the second volatile compound has lost 5% mass (following heating from room
temperature, e.g. 20°C) is more than 10°C less than the temperature at which the first volatile
compound has lost 5% mass (following heating from room temperature, e.g. 20°C). For
instance, the temperature at which the second volatile compound has lost 5% mass (following
heating from room temperature, e.g. 20°C) may be more than 35°C less than the temperature
at which the compound which consists of the second cation and the second anion has lost 5%
mass (following heating from room temperature, e.g. 20°C). For instance, if a compound
which consists of the second cation and the second anion has lost 5% mass at a temperature
of 200°C, the second volatile compound has typically lost 5% mass at a temperature of 165°C

or lower.

An example of a reaction scheme for the process of the invention further using a third

precursor compound when applied to perovskite layer production may be as follows.
AX +2ZX+BY; — ABX; +2ZY

Here, A is a monocation (i.e. the second cation), B is a metal cation (i.e. the first cation), X is
a halide anion, Y is a sacrificial anion and Z is a sacrificial cation. The second volatile
compound (ZY) is more volatile than the first volatile compound (AY) would be and this can

drive the reaction faster. A may be an organic cation.

Typically, the second precursor compound comprises said second cation and the second
anion which is a halide or chalcogenide anion, and the third precursor compound comprises
said sacrificial cation and the same halide or chalcogenide anion as is the second anion in the

second precursor compound. The third precursor compound may comprise a different halide
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or chalcogenide anion to the second anion, and this can lead to the production of mixed

halide crystalline materials, for instance mixed halide perovskites.

The sacrificial cation is typically a cation which is as defined herein. For instance, the
sacrificial cation may be (NR'R’R’R*)", (R'R?N=CR’R*)", (R'R’N-C(R*)=NR’R*)" or
(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.

The sacrificial cation preferably has a lower molecular weight than the second cation and
accordingly R!, R? R R* R® and R® are preferably independently H, methyl or ethyl. For
instance, if the second cation is ethylammonium, the sacrificial cation is preferably
methylammonium or ammonium. If the is methylammonium, the sacrificial cation is

preferably ammonium. Often, the sacrificial cation is ammonium (NH4").

Typically, the third precursor compound is NH4F, NH4Cl, NH4Br or NH4I. For instance, the
third precursor compound may be NH4CIl, NH4Br or NH4I.

The ratio by amount (first precursor compound):(second precursor compound):(third
precursor compound) is typically from 1:0.9:1 to 1:3:4. Thus, for each equivalent of the first
precursor compound (e.g. BY?»), there may be from 0.9 to 3 equivalents of the second
precursor compound (e.g. AX) and from 1 to 4 equivalents of the third precursor compound

(e.g. ZX). Often, the ratio is from 1:0.9:1.5to 1:1.1:2.5.

The first, second and third precursor compounds are typically disposed by solution
processing as described above. For instance, a composition comprising first, second and third
precursor compounds and a solvent may be disposed on the substrate, for instance by spin-
coating, or for instance by graveur coating, slot dye coating, screen printing, ink jet printing,
doctor blade coating, or spray coating. The solvent is typically a polar aprotic solvent, such
as those described above (e.g. DMF). The concentration of the composition is typically from

10 to 60 wt%, or from 30 to 50 wt%, of the precursor compounds.

A preferred embodiment of the process comprises:

(a) disposing on a substrate a composition comprising a solvent, said first
precursor compound, said second precursor compound and said third precursor compound,
and

(b) removing the solvent;
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wherein

the solvent is a polar aprotic solvent,

the first precursor compound is lead (II) acetate, lead (II) formate, lead (II)
propanoate, tin (II) formate, tin (II) acetate or tin (I) propanoate, preferably lead (II) acetate ,

the second precursor compound is (CH3NH3)F, (CH3NH;3)Cl, (CH3NH3)Br,
(CH3NH3)I, (CH;CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3)I,
(N(CH3)4)F, (N(CH3)4)CI, (N(CH3)4)Br, (N(CH3)4)L, (H2N-C(H)=NH»)F, (H2N-
C(H)=NH)Cl, (Ho2N-C(H)=NH2)Br or (H,N-C(H)=NH>)I, preferably (CH3;NH3)I, and

the third precursor compound is NH4F, NH4Cl, NH4Br or NH4L.

Additional steps of heating the disposed composition may be performed as above.
Auxiliary metal compound

In some embodiments, it is preferable to include an additional auxiliary metal compound.
The auxiliary metal compound can act to reduce the amount of sacrificial anion required for
the process to avoid excess sacrificial anion becoming trapped in the produced layer. The
auxiliary metal compound typically comprises the first cation (e.g. a metal dication) and the

second anion (e.g. a halide anion).

Thus, the process may further comprise disposing on the substrate an auxiliary metal
compound, which auxiliary metal compound comprises:
an auxiliary cation which is the same cation as said first cation; and

an auxiliary anion which is the same anion as said second anion.

The auxiliary cation may be as defined for the first cation above. For instance it may be a
metal or metalloid cation. The auxiliary anion may be as defined for the second anion above.

For instance it may be a halide or chalcogenide anion.

Preferably, the auxiliary metal compound is a compound of formula BX, or M X4, wherein B
is said auxiliary cation which is the same as said first cation which is a metal or metalloid
dication (for instance as defined herein), M is said auxiliary cation which is the same as said
first cation which is a metal or metalloid tetracation (for instance as defined herein), and X is
said auxiliary anion which is the same as said second anion which is a halide anion. Often,

the auxiliary metal compound is a lead (IT) halide or a tin (II) halide.
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For instance, the first precursor compound may be lead (II) acetate, lead (II) formate, lead (II)
propanoate, tin (I) formate, tin (II) acetate or tin (I) propanoate, preferably lead (II) acetate;
the second precursor compound may be (CH3NH3)F, (CH3NH3)CI, (CHsNH;3)Br, (CH3NH3)I,
(CH3;CH2NH3)F, (CH3CH;NH3)Cl, (CH3CH2NH3)Br, (CH3CH2NH3)I, (N(CH3)4)F,
(N(CHs3)4)Cl, (N(CHs)4)Br, (N(CH3)4)L, (H2N-C(H)=NH,)F, (HN-C(H)=NH,)Cl, (HoN—
C(H)=NH)Br or (H,N-C(H)=NH>»)I, preferably (CH3NH3)I; and the auxiliary metal
compound may be lead (II) fluoride, lead (II) chloride, lead (IT) bromide, lead (II) iodide, tin
(IT) fluoride, tin (II) chloride, tin (II) bromide or tin (II) iodide. The compounds may
respectively be lead (II) acetate, methylammonium iodide and lead (II) iodide. The ratio by
amount (first precursor compound:auxiliary metal compound) may be from 1:99 to 99:1. Itis
often for instance from 1:50 to 50:1, or for instance from 1:10 to 10:1. Typically, it is from
1:2to 2:1. The auxiliary metal compound may be present as well as the third precursor
compound (as, for example, in the reaction 2MAI + 0.5Pbl, + 0.5PbAc, > MAPbI; +
MAAC).

Layer

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

to the invention.
Process for producing a semiconductor device

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.

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 solution-
processing, for instance by disposing a composition comprising a solvent and the n-type or p-

type semiconductor. The solvent may be selected from polar solvents, for instance
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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 second electrode may be disposed by
vacuum evaporation. 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.

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:
I alayer of a first electrode material as defined herein,;
II.  alayer of an n-type semiconductor as defined herein
III.  optionally a layer of a porous scaffold material as defined herein;
IV.  alayer of a crystalline material as defined herein,;
V. alayer of an p-type semiconductor as defined herein; and

VI.  alayer of a second electrode material as defined herein.

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

following order:
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I alayer of a transparent conducting oxide, preferably FTO,
II.  acompact layer of an n-type semiconductor as defined herein, preferably
TiOy;
III.  optionally a layer of a porous scaffold material as defined herein, preferably
ALOs or TiOy;
IV.  alayer of a crystalline material as defined herein,;
V. alayer of an p-type semiconductor as defined herein, preferably spiro-
OMEeTAD; and

VI.  alayer 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.
Composition

The invention also provides compositions useful in the formation of layers of a crystalline
material. Thus, the invention provides a composition comprising:

(a) a solvent;

(b)  NHiX;

(©) AX; and

(d) BYaorMYy
wherein

each X is independently I, Br~, CI” or F~;

Ais Li", Na*, K*, Rb", Cs*, (NR'4)" or (H2N-C(R))=NH,)", wherein each R! is
independently selected from H and an unsubstituted Ci. alkyl group;

B is Cu®", Pb**, Ge*", Sn*", Fe’" or Zn®";

M is Sn**, Pb*", Ge** or Te*"; and

Y is an anion of formula RCOO™ or NOs~ wherein R is H or unsubstituted Ci alkyl.
The solvent may be as described above. For instance, the solvent may be a polar aprotic
solvent such as dimethylformamide.

A is often (R'NH3)", (NR%)™ or (H;N-C(R")=NH,)*, wherein R! is an unsubstituted
Ci alkyl group and each R? is independently an unsubstituted C1 alkyl group. B may for
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instance be Cu’*, Pb**, Ge** or Sn**. M is typically Sn*", Pb*", Ge** or Te**. Y is often an

anion of formula RCOO™, wherein R is H or unsubstituted Cis alkyl.

Often, the composition comprises greater than or equal to 95 wt% of the components

(a) to (d). The composition may consist essentially of the components.

Each X may independently I, Br~or CI". A is typically (R'NH3)", wherein R! is an

unsubstituted C1.¢ alkyl group. B is typically Pb?* or Sn?*. M is typically Sn** or Pb*". Y is

typically formate or acetate.

For instance, the composition may comprise:

(a)
(b)
(©)
(d)

wherein

a solvent;
NH:X;
CH;NHsX; and
PbAc; or SnAcs;

each X is independently I", Br~, CI” or F~, preferably I".

Typically, the ratio by amount (d):(¢):(b) is from 1:0.9:1 to 1:3:4, preferably from
1:.09:15t0 1:1.1:2.5.

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

Example 1 — Sacrificial Anion
Method

Perovskite precursor preparation

Methylammonium iodide (MAI) was prepared by reacting methylamine, 33 wt% in ethanol
(Sigma-Aldrich), with hydroiodic acid (HI) 57 wt% in water (Sigma-Aldrich), at room
temperature. HI was added dropwise while stirring. Upon drying at 100°C, a white powder
was formed, which was dried overnight in a vacuum oven and purified with ethanol before
use. To form the perovskite precursor solution, MAI and PbX, (X= Ac, Cl, I, where Ac is
acetate: H;CCOO™) were dissolved in anhydrous N,N-dimethylformamide (DMF) at a 3:1

molar ratio with final perovskite precursor concentrations of ~40wt%.
Substrate preparation

Glass substrates for photoluminescence (PL) measurements were cleaned sequentially in 2%
hallmanex detergent, acetone, propan-2-ol and oxygen plasma. Devices were fabricated on
fluorine-doped tin oxide (FTO) coated glass (Pilkington, 7Q o). Initially FTO was removed
from regions under the anode contact, to prevent shunting upon contact with measurement
pins, by etching the FTO with 2M HCI and zinc powder. Substrates were then cleaned and
plasma-etched as above. A hole-blocking layer of compact TiO, was deposited by spin-
coating a mildly acidic solution of titanium isopropoxide in ethanol, and annealed at S00°C

for 30 minutes. Spin-coating was carried out at 2000 rpm for 60 seconds.
Perovskite deposition

To form the perovskite layer for spectroscopy measurements, the non-stoichiometric
precursor was spin-coated on the substrate at 1500 rpm in glovebox. The concentration of
perovskite solution was 20 wt%. After spin-coating, the films were annealed in air at 100°C
for 5 minutes, 100°C for 45 minutes and 150 °C for 40 minutes for perovskite made from
PbAc,, PbCl, and Pbly, respectively. The top quenchers were then deposited in air via spin-
coating chlorobenzene solutions with the following conditions: poly(methylmethacrylate)
(PMMA,; Sigma-Aldrich) at 10mg/ml and phenyl-C61-butyric acid methyl ester (PCBM,;
Solenne BV) at 30mg/ml, both spin- coated at 1000rpm, and 2,2’,7,7’-tetrakis-(N,N-di-p-
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methoxyphenylamine)9,9’- spirobifluorene (spiro-OMeTAD; Borun Chemicals) at 48 mM
spin-coated at 2000rpm.

Device construction

For devices, the perovskite layers were prepared by spin-coating a 40 wt% precursor solution
at 2000 rpm in a nitrogen-filled glovebox. After spin-coating, the films were left to dry at
room temperature in the glovebox for 30 minutes. After this, the films were annealed at
100°C for 5 minutes, 100°C for 2 hours and 150 °C for 40 minutes for perovskite made from
PbAc, PbCl, and Pbly, respectively. The spiro-OMeTAD hole-transporting layer was then
deposited from a 66 mM chlorobenzene solution containing additives of lithium
bis(trifluoromethanesulfonyl)imide and 4-tert-butylpyridine. Devices were then left
overnight in air. Finally, 120 nm silver electrodes were thermally evaporated under vacuum

of ~10° Torr, at a rate of ~0.1nm/s, to complete the devices.
Characterization

SEM: A field emission scanning electron microscope (Hitachi S-4300) was used to acquire
SEM images. Sample thicknesses were measured using a Veeco Dektak 150 surface

profilometer.

XRD: 26 scans were obtained from samples of perovskite deposited on the compact-TiO»-

coated FTO glass using an X-ray diffractometer (Panalytical X’ Pert Pro)

AFM: The AFM images were obtained using a ThermoMicroscope MS in non-contact mode
and scanning over a range of 15 um by 15 um at a resolution of 256 x 256 data points. The

surface roughness was measured as the root mean squared roughness over the scanning area.

UV-Vis: The absorbance of the perovskite films on compact-TiO2 coated FTO glass were
measured on a Carry 300 Bio (Agilent Technologies) with an integrating sphere accessory.
To reduce the sample variance, at least 3 samples were determined for each group and the

average of all spectra presented.

Elemental Analysis: The samples were made on normal glass using the same spin-coating
and anneal conditions for device fabrication. The pervoskite films were then carefully
scratched off from the substrate in the glovebox. For each lead precursor, 30 mg perovskite

powder was collected. To determine the concentration of chlorine ion, 15mg of sample was
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accurately weighted and bed filled into the flask with oxygen. The sample was then ignited
and the combustion products were directly titrated in the combustion flask using AgNOs3

(0.1umol/uL, inject 1ul each time, or corresponding to 30ppm resolution).

Thermal gravimetric analysis (TGA): Thermal decomposition profiles of MAX (X=Cl, I, Ac)
were recorded by a thermogravimetric analyzer TA Q500 in nitrogen atmosphere with a flow

rate of 20cc/min. The temperature varied from 25 °C to 600 °C at a heating rate of 10 °C/min.

PDS measurement. Photothermal deflection spectroscopy (PDS) measurements were carried
out for perovskite films growth on a compact TiO; layer, following the same procedure we
used to prepare the solar cells. For this particular measurement, quartz was made use of
rather than the FTO coated glass to minimize the light absorption due to the substrate.
During the measurement the samples were kept in a hermetically sealed quartz cuvette filled
with an inert liquid such as Fluorinert FC-72 from 3M Corporation, which acts as deflection
medium with high temperature dependent refractive index. The perovskite films were
excited from the quartz side with a modulated monochromated light beam perpendicular to
the plane of the sample. Modulated monochromated light beam was produced by a
combination of a Light Support MKII 100 W Xenon arc source and a CVI DK240
monochromator. The transverse probe beam was produced with Qioptiq 670 nm fiber-
coupled diode laser and passed as close as possible to the perovskite film surface. Beam
deflection was measured using a differentially amplified quadrant photodiode and a Stanford

Research SR830 lock-in amplifier.

Photoluminescence: PL samples consisted of perovskites prepared on glass and sealed with
the inert polymer poly(methyl methacrylate) (PMMA). PL spectra were acquired using a
time-resolved single photon counting setup (FluoTime 300, PicoQuant GmbH). Samples
were photoexcited using a 507nm laser head (LDH-P-C-510, PicoQuant GmbH) with pulse
duration of 117ps, fluences of ~0.03uJ/cm?/pulse, and a repetition rate of 10MHz.

Wide angle X-ray scattering (WAXS): Samples were spin-coated at the Cornell High Energy
Synchrotron Source (CHESS) and loaded on a custom-built temperature-controlled grazing
incidence stage at the D1 beamline, with a typical transfer period of 2-5 minutes. Images
were collected using a Pilatus 300 K high speed pixel array detector, 487x619 pixels with
172 um/pixel resolution, at a distance of 93 mm from the sample. The x-ray wavelength was

0.1155 nm and the incident beam angle was approximately 0.5°, well above the substrate
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critical angle. Typical exposure times were less than 1 second. Samples were moved after
each exposure to avoid beam damage and the total spectra for a given sample collected at 12-
16 different locations. The extraction of the transformed fraction of the film (x) from the
WAXS data is described fully elsewhere. Briefly, the point of complete perovskite formation
is taken as the point in time when the peaks due to the precursor structure disappear; this time
is designated as 7/; x is then taken as the ratio of the (110) peak intensity relative to the (110)
peak intensity at 7/.

Impedance: Electrochemical impedance (EIS) measurements were performed under open-
circuit conditions by illuminating the solar cells using a powerful LED array (maximum
output power of 306 lumen at 700 mA driving current), emitting light at 627 nm. Light
intensities were adjusted by controlling the diode’s current by a LED driver; the LED was
previously calibrated employing a Si reference photodiode. The illuminated area of the solar
cells was set at 0.0625 cm?, using a mask. The spectra were recorded by varying the
frequency range from 100 KHz to 10 mHz (amplitude of voltage perturbation: 15 mV RMS)
using an electrochemical working station (Autolab PGSTAT302N, Ecochemie) and its built-
in frequency response analyzer (FRA2). The recorded spectra were fitted using the NOVA

software.

Solar cell characterization: Current density—voltage (J-V) curves were measured (2400
Series SourceMeter, Keithley Instruments) for devices under simulated AM 1.5 sunlight at
100 mWcm™ irradiance generated by an Abet Class AAB sun 2000 simulator, with the
intensity calibrated with an NREL calibrated KGS filtered Si reference cell. The mismatch
factor was calculated to be less than 1%. The solar cells were masked with a metal aperture
to define the active area, typically 0.0625cm? (measured individually for each mask) and
measured in a light-tight sample holder to minimize any edge effects and ensure that the
reference cell and test cell are located in the same spot under the solar simulator during

measurement.
Results

Different perovskite precursor solutions were prepared by mixing 3:1 (by amount) of MALI:
PbX> in N,N-Dimethylformamide (DMF), where X is I, Cl or Ac (see method). Films were
fabricated on FTO/c-TiO; substrates by one-step spin coating of different perovskite

precursors in the glovebox. The perovskite film made from PbCl, or PbAc; precursor
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solution was annealed at 100°C in the glovebox after spin coating. However, it was noted
that no perovskite forms at 100°C from the Pbl, precursor solution even after 12 hours
annealing, and thus the annealing temperature was increased to 150°C to speed up the
perovskite film formation to feasible lab time scales. The annealing times are optimized

separately for each precursor to achieve best device performance (see Method).
Layer characteristics

The X-ray diffraction spectra for perovskite films deposited on a FTO/c-TiO; substrate from
the three different lead precursors as described are shown in Figure 1. Peaks labelled with a *
are assigned to the fluorine-doped tin oxide (FTO) substrate, those with a # to Pbl»
impurities, and the other peaks are assigned to the labeled reflections from a tetragonal
perovskite lattice with unit cell parameters a=b=8.85A, ¢=12.64A in good agreement with
previous reports on MAPbI;. From the XRD spectra shown in Figure 1, It is evident that the
materials fabricated with the different precursors show the same crystal structure of MAPbI;

after annealing, indicating that the final perovskite is the same.

From Scherrer equation, the crystal sizes of perovkite made from Pbl,, PbCl; and PbAc; are
estimated to be 305+65 nm, >500 nm (larger than machine resolution) and 135+45 nm,
respectively. These values are based on assumption that perovskite are spherical crystals. In
the samples, due to the film thickness limitation, we expect that the crystal directions parallel
to the substrate are much larger than the vertical direction, meaning that the crystal size is
underestimated by the Scherrer equation. However, considering that all the samples have

similar film thickness (shown in Figure 6), the reported trend can still be assumed to be valid.

To understand the evolution of the perovskite crystal formation using different lead
precursors, in-situ wide-angle X-ray scattering (WAXS) was performed. Figure 2 shows in-
situ WAXS data for all three systems. 2D scattering images for films made from (a) PbAc,,
(b) PbCly, and (¢) Pbl,. The 2 rings marked with a “X” are from the TiO» substrate,
horizontal line is the detector beam. (d) Azimuthal line scans for (110) peak at 10 nm™ (g
vector) for the PbAc, (dash), PbCl, (solid) and Pbl, (dot). (e) x(?) plots for all three samples
with the PbAcs plotted against the top abscissa and PbCl,/Pbl, against the bottom abscissa,
inset shows the time normalized x(7) after #/. (x(?) and 7/ are defined in the text.) (f)

Absolute peak intensity for the (110) reflection, same linetype and axis as (e).
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The average transformed fraction, x, was derived from the raw data and is plotted as a
function of time in Figure 2e. From this data it is clear that the rate of perovskite formation is
faster for the precursor with PbAcs than those made from PbCl; at the same temperature (100
°C). In previous studies it has been demonstrated that the perovskite formation is a thermally
activated phenomenon as the PbCl, based films annealed at 130 °C with the evolution time of
~8-10 minutes and it can be extrapolated that, at 150 °C, the PbCl, would be faster than Pbl.
On the basis of the above observation the relative rate of the evolution to the completely
formed perovskite: PbAc, >> PbCl, > Pbl,. The 2D WAXS images (Figure 2a-c) and radial
1D line scans taken at the (110) peak location (Figure 2d), show that the faster process for
PbAc; results in a material with smaller grains with weaker crystallographic orientation, as

expected due to the faster rate of crystallization.

The in-situ WAX measurements were continued even after the perovskite crystal was formed
to investigate the affect of annealing on the crystal coarsening and structural stability. After
the point in time t; when x(?) first equals 1, the changes in x(7) are due to the appearance of
the Pbl, peak at 9 nm™!, the reported decomposition product. The inset in Figure 2e shows an
expanded plot of this timeframe with the time axis normalized to the crystallization time such
that /=1 at the first point in time when x(?)=1, from this data it is clear that the PbAc; films

are more stable against decomposition relative to their crystallization time.

In the experimental setup used, it is reasonable to assume that the sample volume is both
unchanging and an appropriate ensemble, i.e. changes in the scattering intensity over time are
not due to local variations in film volume or morphology. With this assumption, the absolute
scattering intensity (normalized only for incident beam flux) can be taken as an indicator of
changes to the crystal morphology that is not accompanied by a material change. Figure 2
shows the plot of the absolute intensity of the (110) peak for all three systems from the point
in time when x(7)=1 onward. The Pbl, and PbCl, films show that the complete
transformation to the perovskite is immediately followed by the onset of decomposition, i.e.
there is no coarsening once the perovskite forms. The time evolution of the scattering
intensity for the PbAc, film has two distinct differences; first, the absolute intensity continues
to increase after the perovskite is fully formed, indicating some coarsening does take place
and, second, the intensity stays much closer to its maximum value providing additional

evidence of a slower decomposition.
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The transition process of precursor mixture into perovskite is typically described by the

following equation:
PbX,+ 3CH3NHsI — CH3;NH;PbI;+ 2CH3;NH3: X (X=Cl, I, Ac)

The above reaction typically involves the evaporation of solvent, sublimation/evaporation of
by-product (CH3NH;3X), crystal nucleation and growth, etc. As shown in the WAXS study,
the anneal time is much shorter for perovskite made from PbAc, precursor than PbCl, and
Pbl,, which could be correlated to the ease at which the by-product can be removed during
perovskite film formation. To confirm this hypothesis, the thermal gravimetric analysis
(TGA) curves for the by-product CH;NH3X (X= Cl, I, Ac) were recorded. As shown in
Figure 16, the initial decomposition temperature (T at 95% weight) is 97.4, 226.7 and 245.0
°C for CH3NH3Ac¢, CH3NH;3Cl and CH3NH;sI, respectively, which is consistent with the trend
of derivative weight loss/temperature where Ta (CHsNH3Ac) < Tq (CHsNH3Cl) < Tq
(CH3NHsI). This indicates that the CH;NHsAc 1s thermally unstable and much easier to be
removed than CH3NH;3Cl and CH3;NH;sI at the adopted processing temperature range. Thus,
at the same anneal temperature, the nucleation density is much higher for PbAc; than the
other two, which tends to form a large amount of relatively smaller crystals in a short time
scale (1-2 min) and fully covers the substrate. While for the PbCl, and Pbl, routes the MACI
and MALI is thermally more stable and needs long annealing times to be removed. In this
context, the nucleation density is lower and intends to form large crystals. As such, porous

films are frequently observed.
Optfical properties

The absorption and photoluminescence (PL) spectra of perovskites synthesized with different
lead sources are shown in Figure 3. The reasonably similar absorption edge and sharp PL
spectra at about 775nm is observed for all samples, corroborating as reported optical bandgap
(Eg) of ~1.60 eV for MAPbI; perovskites. The PL spectra for Pbl, and PbAc; are slightly
blue-shifted with respect to the PbCly-prepared perovskite, where the magnitude of the shift

correlates inversely with the observed crystal size.

Photothermal deflection spectroscopy (PDS) was used to measure the optical absorption of
the perovskite films near the band edge with high sensitivity. The absorption profiles of

CH;NH3PbI; made from different lead precursors as determined through PDS are shown in
Figure 4. The extent of the absorption tail below the band gap is correlated with the degree
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of disorder within the material, which could originate from thermal fluctuation of the ions
composing the material but also from defects of the crystalline structure. Indeed, several
recent modelling works reported that defects within CHsNH;3Pbls perovskite crystal would
result in localized states in the range of a few hundred meV from the extended states of the
bands, which will be detected as a broadening of the Urbach tail. Assuming the same level of
thermal disorder, the slope of the exponential part of the Urbach tail gives an estimation
about the concentration of these defects, in terms of Urbach energy ‘E,’. The estimated
Urbach energies for samples made from PbCly, PbAc; and Pbl, precursors are 14, 14.4 and

16 meV respectively. These values suggest that within the measurement error, Pbl; has a

higher level of disorder compared to both PbCl, and PbAc.
Morphology

As shown in Figure 5, the perovskite film made from PbAc, precursor has the characteristics
of almost full surface coverage on the substrates (a, b), with remarkable grain size up to
microscale (¢). However, the perovskite films made from PbCl, (d, e) and Pbl (g, h) are

highly porous and the grain boundary is indistinguishable (f, 1).

Cross sectional SEM images of full devices made from lead precursors PbAc; (d), PbCl: (e)
and Pbl, (f) are shown in Figure 6. From the cross-section SEM images, the perovskite film
made from PbAc; precursor is flat (d) as compared to that made from PbCI2 (e) and PbI2 (f),

which show an undulating nature.

Atomic force microscopy (AFM) images of perovskite films deposited on a FTO/c-TiO,
substrate by spin-coating from the three different lead precursors, PbCly (a), Pblz (b), PbAc:
(¢), and vapor-deposited film based on PbCl2 (d), are shown in Figure 7. The surface
roughness of the perovskite films made from PbCl, (Figure 7a), Pbl, (Figure 7b) and PbAc,
(Figure 7c) were measured by AFM and calculated to be 62.4, 52.2 and 12.3 nm,

respectively, in the range of 15 um x 15 pm.

Figure 8 shows AFM images of perovskite films deposited on a FTO/c-TiO; substrate by
spin-coating from the three different lead precursors, PbCl (a), Pbl, (b), PbAc: (c), and
vapor-deposited film based on PbCl, (d). The scale bars are 4um. Examples of pin holes in
PbCl, and Pbl, are circled, which are notably absent in the scan of PbAc,. Line segments
from each scan (e) and the height distribution (f) around the average height, H.4., showing the

exceptional smoothness of the PbAc; films. The roughness of the film fabricated via PbAcs
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is much smaller compared to other solution-processed films based on PbCl, and Pbl, as is
clearly shown both in the AFM line segments (Figure 8e) and height distribution analysis
(Figure 8f). It is also worth noting the lack of pin-holes observed in PbAc; compared to both
PbCl; and Pbl;. By choosing a sacrificial anion for the lead precursor, the smoothness of the
solution-processed perovskite film is comparable to or even better than the vapor-deposited

film based on PbCls (16.2 nm, Figure 58) or Pblz (23.2 nm).
Device performance

The device characteristics of planar heterojunction devices produced by the method described
above using PbCl,, Pbl, or PbAc; are shown in Figures 9 to 12. Figure 9 compares
performance of devices produced under optimised conditions from each of the three lead

precursors.

The anneal time dependence of perovskite film made from PbCl, (Figure 10), Pbl, (Figure
11) and PbAc: (Figure 12) are shown. It is noted that no perovskite forms at 100°C from Pbl,
precursor solution and anneal temperature was increased to 150 °C. To achieve the best
device performance, the perovskite films made from PbCl, and Pbl, precursor solution need
to be annealed for 2 h and 40 min, respectively. However, the anneal time is much shorter
for that made from PbAc; (5 min), which saves time and energy for device making. The
typical average device efficiency at optimized anneal time for perovskite from PbCl, (Figure
10), Pbl, (Figure 11) and PbAcs (Figure 12) are 12.0, 9.3 and 14.0%, respectively. Using
PbAc; as precursor clearly achieves better device performance than known precursors such as
Pbl, and PbCl,. The Voc of devices is in the sequence of PbCl, < Pbl, < PbAc,, which can
be explained by the increased shunting pathway from spiro-OMeTAD with TiO, compact
layer due to the porous perovskite film. This result is consistent with observation shown in

the SEM images (Figures 5 and ©6).

The best J-V curve for PbAc; based device under simulated AM 1.5G (100 mW/cm?) solar
irradiation in the air is shown in Figure 13 (characteristics in Table 1), exhibiting outstanding
performance with Jsc = 21.7 mA/cm?, Voc = 0.97 V, fill factor (FF) = 0.72, and PCE =
15.2% scan from FB (full bias) to SC (short circuit), whilst with Jsc = 21.7 mA/cm?, Voc =
0.87 V, fill factor (FF) = 0.65, and PCE = 12.3% scan from SC to FB, so far among the
highest efficiencies based on CH3;NH;Pbl; with planar structure.
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Table 1 — J-V characteristics for the device shown in Figure 9
Jsc (mA/cm?) | PCE (%) | Voc (V) FF
FB-SC 21.7 15.2 0.97 0.72
SC-FB 21.7 123 0.78 0.65

The stabilized power output of the same cell is shown in Figure 14 (photocurrent density and
power conversion efficiency as a function of time for the same cell held close to 0.68 V

forward bias).

To further understand the improvement in V', when using PbAc; as the lead source to form
the CH3NH;3PbI; perovskite, EIS experiments were conducted near open-circuit and while
under illumination. The spectra (not shown here) exhibited two semicircles, representing
charge transfer at the perovskite/TiO; or spiro interfaces at high frequencies, always

accompanied with a low frequency feature attributed to recombination.

After fitting the data to a model, we determined the values for the charge recombination
resistance (Rr.c) and plotted Ry.c against Vo (Figure 15). One could easily observe that
recombination was severely suppressed (i.e. R was substantially increased) upon use of the
lead acetate into the solution, in perfect line with the enhanced values of V. observed in our
solar cells. However, no significant differences were observed in the case of the lead
tritodide perovskite based devices when employing Pbl, or PbCl, as lead source. These
results are also highly correlated with the photovoltage produced by the respective solar cells.
The variation of V,. could be well correlated with different film morphology when the lead
source is varied. For instance, it has been discussed earlier how the quick film formation
driven by PbAc; creates a more dense film, leading to a better surface coverage that could
prevent the solar cells suffering from recombination between the hole transport material and

the electron collecting layer (c-TiO»).
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Example 2 — Sacrificial Anion and Sacrificial Cation

In addition to having a sacrificial anion in the metal salt component to enable crystallisation
at lower temperatures, some of the second cation (typically methylammonium for a
methylammonium lead halide perovskite) may also be replaced in the precursor solution with
a component that can be ‘sacrificed’ at a higher or lower temperature in order to affect
crystallisation. This may enable even faster crystallisation, if a smaller or lighter cation is
selected, which may be beneficial for processing or film uniformity, or slower crystallisation,

which may enable the growth of larger, higher-quality crystals.

In the reaction proposed for crystallisation of a perovskite, taking the mixed halide

methylammonium lead perovskite as an example: 3MAI + PbCl, — MAPbI; + 2MACI

it appears that upon full crystallisation of the MAPbI;, MA + Cl will be lost, either as MACI
or as its decomposition products. It has been shown in Example 1 that be replacing the CI in
the metal source with a more easily removed component, such as an acetate, the annealing

process can be accelerated or performed at lower temperature.

Extrapolating this further, the inventors have found that replacing the second cation (e.g.
MA) that is to be lost as the first volatile compound (e.g. MAAc) with a sacrificial cation the
formation of the crystalline material is even more greatly accelerated. The reaction may

therefore be: 271 + MAI + PbY, — MAPbLI; +272Y

where Z s the second sacrificial cation. If ZY is a more readily removed compound than the

first volatile compound (e.g. MAAc), crystallisation will be accelerated.

As a first demonstration of this, the smaller organic ammonium iodide (NH4I) as the ZI
component has been employed. In combination with PbAc; as the lead source, NH4Ac is the
excess component which will be removed. This will be more easily removed than MAAc as

ammonium is lighter than methylammonium.
Experimental

The precursor solution was formed by dissolving 0.88 M lead acetate trihydrate, 0.88 M
methylammonium iodide and 1.76 M ammonium iodide in DMF. Methylammonium iodide

was fabricated as described above and the other components were purchased commercially.
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The precursor solution was spin-coated onto a cleaned glass substrate inside a nitrogen-filled
glovebox, at 2000 rpm, 2 s ramp time, and 45 s hold time. During the spin-coating, the film
turned dark brown indicating crystallisation of the MAPbI;. It was not thermally annealed

before characterisation.
Results

Results showed that this precursor composition, 2:1:1 by moles of NH4I:MAI:PbAc,, formed
the MAPbI; perovskite very quickly upon spin-coating, at room temperature, with no need
for thermal annealing at all. The material appears to be extremely smooth and have good

surface coverage.

UV-Vis absorption spectrum of the perovskite formed at room temperature from spin-coating
the NH4I:MAI:PbAc; precursor is shown in Figure 17. The absorption is in good agreement
with standard data on the MAPbI; perovskite.

SEM images of increasing magnification of the films produced are shown in Figure 18 (with
length scale of upper image 100 pum, length scale of middle image 25 um, and length scale of
lower image 5 um). Good surface coverage and crystals of up to approximately S00nm

diameter are observed.
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CLAIMS

1. A process for producing a layer of a crystalline material, which process comprises
disposing on a substrate:

a first precursor compound comprising a first cation and a sacrificial anion, which
first cation is a metal or metalloid cation and which sacrificial anion comprises two or more
atoms; and

a second precursor compound comprising a second anion and a second cation, which

second cation can together with the sacrificial anion form a first volatile compound.

2. A process according to claim 1, wherein the layer of the crystalline material

comprises less than or equal to 5 wt% of the sacrificial anion.

3. A process according to claim 1 or claim 2, wherein the sacrificial anion is an organic
anion.
4. A process according to any one of the preceding claims, wherein the sacrificial anion

is an organic anion of formula RCOO~, ROCOO~, RSO;~, ROP(O)(OH)O™ or RO~, and
R is H, substituted or unsubstituted Ci.10 alkyl, substituted or unsubstituted Cz-10
alkenyl, substituted or unsubstituted Cs.10 alkynyl, substituted or unsubstituted Cs.10

cycloalkyl, substituted or unsubstituted Cs.10 heterocyclyl or substituted or unsubstituted aryl.

5. A process according to any one of the preceding claims, wherein the sacrificial anion

is formate, acetate, propanoate, butanoate, pentanoate or benzoate.

6. A process according to any one of the preceding claims, wherein the metal or
metalloid cation is Ca?", Sr**, Cd**, Cu®", Ni**, Mn?*, Fe?", Co?*, Pd**, Ge**, Sn**, Pb>", Yb*",
Eu?*, Bi*", Sb¥*, Pd**, W*", Re*", Os**, Ir*", Pt**, Sn**, Pb*", Ge*" or Te*", preferably wherein

the metal or metalloid cation is Cu®*, Pb**, Ge>* or Sn*".

7. A process according to any one of the preceding claims, wherein the first precursor

compound is a compound of formula BY; or MY, wherein B is said first cation which is a
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metal or metalloid dication, M is said first cation which is a metal or metalloid tetracation,

and Y is said sacrificial anion.

8. A process according to any one of the preceding claims, wherein the first precursor
compound is lead (II) acetate, lead (IT) formate, lead (IT) propanoate, tin (II) formate, tin (II)

acetate or tin (II) propanoate.

9. A process according to any one of the preceding claims, wherein the second cation is

an organic cation.

10. A process according to any one of the preceding claims, wherein the second cation is
(NR'R’R'RY)", (RIR?N=CR’RY)*, (R'R’N-C(R’)=NR’R*)" or (R'R*N-C(NR’R®)=NR’R*)",
and each of R!, R?, R* R* R® and RS is independently H, a substituted or unsubstituted Ci-0
alkyl group or a substituted or unsubstituted aryl group.

11. A process according to any one of the preceding claims, wherein the second cation is
(R'NH3)", (NR%)" or (H,N-C(R')=NH,)*, wherein R! is H or an unsubstituted Ci. alkyl
group and each R? is an unsubstituted C.s alkyl group.

12. A process according to any one of claims 1 to 8, wherein the second cation is a metal

or metalloid monocation.

13. A process according to claim 12, wherein the second cation is 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™.

14. A process according to any one of claims 9 to 13, wherein the second anion is a halide

anion or a chalcogenide anion.

15. A process according to any one of the preceding claims, wherein the second precursor
compound is a compound of formula AX, wherein A is said second cation and X is said

second anion, which second anion is a halide anion.
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16. A process according to any one of claims 1 to 11, 14, and 15, wherein the second
precursor compound is (CH3NH3)F, (CH3NH3)CI, (CH3NH3)Br, (CH3;NH3)I, (CH3;CH2NH3)F,
(CH;CHNH;3)Cl, (CH3CH:NH3)Br, (CH;CH2NH3)I, (N(CHs)4)F, (N(CHs)4)Cl, (N(CH3)4)Br,
(N(CH3)4)I, (H2N-C(H)=NH)Cl, (H2N-C(H)=NH;)Br and (HoN-C(H)=NH>)L.

17. A process according to any one of the preceding claims, wherein the crystalline
material comprises a compound comprising: said first cation which is a metal or metalloid
cation; said second cation, which second cation is an organic cation; and the second anion

which is a halide anion.

18. A process according to any one of the preceding claims, wherein the crystalline
material comprises:
a perovskite of formula (II):
[AI[B][X]s 1)
wherein:
[A] is at least one monocation; [B] is at least one metal or metalloid dication; and [X]
is at least one halide anion;
or
a hexahalometallate of formula (I1I):
[ALIM][X]s (11I)
wherein:
[A] is at least one monocation; [M] is at least one metal or metalloid tetracation; and
[X] is at least one halide anion;
or
a compound of formula (V):
[AL[B][X]4 V)
wherein:
[A] is at least one monocation; [B] is at least one metal or metalloid dication; and [X]

is at least one halide anion.

19. A process according to claim 18, wherein the crystalline material comprises a
perovskite of formula (IT) and [A] is at least one of a metal or metalloid monocation or an

organic monocation.
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20. A process according to any one of the preceding claims, wherein the crystalline
material comprises CH3;NH3;Pbl;, CH3NH3;PbBrs;, CH;NH3PbCls;, CH;NH3PbF3,
CH;NH3PbBryls.., CHsNH3PbBryCls., CHsNH3PbLBr3.«, CH;NH;PbICls s,
CH;NH3PbClBrs.x, CH;NH3PbI3«Clx, CH3NH3Snl3, CH3;NH3SnBr3, CH3;NH3SnCls,
CH;NH3SnF;, CH3NH3SnBrl,, CH3NH;3SnBrs.«, CH;NH3SnBryCls.x, CH3NH3SnF3.Bry,
CH;3NH;3SnIBrs.x, CH3sNH3SnIxCls.x, CH3NH3SnF3..Ix, CH3NH3SnClBr3.x, CH;NH;3Snls.
«Clx and CH3NH;3SnF;3.4Cly, CH3NH;3Culs, CH;NH3CuBr3, CH;NH3;CuCls, CH3;NH3CuF3,
CH;3NH;3CuBrlz, CH3NH3CuBrl3.x, CH;NH3CuBrCls.x, CH;NH3CuF3.Bry,
CH;3NH;3CulBrs.x, CH3sNH;3CulCls.x, CH3;NH3CuF3.«Ix, CH3NH3CuCliBr3.x, CH;NH;3Culs.
xCly, or CH3NH;CuF3.4Clx where x is from O to 3.

21. A process according to any one of the preceding claims, wherein the first volatile
compound has a vapour pressure of greater than or equal to 500 Pa at 20°C or a dissociation

pressure of greater than or equal to 500 Pa at 20°C.

22. A process according to any one of the preceding claims, wherein the first volatile
compound has an initial thermal decomposition temperature where 5 wt% weight is lost of

less than or equal to 200°C.

23. A process according to any one of the preceding claims, wherein the first volatile
compound is a compound of formula AY, wherein

A is said second cation, which second cation is (NR'R’R’R*)", (R'R2N=CR'R*)",
(R'R’N-C(R*)=NR’R*)" or (RIR’N-C(NR°R®)=NR'R*)", and each of R!, R%, R} R* R® and
R® is independently H, a substituted or unsubstituted C10 alkyl group or a substituted or
unsubstituted aryl group, and

Y is said sacrificial anion, which sacrificial anion is an anion of formula RCOO™,
ROCOO7, RSO;7, ROP(O)(OH)O™ or RO, and R is H, substituted or unsubstituted Ci-io
alkyl, substituted or unsubstituted Cs.10 alkenyl, substituted or unsubstituted Cs.10 alkynyl,
substituted or unsubstituted Cs.10 cycloalkyl, substituted or unsubstituted Cs.10 heterocyclyl or

substituted or unsubstituted aryl.

24. A process according to any one of the preceding claims, wherein the first volatile

compound is a compound of formula AY, wherein
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A is said second cation, which second cation is (R'NH;3)", (NR%4)" or (H,N—
C(RY)=NH.)", wherein R! is H or an unsubstituted C1. alkyl group and each R? is
independently an unsubstituted Ci alkyl group, and

Y is said sacrificial anion, which sacrificial anion is an anion of formula RCOO™,

wherein R is H or unsubstituted Ci.¢ alkyl.

25. A process according to any one of the preceding claims, wherein the ratio by amount

(first precursor compound):(second precursor compound) is from 1:0.9 to 1:6.

26. A process according to any one of the preceding claims, wherein disposing the first
and second precursor compounds on the substrate comprises disposing a composition on the
substrate, which composition comprises the first and second precursor compounds and a

solvent, optionally wherein the solvent is a polar aprotic solvent.

27. A process according to claim 26, wherein the solvent comprises one or more of

dimethyl formamide (DMF), dimethyl sulfoxide (DMSO) and gamma-butyrolactone (GBL).

28. A process according to any one of the preceding claims, which process further
comprises heating the disposed first and second precursor compounds to a temperature of

from 50°C to 200°C.

29. A process according to any one of the preceding claims, wherein the layer of the
crystalline material has a root mean square surface roughness of less than or equal to 50 nm

in the range 15 um x 15 pm.

30. A process according to any one of the preceding claims, wherein the layer of the

crystalline material has a thickness of greater than or equal to 100 nm.

31 A process according to any one of the preceding claims, which process comprises:
(a) disposing on a substrate a composition comprising a solvent, said first
precursor compound and said second precursor compound; and
(b) removing the solvent;
wherein

the solvent is a polar aprotic solvent,
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the first precursor compound is lead (II) acetate, lead (II) formate, lead (II)
propanoate, tin (II) formate, tin (II) acetate or tin (II) propanoate, preferably lead (II) acetate
and

the second precursor compound is (CH3NH3)F, (CH3NH3)Cl, (CH3NH3)Br,
(CH3NH3)I, (CH;CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3)I,
(N(CH3)4)F, (N(CH3)4)CI, (N(CH3)4)Br, (N(CH3)4)L, (H:2N-C(H)=NH»)F, (H2N-
C(H)=NH,)Cl, (H,N-C(H)=NH>)Br or (H,N-C(H)=NH>)I, preferably (CH3;NHj3)IL.

32. A process according to any one of the preceding claims, which process comprises
disposing on the substrate:

said first precursor compound;

said second precursor compound; and

a third precursor compound comprising a sacrificial cation, which sacrificial cation
comprises two or more atoms and has a lower molecular weight than the second cation, and
which sacrificial cation can together with the sacrificial anion form a second volatile

compound.

33. A process according to claim 32 wherein,

the second precursor compound comprises said second cation and the second anion
which is a halide or chalcogenide anion, and

the third precursor compound comprises said sacrificial cation and the same halide or

chalcogenide anion as is the second anion in the second precursor compound.

34. A process according to claim 32 or claim 33, wherein the sacrificial cation is a cation

which is as defined for the second cation in claim 10 or claim 11.

35. A process according to any one of claims 32 to 34, wherein the third precursor

compound is NH4F, NH4CI, NH4Br or NH4l.

36. A process according to any one of claims 32 to 35 wherein the ratio by amount (first
precursor compound):(second precursor compound):(third precursor compound) is from

1:0.9:1to 1:3:4.
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37. A process according to any one of claims 32 to 36, which process comprises:

(a) disposing on a substrate a composition comprising a solvent, said first
precursor compound, said second precursor compound and said third precursor compound,
and

(b) removing the solvent;

wherein

the solvent is a polar aprotic solvent,

the first precursor compound is lead (II) acetate, lead (II) formate, lead (II)
propanoate, tin (II) formate, tin (II) acetate or tin (II) propanoate, preferably lead (II) acetate ,

the second precursor compound is (CH3NH3)F, (CH3NH3)Cl, (CH3NH3)Br,
(CH3NH3)I, (CH;CH2NH3)F, (CH3CH2NH3)Cl, (CH3CH2NH3)Br, (CH;CH2NH3)I,
(N(CH3)4)F, (N(CH3)4)CI, (N(CH3)4)Br, (N(CH3)4)L, (H:2N-C(H)=NH»)F, (H2N-
C(H)=NH,)Cl, (H,N-C(H)=NH>)Br or (H2N-C(H)=NH>)I, preferably (CH3NH3)I, and

the third precursor compound is NH4F, NH4Cl, NH4Br or NH4L.

38. A process according to any one of the preceding claims which further comprises
disposing on the substrate an auxiliary metal compound, which auxiliary metal compound
comprises:

an auxiliary cation which is the same cation as said first cation; and

an auxiliary anion which is the same anion as said second anion.

39. A process according to claim 34, wherein the auxiliary metal compound is a
compound of formula BX> or MX4, wherein B is said auxiliary cation which is the same as
said first cation which is a metal or metalloid dication as defined in claim 6, M is said
auxiliary cation which is the same as said first cation which is a metal or metalloid tetracation
as defined in claim 6, and X is said auxiliary anion which is the same as said second anion

which is a halide anion.

40. A process according to any one of the preceding claims wherein said disposing
comprises disposing on the substrate:

the first precursor compound,

the second precursor compound,;

optionally, a third precursor compound as defined in any one of claims 32 to 35; and

optionally, an auxiliary metal compound as defined in claim 38 or claim 39,
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wherein said compounds are disposed on the substrate simultaneously, separately, or
sequentially in any order,

and wherein each of said compounds is disposed on the substrate by a deposition
method which is the same or different for each compound and is independently selected from:
solution phase deposition, for instance graveur coating, slot dye coating, screen printing, ink
jet printing, doctor blade coating, spray coating or spin-coating; and vapour phase deposition,

for instance vacuum deposition.

41. A layer of a crystalline material obtainable by a process as defined in any one of the

preceding claims.

42. 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 36.

43, A process according to claim 42, which process further comprises disposing on the
layer of a crystalline material a layer of a p-type semiconductor or a layer of an n-type

semiconductor.

44. A process according to claim 43, which process further comprises disposing on the
layer of the p-type semiconductor or n-type semiconductor a layer of a second electrode

material.

45. A process according to any one of claims 42 to 44, wherein the semiconductor device

is an optoelectronic device, preferably wherein the semiconductor device is a photovoltaic

device.

46. A semiconductor device obtainable by a process according to any one of claims 42
to 45.

47. A composition comprising:

(a) a solvent;
(b)  NH4X;
() AX; and
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(d) BYaorMYy
wherein

each X is independently I, Br~, CI” or F~;

Ais Li", Na*, K*, Rb", Cs*, (NR'4)" or (H2N-C(R))=NH,)", wherein each R! is
independently selected from H and an unsubstituted Ci. alkyl group;

B is Cu®", Pb**, Ge*", Sn*", Fe’" or Zn®";

M is Sn**, Pb*", Ge** or Te*"; and

Y is an anion of formula RCOO™ or NOs~ wherein R is H or unsubstituted Ci alkyl.

48. A composition according to claim 47, which comprises:

(a) a solvent;

(b)  NH4X;

() AX; and

(d) BYaorMYy
wherein

each X is independently I, Br~, CI” or F~;

A is (R'NH3)", (NR%)™ or (HoN-C(R")=NH,)*, wherein R! is an unsubstituted Ci.s
alkyl group and each R? is independently an unsubstituted C1 alkyl group;

B is Cu®*, Pb**, Ge** or Sn’™;

M is Sn**, Pb*", Ge*" or Te*"; and

Y is an anion of formula RCOO™, wherein R is H or unsubstituted Ci. alkyl.

49. A composition according to claim 47 or claim 48, which comprises:
(a) a solvent;
(b)  NH4X;
(©) CH;3NH;3X; and
(d) PbAc; or SnAcs;
wherein

each X is independently I, Br~, CI” or F~.

50. A composition according to any one of claims 47 to 49, wherein the ratio by amount

(d):(c):(b) is from 1:0.9:1 to 1:3:4, preferably from 1:0.9:1.5t0 1:1.1:2.5.
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