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In this communication, we present the phase diagram of CsPb(Br,l;_,)s
(0 = x = 1, 300-585 K) obtained by high-throughput in situ GIWAXS
measurements of a combinatorial thin film library. We find that all
compositions convert to the cubic perovskite phase at high temper-
ature and that the presence of bromide in the films stabilizes the
metastable perovskite phases upon cool down. In accordance with
recent predictions from DFT-calculations, the transition temperatures
monotonically decrease with increasing bromide content.

Introduction

In recent years, hybrid perovskites (ABX;) have proven to be an
excellent absorber material for photovoltaic applications and are
currently the best performing thin-film materials with power
conversion efficiencies above 25%." Many of these perovskite
materials can easily be processed from solution by spin-coating,
slot-dye coating,®> or inkjet printing® at moderate processing
temperatures. An advantage for the application of halide perovskite
materials in optoelectronics is the tunability of their structural and
optoelectronic properties through the substitution or mixing of
their constituents.* By varying the A-site cation (e.g. methyl-
ammonium, formamidinium, Cs), the B site metal (e.g. Pb, Sn, Ge),
or the X site halide (e.g: I, Br, Cl) a vast compositional space is
created and the majority of it still remains uninvestigated.
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Aside from many favorable optoelectronic properties,® issues
related to material stability have been of major concern for
halide perovskite materials, because any possible instability or
degradation may impose a serious limitation on commercial
applications of these materials. The limited thermal stability of
halide hybrid perovskites is in part due to the use of volatile
organic cations such as methylammonium and for-
mamidinium.*” Therefore, a possible improvement can be ex-
pected from using inorganic cations, such as cesium.® For
cesium lead halide perovskites, CsPbI; with an optical bandgap
of E; = 1.73 eV (ref. 8) and CsPbBr; with a bandgap of 2.37 eV
(ref. 9) are the most interesting for photovoltaic applications.
However, it has been found that the cubic perovskite a-phase of
CsPbl; is only stable at high temperatures 7 > 570 K and
undergoes a phase transition into the distorted perovskite B-
and y-phases upon cool down.' The y-phase shows favorable
optical and electronic properties with a bandgap of 1.73 eV and
charge carrier mobilities larger than 30 cm”> V™' s~ .2 However,
these distorted perovskite phases are metastable at room
temperature, due to the low Goldschmidt tolerance factor'* of
CsPbl; (0.822). At room temperature, CsPbl; samples tend to
transform into the non-semiconducting orthorhombic 3-
phase,' which does not have a perovskite structure and is not
suitable for solar cell applications, because of its large bandgap
of 2.7 eV and vanishing charge carrier mobility < 0.1 cm> V™"
s~ '.12 CsPbBr;, on the other hand, is stable in a semiconducting
orthorhombic perovskite phase at room temperature,*® but its
bandgap of 2.37 eV is too high for tandem or single junction
photovoltaic applications. A natural compromise arises from
the use of bromide-iodide mixtures of CsPb(Br,l; ,)s;, with
tunable optical band gaps between 1.73 and 2.37 eV, which
makes these mixtures interesting for multi-junction solar cell
applications, in particular for tandem devices." In addition,
improved phase stability at room temperature is reported for
certain compositions.”** However, in contrast to more detailed
investigations for CsPbl; found in literature,'®* the high-
temperature phase diagram of these mixtures remains so far
mostly unexplored.
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For CsPbl; the phase transition during heating up and
cooling down differ. In particular, during heating up the non-
perovskite orthorhombic phase converts into the cubic a-
phase, which requires a substantial reordering of the crystal
structure.' On the contrary, during cooling down, the phase
transition from the high-temperature cubic a-phase may be
described within the framework of displacive phase transitions,
involving only small movements to change the symmetry of the
crystal structure.” A recent DFT-based study on the lattice
dynamics of Cs-based halide perovskites proposed that the
high-temperature a-phase can be viewed as a dynamically
disordered phase, in which fast transitions of the lattice
between symmetrically octahedrally-tilted local structures lead
to an average cubic structure.”® Within this model, the transi-
tion from the cubic structure to the lower symmetry
orthorhombically-tilted structures during cooling down is
viewed as a freezing-in of the crystal structure in these local
lower-symmetry structures. The phase transition temperature
for this freezing-in was predicted to depend on the energy
barrier separating the local potential minima arising from the
anharmonic lattice potentials. The DFT calculations showed
a dependence of the potential barrier on the chemical compo-
sition and, in particular, the Goldschmidt tolerance factor.
These calculations, thus, predicted that for increasing the
Goldschmidt tolerance factor the phase-transition temperature
between the high-temperature cubic and the lower symmetry
orthorhombic phases is lowered, which can be tested by
investigating mixed halide Cs-Pb based perovskite materials.

In this work, we fabricate a material library of CsPb(Br,I; )3
by combinatorial inkjet printing of 9 different compositions
between x = 0 and x = 2/3 on a single 50 x 25 mm? substrate.
Additionally, two samples with x = 0.85 and x = 1 are prepared
by spin-coating. This library is then simultaneously investigated
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by in situ grazing-incidence wide-angle X-ray scattering
(GIWAXS) and X-ray fluorescence (XRF) in a temperature range
of 300-585 K to determine the temperature-dependent phase
diagrams. We find that all investigated compositions convert to
a cubic perovskite phase at high temperature and transition to
metastable tetragonal and orthorhombic distorted perovskite
phases upon cool down. The transition temperatures for all
phase transitions are found to decrease with increasing
bromide content.

Methods

The compositional variation was achieved by combinatorial
inkjet printing with two different inks that intermix locally to
provide the desired composition on the substrate. For this,
a PiXDRO LP50 printer with dual Spectra SE-128 print-heads
was used where one ink was fed into the first print-head and
the other ink into the second print-head (Fig. 1a). The first print-
head was then programmed to print an image with varying
coverage across the substrate whilst the second print-head,
simultaneously, printed an image with the opposite variation.
This resulted in a substrate with an overall constant density of
ink across its surface but with the ratio of the two inks varying
according to the input images.

A combinatorial sample of CsPb(Br,l;_,); was printed in
a nitrogen-filled glovebox using CsPbBr,I in anhydrous
dimethyl sulfoxide, DMSO, (=99.9% Sigma Aldrich) as the first
ink and CsPbI; in DMSO as the second ink, corresponding to x
= 0.67 and x = 0, see Fig. 1b. The inks were prepared by dis-
solving 4 mmol of Pbl, (=99.99% TCI) and PbBr, (=99.99%
TCI) in 4 ml of DMSO and was then added respectively to
4 mmol of CsI (=99.999% ABCR) and left to shake at 60 °C for
12 h. A pure CsPbBr; solution was prepared in the same way by
dissolving 0.6 mmol PbBr, in 2 ml of DMSO and was then
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(@) Schematic of the dual print-head setup where two inks are mixed by being printed from separate print-heads. (b) Color photo of

printed CsPb(Br,l;_,)z sample with the layout used for the phase diagram measurement, nine different compositions from pure CsPbBr,l (ink 1) to
pure CsPbls (ink 2). The composition at the irradiated spot measured by in situ XRF, x, is stated below the corresponding stripe. (c) Sample
chamber and (d) experimental setup for the phase diagram measurement. The sample was placed on a quartz substrate on a heater inside the

chamber with a polyamide window and flushed with N, at a rate of 0.2 l min™".
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added to 0.6 mmol of CsBr (=99.999% ABCR). Nine rectangles,
with decreasing coverage from left to right for the first image
and increasing coverage for the second image, were printed on
a 50 x 25 mm? quartz substrate (GVB GmbH) at 450 dpi with
dual spectra SE-128 (30 pl drops) print-heads. After printing,
the film was evacuated at ~100 Pa for 450 s and annealed at
100 °C for 90 min to crystalize the sample and remove any
remaining DMSO molecules, all in a nitrogen atmosphere. The
rectangles were elongated in the direction normal to the
gradient, in order to accommodate the extended projection of
the X-ray beam for the GIWAXS characterization. For reference
measurements, a blade-coated CsPbBr; and a spin-coated
CsPb(Br,I; ,); (x = 0.85) sample was prepared from the
CsPbBr; solution in DMSO and a mixture with the CsPbl;
solution in DMSO respectively.

After printing and annealing, the sample was exposed to
a humid environment (~60% relative humidity) at room
temperature for 24 hours to convert all compositions to the
thermodynamically most stable phase. Subsequently, the
sample was placed on top of a quartz substrate in an air-tight
heating chamber with a polyamide window, to allow trans-
mission of X-rays, and flushed with dry nitrogen at a rate of 0.2
1 min ", replacing the gas volume of the chamber every 30 s. For
the acquisition of the diffractogram and X-ray fluorescence
spectrum, a holding time of 10 s was used. The measurement
spot of the X-rays was cycled between each of the rectangles as
the heater was continuously heated up from 298 K to 673 K at
a rate of 2.5 K min ", held at 673 K for 5 min and then cooled
down again at a rate of 2.5 K min™".

The composition, x in CsPb(Br,l; ,);, was determined by
fitting the linear combination of the two XRF end spectra,

(a)
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corresponding to CsPbl; and CsPbBr,I respectively, to the sum
of the spectra collected from each rectangle over time.

The collected 2D diffractograms were calibrated using a LaBg
reference measurement and integrated azimuthally to obtain
1D patterns.

Results

Fig. 2 shows the radially integrated GIWAXS patterns as
a function of temperature for CsPb(Br »31y.77)s (x = 0.23) both
during heating up to the highest temperature (585 K) and
during cooling down to room temperature. The patterns for the
other compositions can be found in the ESI (Fig. S3-5137).

A clear phase transition is observed during the heating
period at about 500 K, whereas more subtle changes occur
during cooling down, as discussed in more detail below. The
initial phase observed at room temperature can be refined with
the Pnma orthorhombic, non-perovskite, d-phase previously
reported for CsPbl;," as shown by the solid line in Fig. 2b. This
is also the main initial phase for most of the compositions
investigated, together with a small but increasing fraction of the
perovskite phase present for the higher bromide contents
(Fig. S17). For the two reference samples with the highest Br
content, no d-phase was observed and instead the y-phase was
the initial polymorph observed in these samples. The phase at
the highest temperature (585 K) was identified as and refined
with the Pm3m cubic a-phase, previously found for CsPbl;," as
shown by the solid line in Fig. 2c. This a-phase was identified
for all investigated compositions at this temperature as shown
in the ESL.}

The patterns obtained during the cooling down of the
samples were evaluated by a series of Le Bail refinements using
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(a) Integrated GIWAXS pattern as a function of temperature for CsPb(Br,l;_,)z with x = 0.23 (determined by in situ XRF) as the sample is

heated and then cooled at a rate of 2.5 K min™™. Red lines indicate the phase transitions. (b)—(e) Integrated GIWAXS patterns for the four different
phases in the sample (blue circles), Le Bail refinement (red line), peak positions (vertical blue lines), and the residuals (blue line). (b) The non-
perovskite Pnma orthorhombic 3-phase in which the sample (aged in a humid environment) is in the beginning of the experiment, (c) the Pm3m
cubic perovskite a-phase to which the sample transitions at 499 K, (d) the P4/mbm tetragonal perovskite B-phase to which the sample transitions
at 433 K when cooling down from the a.-phase, and finally, (e), the Pbnm orthorhombic perovskite y-phase to which the sample transitions at 365
K when cooling down from the B-phase. Figures for the other nine compositions can be found in the ESI.{
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Fig. 3 (a) The pseudo-cubic lattice parameters and, (b), the pseudo-
cubic cell volume for the composition x = 0.23 as a function of
temperature during the cool down from the high-temperature cubic
phase.

Fullprof starting from the high-temperature o-phase.”” The
starting value was determined by the position of the 002 peak
and each consecutive refinement was based on the results of the
previous one. As previously found for CsPbl; the crystal struc-
ture is expected to lose symmetry during cool down and tran-
sition to the P4/mbm tetragonal perovskite B-phase followed by
a transition to the Pbnm orthorhombic perovskite y-phase.'®
The refined lattice parameters were converted to pseudo-cubic
lattice parameters by dividing @ and b by /2 for the tetrag-
onal and orthorhombic phase and by dividing ¢ by 2 for the
orthorhombic phase. The variation of lattice parameters a, b,
and ¢ translated to pseudo-cubic lattice parameters for the
composition x = 0.23 and the pseudo-cubic cell volume for the
same composition are shown in Fig. 3a and b respectively.
During heating up, the phase transition temperature
between the initial 3-phase and the a-phase was determined by

(a) Heating up
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Table 1 Transition temperatures for each composition as seen in
Fig. 4a and b

Transition temperature/K

Composition, x d—a a— B B—r
0.00 556 506 457 (ref. 10)
0.11 526 473 399
0.23 499 439 370
0.30 482 425 351
0.39 470 401 347
0.45 459 392 339
0.53 445 387 338
0.58 436 383 334
0.67 433 383 335
0.85 — 380 338
1.00 — 382 334

fitting a Gaussian function to the 002 peak of the a-phase as well
as the 204 and 105 peaks of the 3-phase. The integrated area of
these peaks as a function of temperature was then fitted with
a sigmoid function and the transition temperature defined as
the average of the inflection points for the three peak areas
(Fig. S11). Based on the fitted transition temperatures the phase
diagram as a function of temperature for the heating of
CsPb(Br,I; ,); was constructed as shown in Fig. 4a.

During the cool down, the transitions to the lower symmetry
phases were determined by evaluating the deviation from
a linear decrease in the pseudo-cubic cell volume as well as the
deterioration of the fit (Fig. S2t). Additionally, in the samples
with high Br content, the transition from the - to the y-phase
was determined by the intensity of the emerging 121 and 211
peaks. The resulting phase diagram as a function of tempera-
ture for cooling down CsPb(Br,l; ,); is shown in Fig. 4b. For
pure CsPbl; (x = 0), the thin film sample degraded to the 3-
phase during cool down in contrast to previous studies on

(b) Cooling down
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Fig. 4 (a) Heating phase diagram for CsPb(Br,l;_4)s thin films aged in a
(pure CsPbBrs), where & refers to the non-perovskite orthorhombic
perovskite phase. (b) Cooling phase diagram for the same CsPb(Br,l;

X in CsPb(Bryl1 —x)3

humid environment for composition, x, between 0 (pure CsPbls) and 1
phase, a is the cubic, B is the tetragonal, and v is the orthorhombic
»)3 thin films as they cool down from a high temperature. For the pure

CsPbls thin film, cooling down in nitrogen atmosphere at 2.5 K min~! leads to a conversion into the 3-phase, as marked with a red dot.
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Fig. 5 Left axis, refined lattice parameter at 575 K and right axis
Goldschmidt tolerance factor, both as a function of Br content, x.

powders™ but in agreement with previous studies on thin films
employing slow cooling rates.* It appears that for the slow rate
of 2.5 K min~" the pure CsPbl, sample has enough time at high
temperature to convert to the d-phase at around 455 K, which
coincides with the previously reported value for the B to vy
transition."

The transition temperatures for all three phase transitions
are listed in Table 1.

Finally, the refined lattice parameter, a, at 575 K is plotted as
a function of the bromide content, x, in Fig. 5.

Discussion

As seen in Fig. 5, the refined lattice parameter of the
CsPb(Br,l; ,); mixture in the cubic phase at 575 K decreases
linearly as a function of the bromide content in accordance with
Vegard's law.>* This implies that the mixture is in fact a solid
solution and explains the tunability in optical properties
previously reported.>?*¢ This tunability is of great importance
for 4-terminal or triple junction tandems where a bandgap
between 1.8 and 2.0 eV is required depending on the choice of
the bottom cell(s)."* However, the phase instability still remains
a limitation for the pure cesium lead iodide and its mixed
halide solid solutions. This can be rationalized using the
Goldschmidt tolerance factor," which has been shown to be
applicable also in the estimation of thermodynamic stability of
halide perovskites.”

For CsPbI; the Goldschmidt tolerance factor is well below
one (0.851) due to the small ionic radius of the cesium cation (r
= 188 pm) relative to the cuboctahedral cavity formed by the
lead cation (= 119 pm) and the iodide anion (r = 220 pm).*® As
iodide is gradually being replaced by the smaller bromide
cation (r = 196 pm) the effective halide radius decreases causing
a reduction in the size of the cuboctahedral cavity and an
improvement of the tolerance factor as plotted using a dashed
orange line in Fig. 5.

For CsPbl; the initial non-perovskite 3-phase reorganizes
into the cubic perovskite a-phase at a high temperature of 556
K, similar to previously reported.' From the phase diagram in
Fig. 4 we can see that the solid solutions go through the same
reorganization, but the temperature required for the & to
o phase transition decreases with increasing bromide content.

22630 | J Mater. Chem. A, 2020, 8, 22626-2263]
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This agrees well with previous studies on powders,” where
a decreasing phase transition temperature during heating was
found for higher bromide content. During cool down, the solid
solutions undergo a successive phase transition due to the
collapse of the cuboctahedral cavity causing a tilting of the
octahedra and first transitions to a tetragonal B-phase followed
by an orthorhombic y-phase. This successive phase transition
as well as the anisotropic temperature evolution of the indi-
vidual cell parameters shown in Fig. 3 agrees well with previous
work on CsPbI;."* The phase diagram established in this study
shows that the incorporation of the smaller bromide ions
reduces the temperature at which phase transitions associated
with octahedral tilting occur.

Although the change in the Goldschmidt factor resulting
from the substitution of iodide by bromide is rather small for
the investigated samples, this quantity may still be a good
descriptor for the observed changes in the phase diagram. As
discussed above, Yang et al.** calculated the energy barrier in
the anharmonic potential landscape of various Cs-based halide
perovskites and found a clear non-linear correlation of the
height of this barrier with the decreasing value of the Gold-
schmidt factor. In particular, they find an initial sharp decrease
which levels out for larger values of the Goldschmidt factor. We
note that these calculations can be used to describe the
symmetry-breaking transitions during cool down, but not the
d to o phase transition during the heating up cycle. The
observed lowering of the phase transition temperatures during
cool down with increasing bromide content (increasing the
Goldschmidt factor), that levels out for high Br content, clearly
shows that this conceptual framework can be applied not only
to different (Cs, Pb, and Sn-based) ternary halide perovskites
but also to solid solutions composed of these materials.

The reduced transition temperature is accompanied by an
increase in the stability of the metastable perovskite phase. This
was visible during the aging of the CsPb(Br,l; ,); material
library before the measurement, where the samples containing
bromide took substantially longer time to convert to the yellow
non-perovskite phase. After 48 h at ~60% relative humidity,
there is also a larger fraction of the perovskite phase left in the
samples with increased bromide content (Fig. S11). However,
a quantitative study of this phenomenon still needs to be con-
ducted. Additionally, the addition of Br to the pure CsPbl;
stabilizes the perovskite phase at high temperature which was
otherwise observed to degrade to the 3-phase, when cooling at
a rate of 2.5 K min~", at the temperature where the B to y
transition was expected.

Finally, we would like to point out that this study was
enabled by the fast combinatorial printing of a material library
and the use of a high-flux metaljet X-ray source. This reduces
the time for sample preparation and characterization to less
than a day without the need of synchrotron radiation, present-
ing an important milestone for the future acceleration of
materials research by high-throughput and combinatorial
methods.

In conclusion, we have determined the temperature-
dependent phase diagram of the CsPb(Br,l;_,); solid solution
for 0 = x = 1 both during heating up and cooling down. From

This journal is © The Royal Society of Chemistry 2020
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the phase diagram it is evident that the substitution of the large
iodide ions with smaller bromide ions reduces the temperature
required to transition to the perovskite phase as well as the
octahedral distortion during cool down.
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