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ABSTRACT: Mixed-halide perovskites of the composition
MAPb(Br,I,_,);, which seem to exhibit a random and uniform

distribution of halide ions in the absence of light, segregate into D Br--rich Br-rich
bromide- and iodide-rich phases under illumination. This | |perovskite perovskiteD

phenomenon of halide segregation has been widely investigated ' Mixed halide [:]
in the photovoltaics context since it is detrimental for the material |- perovskite )
heat light I*-rich
perovskite
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T
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properties and ultimately the device performance of these o
phases |

otherwise very attractive materials. A full understanding of the |

O

mechanisms and driving forces has remained elusive. In this work, :] ' D

a study of the crystallization pathways and the mixing behavior * — ~ - g - — g

during deposition of MAPb(Br,];_,); thin films with varying halide Thin film Halide
deposition segregation

ratios is presented. In situ grazing incidence wide-angle scattering
(GIWAXS) reveals the distinct crystallization behavior of mixed-
halide perovskite compositions during two different fabrication routes: nitrogen gas-quenching and the lead acetate route. The
perovskite phase formation of mixed-halide thin films hints toward a segregation tendency since separate crystallization pathways are
observed for iodide- and bromide-rich phases within the mixed compositions. Crystallization of the bromide perovskite phase
(MAPbBr;) is already observed during spin coating, while the iodide-based fraction of the composition forms solvent complexes as
an intermediate phase, only converting into the perovskite phase upon thermal annealing. These parallel crystallization pathways

result in mixed-halide perovskites forming from initially halide-segregated phases only under the influence of heating.

KEYWORDS: perovskite, thin films, crystallization, in situ GIWAXS,

B INTRODUCTION

One of the major assets of hybrid metal-halide perovskite
materials is their ease of component substitution and mixing.
Tunability of material properties, in particular the band gap, is
an important result of this, making perovskite materials
promising candidates for photovoltaic and related applica-
tions."” In particular, halide mixing, in most cases iodide and
bromide, has been widely investigated to adjust bandgaps to
desired values, which, for example, are optimized for tandem
applications.” However, such mixed-halide compositions
exhibit a reversible phase separation into iodide- and
bromide-rich phases upon injection of charge carriers either
directly’ or via illumination.” This is detrimental for
applications in several ways, such as the creation of low-
bandgap domains,”” thus essentially revoking bandgap tuning.
Therefore, an understanding of the driving forces and
mechanisms behind halide mixing and segregation is essential.

Several mechanisms have been proposed to explain the
phenomenon, including thermodynamic models,*” polaronic
strain models,”'*"" redox reactions,'” emergence of internal
electric fields due to carrier trapping,'”'* and various
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combinations of these.'’ So far, there seems to be no
consensus on the exact separation mechanism other than the
fact that charge carriers, which can be induced via illumination
of the photovoltaically active material, play an integral role.'®
Remixing in the dark is considered to be entropically driven,'®
while different models have predicted different extents of the
miscibility gap.®” The question of whether halide segregation
is an intrinsic material property or if defects, such as grain
boundaries and surfaces, are necessary is not yet clarified.'”"”
A preferred occurrence of halide segregation in defect-rich
materials has been found,'” which might account for defects as
promoting factors. On the other hand, a stochastic nucleation
of iodide-enriched domains has also been reported,'® pointing
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toward halide segregation as an intrinsic material property.
Thus, understanding the mixing behavior, starting from the
material growth, of mixed iodide—bromide perovskites can
help to elucidate these issues further.

For dynamic processes like thin-film growth, in situ X-ray
diffraction studies are a viable tool, which can also be applied
in combination with other methods such as in situ photo-
luminescence measurements.'® In this work, an in situ X-ray
analysis of mixed-halide perovskites (MAPb(Brl,_,);) is
provided, including not only halide segregation during light
exposure but also focusing on tracking their crystallization
from the precursor solution to the final film during the
fabrication process. A tendency to segregate is consistent with
the distinct growth behavior of mixed-halide thin films, where
the crystallization pathways are observed to be different for
iodide- and bromide-rich phases, leading to segregated growth
and the formation of a mixed-halide perovskite phase only
during thermal annealing. A pure bromide perovskite phase
crystallizes first, already during spin coating, while the iodide
fraction is converted only upon sample annealing via a solvent
complex as an intermediate stage and then intermixes into the
bromide-rich perovskite phase. Separate crystallization sequen-
ces and intermixing of halides upon heat treatment are
consistently observed for different thin-film fabrication
protocols.

B RESULTS AND DISCUSSION

Mixing Behavior and Phase Segregation. Mixed-halide
perovskite thin films of the composition range MAPb(Br,I;_,);
were prepared using spin coatin%, including two different
methods: the lead acetate route’~ and the gas-quenching
technique”® with a nitrogen flow (details in the Experimental
Details). For the bromide ratio x, six values were chosen: 0,
0.2, 0.4, 0.6, 0.8, and 1, with 0 and 1 marking the pure iodide
and pure bromide perovskites, respectively. For both methods
(compare Figures S1 and S2), in the absence of light, the
mixed-halide thin films exhibited a single mixed perovskite
phase, which appeared to contain a macroscopically homoge-
neous mixture of halides.

As reported previously,' an expected shift of the perovskite
Bragg peak is observed with changing mixing ratios of bromide
and iodide (Figure la). The peak position shifts linearly with
the halide ratio, following Vegard’s law for binary mixtures.”!
For measurements in the dark, most compositions feature a
single yet rather broad peak, indicative of one single mixed-
halide phase. Only the mixture with the highest bromide
content (80%) shows a shoulder toward higher g-values, which
might indicate an already-beginning phase segregation. The
double peak observed for MAPDbI; is due to its tetragonal
structure, while all other mixtures exhibit a cubic symmetry.1

Upon illumination with a halogen lamp, diffraction peak
splitting is observed for all mixed materials, except the one with
20% bromide, where a pronounced peak broadening can be
found (dashed lines in Figure la). The single-halide materials
do not exhibit significant changes in the diffraction pattern
upon illumination, indicating a negligible thermal expansion
effect, which might occur due to radiative heating by the lamp.
The light-induced peak splitting in the mixed materials is
characteristic for segregation into iodide- and bromide-rich
phases,” while the broadening of the signal in the 20% bromide
sample at least shows an increase in disorder or a wider variety
in unit cell parameters throughout the sample as a result of
illumination. This could be attributed to close-lying over-
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Figure 1. (a) Enlarged section of the radial profiles of GIWAXS
reciprocal space maps (incidence angle @; = 1°), highlighting the
(100) perovskite diffraction signal. Brightly colored, full lines: fresh
samples (fabricated by the lead acetate route) in the dark; dashed,
darker lines: the same samples after illumination and phase
segregation. (b) Fitted peak positions of the data in (a) with a linear
fit following Vegard’s law. The red numbers in (b) indicate the final
bromide fractions of the segregated phases after light exposure as
determined from assuming a linear dependency (horizontal red lines).

lapping diffraction signals, indicating a separation into phases
of maximum +4% bromide content deviation based on
converting the peak position spread into concentration.

Determining the positions of the split peaks after
illumination, Vegard’s law can be used to calculate the final
compositions of the segregated phases, as indicated by the red
horizontal dashed lines in Figure 1b. The resulting values for
the bromide contents of the maximum segregated phase in
each composition are given by the red numbers in the image
(more details in Figure S4). Considering the final composi-
tions and assuming that a steady state was reached as suggested
by the temporal evolution of the peak positions (Figure SS),
the system appears to separate until one of the two phases
either has a low bromide content of <20% or a high bromide
content of >90%, which is also consistent with previous
reports.22 It should be noted, though, that the strong
illumination might have also increased the temperature of
the sample and thus entropic contributions, which tend to
favor mixing,'® possibly inhibiting full segregation into pure-
halide phases. This might also contribute to the distinct
broadening of the peaks (dashed lines in Figure 1a), indicating
a possible distribution of mixed minority phases with slightly
differing compositions beside the two segregated majority
phases with the distinct compositions given.

By comparing GIWAXS reciprocal space maps, i.e.,
diffraction patterns as a function of q,, and q,, of thin films
with different mixing ratios before and after illumination
(Figure 2, more mixing ratios in Figure S2), it is apparent that
the degree of orientation depends only on the mixing ratio.
Mixtures with higher bromide content have an increased
degree of orientational order along the vertical axis, as
indicated by spotlike diffraction signals in the respective
reciprocal space maps, as opposed to more ringlike features for
more randomly oriented iodide-rich compositions. This
finding is generally true for samples fabricated by both the
lead acetate fabrication route and the gas-quenching technique,
while the gas-quenching method overall produces thin films
with a slightly higher orientational order (compare Figure S1).
The increasing orientational order of methylammonium-based
perovskite materials upon bromide incorporation is likely a
general motif, which has been reported in literature before.”
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Figure 2. Reciprocal space maps of samples fabricated by the lead acetate route before (a,b) and after (c,d) illumination of thin films with 60%
(ac) and 40% (b,d) of bromide content. A clear peak splitting can be observed after illumination, but the orientational order is retained.

The azimuthal intensity plots in Figure S3 visualize the
orientational order of the different mixtures for both
fabrication methods, similar to established literature.***

The degree of orientation does not change upon halide
segregation such that both split peaks have the same
orientation as the pristine samples (Figure 2c,d). This behavior
is consistent with halide segregation occurring via ion
migration in the existing perovskite crystallites instead of
recrystallization or via amorphous phases.

For the time scale of the segregation with the present setup,
10—15 min was enough to reach a stable state in which the
diffraction pattern did not visibly change anymore. Demixing
was monitored by real-time GIWAXS (Figure SS, details in the
experimental section) and observed to take place gradually,
indicated by two closer lying diffraction peaks in the early
stages of phase segregation, which move further apart until the
equilibrium positions corresponding to the final segregated
phase compositions are reached. Variation of the X-ray
incidence angle and thus the penetration depth (Figure S6)
reveals that the bromide-rich phase seems to be located closer
to the surface of the sample, while consequently, the iodide-
rich phase is located away from the surface and closer to the
substrate.

These findings are consistent with current literature, yet
hints as to why mixed-halide perovskite thin films behave this
way might be found already in their fabrication and
crystallization pathway. Thus, the following two sections will
focus on the perovskite phase formation during two different
thin-film fabrication protocols, featuring first the rather simple
gas-quenching technique,” followed by the slightly more
sophisticated lead acetate route.”” Details of the fabrication
procedures can be found in the experimental section.

Thin-Film Crystallization via Nitrogen Gas Quench-
ing. In situ GIWAXS was used to investigate thin-film growth

22,26
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and crystallization in real time to connect these findings to the
mixing and segregation behavior. GIWAXS was recorded
during the spin coating process as well as during the annealing
process of the mixed-halide thin films for both fabrication
routes. The findings via the gas-quenching route will be
discussed first due to the simplicity of the process,”’ reducing
influences such as antisolvents, additives, or unbalanced
stoichiometries on film growth. Afterward, they will be
compared to the results of the lead acetate route, which
achieves similar final films but via different crystallization
sequences.

For the gas-quenching route, the pure MAPbI; composition
first forms the solvent complex MA,Pb;1;-2DMSO during spin
coating,27 marked by white crosses in Figure 3a, which shows
the evolution of the radial intensities of the reciprocal space
maps during the film formation process. The corresponding
integrated intensities of signature peaks in Figure 4a,e show
that thermal annealing converts the intermediate solvent
complex to the perovskite phase, which is marked by yellow
circles in Figure 3. Conversely, the pure MAPbBr; composition
(Figures 3b and 4dh) directly crystallizes in the perovskite
phase and does not change significantly during annealing.

For mixed films, the distinct signals of the bromide-based
perovskite structure also appear during spin coating (Figures
4b,c and S8). From the peak position, this seems to be an
almost pure bromide perovskite phase (Figure S10). Increasing
the iodide fraction within the composition results in higher
scattering signals from the MA,Pb;I3-2DMSO solvent
complex, which evolve during the annealing (Figures 3c,d
and 4bfg). With low iodide content (>60% bromide), the
MA,Pb;I3-2DMSO phase is not observed during the spin
coating but only temporarily in minor amounts during thermal
treatment (also compare Figures S7—S9). In the course of the
annealing procedure, the signals of this solvent complex phase
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Figure 3. Intensity maps from radial profiles of GIWAXS reciprocal
space maps as a function of time during sample annealing for samples
fabricated via the N, gas-quenching route. (a) 0% bromide/pure
MAPbIL;, (b) 100% bromide, (c) 40% bromide, and (d) 60% bromide.
White crosses mark the MA,Pb;Ig:2DMSO phase, while perovskite is
marked with yellow circles. (e,f) Magnified view of the region around
g=1A"in (c,d). Vertical white dotted lines: start of heating; dashed
lines: heat source turned off. More mixing ratios can be found in
Figure S7.

vanish, together with a shift of the perovskite peaks toward
lower g-values, indicating an increase of the unit cell size,
which reflects the inclusion of the larger iodide ions into the
perovskite structure (Figure S10). A similar type of sequential
crystallization with changing halide composition has been
reported before for all-inorganic perovskite structures.”®
Additionally, for the mixed compositions, the perovskite
peaks not only shift upon annealing but also widen in the
early stages of annealing, indicative of an increased amount of
disorder, which might reflect a smaller domain size or slight
differences in the unit cell size throughout the sample (Figure
S11). This might also be related to a partial dissolution of the
bromide-rich domains upon the start of iodide intermixing.
During prolonged annealing, the peak width is reduced again,
suggesting a more homogeneous mixing of halides with a more
uniform distribution of unit cell sizes. This can be seen clearly
in the enlarged sections of the profile evolution of the
perovskite (100) signal in Figure 3e,f, where an initial higher-g
peak is followed by a broader peak shifted to lower g,
indicating the increase in the unit cell size upon iodide
inclusion as well as an increase in disorder in the early stages of
mixed perovskite formation.

A direct crystallization of MAPbBr; perovskite without
intermediate stages or need for annealing has been observed
before and might be ascribed to the higher bonding strength
between Pb** and Br~ compared to that of the I anion”” " or
a reduced stability of the lead bromide solvent adducts.’” For
the iodide compound MAPbI;, the growth via intermediate
solvent complexes is well reported.”” Interestingly, for the
mixed-halide samples, both processes, direct MAPbBr;
crystallization and MAPDI; formation via intermediates, were
observed simultaneously, leading to the initial growth of a
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Figure 4. Normalized integrated peak intensities from radial profiles
of GIWAXS reciprocal space maps as a function of time during (a—d)
spin coating and (e—h) annealing for samples fabricated via the N,
gas-quenching route. (a,e) 0% bromide/pure MAPbL;, (bf) 40%
bromide, (c,g) 60% bromide, and (d,h) 100% bromide. Legend colors
apply for all samples, except during spin coating, where the red curve
marks the Br-rich perovskite phase and in the annealing data, the
mixed perovskite phase. A list of the signature peaks used for all
phases can be found in Table S1. Vertical dotted lines in (a—d): start
of spinning; dashed lines: end of spinning. Vertical dotted lines in (e—
h): start of heating; dashed lines: reduction of heating power; dotted—
dashed lines: heat source turned off. Pbsl, in this case is short for the
DMSO-based MA,Pb;I3-2DMSO solvent complex. More mixing
ratios can be found in Figure S9.

bromide-rich perovskite phase and subsequent intermixing and
inclusion of iodide after thermal conversion of the iodide-based
solvent complex.

Thin-Film Crystallization via the Lead Acetate Route.
The above investigations were done for thin films fabricated by
nitrogen-gas quenching, which will now be compared to the
lead acetate route, with which the samples subjected to light-
induced segregation described in the first section have been
fabricated. This method is often used to tune the thin-film
microstructure’® since lead acetate has been observed to assist
the formation of perovskites in various compositions.’* The
process was also investigated in real time to assess the
universality of the crystallization behavior over different
fabrication protocols.

The overall crystallization behavior during the lead acetate
route was generally similar to the nitrogen quenching: iodide-
and bromide-based phases followed their separate crystal-
lization sequences in parallel, and a mixed perovskite phase was
formed only upon annealing.
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MAPbI; was formed via a structurally similar solvent
intermediate as for the gas-quenching method, in this case,
DMEF-based MA,Pb,l;-2DMF,* since DMSO was absent in
the precursor solutions for this fabrication route (Figures Sa

100% bromide

0 100 200
40% bromide

100 200
60% bromide

Time [s]

Time [s]

Figure S. Intensity maps from radial profiles of GIWAXS reciprocal
space maps as a function of time during sample annealing for samples
fabricated via the lead acetate route. (a) 0% bromide/pure MAPbI,,
(b) 100% bromide, (c) 40% bromide, and (d) 60% bromide. White
crosses mark the MA,Pb;I;-2DMF phase, while perovskite is marked
with yellow circles. Blue asterisks mark hexagonal MAPbI; in (a) and
blue plus signs indicate the layered MA,PbBr, phase in (b). Vertical
white dotted lines: start of heating; dashed lines: heat source turned
off. (e,f) Enlarged view of the region around ¢ = 1 A™' in (c,d).
Numbers in (ef) indicate bromide-rich (1), iodide-rich (2), and
mixed (3) perovskite phases and the layered MA,PbBr, phase (4).

and 6e). Due to the highly nonstoichiometric nature of the
precursor solution with its 3:1 ratio of MA/Pb, hexagonal
MAPbIL; could be observed during spin coating (Figures Sa and
6a), which has only been found to occur with a large
methylammonium and halide excess.*® This hexagonal
MAPbI; phase,”” according to the positions of its diffraction
signals (blue asterisks in Figure Sa), seems to have a similar
structure as the well-known FAPbI; 5-phase’ containing linear
chains of lead-halide octahedra. Via a complex three-phase
conversion sequence involving the MA,Pb;I3-2DMEF solvent
complex phase, a MAPDI; perovskite phase is established
during prolonged thermal annealing (Figure 6Ge).

Bromide perovskite, similar to the gas-quenching method,
was crystallized without forming solvent complexes (Figures Sb
and 6d,h), but this time, a crystalline precursor phase was
formed during spin coating (marked by blue plus signs in
Figures Sb and S12), which was then transformed to the
MAPDBr; perovskite structure during annealing. Due to its
slightly lower g diffraction signal of around 1.038 A™' (as
compared to that of MAPbBr; at q¢ = 1.06 A™*"), which
indicates a larger unit cell than that of the MAPbBr; perovskite,
it is suspected to be a layered MA,PbBr, phase. This kind of
structure is only expected to form with a pronounced lead
deficiency® in the precursor solution, which was indeed
present here due to a 3-fold excess of MAX in the formulation.
The conversion of this layered structure into perovskite is
illustrated by reciprocal space maps at representative time
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Figure 6. Normalized integrated peak intensities from radial profiles
of GIWAXS reciprocal space maps as a function of time during (a—d)
spin coating and (e—h) annealing for samples fabricated via the lead
acetate route. (ae) 0% bromide/pure MAPbI;, (b,f) 40% bromide,
(c,g) 60% bromide, and (d,h) 100% bromide. Legend colors apply for
all samples, except during spin coating, where the red curve marks the
Br-rich perovskite phase and in the annealing data, the mixed
perovskite. A list of the signature peaks used for all phases can be
found in Table S1. Vertical dotted lines in (a—d): start of spinning;
dashed lines: end of spinning/end of air flow. Vertical dashed lines in
(e—h): start of heating/reduction of heating power; dotted lines: heat
source turned off. Pbsl; in this case is short for the DMF-based
MA,Pb;I;-2DMF intermediate solvent complex.

instances in Figure S12. The formation of a layered
intermediate phase might also be linked to the higher general
tendency of bromide-based compositions to form well-oriented
perovskite phases since their growth might be templated by
similar locally formed nuclei of the layered phase, which are
generally well-oriented.*'

Similar to the gas-quenching route, in the mixed samples,
iodide and bromide phases evolve separately with and without
solvent complex intermediates, respectively. Only at the later
stages of annealing do they merge into a single, macroscopi-
cally mixed perovskite phase. All mixed samples already exhibit
a perovskite phase during spin coating (Figure S13), which,
according to its peak position of about g = 1.06 A7), is a
bromide-based perovskite phase.”> During annealing, the
layered MA,PbBr, phase and the MA,Pb;I;-2DMF solvent
complex evolve simultaneously and are transformed into the
perovskite phase (Figures Sc—f and 6f,g). Although Figure 6
displays the perovskite phase as a single graph, a close look at
the diffraction peak and its development (Figure Se,f) reveals
initially two close-lying peaks (marked by 1 and 2)
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Figure 7. Schematic depiction of the crystallization behavior of mixed-halide perovskite thin films. GQ: gas quenching; PbAc: lead acetate route.
Bromide-rich perovskite phase forms already during spin coating, while the iodide fraction forms intermediate solvent complexes based on DMF or
DMSO. During annealing, the mixed-halide perovskite phase is established.

corresponding to two separate bromide- and iodide-rich
perovskite phases, which merge into one significantly broader
diffraction peak with an intermediate g-value (marked as 3).
The signal of the layered phase (marked as 4) disappears
simultaneously with this process, indicating its conversion to
the perovskite phase.

Thus, the separate growth of iodide and bromide perovskites
with subsequent halide mixing appears to be a general pattern,
which is retained over different fabrication routes.

The observed growth behavior is consistent with the
properties of the final thin films investigated in section a:
first, it might explain the dependence of orientational order on
the bromide content since the bromide perovskite phase
templates oriented growth, which is retained when intermixing
iodide to a certain extent depending on the mixing ratio.
Second, the parallel crystallization sequences hint toward a
segregation tendency of mixed iodide—bromide perovskites.
This leads to a bromide-based perovskite matrix, established at
room temperature, which is interspersed with iodide only upon
annealing, resulting in a macroscopically uniform mixture that
might, however, still contain locally enriched regions of iodide
or bromide.

B CONCLUSIONS

In summary, the detailed route of mixed-halide perovskite thin-
film growth (simplified schematic depiction in Figure 7) was
revealed and was connected to the mixing and segregation
behavior. A gradual segregation into bromide- and iodide-rich
domains was found upon illumination of thin films, consistent
with previous reports. During the deposition of these thin
films, bromide- and iodide-based phases follow separate
crystallization sequences and only form a mixed-halide
perovskite phase upon annealing. While the iodide-based
fraction crystallizes via intermediate solvent complexes, these
are not observed for the bromide fraction, which crystallizes
directly as a perovskite phase and is intermixed with iodide
during thermal treatment. Using highly nonstoichiometric
precursor solutions, like in the lead acetate route, generates
low-dimensional phases as an intermediate stage, but the
general motif of halide-segregated crystallization sequences and
the formation of a mixed perovskite only upon thermal
annealing seems to be universal.

This distinct growth behavior of each halide perovskite
phase evolving separately, which is retained even for different
fabrication methods, might be a further piece in the puzzle of
halide segregation, its driving forces, and mechanisms. The fact
that intermixing happens only during thermal treatment
reflects the entropic contribution to halide mixing, but the
intrinsic tendency to segregate manifests in a separate growth
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sequence for the bromide- and iodide-based fractions of the
material. This could, in turn, be the cause for small
inhomogeneities in the final film due to imperfect mixing,
which could then serve as nucleation centers for halide
segregation. The segregated growth process might thus be
linked to potential seeds for light-induced halide segregation.
Therefore, future research might be dedicated to establishing
fabrication methods for mixed-halide perovskite thin films,
which already promote halide mixing during crystal growth and
prevent segregated crystallization sequences.

B EXPERIMENTAL DETAILS

Halide Segregation Experiments. Perovskite thin films were
prepared by the lead acetate route, as described below. Halide
segregation experiments were conducted at beamline P23, DESY. The
experiments took place in a nitrogen atmosphere, and the beam
energy was varied from 12,974 to 13,974 eV. Illumination was

achieved by a halogen lamp at a power density of 0.9 C% for 50—-100

min using a silver reflector to reduce heating of the sample. The
maximum temperature of the sample during prolonged illumination
was about 65 °C. The incidence angle of the X-rays was varied from 0
to 1°, and for real-time observations, it was fixed at 1°. The beam size
was 300 X 100 ym and the sample-to-detector distance was 350 mm.
The instrumental broadening for the described setup was estimated to
be on the order of magnitude of 0.01 A™" around the position of g = 1
A~!, where the perovskite signal was located.

Thin-Film Fabrication via the Nitrogen Gas-Quenching
Route. Precursor solutions were prepared from Pbl, (AnhydroBeads,
99.999%, Sigma-Aldrich), PbBr, (99.999%, Sigma-Aldrich), MAI
(anhydrous, 99.99%, dyenamo), and MABr (anhydrous, 99.99%,
dyenamo) in a 4:1 v/v mixture of DMF (biotech. grade, >99.9%,
Sigma-Aldrich) and DMSO (anhydrous, >99.9%, Sigma-Aldrich)
dissolved in a nitrogen atmosphere with a concentration of 1.4 M
using stoichiometric precursor amounts. Thin-film deposition took
place in a specifically designed deposition system,** which allowed us
to simultaneously measure GIWAXS at beamline P08,*> DESY. The
films were spin-coated at 3000 rpm for 150 s, while after 15 s, a
nitrogen flow was directed at the sample to establish gas-quenching,*’
Thin films were annealed at 100 °C for 4—10 min.

Thin-Film Fabrication via the Lead Acetate Route. Perovskite
films were fabricated by adapting the lead acetate route previously
described elsewhere.'” MAI and MABr (>99.99%, Great Cell Solar)
were dissolved in a drybox (relative humidity <0.4%) in N,N-
dimethylformamide (DMF, anhydrous, Sigma-Aldrich) to a 42 wt %
concentration, followed by the addition of hypophosphorous acid
(HPA, 50:50 vol % in water, Alfa Aesar, 1.7 uL per 63 umol
methylammonium halide). Appropriate amounts of methylammo-
nium halide solution (halide/lead 3:1) were either added directly to
lead acetate trihydrate (>99%, Sigma-Aldrich) or mixed by volume
beforehand to form mixtures of halides. The final solutions were spin-
coated on bare or ITO-coated glass (soda—lime glass, precleaned with
acetone, isopropanol, and oxygen plasma) at 2000 rpm for 60 s in a
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DMF-rich atmosphere. Directly at the end of the spin coating, a
compressed dry air flow was directed at the as-deposited thin film for
20 s. After being dried for S min in dry air, the samples were annealed
for 5 min at 100 °C in the same environment.

In Situ GIWAXS. For real-time experiments** at DESY beamline
P08,* the beam energy was 17,987 eV, the incidence angle was 0.5°,
and the beam size was 500 X 200 um. A PerkinElmer XRD 1621
detector with a spatial resolution of 200 ym was used to record two-
dimensional diffraction patterns with an integration time of 0.1 s and a
sample-to-detector distance of 700 mm. Both the nitrogen gas-
quenching route and the lead acetate preparation route, as described
in the previous sections, were performed while measuring in situ
GIWAXS using the same measurement parameters and the same
custom deposition setup.42
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