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Perovskite solar cells are well-known for their high energy conversion effi-
ciency, low-temperature processing, and cost-effective production. Flash
infrared annealing (FIRA) of slot-die cast perovskite precursors offers an attrac-
tive manufacturing route using high-throughput roll-to-roll technology. Despite
the recent progress in FIRA perovskite annealing, the optimal composition of
the perovskite precursor is yet to be developed. Here, the effect of methylam-
monium chloride (MACI) on the perovskite structure and trap-state density as
a function of the FIRA annealing time is investigated. In situ real-time grazing-
incidence wide-angle X-ray scattering (GIWAXS) is employed to monitor the
perovskite layer formation during FIRA annealing with millisecond temporal
resolution. In addition, the density of states in the bandgap is estimated using
ex situ energy-resolved electrochemical impedance spectroscopy. Evidence is
found that adding 10% MACI into the perovskite precursor solution signifi-
cantly improves the crystallographic orientation of the perovskite layers while
reducing the trap-state density by one order of magnitude. In addition, using
time-resolved GIWAXS, the most favorable time window for the FIRA pro-
cessing of perovskite films with the lowest mosaicity and trap-state density is
identified. The results are of general importance for elucidating the appropriate
temporal windows in complex and fast-evolving crystallization processes.

dye-sensitized solar cells. The most
studied perovskite compound is methyl-
ammonium lead iodide (CH;NH;PbI;,
MAPI), although it is not moisture
resistant and may be hazardous to the
environment. Lee et al.lZl showed that
perovskite thin layers could be used
directly for harvesting solar radiation
similar to inorganic semiconductors.
Since then, tremendous advances have
been made in optimizing perovskite solar
cells (PSCs), with power conversion effi-
ciencies (PCE) reaching 25.5% and thus
coming to the proximity of single-crystal
Si solar cells with a record PCE of 26.1%.

The initial difficulties in preparing
homogeneous perovskite films were over-
come by introducing an antisolvent tech-
nique,4 in which a small amount of a
nonpolar solvent is used to induce het-
erogeneous nucleation of perovskite films.
However, the antisolvent technique is not
suitable for upscaling as it relies on spin-

1. Introduction

More than a decade ago, Kojima et al.lll demonstrated that
organic—inorganic lead halide perovskite compounds can
be employed as visible-light sensitizers in conventional

coating technology. Hence, a large number

of different deposition techniques/>®l

were developed to cast perovskite thin

films using scalable technologies such as spray coating, inkjet

printing, slot-die coating, blade coating, vacuum thermal evapo-
ration, etc.

Another way to improve the film homogeneity and crystal-

linity is to induce the formation of crystalline colloidal clusters
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in the perovskite precursor solution,”! which serve as seed crys-
tals for the nucleation of perovskite film. Among other chem-
ical additives, methylammonium chloride (MACI) was found to
Dbe effective in the coordination between the components of the
precursor solution.®2l The MACI can coordinate with dimeth-
ylformamide (DMF), methylammonium iodide (MAI), and Pbl,
to form a complex that has a larger size than the complex in the
standard precursor solution without MACI. This has a direct
effect on the grain size distribution in the final perovskite films.
As a result, improved optoelectronic performance was observed
in the MACl-assisted perovskite solar cells, mainly due to fewer
grain boundaries that negatively influence charge transport.

To induce controlled perovskite crystallization, flash infrared
annealing (FIRA) was recently introduced®™® as a highly effi-
cient technique enabling quick manufacturing of highly effi-
cient and stable PSCs. Here, a short pulse of intense infrared
radiation is employed to induce nucleation and growth of
perovskite crystals in thin films. The FIRA method enables
crystallization of perovskite films within a few seconds, which
is mandatory for large-scale roll-to-roll production on flexible
substrates.

An important aspect of perovskite film preparation is the
growth of films with crystallographically well-aligned large
perovskite grains with the least possible number of grain
boundaries, which mimic conventional semiconductor solar
cells based on monocrystalline materials.'®2% In general, the
grain boundaries and the interfaces of perovskites to the hole-
and electron-conducting layers are possible recombination
centers for charge carriers. In ideal solar cells that reach the
Shockley—Queisser limit, radiative recombination is the only
allowed recombination process.?'?2l Notwithstanding the con-
troversy over the importance of the crystal orientation and grain
size?3] for the optoelectronic properties of PSCs, the majority
of the theoretical and experimental works identified the grain
boundaries and layer interfaces as the principal sources of
the subgap electronic states that facilitate recombination.?4-34
Despite the remarkably defect tolerance of perovskite mate-
rials,>%] the development of manufacturing techniques that
reduce the trap-state densities in the bandgap is critical.

State-of-the-art crystallographic investigations during the
formation of perovskite thin films are based on time-resolved
in situ grazing-incidence X-ray scattering techniques.*®
Employing synchrotron radiation, a large number of studies
on the crystallization pathways of perovskite films were pub-
lished.’%-") Structural changes, particularly defects, alter the
electronic structure and induce the generation of trap states
in bandgap that increase the nonradiative recombination rate,
which adversely affects the PCE of PSCs.

The present study focuses on the correlation between the
crystallographic structure and trap-state density of perovskite
films prepared by FIRA as a function of different amounts
of MACI additive. For ex situ structural studies, we used lab-
oratory-based grazing-incidence wide-angle X-ray scattering
(GIWAXS). We found that 10 mol% of MACI additive signifi-
cantly improved the crystallographic orientation of the perov-
skite films. The FIRA annealing leads to the formation of
perovskite grains with uniaxial texture. In addition, real-time
and in situ GIWAXS studies of perovskite crystallization were
carried out using high-brilliant synchrotron radiation, which
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enabled a millisecond temporal resolution essential for tracking
the FIRA annealing process. Using time-resolved GIWAXS
studies, we have identified a suitable temporal processing
window for the production of perovskite films with the lowest
mosaicity and trap-state density.

The trap states facilitate the nonradiative recombination of
charge carriers and must therefore be minimized. So far, the
density of trap states has been measured using space-charge
limited current analysis, deep level transient spectroscopy, and
thermal admittance spectroscopy.’®>°l In our study, the influ-
ence of perovskite film mosaicity on the density of trap states
was investigated using energy-resolved electrochemical imped-
ance spectroscopy (ER-EIS). This method enables the map-
ping of trap-state density in the bandgap over a wide dynamic
range.l"%3] We confirmed a decrease in the trap-state density
in the bandgap by one order magnitude for the FIRA-annealed
perovskite layers with 10 mol% of MACI additive compared to
the layers without MACI additive. Furthermore, we correlated
the ongoing structural changes assessed by the time-resolved
GIWAXS during the FIRA treatment with the evolution of the
trap-state density. The unique combination of time-resolved
GIWAXS and trap-state spectroscopy used here enables the
identification of appropriate temporal windows for fast crystal-
lization processes in general.

2. Results and Discussion

The addition of MACI additive to the conventional perovskite
precursor solution profoundly affects the nucleation and
crystallization during FIRA. We utilized ex situ GIWAXS to
characterize the changes in the perovskite film mosaicity (pref-
erential crystallographic orientation of the perovskite grains)
after annealing by FIRA (10 s) for varying amounts of MACI
additive, expressed in molar fractions of MAIL. Figure 1 shows
the final GIWAXS patterns of perovskite films with MACI
amounts between 0% and 50% after annealing that were taken
at room temperature.

We observed no evidence that Cl was incorporated into the
perovskite lattice, even at a 50% MACL:MALI ratio in the pre-
cursor solution. Instead, we find only one perovskite struc-
ture corresponding to the unit cell of pure MAPI. Note that
the diffraction peaks were indexed using a_ tetragonal lattice,
unlike the time-resolved GIWAXS patterns measured above the
phase transition temperature of 54 °C to the cubic phase.[646%]
The perovskite films cast from the precursor solution without
MACI additive display a continuous 110/002 diffraction ring
at g = 1 A7, since the GIWAXS measurement geometry does
not allow to separate the 110 and 002 diffraction peaks spatially.
This indicates a random orientation of the perovskite crystals in
the final film. On the other hand, all perovskite layers prepared
with the MACI additive show a uniaxial texture with the (112)
lattice planes parallel to the substrate surface (Figure 1b-f).
Detailed information on the unit cell orientation (Figure S2,
Supporting Information) of the prepared perovskite films can
be found in the Supporting Information. The lowest film mosa-
icity was found for the 10% MACI molar fraction. When the
molar content is increased above 10%, the smearing of 110/002
diffraction spots suggests a deterioration in the mosaicity.

© 2021 Wiley-VCH GmbH
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Figure 1. The GIWAXS patterns of perovskite layers after FIRA (10 s) with different amounts of MAI replaced by MACI: a) 0% (without MACI), b) 5%,
c) 10%, d) 20%, e) 40%, and f) 50%. The black arrow indicates the integrated azimuthal trace along the y angle used in Figure 2a.

The perovskite film mosaicity was quantified using so-
called y cuts.”® To obtain the y cuts shown in Figure 2a,
the intensities in GIWAXS patterns (Figure 1) were inte-
grated in a g range () of 0.9-1.1 A" and plotted as a func-
tion of the azimuthal angle y (¥ = 0° for g, = 0 as schemati-
cally indicated in Figure 1a). The peaks in all y cuts depicted
in Figure 2a are located at the y value of 45°. Both the area
and full width at half maximum (FWHM) of the y peak reach
maximal values for the MACI molar fraction of 10% as shown
in Figure 2b. The area under the y peak is proportional to
the volume of the crystalline perovskite phase. By contrast,
the width of the y peak is associated with the angular mis-
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alignment of the perovskite crystals, namely their (112) lattice
planes from the sample surface. Thus, Figure 2b confirms that
the film with the lowest mosaicity was developed for the MACI
molar fraction of 10% with the (112) lattice planes’ misalign-
ment from the surface of only 3.1° £ 0.1°. The origin of the
preferential orientation of conventionally annealed perovskite
films with MACI additive was thoroughly reviewed by Odysseas
Kosmatos et al.l'?

Based on the fact that the MACI molar fraction of 10% gives
the lowest mosaicity, we prepared a series of samples with dif-
ferent annealing times ranging from 0.5 to 10 s. The surface
topography of selected perovskite films, measured by atomic

© 2021 Wiley-VCH GmbH
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Figure 2. The effect of the MACI additive on the mosaicity of the perov-
skite layers. a) The azimuthal y cuts of 110/002 diffractions for different
MACI molar fractions. b) The area and FWHM of 110/002 diffraction
peaks as a function of the MACI molar fractions. The dotted lines serve
as guides to the eye.

force microscopy (AFM) and visible microscopy, is shown in
Figure 3. After annealing for less than 3 s, the perovskite layer
was still wet and drying, forming a needle-like structure with a
large number of pinholes (Figure 3a). Such a structure is not
suitable for photovoltaic applications.

On the microscale, optical microscopy revealed a homog-
enous layer (Figure 3e). After 3 s annealing, the perovskite crys-
tallization was not yet complete (Figure 3b,f). AFM confirmed
(Figure 3b) the presence of 100 pum large clusters of needle-like
perovskite grains growing radially from the nucleation sites.
A percolated structure of dendrite clusters was formed on the
microscale, as confirmed by optical microscopy (Figure 3f).
Finally, after 4 s annealing, a continuous layer was obtained.
The annealed films were composed of large dendritic clusters in
tight contact (Figure 3c). The evaluation of AFM images showed
significant height variations across the perovskite grains and
can be found in the Supporting Information. On average, the
boundary of grain clusters is =370 nm lower than the nucleation
site located in the central part. This is a well-known limitation
of FIRA processing and requires further optimization of the
annealing process itself before it can be used to produce PSCs.[3!

So far, we have elucidated the influence of MACI additive on
the mosaicity and topography of perovskite films annealed by
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FIRA. Despite the fact that the size and crystallographic orienta-
tion of perovskite grains play an essential role in the performance
of PSCs, the influence of the MACI additive on the electronic
structure, in particular the density of trap states between the
highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) states, also needs to be clarified.
The trap states located in the bulk and at the surface of MAPI
grains, as well as the trap states at the perovskite interfaces with
the hole/electron transporting layers, are considered to be the
critical recombination centers.?4 We employed the ex situ
ER-EIS technique to quantify the density of trap states.

We investigated the evolution of density of states (DOS) as
a function of FIRA time for the perovskite films cast from the
solution with the optimized MACI molar fraction of 10%. The
DOS spectra for the perovskite films annealed for 3, 4, 5, and
6 s are shown in Figure 4a.

The g(E) scale was calibrated considering the charge-transfer
rate constant, kg = 2 x 107%* cm* s7. This value was calculated
using the relation® kpp = Leoy,eas]A] ! with the perovskite layer
thickness L =400 nm, Wye,s = 3 Hz, and [A] = 6 X 10" cm™>. The
HOMO and LUMO positions and the bandgaps were deter-
mined from the extrapolation of the DOS band tails plotted on
a linear scale, as shown in Figure S3 (Supporting Information).
The data are summarized in Table S1 (Supporting Informa-
tion). The measured DOS spectra (Figure 4a) indicate a gradual
widening of the bandgap with increasing annealing time from
4 to 6s. It is evident that between 3 and 4 s, when rapid crystal-
lization of the precursor proceeds toward the perovskite phase,
the bandgap is narrowed due to a shift of the LUMO. Over the
next 2 s, the bandgap of the perovskite layer is gradually wid-
ened due to a shift of the HOMO, while the LUMO is at the
same position within the experimental error.

Moreover, the DOS spectra in the bandgap reveal a decreasing
density of the trap states with increasing annealing time. The
integral density of the trap states (DOS integral between HOMO
and LUMO) is depicted in Figure 4b. This suggests that the
formation of a continuous perovskite layer composed of uniaxi-
ally oriented grains leads to a marked decrease of the trap-state
density in the bandgap. We prepared a perovskite film from the
same precursor solution to validate this assumption, but without
the MACI additive, using the conventional antisolvent method.
Such a film had a random orientation of the perovskite grains,
as verified by GIWAXS. In Figure S4 (Supporting Information),
the measured DOS of the perovskite layer prepared by the anti-
solvent method is compared to that of FIRA with 10% MACI. In
fact, the film prepared by 6 s FIRA processing has a trap-state
density about an order of magnitude lower than the film pre-
pared by the antisolvent method. Assuming that a low trap-state
density reduces the electron/hole recombination rate in PSCs,
this fact has significant implications for maximizing the short-
circuit current density of PSCs manufactured by FIRA.[P!

In the following text, we will focus on the relationship
between the mosaicity and DOS of the perovskite films pre-
pared by FIRA. To examine these correlations, we performed
in situ and real-time GIWAXS experiments during FIRA pro-
cessing. The precursor solutions with the MACI molar fraction
of 10% were spin-coated in a custom-designed FIRA chamber
and GIWAXS patterns were continuously measured during
the heating and cooling periods. In addition, we inspected the
GIWAXS patterns before and after the FIRA application.

© 2021 Wiley-VCH GmbH
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Figure 3. Influence of the annealing time on the perovskite film topography. a—d) AFM images (left) and e-h) optical microscopy (right) of the
perovskite films annealed for different periods. The annealing times are indicated in the upper left corner.

The GIWAXS pattern recorded prior to the FIRA appli-
cation shown in Figure 5a reveals a broad diffraction ring
at g = 0.5 nm™, which is related to the scattering from inter-
mediate adduct phases of precursor molecules in the liquid
phase.[*>*] Figure 5b shows a GIWAXS pattern recorded after
5.5 s of FIRA. At this stage, the temperature of the film was
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above the phase transition temperature from the tetragonal to
the cubic structure (=55 °C). For this reason, the indexing of
diffraction spots differs from those shown in Figure 1 for the
perovskite films measured at room temperature. The diffrac-
tion pattern confirms a uniaxially oriented cubic structure of
MAPI grains immediately after the conversion of the precursor

© 2021 Wiley-VCH GmbH
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Figure 4. Ex situ ER-EIS spectroscopy. a) DOS spectra of the perovskite layers prepared by FIRA for different annealing times. b) The integral density
of trap states between HOMO and LUMO calculated from the DOS spectra shown in (a). The red line is a guide to the eye.

into the perovskite layer and before the phase transition to the
tetragonal structure. Assuming instantaneous perovskite con-
version at the exact temperature of the phase transition and
knowing the coefficient of thermal expansion of the MAPI
crystal lattice, we can accurately track the point of perovskite
conversion and temperature evolution. A detailed discussion
on the phase transformation from the cubic to the tetragonal
phase in the cool-down period, supplemented by the evaluation
of the perovskite conversion temperature, can be found in the
Supporting Information.

To better understand the transformation of the wet precursor
film into a solid perovskite layer under FIRA, we plotted radially
integrated q cuts shortly before and during FIRA processing. To
obtain X-ray scattering profiles independent of possible changes
in the mosaicity of the MAPI layers, the g cuts shown in Figure 6a
were integrated using y values in the interval from —90° to 90°
(x = 0° for g, = 0). The broad peak at g = 0.5 nm™! assigned
to the precursor phase and the simultaneous appearance of the
001 perovskite diffraction peak at g = 1 nm™ confirm that the
conversion to the perovskite phase started =2.7 s after starting
FIRA. No further significant changes in the scattering profiles
were observed after 5 s of FIRA.

a) before FIRA Intensity (counts)
[ e e 2
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o
< &
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05 :
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As already concluded from Figure 1, the final perovskite films
exhibit a uniaxial texture with the (112) lattice planes parallel to
the sample surface. To follow the possible changes in mosai-
city during FIRA processing, we plotted the diffracted intensity
from (001) planes as a function of the azimuthal y angle in
Figure 6b. These y profiles correspond to the azimuthal cross-
sections of 001 pole figures. The y profiles confirm a low mosai-
city from the very beginning manifested by the 001 diffraction
peak developing at a y value of 45.2° with the width (FWHM)
of only 3.1°. No significant changes in either the maximum
peak position or the peak width were observed during FIRA
processing (Figure S10, Supporting Information). These results
confirm that the preferential orientation of the perovskite layer
is maintained throughout the FIRA process.

In the following text, we will inspect the temporal evolu-
tion of the principal diffraction peaks of the respective phases
observed in GIWAXS patterns during FIRA. In particular, we
assessed the intensities of the precursor and perovskite peaks.
In addition, we followed the backconversion of perovskite to
Pbl,. To determine the intensities, we used numerical trap-
ezoidal integration in the selected areas of GIWAXS reciprocal
space maps. The intensity of the precursor peak was determined
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Figure 5. The GIWAXS patterns of MACI:MAI (10%) perovskite layer a) before and b) after 5.5 s application of FIRA.
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Figure 6. Time-resolved GIWAXS during FIRA. a) The evolution of the scattering profiles as a function of the FIRA time. b) The azimuthal y distribution
of 001 diffraction as a function of the FIRA time. The g values were integrated in the range 0.92-1.1 A-".

by the integration between the q values 0.25 and 0.8 A~ and y
values —90° and 90°. The intensity of the 001 perovskite peak
was integrated between the g values 0.93 and 1.06 A~ and y
values 26° and 66°. Finally, the PbI, 001 peak was integrated
between the q values 0.83 and 0.93 A" and the y values —25°
and 25°. The integral intensities of these peaks are shown in
Figure 7 as a function of FIRA time. Furthermore, selected data

from Figures 3 and 4 for the respective FIRA times are insetted
in Figure 7 to correlate the perovskite conversion data with sur-
face topography and trap-state density.

The zero time refers to the activation of the FIRA process,
which lasted 10 s in total. After this time, the FIRA chamber
cooled down spontaneously. In the first 3 s after switching
on the FIRA process, we observed only the scattering signal
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Figure 7. The correlation between the perovskite conversion, surface topography, and trap-state density during the FIRA process. The integral inten-
sities were scaled to the same range to allow easy assessment of the identification of the perovskite transformation process. The scale bar in the

microscopy images is 100 pm.
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from the precursor phase, which decreased over time. At this
stage, the spin-coated film was still in a wet state. Microscopic
images confirmed a delayed crystallization after the sample was
removed from the FIRA chamber. The resulting films were
discontinuous and not suitable for solar cell production. Rapid
crystallization of the perovskite film started after the first 3 s of
FIRA processing. This was observed using GIWAXS and also
directly in the FIRA chamber as a rapid change in film color
from yellow to black. Microscopic images also showed some
well-developed crystalline areas. The samples removed at this
stage for the ex situ measurements were still partially wet. The
measured density of trap states was around 6 x 10®® cm™ after
3 s of FIRA and dropped rapidly after 4 s. Here, the samples
exhibited continuous perovskite films, but GIWAXS revealed
still not fully converted perovskite structures. Consistent with
this, the conversion of precursor into perovskite structure was
still in progress after the first 4 s, but at a much slower rate
compared to the period between 3 and 4 s. The trap-state den-
sity decreased proportionally with increasing the annealing
time and reached a value close to 1.5 X 108 cm™ for 6 s of
FIRA processing time. A further increase of the annealing time
beyond 8 s was associated with the conversion of the perovskite
phase back into PbI, precursor. This conversion continued
even after the FIRA was switched off, presumably due to the
still favorable conditions for the perovskite decomposition.
Hence, our time-resolved study clearly identified the narrow
temporal FIRA window necessary for rapid thermal annealing
of perovskite films for photovoltaic applications. Under our
experimental conditions, the narrow processing window opens
between 6 and 8 s. Here, the perovskite layers exhibited the
highest crystallinity and the lowest trap-state density.

3. Conclusion

Fast and reliable preparation of perovskite films on flexible sub-
strates suitable for roll-to-roll technology is essential for the suc-
cessful launch of the next generation of solar cells. Our study
focused on the recently introduced FIRA technology for rapid
annealing of perovskite films on a timescale of a few seconds.
First, we investigated the influence of MACI additive on the
crystal structure of perovskite films. We found that a 109 molar
fraction of MACI induced the lowest mosaicity of the film with
the (112) lattice planes parallel to the substrate. The surface
topography of such prepared layers is continuous without any
pinholes, as confirmed by visible and atomic force microsco-
pies. In addition, ex situ ER-EIS measurements confirmed an
order of magnitude lower trap-state density compared to the
layers prepared by the antisolvent technique. Finally, employing
the time-resolved GIWAXS technique, we identified the best
processing window for the annealing time of perovskite layers
while using FIRA. Therefore, our study has direct implications
for optimizing the FIRA technology of MAPI-based perovskite
films using the MACI additive and roll-to-roll large-scale manu-
facturing of the next generation of perovskite solar cells. Most
importantly, we have shown that the combination of time-
resolved GIWAXS and ER-EIS allows identifying the correct
time windows for rapidly evolving crystallization processes in
general.

Adv. Mater. Interfaces 2021, 8, 2100355

2100355 (8 of 10)

INTERFACES

www.advmatinterfaces.de

4. Experimental Section

Materials and Preparation of Perovskite Layers: DMF and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich, lead(ll) iodide
from TCI, MAI from Dyenamo, methylammonium chloride (MACI) from
Borun New Materials, and poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) from Ossila. The solvents were dehydrated with
molecular sieves. The other chemicals were used as delivered.

The indium tin oxide (ITO)-coated glasses (surface resistivity
7 Q sq7") were sonicated in acetone and isopropanol for 10 min. Cleaned
substrates were then treated by UV—ozone. PEDOT:PSS was sonicated
for 30 min, filtered using polyvinylidene fluoride (PVDF) filter with
0.45 um pores, spin-coated on ITO substrates at 5000 rpm for 45 s, and
subsequently annealed on a hot plate at 120 °C.

MAPI perovskite solutions were mixed in a nitrogen-filled glove
box. For the standard solution, 652.5 mg of Pbl, and 225.1 mg of MAI
were diluted in a solvent mixture consisting of 900 uL DMF and 100 pL
DMSO. When preparing the solutions with an additive, the 5, 10, 20,
30, 40, and 50% molar fractions of MAI were replaced by MACI. All
perovskite solutions were stirred overnight. Before use, the perovskite
solutions were filtered through a polytetrafluoroethylene filter with
0.45 um pores, then spin-coated on ITO/PEDOT:PSS substrate at
2000 rpm for 10 s and annealed by FIRA.

The In Situ and Ex Situ GIWAXS: A table-top custom-designed
laboratory GIWAXS system was employed for ex situ studies of the FIRA
perovskite crystallization. The GIWAXS system utilized a microfocus
X-ray source equipped with focusing Montel optics (IuS, Incoatec,
Germany). The X-ray energy was 8.04 keV (Cu K radiation). The
X-ray beam at the exit of the Montel optics had a total photon flux of
3 x 10% photons s™' and a divergence of 5 mrad, the focal spot size
being 400 um (FWHM). To remove the primary (nonreflected) beam
and single reflected beams from the Montel optics, a scatterless Ge
pinhole with a diameter of 3 mm was used. The final photon flux behind
the scatterless pinhole was 10® photons s™'. The sample was placed
in the focus of the Montel optics to maximize the diffraction signal from
the perovskite film. The GIWAXS patterns were recorded by a 2D X-ray
detector (Pilatus 200K, Dectris, Switzerland) placed at a distance of
8.6 cm from the sample center. The angle of incidence was set to 1.8°.
The GIWAXS patterns were converted into g-space coordinates (g, g,),
where the g, and g, described the wavevector transfer components
parallel and perpendicular to the sample surface, respectively.

The real-time and in situ GIWAXS crystallization experiments during
FIRA were performed at the P03 beamline, PETRA IIl synchrotron
radiation facility (DESY, Hamburg, Germany)[®”) using a photon energy of
11.4 keV. The angle of incidence on the sample surface was set to 0.5°. The
sample holder was located in an aluminum heating chamber equipped
with two 600 W infrared halogen lamps (model 09751713, Heraeus
Noblelight, Germany). The details of the temperature evolution during the
annealing period can be found in the Supporting Information. The heating
chamber was mounted on a hexapod motion platform (H-811, Physik
Instrumente, Germany). The scattered X-ray photons were detected by a
2D detector (Pilatus 300K, Dectris, Switzerland). The exposure time was
set to 20 ms, and an additional time of 5 ms was required for the image
processing, which means that the time between consecutive images was
set to 25 ms. The total measurement consisted of 2000 images, meaning
that a single experiment lasted 50 s. A transistor—transistor logic (TTL)
electronic signal from the X-ray detector was used to trigger the FIRA,
which was switched on after 10 s of acquisition and continued for another
10 s. After switching off the FIRA, the changes in the perovskite layer were
monitored for another 30 s. The implementation of the FIRA chamber on
the beamline is shown in Figure S1 (Supporting Information).

Measurement of Surface Topography: AFM and optical microscopy
were used to study the surface topography of FIRA-annealed perovskite
films. To obtain surface images on the nanoscale, an AFM device
(Dimension Edge, Bruker, USA) working in the tapping mode was used.
The digital optical microscope (VHX-500, Keyence, USA) operating in
the reflected light was employed to observe the surface topography on
the microscale.
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ER-EIS: The ER-EIS measures the DOS between HOMO and LUMO
bands. It is based on the interaction between the perovskite film and
electrolyte via reduction—oxidation reactions. In ER-EIS experiments, the
electrochemical cells were attached to conductive ITO substrates covered
with 40 nm thick PEDOT:PSS layers and FIRA-annealed perovskite layers,
which formed working electrodes. Details of measuring principles and
evaluation can be found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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