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We report a material screening study for phase transitions of multication hybrid halide perovskite films. Two
hundred sixty-six films processed with flash infrared annealing were optically and structurally characterized.
This data was compiled into a database to use as a reliable guide for fundamental studies of halide
perovskites. We determine the optimum conditions for the formation of the mixed-cations halide
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1. Introduction

Perovskite solar cells (PSC) have now achieved efficiencies above
25%,"? approaching the record for monocrystalline silicon.*?
However, while efficiencies soar, new fabrication methods have
remained on the ground. From the lab to commercial scale, this
leaves a vast opening for perovskites to evolve.®® With machine
learning techniques able to predict material properties ever
more quickly, there is a growing need for fast fabrication
methods that allow these predictions to be experimentally
verified.>™ To this end, we used our in-house developed thin
film annealing technique called Flash Infrared Annealing
(FIRA) to rapidly process thin-film layers*>** without using an
antisolvent step. FIRA has shown an enormous potential for
upscaling PSCs, reducing dramatically the environmental
impacts when compared with traditional solution processed
PSCs including antisolvent steps and thermal annealing.”® We
then used the Thot data analysis package to quickly integrate
and analyze our results. Using these technologies in tandem
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growth and thermodynamic stability of the films.

allowed us to rapidly process a large number of halide perov-
skite thin films with different cation stoichiometry, screening
them for the most stable perovskite compositions.

Two hundred sixty-six perovskite films were deposited on
FTO using FIRA processing to anneal them. The 266 samples are
composed of 14 different recipes, each of which was processed
using 19 different annealing times. Each film required
approximately 20 seconds®' to be fully processed, including
spin-coating and annealing, making the total processing time
roughly two hours.’>'*® Each sample was then characterized
simultaneously with optical imaging and absorption spectros-
copy, and later with Fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD). A database containing these
results is available as a guide for others to use in their studies of
perovskite (see Datasets). After rapid screening of the initial 266
films, the most promising in terms of photoconversion perfor-
mance were chosen for further analysis in regards to their
stability.

The ten most stable films were subjected to isolated stress
tests of temperature, humidity, and illumination. Only the
illumination stressed films showed signs of perovskite phase
instability, pointing to photoinduced Pbl, degradation as the
cause. As elucidated in recently reported models, a polaron - an
electron-phonon coupling during illumination - can render
phase separation thermodynamically favorable at a point
defect.'”* These models are widely reported for segregated
phases in mixed halide perovskite compositions, however, from
a thermodynamic point of view, under light exposure perovskite
phase instabilities undergo lattice deformation with different
activation energies.”® Lattice deformations, likely localized in
different spatial regions, ease polaron formation and stabilize

J. Mater. Chem. A, 2021, 9, 26885-26895 | 26885


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ta05248a&domain=pdf&date_stamp=2021-12-04
http://orcid.org/0000-0003-0167-5790
http://orcid.org/0000-0002-2438-0090
http://orcid.org/0000-0002-3761-348X
http://orcid.org/0000-0003-2508-0994
http://orcid.org/0000-0001-6725-8856
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta05248a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA009047

Open Access Article. Published on 24 listopadu 2021. Downloaded on 12.06.2026 5:17:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

electrons and holes.”*'* F. Zheng et al. studied large polaron
formation with a polarization effect as a cause of cation mole-
cule rotation, and the thermal vibration of the PbI*®
sublattice.”” L. Zhou et al. reported that cation mixtures reduce
the bonding energies of small polarons for electrons and holes
by approximately a factor of two compared to pure MAPbI;, and
to a lesser extent compared to CsPbl; and FAPbI;.>>**

Photoinduced phase segregation processes in mixed halide
perovskite, such as ion diffusion through the perovskite lattice,
are known to give rise to film degradation.* As a cause of the
polaronic effect, Hoke et al. indicated that light soaking causes
segregation into two crystalline phases after observing the
formation of luminescent trap states in perovskite films.*®
Slotcavage et al. proposed that this phase segregation is affected
by lattice strain under illumination, which modifies the local
perovskite composition.’®*” Limmer and Ginsberg showed that
spontaneous phase separation under steady-state illumination
conditions depends not only on morphology, but also strongly
on composition and thermodynamic state.”® They postulate that
specific defect structures lead to local modulation of an existing
miscibility phase transition in the presence of excess charge
carriers. Both Bischak and Ginsberg proposed that localized
strain induced by an electron-phonon coupling can promote
phase separation.*

Exposure to light is one of the main causes of mixed halide
perovskite segregation and mixed cation perovskite instabilities
(our study) phenomena. These degradation processes can be
mitigated by increasing the lattice's stiffness and reducing the
number of defects, which can be achieved through smart
compositional design and processing.****** Jinlu He et al
demonstrated that nonradiative electron-hole recombination is
reduced in methylammonium lead iodide (MAPbI;) doped with
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formamidinium (FA) and guanidinium (GA) cations because the
crystal lattice stiffens, causing the electron-phonon coupling to
decrease.*® More recently, Rachel E. Beal et al. found that Cs
substitution improves crystallinity and stabilizes mixed halide
perovskites against photoinduced phase segregation.’” They
argue that no cubic material is stable to phase segregation,
while some cubic-tetragonal mixed phase materials are stable.
However, photoinduced phase segregation is a complex
phenomenon, which requires further experimental investiga-
tions to be fully understood.>*?%*°

During crystal growth, vacancy and interstitial point defects,
among others, create sub-band gap states and deep traps which
act as recombination centers and enable ion migration.**
Reducing the density of these defects will improve the
stability.****** Therefore, in this work, we investigate an opti-
mized processing and material design for obtaining thermo-
dynamically stable perovskite compositions, and to mitigate the
formation of defects during crystal growth.**** We designed
a rapid screening process using FIRA to quickly fabricate
perovskite films, and used it to determine the best processing
and stoichiometric parameters. The ten best films were chosen
for stability analysis, which revealed that photodecomposition
is the main contributor to the samples' Pbl, degradation.

2. Material screening: results and
discussion

Two hundred sixty-six hybrid perovskite thin films were
annealed using FIRA (see Method's section, experimental
conditions are summarized in Table S17). The general formula
of the films is (FA,Cs,MA,)Pbl;, where 0.80 =< x < 0.95, 0.05 <y
= 0.20, and z =

1 — x — y, and where FA and MA are

Sqy
reando
J1

Absorbance / a.u.
Absorbance / a.u

Flash time / s

Absorbance /a.u.

—_—

/

o
=3
=3

700

o
=3
S

800
Wavelength / nm

M

ULLL
I

Absorbance / a.u.
Absorbance / a.u.

700

1

o
=]
S

700 800

800
Wavelength / nm Wavelength / nm

C-N

\\\«

Absorbance /a.u.

1800 1350

Wavenumber / cm™

1350

1800
Wavenumber / cm

1800 1350

Wavenumber / cm™

Fig.1 Film evolution during annealing. Optical images are measured in transmission mode. Optical absorption spectra, and FTIR measurement
were performed on a single spot for FAg gsMAg 1Csg.0sPbls perovskite composition and three flash times.
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formamidinium and methylammonium respectively. We first
screened the materials to find the most thermodynamically
stable compositions. For this purpose, we used Thot, a data
analysis and management tool that allowed us to quickly inte-
grate and analyze our data. We further analyzed the stable
compositions and verified our findings by replacing I with Br™
as the halide and Pb* with Sn" as the metal cation.

Optical image and UV/vis absorption measurements were
performed simultaneously directly after film preparation, after
which an FTIR spectrum was measured (in the same measured
spot). An example of these measurements for a single compo-
sition at three different flash times ¢ (IR irradiation time) are
shown in Fig. 1 with more examples in Fig. S1.f The optical
images and the absorption spectra display the evolution of
grain formation with increasing annealing time. The sample
prepared with ¢ = 0.4 s flash time shows growth of dendritic
formations from nucleation centers.*” There is no absorption in
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the visual range, indicating unreacted mixed species and
underdeveloped grains. The image of the sample at ¢ = 1.4 s,
shows a phase transition to perovskite evidenced by the
formation of a compact microarray of grain domains and the
appearance of an optical bandgap near 1.5 eV.*** In the image
of the sample with ¢; = 3.4 s, signs of perovskite film degrada-
tion appear: the grain boundaries are no longer entirely
distinguishable, which may be due to thermal evaporation of
the organic cations, and there is again no optical absorption in
the visual spectra.”*

In the FTIR spectra from Fig. 1 we focused our attention to
the absorbance peaks related to the frequency of vibrational
modes of the organic cation with wavenumber from 10° to 2 x
10> cm ™. These show an evolution of the cation-associated
vibrational transition dipole moment. The peak at (1713 =+
2) em " reflects the FA cation's strong C-N antisymmetric
stretching vibration, resulting from hydrogen bonding to the
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(a—c) show results for composition FAg gsMAg 1Csg o5Pbls. (@) XRD pattern and phase assignment. (b) Fraction of peak heights for different

flash times t; and the corresponding phase classification. (c) Temperature profile as a function of the annealing time and the assigned phases. (d)
Assigned phase for each composition as a function of flash time. White dots mark samples at the optimal annealing time (1.4 s). (e) Phase

transition for cation ratio fractions with a standard deviation error bar.
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lead iodide octahedra of the perovskite phase.>*** It is present
in the spectrum of the ¢; = 1.4 s sample, and correlates with the
high ratio of perovskite present in the film - the cations
diffused into the lead iodide cage forming a 3D perovskite
network. On the contrary, the absence of this peak for the ¢ =
0.4 s sample is due to the fact that the perovskite phase has not
yet formed, and for the ¢ = 3.4 s sample due to phase sepa-
ration of the organic cation as indicated by the XRD patterns
available in Datasets. The phase separation is caused by the
high temperature (almost 250 °C, Fig. S27), leading to a change
of film color from black to yellow, which is strong evidence of
PbI, phase predominance.

XRD analysis was performed on all 266 samples (see Meth-
odst). The ratio of the peak heights at 11.6, 12.7, and 14.0 26
degrees — FAPbI; based & phase, Pbl,, and perovskite phases,
respectively - was used to assign the percentage of each phase
within the material (Datasets). Note that the assigned & phase is
based on the peak position-identification of the XRD patterns
(see Fig. S37),°**” where unreacted materials (precursors) are
coexisting with polyforms non-perovskite phases. Overall, this
criterion can be used for a rough phase identification.>**
Fig. 2a shows the XRD pattern and classification for each
annealing time of a single sample, namely FA; gsMAj 1CSg.05-
Pbl;. The phase assignment of this sample is shown in Fig. 2b,
and phase assignments for all samples are shown in Fig. 2d.
Plots for all the samples can be found in Datasets. In Fig. 2b, the
main plot shows the fraction of each phase as a function of
annealing time, while the bar underneath shows the phase
classification.

A sample was classified as “precursor + 8” if the d phase peak
(260 = 11.6°) was higher than both perovskite and Pbl, peak.
Otherwise, a ratio between perovskite and Pbl, peak was
calculated. If this ratio was above 0.75 the sample was classified
as perovskite, if the ratio was between 0.75 and 0.20 it was
classified as a mixed perovskite/Pbl, phase, and if the ratio was
below 0.20 it was classified as Pbl,. These designations are
summarized in Table 1. The 0.75 and 0.20 ratios were empiri-
cally chosen to give a contiguous sequence of phase classifica-
tions. For example, choosing a ratio of 0.8 creates isolated
mixed phase classification assignments.

FIRA provides the phase transition energy in a thermal form.
A powerful IR radiation source is used for annealing, heating
the sample at a rate of 50 °C per second. Fig. 2c shows the
temperature profiles of the representative annealing times, i.e.
the median annealing times at which the classification changes.
All the profiles can be seen in Fig. S41 and more information is
detailed in other technical reports.'>*

Table 1 Classification rules for phase identification

Precursors
Peak +
ratio\classification d phase Perovskite Perovskite + Pbl, Pbl,
d phase Tallest — — —
Perovskite/Pbl, — >0.75 0.20-0.75 <0.20

26888 | J Mater. Chem. A, 2021, 9, 26885-26895
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Examining Fig. 2d gives insight into the phase transitions for
each composition. Higher Cs-content — moving down in each
group - allows the material to withstand longer annealing times
before degrading into PblI,. The annealing time to enter the
perovskite classification is quite broad and remains relatively
constant across all the compositions. The median time in the
perovskite classification is 1.4 s, which we take to be the optimal
flash time.

In addition to the thermal energy provided by FIRA, a small
contribution of energy to the phase transition can also be
attributed to chemical forms of energy. To understand this
contribution, an analysis of transition phases as a function of
a single cation fraction is shown in Fig. 2e. For FA variation,
there is almost no dependence on the transition from the
precursor to perovskite classification. However, there is
a dependence on the MA and Cs amounts. These are intrinsi-
cally inversely proportional as the composition space has only
two degrees of freedom, the fraction of the Cs being fully
determined by MA and FA. The faster transition times for the
high Cs content material show that less thermal energy is
required to initiate the phase transition. This indicates a faster
kinetic reaction pathway to form the perovskite phase, and
allows significant control of the structural transition through
intermediate phases.®~®> The volatility of MA also becomes
apparent when examining the transition to the Pbl, classifica-
tion, where a higher MA concentration leads to perovskite
decomposition at an earlier time.****

We analyzed in more detail each of the 14 compositions
annealed at the optimal time, t; = 1.4 s, that crystallize in the
perovskite phase. Fig. 3a shows optical images of the films’
microstructured grain-domains and Fig. S5t shows the
absorption spectra for all of them. The microarray domains
show inter-boundary gaps, seen clearly in the zoom-in images,
for the Cs-free, i.e. X = 0, compositions. The area fraction of the
gaps for these samples are seen in Fig. 3b. When Cs is present,
the films become compact, creating gap-free domains. These
gaps are likely due to the high MA content, resulting in different
growth rates of the dendrites during formation and different
thermal activation energies necessary for the perovskite
phase.™** An isotropic growth velocity of the dendrites is crucial
to remove defects and form a homogeneous and compact film,
which also prevents the formation of secondary phases.'>* This
is bolstered by the results presented in Fig. 2e, which show the
lower thermal activation energy of the perovskite phase with
higher Cs content.

From the 14 samples analyzed above we disregarded the Cs-
free samples due to the inter-boundary gaps and further
analyzed and stress tested the ten remaining samples. The XRD
spectra of these samples were analyzed in more detail, as shown
in Fig. 4a and b. The Bragg reflections of (001) at 13.9° and (002)
at 27° 26 angles, characteristic of the perovskite phase, are
present in the patterns of all the samples. The lattice parame-
ters are extracted from a refinement of the XRD patterns with
a profile fit and the refinement parameters of composition
FAo sMA, 05Cso.15PbI; were fixed for a displacement free calcu-
lation of the rest of the samples (see Methodst). The fit indi-
cates there are no secondary phases present in any of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 3

samples (see Table S2 and Methodst). The chart of Fig. 4b
shows the unit cell volume fraction V; of the selected films. For
the 80% FA compositions there is not a clear trend in terms of
lattice expansion or contraction as the MA : Cs stoichiometry
changes. This may be due to the exclusion of the Cs and MA
cations in the lattice.”® However, the volume changes within the
85% and 90% FA groups, matching the ionic radius of the
MA : Cs ratio, suggest the cations are integrated in the perov-
skite lattice. From the 85% to the 95% FA group-compositions
there is an average increase of the V; as a function of the
different cation ratios, confirming a high accuracy of the lattice
parameters calculated from the refinement and reported
elsewhere.%*-®

These ten compositions were then subjected to three stress
tests for 200 hours: (1) a relative humidity of 80%, (2) a temper-
ature of 100 °C, and (3) 1 sun illumination. The temperature and
illumination tests were performed in an inert atmosphere.

This journal is © The Royal Society of Chemistry 2021

X=0 |l Boundary gaps

Area/ %

(a) Optical images of the fourteen selected perovskite films. (b) Area percent of gaps with respect to grain domains for the Cs-free films.

Afterward, XRD was measured for each sample and compared
with the initial for structural and phase analysis. These are
shown in Fig. S6.1 The appearance of a peak at (12.7 + 0.1) 26
indicates that Pbl, has formed as a secondary phase, and there is
no evidence that any of the stressed samples showed the 3 phase.
If the height ratio of the Pbl, to perovskite peak was more than
0.1, the film was classified as degraded. Fig. 4c compares Pbl,
degradation for the three stress conditions per composition,
where the red frames denote degraded films, and Fig. S7T shows
the degradation evolution within each FA group. Notice that Pbl,
degradation only appears under the 1-sun illumination stress
test; all ten films were stable under both 80% relative humidity
and 100 °C for the 200 hour duration of the tests. Finally, time-
resolved PL was measured for the five most stable samples
under illumination, showing a long charge-carrier lifetime of
between 100 to 180 ns and comparable to that reported in the
literature,*”> as shown in Fig. S8 and Table S3.t

J. Mater. Chem. A, 2021, 9, 26885-26895 | 26889


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta05248a

Open Access Article. Published on 24 listopadu 2021. Downloaded on 12.06.2026 5:17:56.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

a) (001) (002)
) L & A o . FAg95Cs0.0s
L L .4 s i L FAGCsgy
. | i 1 FA oMA 0sCg.05
A . ] FA6sCso.s

FA(ssMAg 0sCs0y

Intensity / a.u.

=
-

FA5sMAq, Cso.05

T N U B B I FA5Cs.20
[P S, 1 W ) FAgsMAqo<Cso.s
U 1 FA,MA,, Csy,
——o—w——‘—-———‘—'\—-j\-‘lu_LL*._A*A,*a J FAgsMAg15Cs0.05
10 20 30 40 50 60 70
20/°

<)
Temperature

lllumination

Humidity

4 FAsMA01Cso0s o

* 1 sunlight - 200 h
L _Lj_ Y S "
—
VAU\ 2.4s flash time
. SR 8 W S T N s

2
1.4s flash time

,_‘_‘J.‘_—A_«—LM_LJ_«AA_A_%. I

5 10 15 20 25 30

2.2s flash time

Intensity / a.u.

Y B

b ]
0 45 50 55 60 65 70

35 4
30/°

Fig. 4

View Article Online

Paper

113.6 4

« 1134 n

A

113.2 /

113.0 o

Volume
"
]
=

1128 \ /
1126 N L

112.4 .

FA)sMA;,15Cs0.05

200h

Pristine
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compared to the perovskite peak. Red boxes indicate films classified as degraded. (d) XRD patterns of the FAg gMAg 15Csp.05 film for 1.4 s, 2.2 s, and
2.4 s flash time and 1.4 s illumination stressed film (the marked Bragg reflection with an asterisk denotes the presence of Pbl, phase). (e) Optical
image of the FAg gMAg 15Cso 05 film before and after the illumination stress test. Microdots are outlined in blue.

In Fig. 4d, XRD patterns from the illumination-stress tested
sample and over-annealed samples at 2.2 s and 2.4 s are
compared with the sample annealed at the optimal time. Both
the over-annealed samples and the stressed sample show
a similar change in the pattern, indicating the presence of Pbl,.
This points to comparable degradation mechanisms being
present for the thermal (IR irradiation) and photoinduced
stress. As discussed before, Ginsberg's electron-phonon
coupling model shows that a high concentration of defects
within halide perovskite can facilitate ion diffusion leading to
phase segregation due to a polaronic effect.””* Their model
argues that polaron formation generates sufficient strain to
allow thermodynamically favorable local phase segregation. On
the other hand, a polaron binding energy can be tuned by
mixing cations in perovskite halides, as investigated in topical
studies.>*”*”7” Therefore, the polaronic effect as a major degra-
dation phenomenon, involving halide segregation and phase
decomposition, can be facilitated by inhomogeneities during
crystal growth, e.g. for the most unstable stoichiometries pre-
sented in this work.”*7##*® Thermally induced lattice strain can
also emerge above the perovskite phase transition temperature
(Fig. 2c), which leads to ion diffusion and PbI, degradation;

26890 | J Mater. Chem. A, 2021, 9, 26885-26895

however, optimizing the cationic site stoichiometry and
improving crystallinity can mitigate the entropy of thermal and
photoinduced decomposition mechanisms.**®* This is in
agreement as well with a theoretical report led by Wei Jian et al.,
where Cs' can stabilize the inorganic framework in hybrid
perovskite halide materials at room temperature.®

Fig. 4e presents optical images of the pristine and 1-sun
stressed sample FAy sMA, 15Cs¢.0sPbls. The degradation of this
high-content MA material is evident in the microdots visible in
the images after 200 hours. Fig. S91 shows an expanded image
characterization for the studied film compared with the most
stable composition FA, oCs, 1PbI; with absorption spectra. The
surface temperature of the samples was controlled to ensure
thermal effects would not cause degradation by keeping it at
35 °C, as shown in Fig. S10.T The segregated microdots on the
high-content MA film, which are not necessarily at the grain
boundaries, may be directly related to defects during crystal
growth as discussed above.*® The diffusion mediated defect
can start from these points, where the deformation of the lattice
can lead to thermodynamically favorable perovskite photode-
composition.®®*® Currently, our experiment is resolution
limited, however, with higher resolution we would be able to

This journal is © The Royal Society of Chemistry 2021
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obtain more information about the segregation nature by dis-
tinguishing individual grains within the domain. Overall, these
experiments’ results are consistent with the impact of thermal
degradation discussed above. This is visible in the films pro-
cessed with FIRA for over 2 s - higher temperatures reached due
to prolonged annealing affected the perovskite material's
intrinsic thermodynamic stability.>*>%°*

Finally, we manufactured a champion solar cell with 19.5%
power conversion efficiency using the optimal process condi-
tions (i.e., t), and with one of the most stable screened
compositions, FA, ¢Cs, 1Pbl3, as it can be seen in Fig. S11.} In
Fig. S11,7 we also show a cross-sectional image of the device
with the compactness of the perovskite films and the multilayer
cell, made with FTO/TiO, compact-meso/FA, oCs, 1Pbl;/Spiro-
Ometad/Au as the chosen architecture. The JV parameters
shown by the device denote an efficient solar cell that is quite
similar to other related results reported in the literature with
other specific compositions."**** However, the little hysteresis
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shown can be related to the typical roughness of the perovskite
crystal growth, impeding a smoother interface with the hole-
transport material. Other phenomena related to the hysteresis
of the cell are the photoinduced bulk polarization effect, which
can be attributed to the rotational barrier of the cations upon
photoexcitation.”>* It would be considered for future device
correlation studies focusing on reducing defect points rather
than material detection.

3. Verification for bromide-halide and
tin-metal center perovskite
compositions

To test the applicability of FIRA to perovskites with different
constituents, two additional samples were processed: one
replacing iodide with bromide halide, the other replacing lead
with tin. The ratio of components and annealing times were
based on FA, oCs, 1PbI; which was the most stable sample from
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Fig. 5 Optical image, absorption spectra, FTIR spectra and XRD pattern for (a) FAg9Csg1PbBrs and (b) FAgo9Csq 1Snls perovskite thin films,

annealed at 1.4 s t;.
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the original batch. Thus, we annealed FA, ¢Cs, ;PbBr; (FACPB)
and FA;¢Cs1Snl; (FACSI) for 1.4 seconds. Optical images of
both compositions are shown in Fig. 5. The films are compact
with a characteristic oriented growth due to the rapid anneal-
ing. However, two different grain arrangements are observed:
a microstructured cuboid grain-domain prevails in FACPB,
while a spherulitic grain growth is present in FACSL.* These
different structures point towards different solidification
kinetics which depend on various parameters - chemical
composition, interface mobility, interfacial energy, and nucle-
ation density, among others — both of which yield compact, gap-
free films suitable for manufacturing PSCs.**%*

The absorption spectra of both samples are also shown in
Fig. 5. The FACPB shows a blue shift while the FACSI is red
shifted compared to the (FAMACs)Pbl;. Both shifts are expected
due to the respective changes to their components. The FTIR
spectra of both samples show the characteristic peaks of the
C-N antisymmetric stretching vibration at 1713 cm™", which
was also seen for the perovskite samples in Fig. 1, with ¢y = 1.4 s.
The XRD pattern of both films also confirms the presence of the
perovskite phase in these materials. In both cases, the lattice
parameters indicate a pure perovskite with a tetragonal struc-
ture (see Fig. S12 and Methodst for lattice parameter calcula-
tions). The illumination stress test was performed for both films
in the same manner as for the other films. Both showed ther-
modynamically stable perovskite phases with no presence of
secondary phases, as observed in their XRD patterns taken after
the stress test. This is especially notable for the Sn-based film;
a promising result for low bandgap PSCs advancement.®*®’

From the combination of the above results, FIRA indeed
seems to be an applicable method not just to standard perov-
skite compositions, but also to novel ones. Moreover, the
identified ¢ = 1.4 s annealing time is almost composition
independent. Comparing this to the standard method of using
a hot plate, FIRA virtually eliminates annealing time from the
overall fabrication time.

4. Concluding remarks

Using FIRA to replace traditional annealing methods, and the
Thot data framework for data analysis and management, we
developed a methodology for fast material screening, providing
a database of optical and structural properties for perovskite
thin films. Two hundred sixty-six samples were screened based
on composition and annealing time, resulting in five that met
the structural requirements in terms of perovskite phase
formation and thin film stability for future optoelectronic
applications. These films are stable due to their cation inte-
gration into the perovskite structure. Three different stress tests
based on moisture, temperature, and light showed the ther-
modynamic stability of these samples. We conclude that for the
unstable films, photoinduced Pbl, degradation started at defect
points that are created during crystal growth. These defects are
larger in samples where the cation is not well incorporated into
the perovskite lattice. The broad applicability of FIRA was
investigated, where controlled photonic pulse annealing leads
to highly crystalline perovskite films.
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This study aims to create affordable characterization tech-
niques for the solidification of stable, thin-film hybrid perov-
skite materials. By leveraging large datasets of material
characterizations, we expect to find new material properties in
these films. The viability of these fundamental studies and
commercialization relies on rapid thin film processing methods
for data production and material properties screening.

5. Experimental methods

5.1. Electrodes preparation

For TCO electrodes were used FTO coated glass (Pilkington NSG
TEC). The substrates were cleaned with Hellmanex soap, fol-
lowed by 30 min sonication in a Hellmanex 2% water solution,
15 min sonication in IPA, and 5 min of oxygen plasma etching.

5.2. Perovskite solution preparation

The organic salts were purchased from Greatcell; the lead and
tin compounds were purchased from TCI. The hybrid perovskite
precursor solutions were deposited from a precursor solution
containing CH;N,I, CH;N,Br, Pbl, and Snl, (1.4 M), in anhy-
drous DMF/DMSO 3 : 1 (v/v).

5.3. FIRA method

The films made by the FIRA method include the spin-coating of
the perovskite solution in a single step at 4000 rpm for 10 s. The
substrates were then IR irradiated for different flash times
(from 0.2 s to 3.6 s) in the FIRA oven and were kept there for 10
additional seconds before removal. FIRA processing was carried
out in a glovebox with N, atmosphere. The FIRA engineering
setup is reported elsewhere.'>'®

5.4. Material characterization

Scanning electron microscopy was carried out on a Tescan
MIRA 3 LMH with a field emission source operated at an
acceleration voltage of 10 kV. Film X-ray diffraction was per-
formed in reflection spin mode with an Empyrean system
(Theta-Theta, 240 mm) equipped with a PIXcel-1D detector,
Bragg-Brentano beam optics (including hybrid mono-
chromator), and parallel beam optics. Optical transmission
measurements were performed using a Zeiss Axio-Scope A1l Pol
using a Zeiss EC Epiplan-Apochromat 10x objective and
a xenon light source (Ocean Optics HPX-2000). For spectro-
scopic measurements, an optical fiber (QP230-2-XSR, 230 pm
core) collected the transmitted light from the sample. The
spectra were recorded by a spectrometer (Ocean Optics
Maya2000 Pro). All spectra were obtained at room temperature
in transmission. FTIR was performed with the FTS 7000 spec-
trometer Digilab, use a He-Ne laser operating at 632.8 nm with
an MCT detector for mid-IR measurements and an 896b inter-
ferometer. The real panel of the spectrometer is connected for
a far-IR power source, an external source, purged air and water
coolant. For surface temperature measurement was used
a thermocamera FLUKE, with CCD and laser point integrated.
The TRPL spectra was measured on a LifeSpec II with a 506 nm
excitation wavelength and stopping at 10* counts.

This journal is © The Royal Society of Chemistry 2021
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5.5. Lattice parameters calculation

Data were fitted with the Le Bail method using Topas 5. The
zero-shift of the detector was previously determined using
a standard, and the vertical sample displacement was refined
along with the background. A separate set of refinements (not
shown here) was done fixing displacement parameters and
yielded identical results within e.s.d.’s.

5.6. Data processing

The goal of this work was to create a rapid screening method-
ology for perovskite solar cells. This was achieved using FIRA for
fabrication, and the Thot data management and analysis
framework (https://pypi.org/project/thot-data/) to process the
experimental data. Thot uses a project tree to organize your
data, and runs analysis scripts on designated nodes of the tree.
Using this framework we created analysis scripts that first
analyze the XRD spectrum for the phase ratios and assign the
sample classification. The phase classifications are then
compared by composition and time.

Thot allowed us to keep our analysis modular. This was
greatly useful as adding additional analysis to our project as
new questions emerged was made very easy. New data was also
easily integrated into the project.
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