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Abstract

Triple cation, mixed halide perovskite compositions have been reported to be
more thermally stable, exhibit less phase impurities, show higher power
conversion efficiency and better reproducibility than single cation
perovskites. In  this  work, we explain the  formation of
Cso.0sFA0s1MAG.14Pb(lossBro1s)s via a multimodal in situ study combining
structural information from grazing-incidence wide-angle synchrotron X-ray
scattering (GIWAXS) and optical properties from photoluminescence (PL)

spectroscopy with density functional theory calculations (DFT). The focus



here is on the effect of the solvent and antisolvent during crystallization. The
predominantly used solvents N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and the antisolvent chlorobenzene (CB) as well as the
solvent-antisolvent-precursor interactions are investigated. Given the high
elemental complexity and mutual interdependencies between solvent,
antisolvent and perovskite precursors, we found significant differences in the
crystallization pathways. DMF-pure precursors show the formation of the
DMF-containing intermediate phase and the nucleation of compositionally
distinct perovskite phases, while when DMSO is added only crystalline a- and
6- phases were found. In addition, the presence of DMSO helps the formation
of a-perovskite. Coordination energy and bond order (BO) calculations
support our experimental findings. Dripping of CB induces nucleation at room
temperature, slows down the a-phase formation rate, and appears to reduce
the nucleation radius. These findings provide novel insights into solvent,
antisolvent, and perovskite precursor interactions and their formation
pathways. The complexity of interactions between solvents and reagents
highlights the importance of understanding these effects to further improve

reproducibility and optimize processing conditions.

Introduction

Hybrid halide perovskites are an unprecedented class of semiconductors
with outstanding optoelectronic properties and thus, broad device
application.’®* The crystal structure with a chemical formula ABXs consists of
an extended inorganic 3D network of BXs octahedra surrounded by A-site
cations. A and B are mono- and divalent- cations e.g., CHs3;NHs*
(methylammonium, MA), CH(NH,),* (formamidinium, FA), Cs* and Pb?*,
respectively, and X is a halide anion.

A myriad of synthetic approaches have been developed and continue to
evolve.* The majority of halide perovskite syntheses follows a "one-step"
chemical solution synthesis. Here, the organic and inorganic precursor



solutes are dissolved in a solvent, often followed by spin-coating deposition
and subsequent annealing. The most commonly used solvents for halide
perovskite solution synthesis are polar aprotic solvents including N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), gamma-butyrolactone
(GBL), N-Methyl pyrrolidone (NMP) and mixtures thereof (see overview in the
pie charts in Figure 1). The role of the solvent is not only to dissolve the
reagents but also to participate in the perovskite crystallization process.
Polar aprotic solvents can act as Lewis bases binding to Pb?* acting in turn as
the corresponding Lewis acid.® The perovskite precursor solutions are
reported to be colloidal dispersions instead of true solutions where the
solutes can complex with the solvent and form colloidal particles with up to
the mesoscale sizes.® The colloid consists of a structurally tunable lead
polyhalide framework which can affect morphology and film coverage.®’
Indeed, throughout literature, formation of stable bonds with ligands (e.g.
with DMSO, thiourea, NMP) has been linked with nucleation and morphology
control.?!! In addition, the properties of the solvents (Table 1) can influence
the film drying characteristics and processing parameters such as the ideal
wet film processing time window.'? DMF has an almost ten times higher
vapor pressure compared to DMSO leading to a higher solvent evaporation
rate. Mixing of DMF with DMSO can reduce the evaporation rate and
consequently widen the processing window.*!? The inverse of Mayer Bond
Order (MBO) is a good measure of Pb solubilization. DMSO has a stronger
interaction ability with Pb?* species compared to DMF owing to its higher
Gutmann donor number (29.8 vs 26.6 kcal/mol).** As will be discussed later,
the solvent-precursor interactions quantified by coordination energy and
bond order (BO) calculations play a significant role in understanding
crystallization pathways and thin film fabrication design. See Table 1 for

several of these properties.
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Figure 1. Pie chart of total published papers using different solvents and
combinations thereof. (a) For all perovskite compositions, and (b) for
(FA,MA)Pb(Br,l1)s perovskite compositions. Others (purple) include y-
butyrolactone (GBL), Isopropyl Alcohol (IPA), and N-Methyl-2-pyrrolidone
(NMP). This figure made use of the open-access Perovskite Database Project:
https://www.perovskitedatabase.com/

Table 1. Solvent properties for DMF and DMSO used for mixed perovskite
thin films.**31* Antisolvent properties for CB.*>1¢

Solve Densit Boilin Viscosit Vapor Enthalpy of Mayer Gutmann’s Hildebran

nt Yy g y (mPa Pressur Salvation Bond donor d
(g/mL) Point s) e AHsonv:pb2+ Order number Dy solubility
(°C) (mmHg, (kcal (kcal parameter
20°C) mol-1) mol-1) 6 (Mpa'?)
DMF 0.948 153 0.92 516 -403 1.88 26.6 24.8
DMSO 1.10 189 2.0 55.6 -412 1.50 29.8 26.7
CB 1.11 132 0.806 8.8 N.A. N.A. 3.3 19.6



https://www.perovskitedatabase.com/

N.A. = Not Available

To date several in situ studies have been performed to investigate the
formation pathways of halide perovskites during synthesis to elucidate
structure formation and evolution of optical properties.'’?2 The goals of such
studies are to better understand synthesis-structure-property relationships,
improve reproducibility, and ultimately obtain high-quality perovskite films.
In this work, we present a multimodal in situ study on the formation of
Cso.05FA0.81MAG.14Pb(lo.s5Bro.15)3 by combining crystal structural information from
grazing-incidence wide-angle synchrotron X-ray scattering (GIWAXS) and
optical properties from photoluminescence (PL) spectroscopy with
coordination energy and BO calculations. The focus of the present study is on
the influence of the solvents DMF, DMSO and mixtures thereof, on the
crystallization pathway. In addition, we are looking at the effect and event of
antisolvent (chlorobenzene, CB) dripping. It is shown that DMF not only gives
rise to the intermediate DMF-containing phase but also the nucleation of
compositionally distinct species. Our study provides an explanation of why
mixed DMF:DMSO precursor solutions in combination with CB lead to better
film quality. In the presence of DMSO, there is no crystalline solvate-
intermediate phase and only a- and &6-phases were observed when applying
antisolvent for the triple cation and mixed halide perovskite composition
under study. There is a signature of the formation of an amorphous film
before the crystallization onset when DMSO is added and without applying
antisolvent. Moreover, DMSO inhibits compositionally distinct nucleating
species which appear to have an influence on film quality and stability.
Dripping of CB induces nucleation at room temperature, reduces the
nucleation radius, and slows down the overall a-phase formation rate. The

complexity of interactions between solvent, antisolvent, and precursor



constituents highlights the need for in situ characterizations to improve
synthesis design and reproducibility.

Results and Discussion

The focus of this study is on the film formation using the most frequently
used solvent system DMF-rich (DMF/DMSO with 4:1, v/v) in comparison with
pure DMF solvent as reference synthesis condition, with and without CB
antisolvent dripping. The multimodal results from in situ diffraction and PL
are summarized in Figure 2 (additional data including 2D diffraction images,
integrated scattering intensities near g = 1.0 A?, and scanning electron
microscopy images are shown in Figures S1-S5 in the supplementary
information,Sl). For DMF pure samples prepared without antisolvent (Figure
2a-d), the crystallization occurs after 12 seconds from the start of the spin
coating as revealed by the evolution of clear diffraction peaks. The peaks
near g = 0.46, 0.56, and 0.67 A! are associated with the intermediate DMF-
containing phase (MA).(DMF).Pbsls. Please note that the exact composition
may deviate due to the co-presence of other cations and anions. A more
general expression would be A;(DMF),PbsXs (where A can be a mixture of Cs,
FA, and MA and X can be | and Br) therefore it will be referred to as DMF-
containing intermediate, whereas the peaks near g = 0.83 and 1.0 A are
associated with ©&- (hexagonal) and a- (cubic)?® perovskite phases,
respectively. A similar behavior is observed when applying an antisolvent
showing the evolution of the DMF-containing intermediate, 6- and a-phases.
According to the literature, the previously reported DMF-containing
intermediate phase is induced from DMF-complexes in solution.?*?* In
general, the larger FA cation as compared to the MA cation gives rise to a
relatively larger Goldschmidt tolerance factor.?® This leads to room-
temperature instabilities of the desired a-phase and consequently, the
formation of 6-phase, which is a non-perovskite phase with hexagonal

structure.’?’ The initial PL emission signal centered = 1.7-1.75 eV (Figure



S6, Sl) is possibly associated with the nucleation of the perovskite phase, a
luminescent intermediate phase containing 2D-layered nanosheets, or other
low dimensional perovskite clusters as the &-phase emission is at higher
energy.?® Reduction in dimensionality leads to a blue shift of the PL signal in
comparison to the bulk bandgap due to quantum confinement as shown by
several prior reports.?°3! Bright PL emission is observed during the spin
coating stage consistent with the formation of perovskite phase as revealed
by GIWAXS while the emission is mostly quenched during thermal annealing
(Figure 2b,d bottom). The absence of other distinct PL peaks may be related
to the laser excitation energy (= 2.3 eV) which limits excitation to phases
with bandgaps < 2.3 eV, low radiative recombination rate compared to total
recombination rate, and carrier funneling to lower bandgap regions??.

PL is sensitive to materials with high radiative recombination rate including
small crystallites (nuclei) effectively complementing GIWAXS measurements
because they may not lead to detectable diffraction signal due to short range
order or small volume fraction in the total film as found in previous works?%33,
The diffraction and PL provide complementary information during the initial
stages of crystallization. PL indicates very small crystallites (nuclei or
clusters) while larger crystallites give rise to diffraction peaks. Those nuclei
or clusters could lead to the quantum confinement and PL at higher energies

as it was shown experimentally by Parrott et al.?°.

With the addition of DMSO as solvent or co-solvent with DMF (DMF-rich), the
DMF-containing intermediate phase formation is not observed (Figure 2e-h).
In order to evaluate to which degree the solvent-precursor interaction
influences the interplay between perovskite and 6-phase formation as well as
appearance of intermediate phases, we also investigated the pure DMSO and
DMSO-rich (DMSO/DMF with7:3, v/v) solvent systems and fabricated
Cso.05FA0.81MAG.14Pb(lo.s5Bro.15)s without and with CB (Figure S7, Sl). Despite the
stronger coordination ability of DMSO, no DMSO adducts (such as
(MA),Pbslg:2DMSO, Pbl,-2DMSO) were found. The interaction between DMSO



and FAl was reported to be weak or negligible®> and no crystalline phases
containing solely FA, I, and DMSO is expected which is in line with
experiments conducted by Petrov et al.** During spin coating and before
reaching the final annealing temperature there is a signature of an
amorphous phase spanning q = 0.4-0.6 A' possibly associated with
scattering from the bulk solvent. Thermal annealing is needed to initiate
crystallization for the film prepared without antisolvent. Given the one order
of magnitude lower vapor pressure of DMSO (Table 1), the solvent
evaporation rate is slowed down and no crystalline phases form during spin
coating. A recent density functional theory and ab-initio molecular dynamics
study showed that mixing of DMF with small amounts of DMSO results in
more balanced reaction energies favoring high-l-coordinated iodoplumbates,
and importantly, corner-sharing Pbl, complexes which may serve as
nucleation sites to form perovskites.?> Further, it was speculated that the
better energetic balance may correlate with a more equilibrated
crystallization process in the presence of DMSO. Coordination energy and
bond order calculations discussed below confirm these findings for mixed
cation and mixed halide perovskites. With antisolvent dripping around 25 s,
crystallization starts during spin coating and the 6-phase (g = 0.83 A1)
appeared first, and temporally close to the perovskite phase (g = 1.0 A?).
While the &-phase appears first in the synthesis with antisolvent during spin
coating and at room temperature, it appears together with the perovskite
phase in the synthesis without antisolvent during thermal annealing (Figure
S3, Sl). This observation hints that both phases form competitively during
early crystallization stages while it is known that the 6-phase is energetically
more favorable at room temperature. Thus, the 6-phase formation is less
prevalent in the synthesis without CB where phase formation requires
thermal annealing and the cubic a-phase has a higher stability.'’2® The &-
phase is relatively short-lived in the DMF-rich case and dissociates during
spin coating but persists longer in the case with pure DMF and starts to

disappear only during annealing around ~100 s when reaching ~55 °C



(temperature profiles as tracked by a pyrometer during synthesis are visible
in Figure S8, SI). In the DMF-rich solvent system, PL during spin coating i.e.
at room temperature is only observed when an antisolvent is used (Figure 29
bottom). Without antisolvent, PL emission is only observed during the
annealing step. This is in agreement with the GIWAXS results which show
perovskite formation upon antisolvent dripping or during annealing in the

absence of an antisolvent.

Taking a closer look at the integrated diffraction rings around g = 1 A?
(Figure 3), two distinct peaks with g = 1.00 and g = 1.04 A can be identified
in the early crystallization stages for the DMF-pure sample. This peak
splitting indicates diffraction from perovskite lattices with different unit cells.
The peak at g = 1.04 A corresponds to a smaller unit cell compared to the
peak at g = 1 A1, likely due to incorporation of a larger content of smaller
elements such as Br or Cs on the X and A sites, respectively. With
antisolvent, the g = 1.04 A dominates over g = 1.00 A initially (Figure 3b).
During annealing, the g = 1.04 A diminishes while the intensity of the g =
1.00 A increases. This behavior hints at a correlation between the two
peaks. To further confirm that this additional peak (around q = 1.04 A1) is
not associated with other intermediate phases, we show in Figure S9a, SlI,
simulated XRD patterns of expected competing phases calculated from CIF
files for a-FAPDIs-cubic, o-FAPDIs-tetragonal, 6-FAPbIs-hexagonal,
MA.(DMF),Pbsls, and MA,(DMSO),Pbsls phases. None of the competing phases
has peak overlap with the additional peak (around g = 1.04 A) except for
MA,(DMSO),Pbsls. This phase cannot appear in samples prepared from pure
DMF. Thus, we attribute this additional peak to the perovskite a-phase
(either cubic or tetragonal). However, during spin coating, we can’t
distinguish if the a-phase is cubic or tetragonal since the peaks that
distinguish between the cubic and tetragonal phases overlap with peaks
associated with the intermediate phases (Figure S9a, Sl). For instance, the
additional tetragonal peak (around g = 1.55 A1) overlaps with peaks of the



intermediate phases MA,(DMF),Pbsls and 6-FAPbIs-hexagonal (Figure S9a,
Sl). Other higher order peaks of tetragonal phase also overlap with peaks
associated with the intermediate phases. The annealed films have peak
signatures of the cubic a-phase (Figure S9b+c, Sl). It was described
previously for triple cation halide perovskites with similar composition as
under investigation here (Cso.1FA,7MA,,Pb(losBro2)s) but in mixed DMF/DMSO
that the nuclei are Br-rich because Br-rich species have lower solubility due
to a weaker bond with DMSO compared to iodine.?” While the study by Huang
et al. reported Br-rich nucleation followed by homogenization through iodine
(I) incorporation i.e. a shift in the diffraction position, our study shows two
chemically distinct nucleation species for the DMF-pure precursors. Here, we
hypothesize that formation of the DMF-containing intermediate phase is
dominant during initial crystallization consuming a significant amount of MA
and | ions. To support this hypothesis, we have calculated the volume ratio of
DMF-containing intermediate phase to the perovskite a-phase using
methodology detailed previously.'” The volume ratio of DMF-containing
intermediate phase to perovskite phase is 11.8 : 1 and 10.3 : 1 for pure DMF
samples prepared without and with antisolvent, respectively. These values
confirm the dominance of the DMF-containing intermediate phase as
compared to the perovskite a-phase. Consequently, the a-phase is expected
to incorporate more of the remnant smaller ions (Cs and Br) leading to the
formation of a peak near g = 1.04 Al. The broader peak near g = 1.0 A?
occurring simultaneously can be associated with the I-rich a-phase. One
explanation for this observation and in agreement with DFT calculations
below is that elemental segregation is initiated in solution where DMF
strongly binds to MA and | to form colloids of DMF-complexes associated with
the DMF-containing intermediate phase. Once DMSO is added to the triple
cation mixed halide precursor, DMF-complexes are suppressed due to a
comparatively weak coordination energy of DMSO-MAI (-0.65 eV) as
compared to DMSO-Pbl; (-1.02 eV), see Figure 4. More discussion on the

calculations can be found below. Figures 3c,d and S10 illustrate the absence
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of an additional peak around g = 1.04 A in any systems containing DMSO.
Fig. S11 illustrates the higher order a-phase peaks of the DMF system with g
~ 2.0 Al It is speculated that mixed DMF-DMSO solutions are more
homogenous in the absence of large colloids which leads to the
homogeneous nucleation of only one perovskite composition. The
heterogeneity in solution and initial compositionally distinct perovskite
crystallization in pure DMF solvent possibly have negative effects on the film
quality and stability of perovskite films which might make them more prone

to phase segregation.
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Figure 2 In situ GIWAXS and PL contour plots recorded during the formation
of Cso.05FA081MA0.14Pb(lossBroas)s from pure DMF (a-d) and DMF-rich
(DMF/DMSO = 4:1, v/v) precursors (e-h). The left-hand side for each solvent
system shows the spin coating step and the right-hand side the annealing
step. Samples in ¢, d, g and h were prepared using antisolvent dripping
(chlorobenzene drip indicated by the whit arrow), whereas the remaining
samples were prepared without antisolvent. The appearance of a vertical
‘line’ over the full g space for samples with antisolvent is attributed to the
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dispersion of the antisolvent which blocks the view to the detector. In
addition, the broad peak at = 0.47 A is from the Kapton window of the spin
coater setup. Discrete intensity fluctuations in PL can occur when the sample
slightly moves, e.g. when the remotely controlled heating is triggered.

All PL spectra show an initial red shift (Figure S6, SI) which has been reported
earlier by several groups and for various perovskite compositions.??3338 |n
general, the red shift can be associated with either change of size or
composition. For example, forming a Br-or Cs-rich phase or small quantum-
confined crystallites will lead to wider bandgaps and higher energy emission.
In situ GIWAXS did not indicate Br-rich nuclei for DMF-rich samples because
the peak around g = 1.00 A is constant in position (Figure 3c,d), while it
shows a very small shift in the DMF-pure samples (Figure 3a,b) therefore, a
convoluted effect of quantum confinement and compositional variation

cannot be excluded to explain the blue shifted PL.
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Figure 3. Radially integrated diffraction intensity for DMF and DMF-rich
solvent systems without and with antisolvent. The peak around q = 1 A?
corresponds to the a-phase of triple cation perovskite. The times indicated
are from the start of the spin coating.

To gain further insights regarding impact of the type of solvents and solvent-
precursor interaction on the crystallization pathways, we calculate the
coordination energy and BO of these species, including solvents (DMF and
DMSOQO), precursors (MAI, FAIl, Csl, Pbl,, PbBr;) and antisolvents (CB). In
general, the lower the coordination energy between species the more
energetically favorable is their formation and the higher the BO, the stronger
the covalent bond. The main findings are summarized in Figure 4, and details
of the energies and bond order can be found in Table S1, SI. All
coordination’s are found to be energetically favorable, in the range of about -
0.1 to about -1 eV. Focusing on the coordination between DMF and

precursors, due to the less energetically favorable coordination with FAI- (-
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0.69 eV, BO: 0.15) than MAI (-0.84 eV, BO: 0.17), DMF preferentially
coordinates with MAI at first, followed by FAI. In addition, the magnitude of
the coordination energies of DMF with Pbl, (-0.95 eV) and with MAI (-0.84 eV)
are similar. We speculate that the very similar interaction energies and the
Pb-rich condition (relative comparison of Pbl,:MAI > 3:2) make the formation
of the DMF-containing intermediate phase possible.?* After its formation a
significant portion of the Pbl, precursor has been consumed and the
remaining solution is in a FAl-rich condition, possibly preventing the
formation of the FA,Pbslg'4DMF and FA;Pb.ls:4DMF intermediate phases
reported by Petrov et al.** This is corroborated by the fact that the only FA-
containing intermediate phase, reported by Petrov, was observed for a pure
FAPbIs precursor in DMF, but not in DMSO. Upon adding 25% of Br,
FAPb(lo.7sBro2s)s, no FA intermediate phase was observed irrespective of the

solvent and in agreement with our experimental work.2*

2.0
° °

1.8 1 N 0= 2o e o N XX
> : MAI FAI csl Pbl,  PbBr, DMF  DMSO ca
(]
- 164 ., »~4 oy & ) 4 < ﬁI
> G -0 s < \\ <4
o 4017 o L oi1s 014 @° 15} -0.42 OV -0.40 0410
o -14-4 4
qc) ° v ot g P s F3%
8 129 100 o 015 @~° % 0m ‘\5) 048 & 444
o= iy
m _ i d
e "0 I DVF
o DMSO
o -0.81
S

L 1

) (|
0 1

Figure 4. The coordination energy of solvents (DMF and DMSO) with
precursors (MAI, FAI, Csl, Pbl, and PbBr;) and also with antisolvent (CB). The
values next to the structure represent the bond order of the bond between
precursors and solvents.
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Adding DMSO to DMF in comparison to pure DMF, the coordination energy of
DMSO-MAI (-0.65 eV, BO of DMSO-MAI: 0.14) is significantly weaker then
DMSO-Pbl; (-1.02 eV, BO of DMSO-Pbl;: 0.44). The stronger coordination of
DMF-MAI than DMSO-MAI can be attributed to the stronger hydrogen bond in
DMF-MAI. Consequently, if replacing DMF by DMSO or mixing DMSO into the
DMF solvent system, the coordination of DMSO with Pbl, dominates and
prevents the formation of the intermediate phase, explaining the absence of
the DMF-containing intermediate phase in our experiments.

DFT provides a possible explanation for the early crystallization stages with
two diffraction peaks in the pure DMF case (illustrated in Figure 3) by noting
the weaker coordination of DMF-PbBr; (-0.84 eV, BO: 0.40) compared to DMF-
Pbl, (-0.95 eV, BO: 0.42), Figure 4. This indicates that the nucleation of Br-
rich domains may occur earlier than I-rich domains and is consistent with the
peak changes shown in Figure 3a and 3b. Interestingly, incorporating DMSO
into DMF suppressed the Br-rich nucleation centers, due to the very similar
coordination strength between DMSO-PbBr, and DMSO-Pbl, (the same
coordination energy of -1.02 eV and same BO of 0.42 shown in Figure 4). We
note that although the amount of DMF is higher than DMSO in the mixed
solvent, PbX; is predicted to coordinate with DMSO first due to the larger
coordination strength compared with DMF. Therefore, it is likely that there
are no preferred Br-rich nucleation centers, consistent with the observation
shown in Figure 3c and 3d. We also studied the coordination between Csl-
solvents as the Cs cation could also be involved in the early nucleation
stages. Figure 4 indicates that although two diffraction peaks (g = 1.00 and g
~ 1.04 A') in the DMF solution could also be attributed to the weaker
coordination of Csl-DMF (-0.59 eV, BO:0.14) than that of MAI-DMF(-0.84 eV,
BO: 0.17) and FAI-DMF(-0.69 eV, BO: 0.15), the much weaker coordination of
Csl-DMSO (-0.60 eV, B0O:0.15) than FAI-DMSO (-0.82 eV, BO: 0.17) could not

16



explain why there is no diffraction peak change in the DMF-DMSO solution.
We speculate that the effect of the Cs cation is mostly on its interactions
with PbX; species, the Cs cation bonds PbX, species stronger than MA/FA
cation because of strong electrostatic/ionic interactions and also the less
competition in coordinating with the solvents. Because of this, the Cs cation
helps to form 3D triple cation perovskites. The impact by solvent type is
minimal and secondary. Therefore, the dynamics shown in Figure 3 are more

likely to result from the Br-rich nucleation than the Cs-nucleation.

Focusing on the antisolvent, we find almost identical coordination values of
CB with both solvents (Figure 4) and more structure configurations are
illustrated in Figure S12, SI. This demonstrates that CB is unlikely to play a
significant role in the formation of intermediate phases. Instead, the
coordination between CB and solvents indicates its ability in the extraction of
solvents from precursors, following a supersaturation period and acceleration

of nuclei formation, which is consistent with our experimental observation.

This study provides experimental in situ data and insights from DFT to
explain the benefit of mixed DMF:DMSO precursor solutions in combination
with CB showing that small additions of DMSO help the a-phase formation. It
also leads to the nucleation of compositionally uniform perovskite
crystallites, possibly because of very similar coordination strength between
DMSO-PbBr, and DMSO-Pbl,. For DMF pure precursors, large DMF colloids
lead to the dominant DMF-containing intermediate phase. Formation of this
phase possibly leads to nucleating perovskite species with different
compositions detrimental for the final film quality. The intermediate DMF-
containing phase is absent in the presence of DMSO.
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Experimental & Methods

To visualize the frequency of typical solvents used by the perovskite
community, we made use of the open-access Perovskite Database Project
(https://www.perovskitedatabase.com/) recently introduced and published by

Jacobsson et al.*®

Materials

Lead iodide (Pbl;, 99.99%), and Caesium iodide (Csl, 99.99%) were
purchased from TCI. Formamidinium iodide (FAI) and methylammonium
bromide (MABr) were purchased from Greatcell Solar. Lead bromide (PbBr,),
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and chlorobenzene
(CB) were purchased from Sigma-Aldrich (USA). All chemicals listed were

used as received without further purification.

Solution Preparation and Film Fabrication

Mixed cation and halide perovskite precursor were prepared by dissolving
Pbl, (460 mg), FAI (167 mg), MABr (18.8 mg), PbBr, (61.5 mg), and Csl (15.6
mg) in anhydrous polar aprotic solvents (DMF and DMSO) with total volume
of 1 ml resulting in Csg.05FA0.81MA,.14Pb(lo.s5Bro.15)s. The solvent ratios for DMF-
and DMSO-rich are DMF:DMSO = 800:200 puL and DMF:DMSO = 290:710 pL.
Precursors were heated at 50 °C and stirred at 500 rpm for 4-5 h. Glass
substrates were used to fabricate perovskite thin films. Glass substrates
were cleaned by following the cleaning sequence of detergent, deionized
water, acetone, and IPA washing. Before perovskite precursor deposition, the
glass substrates were cleaned with a plasma cleaner. Perovskite thin films
were fabricated through spin-coating using 1000 rpm for 10s and 4000 rpm
for 30s followed by annealing at 100 °C for 10 min. Chlorobenzene was used
as an antisolvent (100 uL) and dripped at 17s for pure DMF and pure DMSO
and at 25 s for DMF- and DMSO-rich precursors.
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Multimodal Characterization - In situ synchrotron Grazing-incidence
wide-angle X-ray scattering (GIWAXS) and In situ
Photoluminescence (PL)

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was performed
during spin coating and thermal annealing in a custom made spin coater
attached to beamline 12.3.2 at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory. The custom-made setup allows to fabricate
thin films via solution synthesis and antisolvent dripping in the hutch, using
one sample stage for spin coating and annealing while collecting diffraction
and PL data. The incoming X-ray beam was at a shallow angle of 1° with a
beam energy of 10 keV. A DECTRIS Pilatus 1M X-ray detector at an angle of
40° to the sample plane and a sample to detector distance of ~164 mm was
used. Measurements were carried with an approximate flux of ~ 10°
photons s* on an area of 0.1 mm? (10 mm X 0.01 mm) for 10 min. The spin
coater setup is designed in such a way that the experiment can be
performed remotely avoiding any delays or transfer times between film
deposition and annealing. Measurements are conducted under an
overpressure of N,. Samples were heated using a ramping speed of 2°C s*
which takes ~120 s to stabilize the temperature at 100°C. The diffraction
data was collected with a frame rate of 1.875 s*. The 2D diffraction images
were analyzed using Image ] software. All the in situ GIWAXS and in situ PL
data were further analyzed by using Igor Pro 8.04 software. PL spectra were
collected simultaneously using a 532 nm laser diode with a maximum power
density of ~ 5 mW cm?, fiber coupled to a QE pro spectrometer from Ocean
optics using a 550 nm long-pass filter. PL data were collected every second.
The extent of beam damage depends on photon flux, energy of the X-rays
and exposure time as well as the measurement atmosphere.*® Another factor
to consider is the actual X-ray absorption in the film which is element and
energy specific. While the beam energy used here was 10 keV, Pb has an
absorption edge near 13.03 keV meaning that X-ray absorption is much

lower than at X-ray energies > 13 keV. Stronger absorption can lead to a
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higher absorbed X-ray dose and consequently higher beam damage rate.
Beam damage or radiation-induced structural damage is often apparent by a
decrease in scattering intensity of the Bragg peaks. It can also lead to a peak
position shift and appearance of Pbl,. Following the recommendations by
Hoye et al. *°a comparatively low photon flux, inert atmosphere (N;), and an
X-ray energy below the absorption edge of Pb was chosen for the in situ
measurements. It is noted that the signature of radiation-induced structural
damage is more straightforward to interpret in 'static' measurements of fully
fabricated films. The challenge with characterizing films during fabrication is
that phase evolution or growth manifests in an increase of the scattering
intensity. Thus, beam-induced effects cannot fully be excluded. Investigation

of beam damage on a fully fabricated film is shown in Figure S13.

Characterization of Perovskite Films

Morphological characterization was performed using scanning electron
microscopy (SEM). The SEM images were taken using a quanta FEG 250 at
an electron beam voltage of 10kV. The samples were prepared in a N»-filled

glove box.

Density Functional Theory Calculations (DFT)

The DFT calculations were performed in the Vienna Ab Initio Simulation
Package (VASP)*-%3. The calculations were performed with the generalized
gradient approximation as proposed by Perdew, Burke, and Ernzerhof
(PBE)**, with energy and force convergence parameters of 1 x 102 eV/A, and
a 1x 10 eV, respectively. The long-range dispersive interactions between
solvent molecules and precursors/CB were corrected by the DFT-D3
scheme®. The coordination energies were calculated as following:

Ecoordination = Esolventx = Esolvent = Ex

where solvent represents DMF/DMSO, x represents MAI, Pbl,, Csl, CsBr and
chlorobenzene. All the calculation optimized models, adapted from the
intermediate phases (MA).(DMF).Pbsls and (FA).(DMF)sPbsls as presented in
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Figure S14, are shown in Figure S15. More detailed information can be found

in the description of DFT structural models in the supporting information.

Chemical Bonding Analysis

The chemical bonding character and strength between precursor and
solvents were analyzed by calculating the bond order (the larger the bond
order value, the stronger the covalent/hydrogen) by using the Density
Derived Electrostatic and Chemical (DDEC6) method?*“’. This approach has
shown to be effective in the investigation of the qualitative trends in

chemical bonding of several halide perovskites.*85°

Supporting Information.

2D diffraction images at relevant times during thin film evolution, integrated
diffraction intensity over time, scanning electron microscopy images,
additional in situ photoluminescence data, simulated X-ray diffraction
patterns for a-FAPbls-cubic, a-FAPbIs-tetragonal, 6-FAPbIs-hexagonal,
MA,(DMF),Pbsls, and MA,(DMSO),Pbsls phases, description of DFT structural
models, asessment of beam damage, optimized structures for DFT
calculations.
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