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The exploration of the synthetic space of halide perovskites hinges on an enormous number of
parameters requiring time-consuming experimentation to decouple and optimize. Here, the
formation of the prototype metal halide perovskite CH;NH;Pbl; (MAPbI;) is investigated at
different time and length scales using multi-modal in sifu measurements to monitor the
evolution of crystalline phases, morphology, and photoluminescence as a function of the
perovskite lead precursors. Kinetically fast formation of crystalline precursor phases during
the spin-coat deposition is observed using Pbl, or PbCl, routes. These precursor phases most
likely template MAPbI; film morphology. In particular the emergence of the “needle-like”
structure is shown to emerge before film annealing. In situ photoluminescence measurements
suggest nanoscale nucleation followed by rapid nuclei densification (within a few seconds)

and growth. Using this multi-modal in situ approach, different formation pathways either via
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precursor phases in the Pbl, and PbCl, routes or direct perovskite formation from molecular
building blocks as observed in the PbAc, route are identified. Correlation of in situ
characterization results with photovoltaic device performance demonstrates the power of in
situ multi-modal techniques, paves the way to a fast screening of synthetic parameters, and

ultimately leads to controlled synthetic procedures that yield high efficiency devices.



1. Introduction

Organic-inorganic metal halide perovskites have recently transformed the landscape of
light-harvesting solar energy materials while showing promise in a range of other
optoelectronic applications. ABX; [with A = MA (methylammonium), FA (formamidinium),
Cs or other alkali metals; B = Pb, Sn, and X = I, Br, Cl, and alloys thereof] perovskites are
easy to synthesize and exhibit superior optoelectronic properties compared to other organic
and inorganic semiconductors.!"”"! Typically, halide perovskite thin films are synthesized via a
solution process where organic and inorganic precursors are dissolved in organic solvents,
then deposited via spin-coating or printing techniques, followed by an annealing step.®"!
Some of the most frequently used halide perovskite thin film preparation methods to date can
be divided into single-step solution deposition and two-step solution deposition. From a
practical viewpoint, single-step solution deposition is straightforward, cost-effective, and has
fewer control factors as compared to the solution engineering approach with antisolvent
dripping."®!" Therefore, many efforts to achieve high quality halide perovskite thin films from
one-step solution deposition have been reported in recent years.!"®2" The processing window
for high performance devices, however, is narrow due to an increasing number of
experimental parameters which require time-consuming efforts for optimization to yield
reproducible film quality and high device performance."*! In this regard, in situ techniques

play a critical role in providing time-resolved information on the evolution of halide

perovskites under various synthetic conditions. Recent reported in situ studies making use of

diffraction measurements,'>"" terahertz spectroscopy,”” Fourier transform infrared

[27]

spectroscopy,”  UV-Vis spectroscopy, simultaneous X-ray scattering and device



[33] [34]

performance, transmission  electron  microscopy, and spectrally ambiguous
photoluminescence (PL) correlated with ex situ device performance' gradually shed light on
halide perovskite formation and its evolving material properties as well as on device
performance. Despite these advancements, critical insights on phase formation and evolution
of film properties occurring during spin-coating and immediately after deposition go
unobserved during the ~2-5 min wet film transfer time prior to commencing subsequent in
situ studies. While the perovskite field moves towards chemically more and more complex
compositions, the influence of the precursor chemistry on the evolving material properties
remains ambiguous.*****! Hence, a better understanding of halide perovskite formation is
extremely important to achieving directed synthesis and control over perovskite film quality
and device performance. Here, we investigate the formation of CH;NH;Pbl; (MAPbIL;)
prepared from different lead precursors (Pbl,, PbAc,, PbCl,) using one-step solution
deposition. In order to avoid convoluted effects from complex precursor chemistries we chose
to investigate the prototype MAPbI;, which is often used for fundamental studies.”’**! The
three different lead precursors have been chosen because those are currently employed to
synthesize high quality films in order to investigate their role in film formation and evolution
of optical and structural properties.?"*%! We find kinetically fast formation of crystalline
precursor phases using Pb-halide precursors. These precursor phases form already during
spin-coating and probably template final MAPbI; film morphology. This is presumably one of
the first times that crystallization properties are characterized during spin-coat deposition.
Particularly the “needle-like” morphology found when employing the Pbl, precursor emerges
before film annealing. In situ PL is used to investigate nucleation and growth and suggests
nanoscale nucleation followed by nuclei densification within a few seconds. Using PbAc, as

the Pb precursor leads direct growth of perovskite phase from molecular building blocks.

Results from in situ measurements can be correlated to perovskite photovoltaic performance
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and explain for example the need for longer annealing times when using PbCl, instead of Pbl,
or PbAc,. In order to reveal the formation mechanisms of halide perovskite thin films, during
and right after spin-coating, we designed and developed two state-of-the-art multi-modal in
situ characterization platforms using synchrotron X-ray diffraction in one setup, and
photoluminescence, and optical microscopy in a second lab-based system. Thereby, we mimic
the typical synthetic process and unravel the very early stages (initial seconds) of halide
perovskite formation - including processes happening during the spin-coat deposition.
Ultimately, the correlation of in situ characterization results with photovoltaic device metrics
demonstrate the power of in sifu multi-modal techniques as promising tools to optimize

synthesis parameters and thus, device performance.

2. Results

2.1 In situ synchrotron X-ray diffraction

Perovskite precursors were prepared using MAIL: X (X = Pbl,, PbAc,, PbCl,) ratios of 1:1,
3:1, and 3:1, with N,N-dimethylformamide (DMF) as the solvent. They were deposited on
glass substrates using a one-step spin-coating process in an ambient environment followed by
annealing at 110 °C (details described in the experimental sections). According to literature,
there is no evidence of acetate or chlorine being incorporated into the film in large amounts
thus, we refer to the formation of MAPbI; in each Pb route.””>?”*! First, to establish
unambiguous structure-property relationships, we designed and integrated an in situ
diffraction characterization system with a remotely controlled spin coater and heating
capability at beamline 12.3.2 of the Advanced Light Source. Integrating a spin coater in the
synchrotron hutch allowed us to record the phase evolution during the spin-coating process

(spin-coating is used by the vast majority of research groups for the formation of halide



perovskite films) and thus, provided a better understanding of the perovskite phase formation.
Additionally, we investigated the phase transformation of perovskite precursors immediately
after spin-coating to capture the fast perovskite formation processes during the first seconds
without having sample transfer processes, as mentioned in the introduction section. With this
state-of-the-art system, we are able to further investigate the structural properties of the thin

films prepared using the Pbl,, PbAc, and PbCl, routes.

In Figure 1a, we show the in sifu diffraction patterns of the perovskite thin film prepared
from Pbl, route within 1 min of annealing. During the first 11 s of annealing, there is no
perovskite phase but diffraction peaks labeled P1 include two low-angle peaks at 20 = ~8.1°
and ~9.5°. Those peaks are generally assigned to precursor phases, but it is hard to confirm the
structure by ex situ characterization due to their instability. With our system, we are able to
identify the precursor phase as the orthorhombic (MA),(DMF),Pbsl; phase. We suggest that
formation of the (MA),(DMF),Pb;l; precursor phase is the reason for the formation of the
needle-like morphology observed in the optical images (section 2.2). To confirm this
hypothesis, we show the 2D diffraction pattern as well as the converted diffraction pattern of
the film during the spin-coating process (i.e. before annealing) in Figures Sla, S2a+d, and
S3a. There is a slight difference in preferential orientation of our (MA),(DMF),Pb;l; phase
compared to Petrov et al.*!! but this is plausible given that P1 is a Pbl,-rich precursor phase
and that Pbl, does show different orientations depending on whether it crystallizes rapidly or
slowly.”! The 2D diffraction patterns of the P1 phase (Figure la) do show preferential
orientation which would induce the integrated intensity in the 1D patterns to deviate from
peak intensity distributions of reference or calculated patterns. It is clear that the
(MA),(DMF),Pb;ls phase is the only phase present, thus leading to the needle-like

morphology. This finding is in agreement with Petrov et al.*'! After about 10 s the final
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annealing temperature of 110 °C is reached, and the MAPbI; phase starts to be observed after
~12 s. The (MA),(DMF),Pb;ls phase gradually disappears after ~20 s of annealing, and the
perovskite phase becomes the only phase present in the film until the Pbl, phase appears at ~ 5
min annealing as shown in Figures 1a and Sla. Formation of the Pbl, phase (apparent by a
diffraction peak appearing at 20 ~ 12.7°) during annealing indicates MAPbI; decomposition

due to evaporation of MAL*

In the PbAc, route, surprisingly, we observed the direct emergence of perovskite phase after
~12 s of annealing (Figures 1b, S2b+e, and S3b), without any crystalline precursors. This
differs from previous reports where unidentified precursor phases were found."”®! A possible
reason for this discrepancy could be that our system does not require a wet film transferring
time and thus, no unwanted chemical reactions with the environment might occur leading to
different crystallization pathways as compared to literature. The measurement conditions used
here better represent synthesis conditions in the laboratory and thus, are considered closer to
the actual crystallization pathway. Additionally, these diffraction results support the
observation made by optical imaging (section 2.2) where no crystalline features were found
during the first few seconds of annealing. The correlation between the optical image and the
diffraction provides strong evidence that there is no observable precursor phase in the PbAc,
route under our experimental condition. The Pbl, phase as a decomposition product appears
after ~90 s of annealing, earlier than using the other two routes, implying that the prolonged

annealing is not favorable in the PbAc, approach.

When using the PbCl, route, crystallization kinetics are very different compared to the other
two routes, as illustrated in Figures 1c and Slec. Although, CI is not incorporated into the
crystal lattice in substantial amounts™**¥ it influences the crystallization pathway and retards

MAPbDI; formation. There is a different precursor phase (labelled as P2) present, and
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perovskite phase is co-present with P2 during the annealing process in the early formation
step. Interestingly, the diffraction peaks of the perovskite and P2 phases both appeared at the
end of spin-coating process i.e. before annealing (Figure S3c), and then P2 phase becomes
dominant within the first 400 s annealing. After ~350 s annealing, the intensities of the
perovskite peaks gradually become stronger and, after ~1200 s annealing, the perovskite
phase becomes the dominant phase in the film with a small quantity of Pbl, phase present. It is
worth noting that the initial strong signal at 26= ~28.3° [which coincides with the (200)
perovskite peak] might be related to the P2 phase. Presence of incomplete diffraction rings
(Figure Slc) indicate that the perovskite crystalline domains are oriented, which is different
than in the Pbl, and PbAc, routes. The latter two show complete rings and therefore randomly
oriented crystalline domains. This observation is in alignment with the fast MAPbI; formation
in the Pbl, and PbAc, routes and very slow MAPbI; formation in the PbCl, route. Oriented
growth in the presence of Cl has been reported before and was explained by a minimization of
the Gibbs free energy, including the surface and interface energy, thus promoting preferential
growth of specific crystallographic orientation.'*! Besides a difference in preferential
orientation, MAPDI; synthesized from a PbCl, precursor shows the same characteristic peaks,
and therefore has an identical lattice as MAPbI; synthesized via the Pbl, route.**! In the work
by Yu et al., it was stated that the formation of MAPbI; using the PbCl, route is probably
driven by the gaseous release of Cl-containing organic products such as CH;NH;CL®
Furthermore, the authors discussed that the retarded perovskite formation is likely related to a
CH;NH;*-rich environment."*! Considering that both the PbCl, and PbAc, routes start with a
CH;NH;*-rich environment but MAPbI; forms within ~12 s in the PbAc, route, we believe
that CI plays a significant role in forming a kinetically fast and thermodynamically stable

precursor phase. Yu et al. proposed the formation of (CH;NHj),.,Pbl,,,Cl, as an intermediate



precursor phase in the PbCl, route before excess Cl leaves the film via gaseous CH;NH;C1**!
however, peak overlap and textured diffraction patterns (Figure Slc) make it difficult to
identify the structure of the P2 phase (full 30 min diffraction heat maps are provided in

Figure S4).

2.2 In situ imaging

The morphology of perovskite thin films is an important factor in achieving high
performance devices. To study the relationship between chemical precursors and film
morphology during annealing, we integrated optical microscopy to record in situ images as
shown in Figure 2 and Figures S5-7. The very right column in Figure 2 shows the
corresponding SEM images of perovskite films annealed for 30 min to give a sense of the
morphology at higher magnification. Please note that the experimental conditions are different
in sections 2.2 and 2.3 compared to section 2.1 because in 2.1, spin-coating and heating was
taking place on the same puck while in 2.2 and 2.3 experiments were performed in a typical
configuration of using a spin coater next to a hot plate. This implies that in the latter case the
hot plate is already at the final temperature, 110 °C, while, in the synchrotron hutch, the puck
is heating up directly after the spin-coating is terminated. These different experimental
configurations induce a ~5-10 s offset in terms of heating the sample to the final temperature.
In the Pbl, route (Figure 2a and Figure SS5), the typical needle-like morphology is
immediately observed after the spin-coating process and remains unchanged during the total
annealing time of 30 min. This needle-like morphology is related to the initially forming
precursor phase P1 as discussed previously. The needle-like morphology was not observed in
the other two chemical routes as shown in Figures 2b, c. In the PbAc, route (Figure 2b and
Figure S6), we note that there are no observable crystal/grain features right after the spin-

coating process. Within 2-3 s of annealing, distinct nucleation spots are present leading to a
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fine and fully covering film after prolonged annealing. Finally, in the PbCl, route (Figure 2¢
and Figure S7), we can observe some crystal/grain features immediately after the spin-
coating process, and relatively larger features compared to the ones in the PbAc, route can
clearly be seen. These morphologies remain nearly unchanged after the first 3 s of annealing
for all three precursor routes. When comparing the microscopy images during the early stage
of film formation, it appears that the number of particles/crystals is significantly higher in the
case of the PbAc, route than in the PbCl, route. It takes only 1-2 s for separated
particles/crystals to form a fully covered film in the PbAc, route, which is slightly faster than
~3 s in the PbCl, route. These results confirm previous literature reports, where faster film
formation and smaller crystal sizes have been obtained using PbAc, instead of Pbl, or PbCl,,
with PbCl, forming the largest crystals.” The series of in sifu optical microscopy images
strongly suggests that the Pb-route directly influences the film morphology and shows that the
morphology is defined in the very early stage of the formation, either during spin-coating or
during the first few seconds of annealing. These results also support the need to control
perovskite thin film morphology in the Pbl, route using antisolvent dripping during the one-

step spin-coating process to prevent needle-like morphology formation. ¢+

2.3 In situ photoluminescence

To provide complementary information to the optical imaging and crystallographic
properties in situ PL. measurements were performed to probe luminescence characteristics
during MAPbI; formation and annealing. It is known that MAPDI; exhibits strong PL
response due to its direct bandgap properties and high defect tolerance**, therefore PL
spectroscopy provides a great opportunity to track the optical response from evolving MAPDbI;

films. Moreover, given the high brightness of halide perovskites, the response of PL
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spectroscopy can be acquired with a sub-second timescale, enabling the investigation of the

fast reactions during the formation processes.

In Figure 3, we show the time evolution of the PL signals during MAPDI; film formation
from the three perovskite precursors. PL intensity and spectral position of the PL. peak were
obtained from Gaussian fitting to the spectrally resolved PL data. During the spin-coating
process there is no PL response (Figure S8), but PL emission immediately appeared while
annealing for 1-2 s in all three routes. Full 30 min PL emission maps as well as representative

PL spectra are also provided in Figure S9.

Interestingly, the early PL emissions in all routes investigated appeared at higher energies
~1.78 eV in Pbl,, ~1.66 eV in PbAc,, and ~1.77 eV in PbCl,, and then red-shifted to lower
energy ~1.63 eV, the typically reported PL emission energy of MAPbI; (MAPDI; is in cubic
phase at the annealing temperature of 110 °C).*"! Both Pb halide routes (Pbl, and PbCl,)
exhibit significant differences between initial and final PL emission energy (AE, illustrated by
the height of the shaded areas in Figure 3a, c, e) of 150 and 140 meV respectively, while AE =
30 meV in the PbAc, route. Thus, we observe that the non-halide Pb source has the least
impact on AE. Red-shifting is related to crystal growth with larger shifts indicating smaller
initial crystal size.”** The energy of the spectral maximum can be interpreted as the bandgap
of the sample in first approximation.”** A correlation between spectral PL position and
crystal size has been shown previously.™ In this study by Nie et al., a red-shift of AE ~ 25
meV was reported for a grain size change by a factor of 20, from 20 to 400 um?2."® In this
study, in the Pb halide routes, AE = 140-150 meV, which indicates a significantly larger
change from nuclei size to grain size. Although the chemistry used for the synthesis of 3D
MAPDI; films is different than that for the synthesis of nanocrystals (typically no surface

ligands are used for the synthesis of thin films), we propose that nucleation starts on the nm-
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scale (or sub-micrometer scale), similar to the initial stages of nanocrystal growth.”* In the
latter, ligands would terminate the growth of nanocrystals and therefore dominate spectral PL.
emission (size effect), while in thin films PL emission is related to the bandgap. A nano-
assembly model via formation of Pbls* cage nanoparticles has been suggested before as a
growth model for MAPbI; films.”?! AE in the acetate route is comparatively small and could
indicate larger nuclei as compared to the I- and Cl-routes. In addition, it can be seen that At,
the time it takes for high to low energy shift, is the shortest in the PbAc, route. This
observation is similar to the finding from ex sifu X-ray diffraction results where MAPbI;
formation from PbAc, route was determined to be faster than from the other Pb salts.®® The
shift of PL emission in the PbCl, route is significantly retarded in comparison to that of the
Pbl, or PbAc, routes. It takes ~20 min of annealing to reach the stable PL energy of ~1.63 eV,
with complete PL signal disappearance for ~5 min as shown in Figure 3e. Moreover, the PL.
peak energy change between 300-1800s following first a reduction in energy and second a
slight increase in emission energy (Figure 3e) might indicate an interplay between the halides
I and Cl in the following way: A small amount of initially incorporated Cl in MAPbI;
(resulting in higher energy emission peak position) could slowly leave the perovskite film as
evidenced by a drop of PL peak energy. However, in parallel a second mechanism that is,
decomposition of P2, could release Cl which to some extend gets incorporated in the MAPbI;
film. These subtle compositional variations have not been observed in the diffraction
measurements. The reason for that could be the thermal expansion of the Cu puck used in the
synchrotron hutch which leads to a sample increase over time resulting in a peak position shift
towards higher 20 values. Next, we turn our attention to the PL intensity change, which
exhibits two maxima over time. Temporally, we consider two effects to contribute to the

change of PL intensity. The first effect is nucleation and increasing nucleation density, while
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the second effect is crystal growth. We propose that the initial very fast PL intensity increase
followed by an intensity drop we propose that this is related to the AE change, implying an
initial fast nucleation of perovskite crystals. This fast nucleation is triggered by
supersaturation upon solvent evaporation, and the initial PL intensity rise stems from an
increase in perovskite amount due to an increase in nucleation density. Later, when PL
emission is not dominated by nuclei sizes anymore but reflects the bandgap of the MAPbI,
material (~1.63 eV), PL intensity again rises due to crystal growth. After the second intensity
maximum, the PL intensity gradually drops by up to about two orders of magnitude probably
due to photodarkening and thermally induced effects. The in sifu PL data is not corrected for
absorption but compared here in relative intensities, therefore, ex situ 100-T%-R% of samples
annealed for 15 and 30 min is provided in Figure S10a+b. In addition, to deconvolute
combined thermal and photo-effects ex sifu PL spectra and the PL peak intensity plotted over
time, both taken at room temperature, are shown in Figure S10c+d. Over time the PL peak
intensity is increasing for all Pb-routes (only a slight PL rise was observed in the Pbl, route
and a rise by 6 and 2.5 times in the PbAc, and PbCl, routes, respectively). This increase has
been assigned previously to a so-called oxygen healing via the formation of a superoxide O,
which fills in iodide vacancies resulting in a PL intensity increase.”**% The comparison of
PL evolution at room temperature versus at 110 °C indicates that thermal effects in oxygen
and humidity containing atmosphere prevail and significantly quench the PL signal. However,
this comparison is between MAPbI; in tetragonal phase (at room temperature) versus in
higher symmetric cubic phase (at 110 °C) which might play a role with respect to stability

under different stimuli.

In addition, the full width at half maxima (FWHM) are evaluated for the three different Pb-

routes (Figure 3g). Generally, the FWHM drops initially and stabilizes until it starts to
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increase towards longer annealing times. Interestingly, the Pb-halide routes show a
significantly higher FWHM in the beginning compared to the PbAc, route which might be
correlated to the larger AE observed for Pbl, and PbCl, related to the nm-scale nucleation
discussed above. The FWHM reaches a minimum in each Pb-route that is on the time-scale
close to the appearance of Pbl, phase as a consequence of MAPbI; decomposition (indicated
by the time in Figure 3g). Thus, the evolution of the FWHM from initial nucleation to the
onset of decomposition can be interpreted as grain growth and phase formation. With the
beginning of decomposition around ~300s, 90s, and 1200s in the Pbl,, PbAc,, and PbCl,
routes, respectively, the FWHM increases indicating decreased material band inhomogeneity
possibly caused by recombination at MAPbI;/Pbl, boundaries. Given the insights discussed
above, in situ PL represents a powerful way of monitoring nucleation, growth and

decomposition of halide perovskites.

To examine potential light-induced effects in the film formation from the laser probe, we
varied the laser power illumination density between 6 - 30 mW/cm? (compare Figures S11-
13). The illumination power density does not significantly influence AE. The main difference
is the increase in overall signal intensity with increasing illumination, as expected. There
might be an effect on the kinetics, particularly in the PbCl, route (Figure S13), where the first
and second PL features appear ~1 s and ~100 s earlier at 30 mW/cm? compared to the
measurement performed at 6 mW/cm?. Yet, the highest PL intensity still appears in the same
time frame (~800 s). Currently, the influence of light during synthesis is not fully understood
in the perovskite community;®"** we believe that in situ PL could be a promising platform to

further examine the light effects on perovskite formation.
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3. Discussion

We summarize results obtained from multi-modal in situ measurements as a function of the
Pb route in Figure 4. In the Pbl, route (Figure 4a), needle-like morphological features
captured by optical microscope imaging during the film formation process and confirmed by
synchrotron diffraction are related to the precursor phase P1 [(MA),(DMF),Pb;ls]. Being
capable of spin-coating inside the synchrotron hutch revealed that P1 forms already during the
dynamic wet film spinning process. Since the morphology is maintained until the end of
crystallization while the crystal phase transforms from P1 to perovskite, we conclude that P1
determines film morphology, and that the perovskite phase nucleates and grows while
converting P1 within the pre-defined morphology. Moreover, based on the direct comparison
of in situ PL and in situ diffraction results, it is highly likely that the high energy PL emission
at 1.78 eV and sequential red-shifting observed in the Pbl, route is related to nucleation on the
sub-micrometer scale and growth of the perovskite phase, since there is no PL signal observed
during the spin-coating step or at 0-1 s annealing when the P1 phase was the only phase
present. This relationship is supported by the very similar perovskite phase formation rate
from in situ diffraction results where the perovskite phase appears at ~2 s annealing and
becomes the only phase at ~10 s annealing (note: there is a ~10 s delay for raising the

temperature to 110 °C in the diffraction system).

In contrast, using the PbAc, route does not result in crystalline precursor phases nor features
during the spin-coating step, as confirmed by all three in situ characterization methods. Direct
perovskite phase formation and growth from molecular building blocks occurred and was
completed within the first 5 s of annealing. We observe high density nucleation and fast
growth from the in situ optical imaging, which typically leads to a fully covered thin film with

small domain sizes as confirmed by the SEM image shown in Figure 2b. One reason for this
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fast formation process is probably the fact that MAAc is thermally unstable and decomposes
much earlier than MAI or MACL"” Therefore, formation of perovskite phase from PbAc,
route is faster than with the other precursor routes, as characterized from in situ diffraction.
From the in situ PL spectra, it was observed that the red-shift of PL emission from high
(~1.66 eV) to low energy (~ 1.63 eV) only takes 3-4 seconds, which corresponds to a similar
timestamp of phase formation (from in situ diffraction) as well as to the completion of film
formation. Additionally, it is noted that the initial PL emission energy detected in the PbAc,
route is lower than in the other two routes. It is unclear at the moment if this means larger
initial nuclei size, or if we were not able to capture a very fast nucleation and growth process.
Although the PbAc, route provides a faster perovskite formation pathway, we would like to
point out that the Pbl, phase also appeared much earlier than in the other two routes which

could indicate a stability concern using this route.!**!

In the PbCl, route, it was found that the precursor phase P2 and the perovskite phase both
form during the spin-coating process, and that P2 becomes dominant within the first 20 min of
annealing. Weak diffraction signals from perovskite phase can be observed after ~ 400 s of
annealing and become increasingly intensive. The early formation of the perovskite and P2
phases is evidenced by the crystalline features observed by in situ optical imaging. Moreover,
the in situ PL emission spectra shows high-energy emission (~ 1.77 eV) in the first 10 s of
annealing with weak PL intensity that can be attributed to the small amount of perovskite
phase with quantum-confined nucleation. No PL signal was observed between 10 and 300 s of
annealing. Possibly, the PL signals are too weak to be detected by our set-up due to a
combination of a small amount of perovskite phase being present and thermal quenching.
While the amount of perovskite phase increases after ~350 s of annealing, the PL emission

simultaneously re-appeared and the PL spectra red-shifted toward ~ 1.63 eV. These results
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show that the formation of the P2 phase is more kinetically favorable than of the perovskite
phase. The P2 phase is probably related to the release of gaseous Cl-containing precursor
phases (such as MACI*) delaying the formation of MAPbI; phase. After prolonged
annealing, the P2 phase gradually diminished and the perovskite phase grew, with a small
amount of Pbl, phase co-present. Under our experimental conditions, we do not observe a
single-phase window in the PbCl, route. Although pure phases can’t be achieved from this
route, it is reported that the excess Pbl, could be beneficial to passivate grain boundary defects
and improve the device performances.'*®! Therefore, a longer thermal annealing is required

in the PbCl, route to prevent the residuals of P2 phase.

The discussed formation paths are determined by the solution chemistries and are
independent of substrate conditions. This is confirm by experiments on SnO,/FTO substrates

shown in the supporting information (Figure S14-15).

Finally, we prepared a series of devices from these three different precursor routes after
various annealing times as summarized in the supporting information Figure S16. As
expected, the perovskite devices following the Pbl, route result in poor device performances
after 10, 30, and 300 s of annealing, with low short circuit currents (J,.) of about 11-12
mA/cm?® caused by the overall poor absorption (< 50%), low fill factors (FF) between 31-34%
and poor open circuit voltage (V,.) due to poorly covering morphology as observed by in sifu
imaging . In comparison, the perovskite devices from the PbAc, route performed better and
showed the best performance (efficiency > 8%) after short annealing times (10 and 30 s)
followed by a drop in performance, mostly due to a reduced FF which drops by about 10%
from above 50% to 43% when annealed for 300 s. This finding is in line with what was
discussed before, that the PbAc, route results in high film coverage and ultrafast perovskite

phase formation but also in early formation of the Pbl, phase (in situ diffraction), which could
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lead to a drop in J,. and FF. Excess co-presence of Pbl, has been shown to deteriorate device
performance, possibly due to the blocking of the electron transport.'®! Because the perovskite
formation in the PbCl, route is significantly slower than in the other two routes, we are not
able to obtain a functional device after short annealing times (< 1800 s). After prolonged
annealing, devices with performance of up to 10% were achieved, higher than in the other two
routes. Typically, slow crystal growth leads to better crystal quality, as confirmed by the
superior photovoltaic parameters when following the PbCl, route. As seen by the in situ
characterizations (diffraction and PL), the long-time annealing is required for the PbCl, route
in order to convert the P2 to perovskite phase and remove of excess Cl. Note for all Pb-routes,
that device performances are low compared to state-of-the-art devices due to the absence of

any solution engineering strategies or advanced compositional absorber tuning.

4. Conclusion

The development of complementary multi-modal in situ characterization tools enabled us to
reveal the detail formation pathways of spin coated MAPbI; films prepared by Pbl,, PbAc,
and PbCl, routes. We successfully scrutinized the evolution of perovskite thin films and
established links between in situ diffraction, imaging, photoluminescence, and photovoltaic
performance to provide new insights into factors that govern halide perovskite formation and
properties. We find that 1) in the Pb halide routes, crystalline precursor phases form already
during spin-coat deposition before annealing, while perovskite phase forms directly from
molecular building blocks in the PbAc, route; 2) perovskite film morphology develops likely
during the spin-coating process in the Pbl, and PbCl, routes and is templated by the
crystalline precursor phases, or in the first seconds of annealing in the PbAc, route; with the
“needle-like” morphology determined by formation of (MA),(DMF),Pbsl; as precursor phase

in the Pbl, route; 3) in situ PL during annealing suggests nanoscale nucleation, densification,
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and growth in the Pb halide routes and thus can be a valuable monitoring tool; and 4) the
results obtained from in situ measurements can help to design experimental parameters to
enhance photovoltaic performance and stability. For example, adjusting the annealing
duration is incremental to obtain pure perovskite phase samples without precursor phases and
before decomposition accompanied by Pbl, formation. As a second example, correlating the
precursor chemistry with the formation of a poorly covering morphology can indicate that
intervention in the crystallization pathway, for example by antisolvent dripping during spin-
coating, can provide a means to engineer film morphology by suppressing precursor phase
formation. The presented complimentary suite of in sifu tools will be greatly beneficial to
halide perovskite synthesis, enabling the systematic scanning of a wide parameter space
without the need for synthesizing full devices or for in-line quality control. The developed
platform will be applied to investigating polyelemental perovskite semiconductors!®® in future
studies, and the insights provided here will pave the way to develop design rules for

commercially relevant high efficiency devices.

Experimental Section

Film fabrication. Methylammonium iodide (CH;NH;I, MAI) (Greatcell Solar, CAS No.
14965-49-2), lead chloride (PbCl,, 99.999%), lead acetate trihydrate (PbAc,, 99.999%), and
anhydrous N,N-dimethylformamide (DMF, 99.8%) were purchased from Sigma-Aldrich.
Lead iodide (Pbl,, 99.9985%) and tin oxide (SnO,, 15% in H,O) nanoparticle dispersion were
purchased from Alfa Aesar. Chemicals were used as received. The precursor solutions were
prepared following the originally most frequently used preparation recipes. We used molar
ratios of MAI to 0.6 M PbX, (X =1, Ac, Cl) of 1:1 (MAI 95.4 mg : Pbl, 276.6 mg), 3:1 (MAI

286.2 mg : PbAc, 227.6 mg), and 3:1 (MAI 286.2 mg : PbCl, 166.9 mg), respectively. All
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precursors were dissolved in DMF (1 mL). MAPbI; films were prepared by a one-step spin-
coating process at 500 rpm for 5 s, followed by 2,000 rpm for 30 s. After spin-coating, the

films were annealed at 110 °C on a hotplate in the fume hood or glovebox for 30 min.

Combined in situ measurements. To be able to study the formation of perovskites optically as
well as structurally on the same time axis, we designed two different setups. The first allowed
direct monitoring of photoluminescence (PL) emission and optical microscopy during
synthesis. The second allowed spin-coating and film drying under lab conditions but in the

synchrotron hutch for diffraction measurements.

In situ PL. PL measurements were acquired on a home built confocal setup using a 532 nm
laser diode, a plano-convex lens above the substrate, a 550 nm long-pass filter and a fiber
coupled Ocean Optics spectrometer (Flame) calibrated by the manufacturer. The distance
between the plano-convex lens and the substrate was optimized such that the PL intensity of a
dry film was maximized. The working distance was not adjusted with the change of the wet
film thickness during the drying process. A maximum power density of ~30 mW/cm? was
used during in situ PL. measurements on glass substrates. A maximum power density of ~300
mW/cm? was used during in situ PL measurements on FTO/SnO, substrates. PL emission
signals were fitted using single Gaussian peak fitting after linear background removal, R* >

0.998. The intensity plotted in Figure 3 corresponds to the peak intensity.

In-situ optical imaging. Optical images were acquired using a home build microscope set-up
equipped with a Thorlabs CMOS camera (DCC3240C) and a Thorlabs white light LED
source (MCWHLYS). After spin-coating, the samples were transferred immediately onto the

pre-heated stage at 110 °C under immediate recording.
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In-situ synchrotron X-ray diffraction. Synchrotron diffraction measurements with an incident
angle of 2° were conducted at beamline 12.3.2 at the Advanced Light Source, Lawrence
Berkeley National Laboratory. The detector (DECTRIS Pilatus 1 M) was located at 40° with
respect to the direct beam and approximately 164 mm from the sample. The detector
geometry was calibrated using a finely ground Al,O; reference sample. Measurements were
performed at 8 keV (1.54982 A), with an estimated flux of ~6x10® photons/s on an exposed
area of about 3 mm? (10 mm x 0.3 mm) for a total of 30 min. In order to avoid transfer times
of wet precursor films, we designed and installed a spin coater in the synchrotron hutch
connected to a remotely triggered resistive heater. After dropping the perovskite precursor
solution, films were spin-coated using the same program as under lab conditions. After spin-
coating, the sample was immediately heated on average at ~6 °C /s to 110 °C. It is noted that
the annealing time of the diffraction data is slightly retarded (~5-10 s) in comparison to PL
and optical microscopy due to the slower heating rate imposed by the resistive heating
capacity of the spin coater at the synchrotron end station. The typical frame rate for diffraction
data collection was 0.5 frames/s (2 frames/s did not result in additional information). The 2D
diffraction images were processed using the X-ray microdiffraction analysis software
(XMAS)."*! Importantly, sample damage was not observed under the experimental conditions
described, which would either manifest as presence of Pbl, phase and/or visible bleaching of

the sample where it is exposed to the photon irradiation.

Other Material Characterizations. A field emission scanning electron microscopy (SEM,
Quanta FEG 250, FEI) was used to acquire SEM images. An electron beam acceleration of 5
kV was used.

Device processing and characterization. First, ITO coated glasses were cleaned with

detergent, deionized water, acetone, and isopropanol to serve as the bottom electrode. Next,
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the ITO substrates were treated with UV-Ozone for 10 min before deposition of a thin layer of
SnO, according to previous reports.'® After that, 1 M of perovskite precursors (MAI:Pbl,
(159 mg : 461 mg); 3MAIL:PbAc, (477 mg : 379.3 mg); 3MAIL:PbCl, (477 mg : 278 mg))
dissolved in DMF (1 mL) was spin coated onto SnO, at 2000 rpm for 30 s, and then annealed
at 110 °C for different time periods. 2,2,7,7-tetrakis(N,N-dip-methoxyphenylamine)-9,9-
spirobifluorene (Spiro-OMeTAD) was used as the hole transporting layer (HTL) and was
deposited on top of the perovskite layer using spin-coating at 3000 rpm for 30 s. The solution
consisted of 72.3 mg Spiro-OMeTAD, 35 pl bis(trifluoromethane) sulfonamide lithium salt
(Li-TESI) stock solution (260 mg Li-TFSI in 1 ml acetonitrile), 30 ul 4-tertbutylpyridine, and
1 ml chlorobenzene. An 80 nm thick Au film was thermally evaporated as a top electrode
using a shadow mask, with device effective area of 0.108 cm? The photovoltaic
characteristics were obtained using a Keithley 2400 Source Meter under simulated 1-sun AM
1.5G illumination (100 mW/cm?), calibrated by using a KG-5 Si diode. The J-V
measurements were carried out in ambient air and the devices were measured in reverse scan
(1.2Vto 0 V).
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Figure 1. In situ synchrotron diffraction. a, b, and ¢ diffraction measurements (y = 35°
integration of the 2D diffraction patterns) during annealing of different perovskite precursor
solutions employing Pbl,, PbAc,, and PbCl, routes, respectively, at 110 °C on glass substrates.
Perovskite diffraction peaks are labeled according to a pseudo-cubic crystal symmetry.
Precursor phases are labeled with P1 and P2 and are discussed in the main text.

b

Figure 2. In situ optical microscopy. a, b, and ¢ optical microscope images measured during
annealing of different perovskite precursor solutions employing Pbl,, PbAc,, or PbCl, routes,
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respectively, at 110 °C on glass substrates. The time stamp is given at the top of each image
and the arrow can be used as a tracker for the same sample spot. The right-hand side
illustrates corresponding SEM images after 30 min annealing.
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Figure 3. In situ photoluminescence. a, ¢, and e PL signal measured during annealing of
different perovskite precursor solutions employing Pbl,, PbAc,, or PbCl, routes, respectively,
during annealing at 110 °C on glass substrates. PL peak position and intensity are illustrated.
The shaded areas illustrate AE which is defined as the difference of initial and final PL
emission energy. b, d and f, contour maps of the emission energy within the first 20 s of
annealing. g Full width at half maxima (FWHM) extracted by Gaussian peak fitting of the
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emission spectra. The specified times indicate decomposition-related appearance of Pbl,
phase.
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Figure 4. Schematic illustration of MAPbI; film formation. a, b, and ¢ perovskite film
formation stages depicted over time for the Pbl,, PbAc,, and PbCl, routes, respectively.
Morphology is defined within the first seconds of annealing. P1 and P2 are precursor phases.
P1 is assigned to (MA),(DMF),Pb;l;.
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Revealing the dynamics of hybrid metal halide perovskite formation via multi-modal in
situ probes

Tze-Bin Song, Zhenghao Yuan, Megumi Mori, Faizan Motiwala, Gideon Segev, Eloise
Masquelier, Camelia V. Stan, Jonathan L. Slack, Nobumichi Tamura, Carolin M. Sutter-
Fella®
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The same unique properties that make lead halide perovskites remarkable solar energy conversion
materials will also drive applications in other optoelectronic devices as we learn more about their
formation. Insights are provided here by truly monitoring the in situ evolution of crystal phase,
morphology, and optoelectronic properties correlated to precursor chemistry.
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Figure S1. 2D diffraction patterns. Time evolution of the in situ diffraction signal following
the a, Pbl,; b, PbAc,; ¢, PbCl,-routes to form MAPDI; films. White arrow: diffraction from
MAPDI;; Yellow arrow: diffraction from Pbl,. Experimental conditions: synthesis and
annealing in synchrotron hutch (ALS beamline 12.3.2), drying at 110°C, glass substrate.
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Figure S2. Diffraction patterns during spin-coating process (10s before annealing): 2D
patterns (a-c) and integrated patterns (d-f) following the a+d, Pbl,; b+e, PbAc,; c+f, PbCl,-
routes to form MAPbI; films. Experimental conditions: synthesis in synchrotron hutch (ALS
beamline 12.3.2), taken during spin-coating (i.e. no drying), glass substrate. Simulated pattern
for (MA),(DMF),Pb;l; structure from reference [1].
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Figure S3. Diffraction patterns during spin-coating process (2s before annealing)
following the a, Pbl,; b, PbAc,; and ¢, PbCl,-routes to form MAPDbI; films. Experimental
conditions: synthesis in synchrotron hutch (ALS beamline 12.3.2), taken during spin-coating
(i.e. no drying), glass substrate.
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Figure S4. Diffraction patterns (y = 35° integration of the 2D diffraction patterns). Time
evolution of the in situ diffraction signal following the a, Pbl,; b, PbAc,; ¢, PbCl,-routes to
form MAPDI; films. Experimental conditions: synthesis and annealing in synchrotron hutch

(ALS beamline 12.3.2), drying at 110°C, glass substrate.
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Figure SS. Optical microscope imaging series: Time evolution of the in situ microscope
images following the Pbl,-route to form MAPDI; films. Experimental conditions: synthesis
and annealing in fume hood, drying at 110°C, glass substrate.

Figure S6. Optical microscope imaging series: Time evolution of the in sifu microscope
images following the PbAc,-route to form MAPDI; films. Bright spots appearing towards
the end of the annealing are related to Pbl, formation. Experimental conditions: synthesis and
annealing in fume hood, drying at 110°C, glass substrate.
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Figure S7. Optical microscope imaging series: Time evolution of the in situ microscope
images following the PbCl,-route to form MAPDI; films. Experimental conditions:
synthesis and annealing in fume hood, drying at 110°C, glass substrate.
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Figure S8. PL during spin-coating. Time evolution of the in situ PL signal following the
Pbl,, PbAc,, and PbCl,-routes (a-c) to form MAPDI; films. Measurements are taken on the
spin-coater (500 rpm for 5 s followed by 2,000 rpm for 30 s) in the fume hood, no annealing.
The bright lines around 1.7 eV in a and b are from the spectrometer background and are not
related to the sample response.
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Figure S9. Time evolution of the in situ PL signal following the a, Pbl,; b, PbAc,; and c,
PbCl,-routes to form MAPDI; films. The right-hand side represents the corresponding
individual PL spectra at selected times. Experimental conditions: synthesis and annealing in
fume hood at 110°C, glass substrate.
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Figure S10. Ex situ optical characterization. UV Vis of MAPDI; films annealed for a 15
min and b 30 min. Spot-to-spot steady state PL measurements ¢ and PL peak intensity over
time at room temperature d. Excitation density for the PL measurements ~30 mW/cm? (532
nm continuous wave laser diode). Experimental conditions: synthesis and annealing in fume
hood, drying at 110°C, glass substrate.
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Figure S11. Effect of laser excitation density on PL: Time evolution of the in situ PL
signal following the PbI,-route to form MAPDI; films. a, 30 mW/cm?; b, 15 mW/cm?; ¢, 6
mW/cm?. Experimental conditions: synthesis and annealing in fume hood, drying at 110°C,
glass substrate.
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Figure S12. Effect of laser excitation density on PL:Time evolution of the in situ PL
signal following the PbAc,-route to form MAPDI; films. a, 30 mW/cm?; b, 15 mW/cm?; c,
6 mW/cm?. Experimental conditions: synthesis and annealing in fume hood, drying at 110°C,
glass substrate.
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Figure S13. Effect of laser excitation density on PL: Time evolution of the in situ PL
signal following the PbCl,-route to form MAPDI; films. a, 30 mW/cm?; b, 15 mW/cm?; ¢, 6
mW/cm?®. Experimental conditions: synthesis and annealing in fume hood, drying at 110°C,
glass substrate.
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Figure S14. Effect of substrate on PL. Time evolution of the in situ PL signal following the
a, Pbl; ¢, PbAc,; e, PbCly-routes to form MAPDI; films on FTO/SnO, versus glass substrate
(b, Pbl,; d, PbAc,; f, PbCl,-routes). Experimental conditions: synthesis and annealing in fume
hood, drying at 110°C.

In supplemental Figure S14 we show PL during drying of the three different Pb-routes spin
coated onto glass versus FTO/SnO, coated glass. Due to the PL quenching on FTO/SnO,
substrate we used a 10 x higher illumination intensity (~300 mW/cm?) and found again a AE
shift and appearance of two PL intensity maxima with very similar kinetics. Despite
competing mechanisms of evolving/increasing luminescence signal caused by the formation
of semiconducting phases and PL quenching due to electron injection into SnO, (presumably
this requires sufficient charge transport, in other words charge percolation via coalesced
grains such that generated charge can reach the contact interface) the film formation kinetics
seem invariant if glass or FTO/SnQO, is used as substrate.
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Figure S15. Effect of substrate on diffraction patterns. Time evolution of the in situ
diffraction signal following the a, Pbl,; ¢, PbAc,; and e, PbCl,-routes to form MAPDI; films
on FTO/SnO, versus glass substrates (b, Pbl,; d, PbAc,; f, PbCl,-routes). Experimental
conditions: synthesis and annealing in synchrotron hutch (ALS beamline 12.3.2), drying at
110°C.

In order to evaluate the influence of the substrate on crystallization, we also performed the
in situ synchrotron diffraction measurements on FTO/SnO, coated glass substrates
(Supplemental Fig. 14). All Pb-routes show the same precursor phases on FTO/SnO,
substrates as previously described on glass substrates. Similarly, the kinetics of perovskite
evolution are independent of the substrate in case of the Pbl,/PbAc, routes but are faster
following the PbCl, route where precursor phases disappear after ~500 s (after ~1200 s on
glass substrate) and perovskite phase is present after ~150 s (~400 s on glass substrate).
Possibly, the precursor phase P2 is less stable on SnO, substrate than on glass substrate.

43



25 25 25
_ PCE=2.0% _ PCE=2.0% _ PCE=2.4%
=l Jo = 1084 mAjen’ el Je=121emAfen’ el J =110 mAjen’
= Vo =054 = V=049 = Vo= 0Ly
=5l FF=3333% =5l FF=3023% =5l FF=30924%
0 10 11 T 06 L1 L2 Te 12
d Voltage (V) e Voltage (V) f Voltage (V)
25 15 15
PCE=83% PCE=82% PCE=65%
ol Jye= 1948 mAjen? | Joe = 1886 mAjcn’ ol Jse = Lb4dmAjen’
= U, = 08090 = V=086 = V=082
=l FF=52674% = FF=50.60% = FF=43.28%
21 zn o
S S . S
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
g Voltage (V) h Voltage (V) ' Voltage (V)
v PCE=00% 1 PE=11% b PCE=00%
= ol Jo =320 mhlen’ J, = 1194 mAlen? e alb Jo = 19.6TmAlen?
= Vo =000 (I RIR = Vo =082
=5l FF=4140% FF=40.92% E FFo=60.74%
S ut s n
S =R
b L b 0 L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V) Voltage (V) Voltage (V)

Figure S16. MAPbDI; device performances after different annealing times. a-c, Pbl,-route
with a 10s, b 30s and ¢ 300s annealing time; d-f, PbAc,-route with d 10s, e 30s and f 300s
annealing time; and g-i, PbCl,-route with g 1800s, h 2700s and i 3600s annealing time at
110°C in ambient condition.
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