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Itis well established that the lack of understanding the crystallization process in a two-step sequential deposition
has a direct impact on efficiency, stability, and reproducibility of perovskite solar cells. Here, we try to understand
the solid-solid phase transition occurring during the two-step sequential deposition of methylammonium lead
iodide and formamidinium lead iodide. Using metadynamics, x-ray diffraction, and Raman spectroscopy, we reveal
the microscopic details of this process. We find that the formation of perovskite proceeds through intermediate
structures and report polymorphs found for methylammonium lead iodide and formamidinium lead iodide. From
simulations, we discover a possible crystallization pathway for the highly efficient metastable o phase of forma-
midinium lead iodide. Guided by these simulations, we perform experiments that result in the low-temperature

crystallization of phase-pure a-formamidinium lead iodide.

INTRODUCTION

The perovskite solar cell (PSC) is one of the most promising and
cheap photovoltaic technologies (1). However, their widespread
application is made difficult by a number of technological problems
related to their long-term stability and processability.

Two-step deposition (2) is one of the main experimental techniques
used to fabricate highly efficient and stable PSCs (3, 4). In this process,
lead iodide (PbL,) is first deposited and then converted to perovskite by
adding halide salts of monovalent cations such as methylammonium
iodide (MAI) and formamidinium iodide (FAI) (5). This process
offers several advantages for the industrial-scale fabrication (6-8) of
larger modules over the single-step spin-coating technology, which
is limited to smaller devices. However, when scaling up, maintaining
reproducible high performances and long-term stability is difficult.
These problems arise mainly from the lack of control over the fabri-
cation process (9, 10). Therefore, it is essential to understand at the
atomic level the mechanism of halide perovskite crystallization.

Among the several perovskites of interest, we study here the
two-step fabrication of methylammonium lead iodide (MAPbI3)
and formamidinium lead iodide (FAPbI3). The former is a well-
studied system on which many experiments have been performed.
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The latter FAPDI3, is a compound that, in its a-FAPbI; polymorph,
has several attractive features like a ~1.45-eV bandgap, high-charge
carrier mobility, and superior thermal stability. The practical appli-
cation of a-FAPbI; has been hampered by the fact that the o phase
is metastable and that the thermodynamic phase transition requires
high temperatures at ~150°C. The main result of this paper is the
discovery of a low-temperature pathway to the fabrication of
0-FAPDI;. This has been made possible by a combined experimen-
tal and theoretical effort that has uncovered the microscopic details
of the crystallization process.

Previous experimental research (11-20) on MAPbI; has revealed
that the two-step process occurs via intercalation of the MA™ cations
in the Pbl, layers followed by a transformation to the perovskite
structure via intermediate phases. However, these experiments could
not resolve the nature of intermediate phases nor elucidate the under-
lying atomistic mechanism. To fill in the details that experiments
cannot resolve and obtain an understanding of the microscopic
transformation mechanism, we have performed a molecular dynam-
ics (MD) investigation. Because the time scale involved in the fab-
rication process is too large, we have made use of an enhanced
sampling technique. In particular, we have used well-tempered
metadynamics (WTMetaD) (21). This method allows simulating
processes that take place on an extended time scale with affordable
computing resources.

We started by an experimental characterization of MAPbI; via
Raman scattering. These experiments provided additional evidence
that the picture of the initial intercalation followed by a sequence of
intermediates states is correct. We then performed WTMetaD sim-
ulations and found that transformation from the intercalated initial
structure to the final perovskite arrangement takes place via a
sequence of intermediates. These theoretical results are in line with
present and past experiments (22-26).

The highly satisfactory agreement between theory and experi-
ments in the case of MAPbI; encouraged us to theoretically investi-
gate whether a similar process was operational also for the much
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less studied o-FAPbI;. This time, we started from simulations and
indeed discovered that a two-step process is possible at lower tem-
peratures. This was then followed by a series of in situ x-ray and
thin-film experiments that confirmed the outcome of the simula-
tions and enabled the low-temperature formation of phase-pure
a-FAPDI; thin films.

RESULTS

Raman spectroscopy

We start with the Raman spectroscopy for monitoring the progress
of MAPbI; formation in the sequential deposition reaction. All the
Raman spectra are shown in Fig. 1. The details are discussed in
Methods. Now, we take a closer look at the peaks at 140 and
143 cm™, which are associated with the rotational motion of the
methylammonium ion in MAPbI; (20). We find that intercalation
of the MA" ions into the lattice causes the appearance of the peak at
140 cm™! at early stages of the reaction (Fig. 1B, 15 s), which then
shifts toward 143 cm ™ around 30 s while growing in intensity. The
signal disappears and broadens at room temperature, as expected
for the perovskite structure (27), as the reaction progresses to com-
pletion (see data for 75 s and 6 min). These results are highly consist-
ent with the report by Jain et al. (20) who also ascribe these
changes to the consumption of Pbl; and the progress of MAI inter-
calation. These findings suggest the intercalation of MA" into the
Pbl, lattice and the associated structural reorganization that lastly
results in the formation of the MAPbI; perovskite in the sequential
deposition reaction.

WTMetaD simulations

From the abovementioned experimental findings, we start from the
plausible hypothesis that monovalent cations (MA") intercalate be-
tween the edge-sharing layers of Pb-I octahedra in Pbl, (Fig. 2A)
and form a quasi-two dimensionally (2D) layered structure, which
is similar to the post-perovskite structure (28). We manually con-
struct such a structure by placing MA™ ions in between the layers of
Pbl, (Fig. 2B). The remaining iodide (I") from MAI is placed on the
Pb-I octahedra to have a final charge-neutral layered MAPbI; struc-
ture. This model is based on experimentally reported intercalated
PbI, structures (29, 30). We verify the stability of this structure by
carrying out a variable cell enthalpic optimization with both classical
MD simulations and density functional theory (DFT) calculation.
From both techniques, we find that the structure shown in Fig. 2B is
stable. Details are presented in Methods. Furthermore, we calculate
the powder diffraction pattern of the DFT-relaxed intercalated struc-
ture. We find that the first peak of PbI, at ~12.7° shifts to ~11.4° for
the intercalated structure; see fig. S1. This observation is consistent
with the previously reported x-ray diffraction (XRD) experiments
on two-step deposition (31).

We proceed with the WTMetaD simulations of the transforma-
tion of the intercalated MAPDI; to the perovskite. We prepare two
different size supercells of the intercalated structure with 32 and 108
formula units of MAPbI3, respectively. With these supercells, we
perform WTMetaD simulations as outlined in Methods. These sim-
ulations are done at different temperatures ranging from 300 to 420 K,
corresponding to typical experimental conditions. For both super-
cells, we successfully observe the transformation of the starting quasi-
2D layered intermediate structure to the 3D corner-sharing perovskite
(atomistic views of both simulations are shown in movies S1 and
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S2). Because we observe a similar transformation mechanism in
both cases, we only present the results for the larger supercell, while
the results for the smaller system are given in the Supplementary
Materials. We find that the phase transition from quasi-2D to 3D
perovskite proceeds through distinct intermediary structures as shown
in Fig. 2, B to E. This observation can be explained by Ostwald’s step
rule, which states that metastable structures are formed as interme-
diate phases before the formation of the thermodynamically stable
phase. We also compute the free energy profile to demonstrate the
metastability of these intermediates as compared to final perovskite.
This is shown in figs. S2 and S3. From these figures and movies, one
can see that the intermediate phases are formed by rotating the Pblg
octahedra over the planes of Pbl, (along the axis of the Pb-Pb edge-
shared octahedra). This is a general pathway to the formation of
intermediate structures. In the larger supercell, more Pbls octahedra
are required to rotate for complete formation of the perovskite
structure, which leads to formation of more intermediate phases.
We quantify this with the evolution of the first peak (¢ ~ 10 nm™"
corresponding to 20 = 14.1°) of the Debye structure factor (Spp;) of
Pb*" ions in cubic perovskites, detailed in Methods. Figure 3 shows
the evolution of Spy,; for the larger supercell, while results for the
smaller supercell are shown in fig. S4.

Moreover, we further explore the free energy landscape and find
a variety of different polymorphic structures. We outline all of the
observed phases in fig. S5. By performing variable cell enthalpic op-
timization with DFT, we find that all of the structures are stable; see
the Supplementary Materials. This polymorphic behavior in halide
perovskites is related to the existing polytypism in Pbl, (32, 33),
which also gives rise to these intermediates in crystallization. Many
of these polymorphs have a high probability of forming during crys-
tallization of other halide perovskite systems, and some of these
structures have been already identified experimentally (22-25).

Encouraged by the results for MAPbI;, we proceed to study the
phase transition of FAPbI;. Here, the main practical challenge is to
find the possible pathways for crystallization of the pure samples of
the photoactive o phase. We attempt to solve this problem by first
performing simulations and then experiments based on insights from
the simulations. We carry out simulations similar to the above-
reported approach for MAPbI;. First, we construct a quasi-2D Pbl,
structure intercalated with FA*, similar to the structure in Fig. 2B. We
depict this structure in fig. S13B. We perform WTMetaD simula-
tions of two different size supercells of FAPbI3; again, as in the case
of MAPDbI;, in both cases, we successfully observe the phase transi-
tion to the perovskite structure of FAPbI;; see fig. S6. An atomic
view of this phase transition is shown in movies S3 and S4. This
simulation reveals a direct path (from the intercalated Pbl,) to the
formation of the metastable phase of a-FAPbI; without the need for
a high temperature-induced transformation via the 8 phase. In par-
ticular, our findings suggest that a-FAPbI; can be formed at lower
temperatures from an initial quasi-2D structure.

X-ray experiments

Now, we test our simulation results against the experiments. First,
we perform ex situ sequential deposition experiments on MAPbI;
and take XRD measurements at different reaction times; see Meth-
ods for details. The XRD spectra of these samples and an unreacted
control sample of Pbl, are shown in fig. S7A. During the initial sec-
onds, we observe a sharpening and narrowing of the (001) peak
as the crystallinity of the Pbl, increases (34-36). As the reaction
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Fig. 1. Raman spectra monitoring the progress of MAPbI; formation in the sequential deposition reaction. (A) Control measurements of the alumina scaffold on
glass substrate and the unreacted Pbl, film. (B) Samples reacted in MAI solution (5 mg/ml) after 8, 15, 20, 30, and 45 s. (C) Samples reacted in MAI solution (5 mg/ml) after
60, 75, and 120 s and 6 min. a.u., arbitrary units.

progresses, the peak becomes less sharp. We further analyzed this
process computationally. First, we construct models with different
size supercells of Pbl, with an increasing number of layers in the
(001) direction, depicted in fig. S8. We then compute the XRD spec-
tra of these supercells, shown in fig. S9, and compare them with the
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experimental XRD spectra from fig. S7B. We find that, during the
initial seconds of the dipping, layers of edge-sharing Pbls octahedra
stack over each other in the (001) direction of crystalline Pbl,. We
attribute this fact to intercalation commencing before the forma-
tion of MAPbI;.
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quasi-2D to 3D.

We further examine our simulations by performing in situ graz-
ing incidence wide-angle x-ray scattering (GIWAXS) experiments
(37) on sequential deposition; see Methods for details. We highlight
the fact that these experiments are performed at room temperature.
Figure 4A shows the GIWAXS data from the pure Pbl, layer. Fig-
ure 4 (B and C) shows such a film during the two-step conversion to
MAPDI; (Fig. 4B) and FAPbI; (Fig. 4C) after ~5 s of application of
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the solvent. At the beginning of the reaction, we find, in both sam-
ples, a very broad feature at g ~0.6 to 0.9 A" (broken cyan), which
could be assigned to a disordered intercalated phase. This can be
also explained with the above-discussed calculations of layered cal-
culations. As the reaction proceeds, we observe the partial conver-
sion of Pbl, to the respective perovskite structures; see the presence
of Bragg reflection of a-FAPDI; (Fig. 4C) at room temperature. This
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Fig. 4. GIWAXS spectra. (A) is pure Pbl,, (B) is during conversion to MAPblI; (after 5 s),
and (C) is during transformation to FAPblI; (after 55s). In (B) and (C), both pure Pbl;
and the MAPbI; and FAPbI; scattering features are marked by dotted lines. An
additional broad feature is at g ~ 0.6 to 0.9 A~ (broken cyan).

provides substantial proof for our simulation results. We take an
additional step and directly perform thin-film experiments at room
temperature. First, we deposit a layer of Pbl, and directly dip it in
FAI solution; see movie S5. XRD measurements on this film (fig.
S10) show that Pbl, is partially converted to a-FAPbI;. We expect
this from insufficient diffusion of large FA* cations in a highly com-
pact Pbl, film. We design a computational experiment to explain
this observation. We remove parts of FAI from the FAI-intercalated
Pbl, and perform DFT-based variable cell enthalpic relaxation of
this structure. We observe that FAI-removed pieces of intercalated
structure turn into face-sharing Pb-I octahedra, thus forming char-
acteristic motives of the 8-FAPbI;. We depict this whole process in
fig. S11.

We further scrutinize our simulations and compare the orienta-
tional changes in the metadynamics trajectory with in situ GIWAXS
data. During the initial stage of the phase transition from PbI; to
perovskite structure, GIWAXS experimental results presented in

Ahlawat et al., Sci. Adv. 2021; 7 : eabe3326 23 April 2021

Fig. 4 and fig. S12 (38) show that the first perovskite Bragg reflec-
tion (001 in cubic notation, 002/110 in tetragonal notation) is ori-
ented at a polar angle of ~35°, defining 0° as the horizontal plane
direction of 001-Pbl,. This orientation corresponds to the 111 plane
(cubic notation) being parallel to the substrate plane. Similar to
these experiments, we calculate the initial orientation of perovskite
structure in our simulations. We take 0° as the horizontal plane
direction of the 001-Pbl,—intercalated structure. We find a similar tilt
of ~35° of the 001 plane. A pictorial representation of this whole
process is shown in figs. S13 and S14. We conclude that our simula-
tions are consistent with experimental observations, because the
orientational changes of the structure during the crystallization are
well reproduced.

Thin-film experiments on formation of phase-pure a-FAPbI;
In this section, we aim to use the above-presented insights to make
phase-pure thin films of a-FAPbI;. On the basis of the intercalation
of monovalent cations, we expect that the formation of FAPbI;
would strongly depend on the microstructure of initially deposited
PbI, thin films. To understand this effect, we design three different
experiments with tailored crystallinity and porosity of Pbl,. Experi-
mental details are provided in Methods. Figure 5 (A to C) shows the
scanning electron microscopy (SEM) images of the three Pbl, films,
showing the top-view surface morphologies. The porosity of these
films is in an increasing order from first to third. From Fig. 5C, one
can see that the third film is highly porous compared to the others.
Next, we use only FAI and perform an identical sequential deposi-
tion procedure for their conversion to FAbI;; see experimental
details in Methods. Figure 5 (D to F) shows the XRD patterns of the
final FAPDI; films. We observe the formation of cubic(a) phase of
FAPDI; in all cases. However, we find that the substantial amounts
of unconverted Pbl, are present in the first two cases (Fig. 5, D and E),
whereas conversion to FAPbI; from a highly porous film (the third
case) does not contain any detectable amount of Pbl, and 3-FAPbI;,
evident from Fig. 5F. From these experiments, we conclude that a
highly porous thin film of Pbl; leads to the formation of a kinetically
stable (see fig. S15) phase-pure a-FAPbI;.

DISCUSSION

We point out that the phase transition from a quasi-2D to 3D per-
ovskite structure via rotation of Pbls octahedra is a general pathway
to form the perovskite structure. This theoretical result can be useful
as such a quasi-2D phase can be tailored with additives to synthesize
high-quality and stable a-FAPbI;. One example is anion additives
such as chloride, which is widely known to modify the crystalliza-
tion process and has become a commonly used additive to make
high efficiency o-FAPbI3-based solar cells. Recent XRD (39) and
cryo-electron microscopy (40) experiments have shown that chlo-
ride induces a quasi-2D-like intermediate phase that can help in the
nucleation of 0-FAPbI;. Therefore, the current theoretical approach
presented here can be applied to unravel the effects of different ad-
ditives. Moreover, the reverse phase transition from 3D to quasi-2D
might also be present during degradation leading to Pbl,.

Conclusions

By using WTMetaD, we explore the phase transition paths in the
two-step deposition of halide perovskites. Combining simulations
and experiments, we reveal the intricate details of the phase
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Fig. 5. Thin-film experiments of sequential deposition of FAPDbIs. (A) to (C) are the SEM images showing the surface topography, and (D) to (E) are the corresponding

XRD spectra of thin films before and after conversion to FAPblIs.

transition of MAPbI; and FAPbI;. We find a low-temperature crys-
tallization pathway for the a-FAPbI;. Our combined experimental
and simulation study will help in designing better industrial-scale
processing techniques for MAPbI; and FAPbI;. In the end, we point
out that other Raman studies (30, 41) have also demonstrated the
Pbl, intercalation with other organic molecules such as ammonia,
ethylamine (C,HsNH;), butylamine (C4H9NH;), and even larger
ones such as cyclohexenyl ethyl ammonium (C¢HoC,H4;NH;").
Therefore, our combined experimental and simulations study can
be extended to study the formation of other systems such as lower-
dimensional (2D) perovskites as well.

METHODS

We use a fixed point charge model for MAPbI; (42) with a 1.0-nm
cutoff for nonbonded interactions. We take the Pbl, parameters from
this force field and prepare the force fields for FAPbI; by mixing rules.
In variable cell isothermal-isobaric simulations, this force field gives

Ahlawat et al., Sci. Adv. 2021; 7 : eabe3326 23 April 2021

stable hexagonal (3) and cubic (o) and can also reproduce all other
experimentally known 4H and 6H polytypes of FAPbI;. Electrostatics
are treated with the particle-particle particle-mesh Ewald method,
and the SHAKE algorithm (43) is used to constrain covalent bonds
to hydrogen. All systems are simulated with the Large-scale Atomic/
Molecular Massively Parallel Simulator code (31 March 2017) (44).
We first minimize all systems with a conjugate gradient algorithm,
keeping a tolerance of maximum force of 10”” kcal/molA. After
minimization, we perform a 100-ps NV T equilibration run. All pro-
duction run simulations presented in this work were carried out in
the isothermal-isobaric ensemble with a velocity rescaling thermo-
stat (45) of 0.1-ps relaxation time and a Parrinello-Rahman barostat
(46). Al WTMetaD simulations are performed with PLUMED 2.4 (47).

DFT calculations

We use Quantum ESPRESSO (48) for geometry optimization with
a generalized gradient approximation to Kohn-Sham DFT, namely,
the Perdew-Burke-Ernzerhof functional (49) with Grimme D3 (50)
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dispersion corrections for van der Waals interactions. In all DFT cal-
culations, we use ultrasoft pseudo-potentials with a plane wave basis
set of 60-Rydberg (Ry) kinetic energy cutoff for the wave functions
and a 480-Ry density cutoff. All structure files are reported in the
Supplementary Materials. To estimate the energy barrier between
8-FAPbI; and a-FAPbI;, we first explore a path between these two
phases by performing classical MD simulations at different tempera-
tures and pressures. An atomistic movie of this phase transition is
shown in movie S6. For estimating the energy barrier, we perform
DFT calculations along the path shown in movie S6 and fig. S15.

Collective variables

In this study, we use an experimentally measurable quantity, the
structure factor (51) as a collective variable (CV). In particular, we
use the Debye form (52) of structure factor [S(g)]

N N si .
L1 sin(gr)

In this equation, the sum is done over neighbors of atom i, which
are contained in a sphere of radius r.. As previously done, we have
added a damping function to remove the termination effects from a
finite cutoff. Further details are provided in (51). Contrary to previ-
ous applications, perovskites are multicomponent systems. To deal
with this, we use a linear combination of the first two peaks of the
structure factors of individual species Pb** and MA*, as shown in
fig. $16. We design this CV on the basis of two main factors: (i) Pb**
are the heaviest atoms and contribute most to XRD spectra; and (ii)
our previous simulations (53) have revealed that the monovalent
cations (MA* and FA") play an important role in the crystallization
process of halide perovskite. Furthermore, these are also the peaks
that are assigned to identify perovskite formation in GIWAXS
experiments; see Fig. 4. We represent the MA" and FA" cations with
the center of C—N bond similar to our previous study (53)

CV = Spp1 + Spbz + Sma1 + Smaz (2)

We use this CV to perform the phase transition from the quasi-
2D phase to 3D perovskite. In this study, we have focused on the
phase transition of halide perovskites. A similar methodology can
also be used to study the phase transitions in many other perovskites
systems such as MgSiOj3 (54), which is important for earth seismic
activities and perovskite solid electrolytes that are promising mate-
rials for next-generation Li* ion solid-state batteries (55).

In situ GIWAXS experiments

X-ray scattering experiments were done at beamline ID10 of the
European Synchrotron Radiation Facility with a photon energy of
22 keV under nitrogen atmosphere. The beam size was 20 um in
vertical direction and 120 pm in horizontal direction. GIWAXS data
were measured with a PILATUS 300K (487 x 619 pixels; pixel size:
0.172 mm) with a sample detector distance of 472 mm under an
angle of incidence of 0.14°. Integration times for each image were
2 s. All images were transformed from angular space to q-space and
corrected for refraction effects.

FAPbI; thin-film experiments

Substrate preparation

Fluorine-doped tin oxide (FTO) glass substrates (TCO glass, NSG 10,
Nippon sheet glass, Japan) were cleaned by ultrasonication in
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Hellmanex (2%, deionized water), rinsed thoroughly with deionized
water and ethanol, and then treated in oxygen plasma for 15 min. A
30-nm blocking layer (TiO,) was deposited on the cleaned FTO by
spray pyrolysis at 450°C using a commercial titanium diisopropoxide
bis(acetylacetonate) solution (75% in 2-propanol; Sigma-Aldrich)
diluted in anhydrous ethanol (1:9 volume ratio) as a precursor and
oxygen as a carrier gas. A mesoporous TiO, layer was deposited by
spin-coating a diluted paste in ethanol (1:8.5 weight ratio) (Dyesol
30NRD:ethanol) (3000 rpm; acceleration, 2000 rpm for 20 s) onto
the substrate containing a TiO, compact layer and then sintered at
450°C for 30 min in dry air.

Fabrication of perovskite films

Two stock solutions of 1.15 M Pbl, were dissolved in 1 ml of
N,N’-dimethylformamide (DMF) and DMF/dimethyl sulfoxide
(DMSO) (1 ml of DMF and 100 ul of DMSO), respectively, and then
stirred at 70°C for 12 hours. Next, these solutions were spin-coated
on FTO/c-TiO,/meso-TiO; substrate at 4000 rpm for 45 s and then
heated at 80°C for 3 to 5 min to remove the solvents. After cooling
down, the FAI (60 mg) dissolved in 1 ml of isopropyl alcohol (IPA)
was spin-coated on top of the Pbl, whether the one dissolved in
DMF or DMF/DMSO at 2500 rpm for 45 s followed by annealing at
80°C for 40 min. In case of the effect of DMF/DMSO with IPA, first,
after cooling down the substrate (Pbl, dissolved in DMF/DMSO),
IPA solution was held on the substrate for 1 min without any further
post-annealing, and after that, the film was spin-coated at 4000 rpm
for 45 s (56, 57). Next, the FAI was spin-coated at 2500 rpm for 45 s
followed by annealing at 80°C for 40 min.

Dipping experiments on FAPbI;

For FAPbI; samples, 1.3 M Pbl, solution (DMF:DMSO = 9:1) was
spin-coated at a speed of 2000 rpm/min for 30 s. Then, the Pbl,
layer was annealed at 70°C for 1 min. After that, the Pbl, layer was
dipped inside an IPA solution of FAI (20 mg/ml).

Experiments on MAPbI3

MAPbI; samples were prepared first by depositing a PbI, layer
directly on glass substrates for the XRD measurements. Samples used
for the Raman spectroscopy were made on glass with a mesoporous
layer of 23-nm particles of alumina on them. A 1.3 M Pbl, solution
in DMF was spin-coated, and the film was then heated at 70°C for
10 min. This was followed by the reaction with 5 mg/ml MAI in IPA
at room temperature, where the sample was dipped in the solution
for different periods of time. The final steps were washing in pure
IPA to halt the reaction and heating at 70°C for 10 min.

XRD measurements

XRD data are measured in the Bragg-Brentano geometry using a
Bruker D8 Advance powder x-ray diffractometer. The setup has
Cu Ko (A = 1.54 A) radiation and operates in reflection, theta-theta
mode (fixed sample) with a 2D strip detector. A beam mask of 1 cm
was chosen to suitably irradiate the films being measured. A step
size of 0.01° was used for measurement, and time per step was 0.15s.
XRD spectra for MAPbI; are shown in fig. S7 and that for FAPbI;
are presented in fig. S10.

Raman spectroscopy

Raman spectroscopy was conducted on a HORIBA LabRAM HR
Raman spectrometer. A 532-nm green laser was used for excitation.
The focal spot size was about 10 um using a 50x long working-
distance objective. Previous reports (58) have demonstrated the
degradation of the perovskite into Pbl, under high laser intensities.
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A neutral density filter (optical density, 3.0) was used to attenuate
the laser intensity to avoid damage to the sample.

Raman spectra were collected for monitoring the progress of
MAPbI; formation in the sequential deposition reaction. Figure 1A
shows spectra for control samples of the alumina scaffold on the
glass substrate and an unreacted Pbl, film. Figure 1B shows spectra
for samples that reacted in MAI solution (5 mg/ml) for 8, 15, 20, 30,
and 45 s, while Fig. 1C shows those for samples reacted for 60, 75,
and 120 s and 6 min.

Figure 1A shows that the control measurement on the substrate
shows no peaks in the range of interest, so its contribution to the
Raman signal in the rest of the measurements can be neglected
under similar measurement conditions. The 2H polytype of Pbl,
has only three atoms in each unit cell, giving rise to 9° of vibrational
motion. The spectrum for the unreacted Pbl, sample shows that
peaks at 72 cm ™ (a doubly degenerate Egband) and 94 cm™ (asym-
metric stretch Aj,) due to the shearing motion of two iodine layers
are present as expected. Additional peaks expected for Pbl, nano-
particles are detected at 84 and 108 cm ™. Peaks that are double in
energy of 72, 84, 94, and 108 cm ™" absorptions are also observed at
142, 164, 178, and 216 cm ™" and attributed to the overtones of the
fundamentals (59).

Now, we discuss the Raman spectra of samples reacted with MAIL
These samples are first expected to show indications of the interca-
lation of the methylammonium ion into the Pbl, lattice as discussed
in the XRD results, followed by structural reorganization to form
the perovskite. In the Raman spectra for the hybrid perovskite of
interest, because of the considerable difference in mass between the
organic and inorganic constituents, the spectral features at different
energies are associated with different dynamic processes in the per-
ovskite lattice. The features observed at energies below 200 cm™" are
ascribed to a combination of Pb-I cage modes and the associated
coupled motion of the MA* ions. Those signals above 200 cm™ are
assigned to the molecular vibrations of the cations (27). However, in
the data shown in Fig. 1C, for a sample reacted for 6 min, consisting
of fully reacted perovskite in the tetragonal phase, very few features
are distinguishable as anticipated at room temperature (27). Never-
theless, the dataset consisting of the remaining samples shows inter-
esting changes, particularly at energies below 200 cm ™', as the
formation of perovskite progresses.

Figure 1B shows the intensification of the peak at 79 cm™ cor-
responding to the perturbed asymmetric breathing mode of a
(MAPDI3), cluster with reaction time (20). It also shows a sharp
peak at 84 cm™" at 30 s, which weakens at 45 s, while the peak at
94 cm™! strengthens as the reaction progresses beyond this point.
From DFT calculations reported in the literature (20), the former
can be assigned to the symmetric breathing mode of the Pblg octa-
hedra and the latter to the perturbed symmetric breathing mode of
a (MAPDI3), cluster. These peaks, particularly the Pb-I breathing
mode at 94 cm™', vanish as the perovskite formation reaction pro-
gresses (Fig. 1C; see data for 75 and 120 s and 6 min).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabe3326/DC1
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