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ABSTRACT: A delicate control of the stoichiometry, crystallographic
phase, and grain structure of the photoactive material is typically
required to fabricate high-performance photovoltaic (PV) devices.
Organo-metal halide perovskite materials, however, exhibit a large
degree of tolerance in synthesis and can be fabricated into high
efficiency devices by a variety of different vacuum and solution-based
processes, with a wide range of precursor ratios. This suggests that the
phase field for the desired material is wider than expected or that high 0
device efficiency may be achieved with a range of phases. Here, we
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investigate the structural and optical properties of the materials formed

when a range of compositions of methylammonium iodide (MAI) and lead iodide (Pbl,) were reacted at temperatures from 40
to 190 °C. The reactions were performed according to a commonly employed synthetic approach for high efficiency PV devices,
and the data was analyzed to construct a pseudobinary, temperature-dependent, phase-composition processing diagram. Escape
of MAI vapor at the highest temperatures (150—190 °C) enabled a Pbl, phase to persist to very high MAI concentrations, and
the processing diagram was not representative of phase equilibrium in this range. Data from reactions performed with a fixed
vapor pressure of MAI allowed the high temperature portion of the diagram to be corrected and a near-equilibrium phase
diagram to be proposed. The perovskite phase field is wider than previously thought under both processing conditions and
extended by the existence of stacked perovskite sheet phases. Several aspects of the diagrams clarify why the organo-halide

perovskite materials are compatible with solution processing.

B INTRODUCTION

Over the past few years, solid-state hybrid solar cells based on
perovskite organometal halides, i.e., CH;NH;PbX; (X = I, Br,
or Cl), have attracted substantial attention due to very rapid
progress and photovoltaic conversion efficiencies exceeding
20%."” A number of approaches have been developed to
fabricate perovskite solar cells with high energy conversion
efficiency,> ® and the wide range of vacuum-based and
solution-based approaches that are successful indicates that
desired compositions and phases can be easily reached.
However, despite a rapidly expanding literature that updates
device performance advances, several important fundamental
questions regarding the material structures and properties have
not been addressed. Clearly, high-performance perovskite
devices can be fabricated through the empirical optimization
of various preparation pathways, but the complexity of the film
formation dynamics suggest that further advances would be
enabled by the development of rational synthetic guidelines. In
particular, with a long-term goal of scaling-up the materials
synthesis to enable fabrication of large area devices and
modules, a systematic study of the impact of processing
temperature and composition on the formation of organo-metal
halide perovskites would be useful. Currently, such a study does
not exist.

-4 ACS Publications  © 2015 American Chemical Society

4612

To address this need, we have performed a comprehensive
study of the reaction of methylammonium iodide (MAI) and
lead iodide (Pbl,), which are the two components used in the
synthesis of a prototypical perovskite material used for
photovoltaics (PV), methylammonium lead iodide (MAPbL;).
To probe the phase space, experiments were designed to
examine the reaction of specific, known molar ratios of MAI to
Pbl,. Fourteen different molar ratios of the components were
prepared by dissolving the components in N,N-dimethlylfor-
mamide (DMF), and films were formed by spinning aliquots of
the solutions onto a 50 nm compact TiO, layer that was
prepared on soda-lime glass substrates (see Experimental
Section). Each sample composition was specified in terms of
the mole fraction of MAI in the mixture (Xy;), and Xpgu was
varied between 0 and 1:

Xniar = Myiar/ (myar + nPblz)

Films were rapidly heated to the reaction temperature (40 to
190 °C) by placement on a preheated hot plate in a nitrogen
glovebox and allowed to react for 30 min. After cooling to room
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temperature, the properties of the films were examined by X-ray
diffraction (XRD), optical absorbance (OA) spectroscopy,
scanning electron microscopy (SEM), and energy-dispersive X-
ray spectroscopy (EDS). The spin-coating method has led to
high efficiency PV devices®” ' and was chosen for this study
to provide a homogeneous mixture of the two precursors with a
well-controlled stoichiometry in a thin film form. The thin-film
configuration enables rapid heat transfer and allows the phase
transition study to be done on a relatively short time scale
(samples were ~300 nm thick, as determined by profilometry).
Experiments confirmed that 30 min was sufficient to allow
complete reaction in the thin-film samples. Longer annealing
times at temperatures below 150 °C produced no significant
changes in the data, indicating near equilibrium conditions. At
higher temperatures, however, MAI was lost from the film. To
study the perovskite phase behavior under conditions close to
equilibrium in this temperature range, additional data were
collected from samples that were reacted in a sealed graphite
box with excess MAI Note that our results are expected to be
similar to reactions of MAI and Pbl, in thicker films prepared
by other means, including evaporation, though longer reaction
times may be required.

B RESULTS AND DISCUSSION

To experimentally obtain XRD data for the phases expected to
be dominant in the study, we prepared samples with Xy;y; = O,
0.5, and 1 and reacted the samples for 30 min at 80 °C. Figure
la shows the XRD data for the Pbl, (Xys = 0), stoichiometric
MAPbI; (Xya1 = 0.5), and pure MAI (Xy = 1). The primary
feature in the XRD spectra of the spin-coated Pbl, (Xy, = 0) is
from the hexagonal 2H polytype,* with a strong diffraction from
the (001) planes at 26 = 12.6° (d ~ 6.95 A). In contrast, the
pure MAI (Xp;z; = 1) phase is in the tetragonal rock salt phase
(space group P4/nmm). Major features in the spectrum include
diffraction peaks at 26 = 9.84°, 19.74°, and 29.79°, which
correspond to diffractions from (001), (002), and (003)
planes,'’ respectively. The XRD spectrum of the samples
prepared with Xy, = 0.5 should correspond to MAPDI;
perovskite. In this case, a dominant diffraction peak from
(110) planes of the tetragonal I4/mcm phase (f phase) is
observed at 20 = 14.08° (d ~ 6.26 A), with minor peaks at 20 =
28.36° 31.76° and 43.08° due to (220), (310), and (330)
diffractions, respectively. In this § phase, the ¢ axis is slightly
elongated due to the polar organic CH;NH;" cation and
multiple twinning in comparison to the cubic Pm-3m structure
adopted by inorganic perovskites such as CsPbl;.'> Above 60
°C, the degree of distortion in the unit cell is reduced and a
second tetragonal P4mm phase (a phase) becomes domi-
nant.">”"® This phase as well as the very similar cubic Pm-3m
have both been referred to as the a phase'>™"* because the c-
axis distortion is very small (0.05 A) and difficult to resolve."”
The quasi-cubic a and tetragonal f phases have very similar
structures due to a small difference in energy for the
configurations, and only the minor diffraction from the (211)
planes at 26 = 23.5° can be used to distinguish between them."*
The a phase can be observed by heating samples for a long
time to improve the crystallinity and rapidly reduce the
temperature by quenching in an ice bath prior to XRD analysis
(Supporting Information). However, for ease of experimenta-
tion, this was not done routinely. For construction of the
processing diagram and proposed phase diagram (vide infra),
we simply used the fact that the a phase is stable above 60 °C
after verifying the literature reports for Xy, = 0.5. As for the
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Figure 1. (a) X-ray diffraction and (b) optical absorbance spectra of
pure phases of spin-coated Pbl,, MAPbI;, and MALI (c) XRD contour
plot of the room-temperature XRD mapping and (d) optical
absorbance spectra of the spin-coated MAPbI; (X, = 0.5) material
as a function of reaction temperature. (e) SEM image of the Xy, = 0.5
material reacted at 100 °C. (f) Grain size in the X5, = 0.5 perovskite
films as a function of reaction temperature.

reactants, MAI does form a premelting state called an ionic
plastic phase at 148 °C (Supporting Information) prior to
becoming amorphous at 170 °C,'® but this is not of significance
to our study. Also, no structural phase transformations are
known for pure Pbl, in the temperature range we examined.
Turning to the OA data, Figure 1b shows a relatively
featureless optical absorption spectrum for pure MAI (Xy =
1) as expected for a wide bandgap halide salt. On the other
hand, the spectrum for Pbl, (Xya = 0) shows strong
absorption at wavelengths shorter than 520 nm consistent
with the relported direct bandgap of ~2.4 eV at room
temperature.'” For the material prepared at Xy, = 0.5, we
see the well-known band-to-band optical absorption edge at
~800 nm (~1.55 eV) for MAPbI, perovskite, with absorption
that plateaus at wavelengths below 500 nm.'®'* When the
reaction temperature was increased to 110 °C, the bandgap
transition became sharper (Figure 1d). At the same time, the
dominant XRD peak at 26 = 14.08° became more intense
(Figure 1c), indicating a more complete conversion of the
precursors and grain growth. In fact, the perovskite crystal size
(estimated using the Scherrer equation) increased from ~40
nm for films reacted at room temperature to around 100 nm for
films formed at the higher temperatures (Figure le,f). However,
when the reaction temperature exceeded 150 °C, MAPDI;
decomposed into Pbl, and MAL'?> The disproportionation
was complete at 190 °C and only Pbl, was observed in both
XRD and OA spectra (Figure lc,d, respectively) due to the
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Figure 2. (a—c) XRD contour plots of and (d—f) optical absorbance spectra of the spin-coated nonstoichiometric MAPbI; composites with MAI

percentages of 0.09, 0.23, and 0.38, respectively.

evaporation of MAI (see thermal gravimetric analysis data in
the Supporting Information).

Understanding the behavior of the dominant phases assists in
interpreting the XRD and OA spectra of the other
compositions. Looking at the XRD data for Xy, = 0.09,
0.23, and 0.38 in Figure 2a—c, respectively, it is clear that MAI-
poor films (Xy < 0.5) are comprised of either pure Pbl, or
mixtures of Pbl, and MAPDIL;. Note that diffraction features for
pure MAI (Figure 1a) were never observed in the films even
when the MAI concentration was high due to the lack of
crystallization of a distinct MAI phase (vide infra). As Xy, was
increased to ~0.15 (Supporting Information), the perovskite
feature emerged as a minor phase at 20 ~ 14.10°. Below this
threshold composition, e.g., at Xy;4; = 0.09, the OA spectra are
representative of Pbl, at all temperatures (Figure 2d) and
MAPDI, could not be resolved in the XRD data (Figure 2a). On
the other hand, at Xy, = 0.23, the OA spectra indicate the
dominant presence of MAPDI; at all but the highest
temperature (Figure 2e) even though the XRD feature at 20
~ 14.10° is still weak (Figure 2b). Clearly, the high absorption
coeflicient of the perovskite causes it to dominate the long
wavelength portion of the OA spectrum even when present in
small amounts. As a result, determination of the phase purity of
a sample solely through the use of OA measurements can be
misleading. Both data sets, however, make it clear that the
fraction of the MAPDI; phase in the sample decreases with
increasing reaction temperature. This is due to the nucleation
and growth of Pbl, crystals from the amorphous precursor
mixture at low temperatures and MAI vaporization at higher
temperatures. More complex behavior is seen at Xy, = 0.38.
The XRD and OA features of the low-temperature (T < 70 °C)
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phases have not been reported before, to our knowledge, and
cannot be assigned to any reported material. However, they are
likely related to the intercalation of guest MAI molecules
between I-Pb—I layers, leading to structures intermediate
between Pbl, polytypes and perovskites.”® Such intermediate
structures may be similar to the MAI-Pbl,-DMSO complex
formed in solutions.”! Overall, from the results for MAI-poor
films, it is clear that Pbl, cannot be completely converted into
MAPDI; perovskite, as was expected.

While the phase evolution of the MAI-poor films is relatively
straightforward to understand, MAI-rich films (X, > 0.5)
exhibit more complicated structural and optical properties. This
region of the phase space is perhaps most important because
many preparations for high efficiency perovskite-based PV
devices be§1n with X4 values in the range of 0.57%'%*** to
0.75.3>151%22 'We will first focus on the high temperature
reactions since most high efficiency devices are prepared with
heat treatment in the temperature range of 80—150
o 378151822

Figure 3 shows the XRD and OA data for samples prepared
with Xy, = 0.67, 0.75, and 0.80. As with Xy = 0.5 (Figure 1),
the higher temperature reactions result in a MAPbI; phase.
Here, we see that the temperature required to form the MAPbI;
phase increases with increasing MAI content. For temperatures
typically needed for high efliciency devices, 80—150 °C, a
perovskite phase is evident and dominant until 160—170 °C, at
which point the Pbl, becomes dominant and MAPDI; is no
longer observed. As mentioned previously, there is no XRD
evidence for MAI due to the lack of order, but MAI should still
be present in the quasi-liquid phase'® below the melting
temperature (190 °C). To examine the possibility of MAI
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Figure 3. (a—c) XRD contour plots and (d—f) optical absorbance spectra of the spin-coated nonstoichiometric MAPbI; composites with MAI

percentages of 0.67, 0.75, and 0.80, respectively.

evaporation, thermal gravimetric analysis of MAI powder was
performed. To measure the vaporization rate, samples were
held at a fixed elevated temperature in flowing N, and the
weight loss was recorded as a function of time. At 150 °C, the
weight loss rate was 0.002% per minute, while at the MAI
melting point (190 °C) the weight loss rate was 0.032% per
minute. Though the vapor pressure is evidently low at these
temperatures, the high temperature portion of our phase study
is clearly not in equilibrium.

The XRD (Figure 3a—c) and OA (Figure 3d—f) spectra
indicate that the resultant films contain different proportions of
Pbl, and MAPDI;, depending on the initial composition. As will
be discussed in more detail later, the data indicates that the
boundary of the MAPDI; phase field persists farther than
previously expected into the higher MAI content regions of the
temperature/phase processing diagram. Consistently with the
XRD data, EDS measurements on these samples revealed final
compositions that were MAI-rich, in agreement with the
precursor ratios (see the Supporting Information). Overall,
these findings conflict with the recent theoretical prediction of a
narrow phase field for MAPbI;.**

The existence of off-stoichiometry perovskite phases can be
explained by considering the two-dimensional organic-halide
perovskite materials with variable stoichiometry that have been
known since the pioneering work of Mitzi.*® So-called layered
perovskites consist of a variable number of metal halide layers
formed by corner-sharing (Pbl,)*~ units with associated cations
that are sandwiched between intercalated organic cation
bilayers. The cation bilayers keep the perovskite layers
separated, retard the formation of bulk 3D perovskites, and
introduce a stacking fault between adjacent metal halide
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sandwiches. As Xy;u; increases, the number of metal halide
layers decreases as the density of both intercalated species and
stacking faults increases. In essence, the 3D perovskite is
gradually transformed into 2D layered perovskites by
dissolution (Figure 4). There exists a transitional phase
between 3D and 2D perovskites where the perovskite has a
limited number of stacking faults and can still persist as a 3D
crystal. We term this phase “stacked perovskite sheets” (SPSs).
Thus, while a highly ordered perovskite phase may exist only in
a narrow range close to the stoichiometric value for MAPDI;,
the perovskite structures for MAI-rich films persist to values of
Xyar > 0.8 in the form of SPSs. The crystallographic structures
of perfect and stacked perovskites are not clearly distinguish-
able due to the same long-range periodicity of the 3D
perovskite framework. However, the SPSs are indeed MAI-
rich as determined by energy dispersive X-ray spectroscopy
(see the Supporting Information). One might assume that
defect levels in the SPS phases might lead to poor electronic
quality, but a study on similar grain boundaries yielded no
defect states within the band gaps.26 Because of the benign
nature of these defects, high efficiency devices can be fabricated
in a wider composition range than would be expected.””

At the lower reaction temperatures, the MAI-rich films
exhibit a distinctive XRD feature that is comprised of
overlapping diffraction peaks from several components with
slightly different d-spacings (20 between 11.3° and 11.7°).
These features are dominant at the higher MAI values (X5 >
0.75, Figure 3b—c) but quenched with the appearance of the
perovskite feature as the MAI concentration is decreased. These
diffractions are likely due to the presence of low-dimensional
perovskites (LDPs)*** that are built up from the same
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Figure 4. Crystal structures of (a) Pbl,, (b) MAPbI, perovskites, (c)
2D LDPs, (d) 1D LDPs, and (e) 0D LDP.

(Pblg)*" octahedral building blocks. When excess MAI is
present in large concentration, the basic (Pblg)*" units exist in
isolated form as zero dimensional (0D) quantum dots in an
MAI matrix. As the amount of MAI is decreased, the 0D units
connect and build up one-dimensional (1D) perovskite chains
and 2D perovskite sheets through self-assembly, eventually
leading to the assembly of 3D perovskite (Figure 4). The
unique diffraction feature for LDPs arises because the structures
are separated by a monolayer of intercalated MA™ cations.
Thus, the spacing between the metal halide octahedra is
expanded by ~1.4 A in comparison to the spacing in the 3D
perovskite (d = 6.3 A). Consequently, the corresponding XRD
peaks shift to a lower angle. There is polydispersity in structure,
so the determination of the exact configurations and ratio of
species is not straightforward (Supporting Information). To
support the interpretation of the XRD data, note that the OA
spectra of the MAI-rich composites exhibit a very strong
exciton absorption centered at 370 nm, corresponding to the
ground-state exciton from the 0D perovskite structure.**' As
Xyar is decreased, the exciton transition is quenched while the
absorption in the range of 500 to 800 nm is increased,
indicating that the fraction of quantum dots is decreased as the
3D perovskites are assembled. However, evidence for perov-
skite quantum dots persists even at Xy, = 0.58 (Supporting
Information), which indicates that the LDP phase region is
structurally and energetically complex.

A general picture of the solid-state phase behavior for the
system emerges if we consider the XRD and OA data sets for
the full range of compositions and temperatures that were
examined. When the MAI fraction is low (X, < 0.15), the
only identifiable phase is Pbl,. Adding MAI results in a two-
phase mixture consisting of Pbl, and perovskite MAPbI;. The
mixture tends toward Pbl, at higher temperatures, and at no
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point below Xy, = 0.5 is the resultant material a pure
perovskite. The simple fact that the perovskite signatures
persist to high values of X (>0.8) indicates the existence of a
wide phase field. Despite the fact that EDS shows that the
conventional perovskite phase (&) has an I/Pb ratio of 2.9 to
3.1, while the stacked perovskite sheet phase (a’) has an I/Pb
ratio of 3.2 to 3.5 (see the Supporting Information), @ and o’
are indistinguishable by XRD and OA in our studies. The
increased MAI content creates stacking faults within the
perovskite and generates the SPSs. With a further increase in
MAI concentration, the SPSs are broken up and solvated by
MA* cations to form thin 2D sheets, 1D chains, and 0D
quantum dots (Figure 4). Interestingly, the XRD data for the
MAI phase appears only when the precursor composition is
very close to pure MAI (>99%). Evidently, even small amounts
of Pbl, disrupt the crystal structure and lead to LDPs within an
amorphous MAI matrix.

The findings can be compactly presented in a pseudobinary
temperature/phase processing diagram (Figure Sa). To
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Figure S. (a) Pseudobinary temperature/phase processing diagram for
methylammonium lead iodide. (b) Phase percentages of Pbl, (purple
triangles), perovskite (red squares), and LDP (cyan circles) as a
function of MAI precursor concentration in the films reacted at 100
°C.

construct the diagram, the percentages of the phases in the
films prepared at each temperature were determined by
calculating the integrated XRD peak intensity ratios. For
example, the amount of MAPbI; perovskite was determined by
comparing the integrated peak intensity at 20 = 14.10° to the
sum of the integrated peak intensities for Pbl, (20 ~ 12.60°)
and the low-dimensional perovskite (26 ~ 11.60°) peaks. The
percentages of the lead iodide and LDP phases were
determined in a similar way. Figure 5b is one example showing
the proportions of the perovskite, Pbl,, and LDP phases in the
films reacted at 100 °C as a function of the starting precursor
composition. The perovskite curve was fitted by a Gaussian
function to determine the pure phase region. The pure PbI,
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and LDP phases are defined as the regions where the perovskite
percentage was less than 0.1%. The MAI-poor side is the pure
Pbl, region and the MAI-rich side belongs to the LDP phases.
We then plotted the pure phase boundaries (stoichiometric
limit of each pure phase) as a function of the reaction
temperature (Figure Sa). The X and Y axes were swapped to
correspond to a conventional view of a binary phase diagram.
Finally, we assumed that the field boundaries were smooth to
generate the final processing diagram.

Figure S can be used to understand experimental processing
pathways toward the formation of perovskites, but it is not
necessarily descriptive of the equilibrium phase behavior.
Although the data for the low temperature (<150 °C) portion
of the diagram is evidently obtained under near equilibrium
conditions, the phase distribution at the higher temperatures
may be affected by the evaporation of MAIL To address this
possibility, several high temperature reactions were performed
in a sealed graphite box that contained an equilibrium partial
pressure of MAL Interestingly, when the MAI ambient was
maintained, we found that the @' perovskite phase field
extended fully to 190 °C with no evidence for Pbl,. Under
these conditions, the system is much closer to equilibrium, and
a phase diagram may be tentatively proposed (Figure 6a).
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Figure 6. (a) Proposed phase diagram constructed with high
temperature reactions carried out under a saturated MAI vapor
pressure. (b, c) XRD contour plots of high temperature processed
perovskites at Xy, = 0.75 reacted (b) on a hot plate and (c) in a
sealed graphite box with a fixed MAI vapor pressure.

It is interesting to correlate our processing and proposed
phase diagrams with the findings of other groups. In both
diagrams, note that the perovskite phase is indeed quite wide
and extended into MAI-rich regions (up to Xy, = 0.8) when
the reaction temperature is high (>120 °C). This is consistent
with the MAI to PbL/PbCl, precursor ratios of 1:1 to 3:1
(Xprar = 0.5 to 0.75) that have been used in numerous solution-
based syntheses.”’'*''%2>?* Eyidently, a relatively high
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reaction temperature provides sufficient thermal energy to
eliminate alkyl groups from the spaces between perovskite
nanostructures”® and promote the LDP to SPS phase transition.
While we find good agreement at the higher temperatures, the
lower temperature (T < 120 °C) MAl-rich portion of the
diagram conflicts with a few materials preparations for high-
efficiency perovskite devices.>”'>** This discrepancy may be
explained by considering that these preparations were done in
uncontrolled laboratory air rather than in, e.g, an inert gas
environment. In these cases, it is possible that the MAI content
during the film formation may have been lower than expected
due to unaccounted for reactions with laboratory moisture and/
or oxygen.32 For example, it is well-known that halide
perovskites react with water vapor at relatively low temper-
atures to form lead iodide as a decomposition product.”>>*
Accordingly, we can consider that low-temperature annealing of
LDP phase samples in a moisture-containing environment can
lead to a reduction in the effective MAI content during film
formation/reaction. Although both low and high temperature
pathways can lead to perovskites, low-temperature annealing is
more widely adopted because high temperature annealing
typically results in a poor surface morphology.'>** The fine
details of the morphological changes during these reactions will
continue to be of interest going forward.

B CONCLUSION

The formation of the perovskite MAPbI; phase from Pbl, and
MAI precursors was examined over a range of reaction
temperatures and initial compositions. On the basis of the
XRD, OA, TGA, and EDS results, a processing diagram was
determined and a phase diagram was proposed. Both diagrams
show that a pure perovskite phase occurs only in a narrow
compositional space. However, an SPS phase extends the
perovskite region to much higher values of X,;,;. We showed
that the SPS phase can be formed from LDP structures by
reacting at high temperatures or by decreasing the MAI
concentration. The reaction pathways between the LDPs and
the SPS phases provide easy routes for solution-processing via
low-dimensional structures and self-assembly that allow the
excellent optoelectronic properties of perovskites to be
retained. Clearly, MAPDI; perovskite is a forgiving material
for polycrystalline thin film optoelectronic devices.

B EXPERIMENTAL SECTION

Perovskite Precursor Preparation. The perovskite methylam-
monium lead iodide (CH;NH;PbI;, MAPbI,) was prepared according
to literature procedures.”” Methylamine iodide (CH;NH;PbI, MAI)
was first prepared by reacting hydroiodic acid (HI, 57 wt % in water,
Sigma-Aldrich) with methylamine solution (CH;NH,, 33 wt % in
ethanol, Sigma-Aldrich) under nitrogen atmosphere in a stirred ice
bath for 2 h. The resulting solution was then evaporated at 80 °C, and
the precipitate was washed three times using diethyl ether. After drying
under vacuum, MAI was obtained as a white powder. The synthesized
MAI and Pbl, (Sigma-Aldrich) were dissolved in anhydrous N,N-
dimethlylformamide at various molar ratios to prepare precursor
solutions. Note that the Pbl, concentration was fixed at ~1 M while
the MAI concentration was varied. Precursor solutions with Pbl, to
MAI molar ratios of 1:0.1, 1:0.3, 1:0.6, 1:1, 1:2, 1:3, and 1:4 were
prepared, corresponding to Xy, values of 0.09, 0.23, 0.38, 0.50, 0.67,
0.75, and 0.8, respectively. Films were also prepared from additional
precursor solutions with Pbl, to MAI molar ratios of 1:0.9, 1:1.1, 1:1.2,
1:1.3, 1:1.4, 1:5, and 1:9 and reacted at various temperatures to prove
the processing/composition space.

Substrate Preparation. The 1 in. by 1 in. sodalime glass
substrates were sequentially cleaned with Micro-90 detergent and
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deionized water in an ultrasonic bath for 30 min and dried with
nitrogen gas. A compact layer of titanium dioxide (c-TiO,) was
deposited by spin-coating titanium diisopropoxide bis(acetylacetonate)
in ethanol solution (Sigma—Aldrich).4 The substrates were annealed at
500 °C in air for 30 min before the deposition of perovskite thin film
composites.

Perovskite Thin Film Deposition. To form the perovskite layer
for X-ray diffraction and optical absorbance spectroscopy measure-
ments, the precursor solutions were spin-coated on the c¢-TiO,
substrates at 2000 rpm in a nitrogen glovebox. After spin-coating,
the films were reacted at various temperatures ranging from 30 to 190
°C with 10 °C intervals for 30 min. Standard samples were reacted on
a hot plate covered with a glass Petri dish, which is a commonly
employed synthetic approach for high efficiency PV devices.
Additional samples were reacted in a sealed graphite box with an
excess of MAI powder at temperatures ranging from 150 to 190 °C.
The amount of MAI added to the graphite box was calculated to
maintain a fixed MAI partial pressure. Samples were transported for
characterization in a N, sealed storage box to minimize the air
exposure.

Characterization. X-ray diffraction spectra were collected of the
prepared thin films (Rigaku Ultima III). A typical spectrum was
scanned from 5° to 60° with a step size of 0.04° and a scan speed of 4°
per minute in a Bragg—Brentano geometry. A fine scan covered the
range of 10—16° with a step size of 0.02° and a speed of 0.50° per
minute. A UV—vis spectrophotometer (PerkinElmer Lambda 1050)
was used to measure the absorbance spectra in the range of 300—1200
nm. A field emission scanning electron microscope (Hitachi S-4800)
was used to acquire SEM images and EDX compositional analysis.
Thermogravimetric analysis (Ta Instruments Q600) was used to
measure weight loss of MAI during the annealing process.

B ASSOCIATED CONTENT

© Supporting Information

XRD spectrum of MAPbI;, XRD contour plots of other
compositions, the evolution of XRD spectra at low temper-
atures, TGA of MAI and MAPbI;, XRD spectra of the LDPs,
compositional analysis and phase diagram determination
methods. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acs.chemmater.5b01017.
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