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ABSTRACT: Colloidal nanocrystals of CH;NH;Pbl; (MAPI)
with the tetragonal crystal structure and cuboidal shape
terminated by {110} and {002} facets were assembled into
superlattices with cubatic structure and heated under nitrogen
while collecting in situ grazing incidence small- and wide-angle X-
ray scattering (GISAXS and GIWAXS). The nanocrystals have
completed a tetragonal-to-cubic phase transition by 60 °C similar
to bulk films. GISAXS shows that the superlattice remains stable
until 90 °C. At this temperature, GIWAXS reveals the evolution
of Pbl,. In situ photoluminescence shows that Pbl, begins to
form at 75 °C, which is about 10—25 °C lower than in bulk MAPI films. Another difference compared to bulk MAPI is that
both hexagonal and rhombohedral phases of Pbl, are observed as thermal degradation products, when the nanocrystals are
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heated up to 150 °C.

B INTRODUCTION

Lead halide perovskites, including hybrid organic—inorganic
perovskites (HOIPs), represented by methyl-ammonium lead
iodide (CH;NH,Pbl;, MAPI) are promising materials,
especially for solar cells, due to their large optical absorption
coeflicients, high charge carrier mobility, long carrier diffusion
lengths, and high device efficiencies.'* The crystallographic
orientation and morphology of the layer can influence device
performance, and approaches have been developed to deposit
crystallographically oriented MAPI films by manipulating the
solvent, reactants and concentrations, and spin-coating
procedures.”~” Another way to do this would be to assemble
nanocrystals with uniform faceted shape into superlattice films
with preferred crystallographic orientation, as has been done
for a variety of other materials, including metal halide
perovskite nanocrystals of Cs,AgBiBrs, CH;NH;PbBr;, and
CsPbBr; with cuboidal shape.'"™*’

Here, we demonstrate the synthesis of uniform MAPI
nanocrystals suitable for superlattice assembly by modifying
the method of Vybornyi, Yakunin, and Kovalenko®® with a
shorter reaction time and using methyl acetate as an
antisolvent for purification. Of the variety of arrested
precipitation approaches reported for the synthesis of MAPI
nanocrystals,”®*~>® some of these have produced nanocrystals
with cuboidal shape, but all have had size distributions that
have been too broad to make superlattices.”*"*> The MAPI
nanocrystals produced here have tetragonal crystal phase with
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cuboidal shape terminated by {110} and {002} crystal facets.
These nanocrystals self-assemble into superlattices with cubatic
structure and preferred crystallographic orientation.

We then examined the thermal phase stability of MAPI
nanocrystal superlattices using in situ grazing incidence small-
and wide-angle X-ray scattering (GISAXS and GIWAXS).
Phase stability is particularly important for device applica-
tions.”**> Some lead halide perovskite nanocrystals, such as
CsPbl; and CsPbl;_,Br,, have exhibited differences in phase
stability compared to the bulk material, such as a metastable
room-temperature cubic phase, and inhibited halide segrega-
tion.”*”** MAPI exhibits three crystal structures: orthorhombic
(T < =111 °C),”** tetragonal (=111 < T < 54 °C),"**" and
cubic (T > 54 °C).** One study of MAPI nanoplatelets at low
temperature indicated that the tetragonal-to-orthorhombic
phase transition occurred at a slightly lower temperature
(=123 °C) than in the bulk.*> We are not aware of any studies
examining the tetragonal-to-cubic transition in MAPI nano-
crystals. Above 100 °C, MAPI degrades to generate volatile
species and Pbl, by one of these proposed pathways"*~**

CH,NH,Pbl, — CH,I + NH, + Pbl, (1)

CH,NH,Pb, — CH,NH, + HI + Pbl, @)
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Previous in situ transmission electron microscopy (TEM) and
electron diffraction (ED) studies of MAPI microplates showed
the evolution of Pbl, after heating to 85 °C for 60 ¥
GISAXS/GIWAXS data and photoluminescence (PL) spectra
with in situ heating show that the MAPI nanocrystals change
from tetragonal-to-cubic crystal structure at S5—60 °C and
begin to degrade at temperatures as low as 75 °C to Pbl,.
Upon reaching temperatures as high as 150 °C, the Pbl,
byproduct exhibits both hexagonal and rhombohedral phases.
Thermal degradation of MAPI usually proceeds to Pbl, with
the hexagonal crystal structure, and the appearance of the
rhombohedral phase of Pbl, has only been observed in one
study in the case of light-induced degradation of bulk MAPI
films.”* GIWAXS data showed that the films exhibited
preferred crystal orientations on the substrate throughout the
heating process.

B EXPERIMENTAL DETAILS

Materials. Lead iodide (Sigma, 99.999% trace metal basis),
methyl amine dissolved in tetrahydrofuran (2 M CH3;NH, in
THEF, Sigma), 1-octadecene (ODE) (Sigma, 90%), oleylamine
(OAm) (Sigma, 98%, LOT #MKBV1987V), oleic acid (OA)
(Sigma, 90%), hexane (Sigma, 95%, anhydrous), toluene
(Sigma, 99.8%, anhydrous), chloroform (Sigma, 99%, anhy-
drous), and methyl acetate (Sigma, 99.5%, anhydrous) were
purchased and used as received. TEM grids were continuous
carbon-coated 200 mesh copper grids (Electron Microscopy
Science, LOT #180307). Silicon wafer substrates (University
Wafer) were p-type with 650 um thickness and <100>
orientation.

MAPI Nanocrystal Synthesis. MAPI nanocrystals were
prepared according to Vybornyi, Yakunin, and Kovalenko,”®
with minor modifications needed to produce uniform nano-
crystals with good dispersibility, which involved rapid
quenching of the reaction (after S s) and product isolation
by antisolvent precipitation with methyl acetate. In a 50 mL
three-neck flask, 86 mg (0.187 mmol) of Pbl, and 5 mL of
octadecene were combined and placed under vacuum for 1 h at
120 °C. After blanketing the reaction mixture with nitrogen,
0.3 mL of oleylamine (OAm) and 0.8 mL of oleic acid (OA)
were added (both preheated to ~70 °C). The reaction flask
was placed under vacuum again for 30 min at 120 °C. The
reaction mixture was blanketed with nitrogen again, the
temperature was lowered to 55 °C, and a mixture of 0.18 mL
of 2 M methyl amine in THF and 0.8 mL of OA was added.
After only § s, the flask was immersed in an ice water bath to
quench the reaction. The nanocrystals were precipitated by
adding methyl acetate (1:1 v/v) followed by centrifugation.
After discarding the supernatant, the nanocrystals were
redispersed in hexane and centrifuged again to precipitate
poorly capped nanocrystals. The supernatant was collected and
stored sealed under nitrogen in a freezer. A typical reaction
yields ~70 mg of nanocrystals. Approximately, 30 wt % of the
final product is composed of ligand. The molar conversion of
reactants to MAPI nanocrystals is about 60%.

Nanocrystal Superlattice Assembly. Superlattices of
MAPI nanocrystals were prepared by solvent evaporation on
TEM grids for TEM imaging or Si wafer substrates for
scanning electron microscopy (SEM), X-ray diffraction
(XRD), and GISAXS/GIWAXS using the methods of
Guillaussier et al.”' It was necessary to store the nanocrystals
as concentrated dispersions in hexane. The nanocrystals were
found to degrade in either chloroform or toluene. Therefore, to

form superlattices from one of these other solvents, nano-
crystals were first dried in a 3 mL glass vial by evaporating 40
UL of a hexane dispersion, then briefly redispersing the
nanocrystals by adding 280 uL of chloroform or toluene, as
desired. The substrate was then placed flat on the bottom of
the vial, and the solvent was evaporated. Superlattices were
allowed to dry overnight at room temperature in an Ar-filled
glovebox to ensure complete removal of the excess solvent
prior to characterization.

Transmission Electron Microscopy (TEM). TEM was
performed on a FEI Tecnai Biotwin TEM operated at a 80 kV
accelerating voltage. High-resolution TEM images and selected
area electron diffraction (ED) were obtained using a JEOL
2010F TEM operated at 200 kV.

Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS). SEM images were
acquired with a Zeiss Supra 40 VP SEM at a 3 kV accelerating
voltage. Images were collected through the in-lens detector.
SEM/EDS elemental mapping was performed on a Hitachi
S5500 SEM at a 20 kV accelerating voltage.

X-ray Diffraction (XRD). A Rigaku R-axis Spider
diffractometer was used to perform XRD on MAPI nanocrystal
superlattices on Si wafer. The X-ray generator was operated at
40 kV and 40 mA and rotated at 5° s™' for 10 min yielding Cu
Ka radiation (4 = 1.54 A). The 2DP and JADE software were
used for background subtraction and data processing.

Grazing Incidence Small-Angle and Wide-Angle X-
ray Scattering (GISAXS and GIWAXS). GISAXS and
GIWAXS were performed at the D1 beam line of the Cornell
High Energy Synchrotron Source (CHESS). Data were
obtained with monochromatic X-ray radiation of a wavelength
of 1.162 A, and the incident angle of the beam upon the
sample was 0.25°. For temperature-dependent in situ measure-
ments, the sample was placed inside a custom-built heating
chamber. The chamber was purged with flowing nitrogen
during the experiment. The temperature was increased from 25
to 60 °C at a heating rate of 15 °C/min, then 60—90 °C at a
rate of 15 °C/min, and finally from 90 to 150 °C at 20 °C/
min. The sample temperature was maintained at 60, 90, or 150
°C for 2 min before each GISAXS/GIWAXS measurement.
Small-angle scattered photons were collected with a Pilatus
200K detector of 487 X 407 pixels with a pixel size of 172 pm
X 172 pm and a sample-to-detector distance of 1285 mm.
Wide-angle scattered photons were collected with a FUJI
image plate detector of 2500 X 2000 pixels with a pixel size of
100 gm X 100 um and a sample-to-detector distance of 156
mm. The patterns were calibrated and integrated using the
Fit2D software (version: 12_077_i686_WXP). The patterns
were indexed with the aid of indexGIXS-2Mx software.””

Optical Measurements. Absorbance and photolumines-
cence (PL) spectra were acquired for MAPI nanocrystals
dispersed in hexane. UV—visible absorbance spectra were
measured using a Varian Cary Bio (UV—vis) spectropho-
tometer, and PL emission spectra were collected with a Varian
Cary Eclipse Fluorescence spectrometer. Temperature-depend-
ent PL spectra of MAPI nanocrystal superlattices were
acquired using a Fluorolog-3 spectrophotometer (Horiba
Jobin Yvon) equipped with a home-built air-free thermostat
system. PL quantum yield (QY) was estimated using
Rhodamine B as a standard.
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Figure 1. TEM images of CH;NH;PbI; (MAPI) nanocrystals produced using three different reaction times of (a) S's, (b) 10's, and (c) 60 s. The
aspect ratio and polydispersity of the cuboidal nanocrystals increase with longer reaction times (see the Supporting Information for accompanying
histograms of size and aspect ratio corresponding to these samples.).
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Figure 2. (3, b) TEM images, an (c) FFT of the image in (b), (d) XRD, and (e) room-temperature UV—vis absorbance and PL emission spectra of

MAPI nanocrystals used in this study to fabricate superlattices. The nanocrystals have a slightly anisotropic cuboidal shape; the inset in (a) is the
FFT of the TEM image indexed to a nanocrystal monolayer with cubatic order; the g-values of the four spots are equivalently 0.063 nm™,

1

corresponding to a d-spacing of 15.9 nm. The lattice spacings of 3.12 A labeled in (b) agree with the (220) and (220) d-spacings of bulk tetragonal
MAPI of 3.13 A.*' The FFT in (c) is indexed to tetragonal MAPI viewed down the [001] zone axis. The XRD pattern in (d) matches tetragonal
MAPI (the blue reference pattern is PDF #01-083-7582). A magnification of the absorbance spectra in (e) near the exciton peak wavelength is

provided as the Supporting Information.

B RESULTS AND DISCUSSION

MAPI Nanocrystal Synthesis and Characterization of
their Cuboidal Shape. MAPI nanocrystals were synthesized
using the methods of Vybornyi, Yakunin, and Kovalenko,® but
with a reduced reaction time and a milder antisolvent, methyl
acetate, to precipitate the nanocrystals during the purification
step. This synthesis relies on the reaction of methyl amine
(CH;NH,) with Pbl,, in the presence of oleic acid (OA) and
oleylamine (OAm) in octadecene (ODE)

2 CH,NH, + 2 RCOOH + 3Pbl,

55°C,5s
— ", 2CH,NH,Pbl, + Pb(RCOO),
OA,OAm,ODE 3)

Pbl, provides the Pb** and I” needed to make CH;NH;PbI,,
while also releasing a proton from OA to convert methyl amine
to CH;NH," and resulting in lead oleate (Pb(RCOO),) as a
byproduct. OAm and excess OA serve as ligands that stabilize
the nanocrystals. We found that an extremely short reaction
time of about S s led to the most uniform nanocrystals, and
that it was necessary to use methyl acetate as an antisolvent to

avoid the degradation of the material during purification.
Methyl acetate has also been shown to be effective in isolating
other lead halide perovskite nanocrystals as well, such as
CsPbl,.*°

The abbreviated reaction time was essential to obtain
nanocrystals sufficiently uniform to generate assemblies that
exhibited superlattice diffraction peaks in GISAXS measure-
ments. Figure 1 shows TEM images of MAPI nanocrystals
obtained from reactions quenched after 5, 10 s, and 1 min. The
nanocrystals are cuboidal in shape and slightly extended in one
direction. The longer reaction times led to higher aspect ratios
and more polydispersity. The nanocrystals in each assembled
monolayer in Figure la—c exhibit close-packed structure with
local cubatic order. However, the nanocrystals made with
longer reaction times were more anisotropic and tetragonal in
shape and the random orientation of the nanocrystals in the
monolayer, along with the size nonuniformity, prevented
longer-range periodic order, especially obvious in Figure Ic.
Diffraction peaks were never observed in the small-angle X-ray
scattering data from assemblies of MAPI nanocrystals made
with the longer reaction times. In contrast, the cubatic order of
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Figure 3. (a) TEM, (b) SEM image, (c) GISAXS, (d) GISAXS horizontal projection, and (e) schematic of MAPI nanocrystal superlattices. In (a),
the nanocrystal assembly shows face-to-face contact and 4-fold symmetry in-plane. The inset is the FFT of the TEM image, indexed to [001] zone
axis of a square superlattice. The g-values of the four spots in FFT are 0.070 nm™" for (010) and (010) superlattice planes, corresponding to a d-
spacing of 14.3 nm, and 0.069 nm ™" for (100) and (100) superlattice planes, corresponding to a d-spacing of 14.4 nm. In (b), the nanocrystals form
an island of several hundred nanometers wide and thick. The inset is the FFT of the SEM image, indexed to [001] zone axis of the superlattice. The
g-values of the four spots in FFT are 0.067 nm™" for (010) and (010) superlattice planes, corresponding to a d-spacing of 14.8 nm, and 0.069 nm™"
for (100) and (100) superlattice planes, corresponding to a d-spacing of 14.4 nm. The three spots in (c) are (100), (110), and (200) reflections of
a cubic superlattice with an average lattice constant of a = 15.9 nm. The peak positions in (d) q/q; = 1, /2, and 2 are consistent with (100), (110),
and (200) reflections. The schematic in (e) shows that the nanocrystal assembly has 4-fold symmetry and periodicity in the plane of the substrate
(top view) and broken symmetry and periodicity out-of-plane (side view). The top view labels (100), (110), and (200) indicate the associated d-

spacings of the superlattice.

assemblies of nanocrystals obtained with the very short 5 s
reaction time was much more extended and periodic order is
apparent in Figure la.

Figure 2a shows another TEM image of MAPI nanocrystals
made by quenching the reaction after only S s. Again, the
nanocrystals exhibit a slight elongation in one crystal direction:
the average aspect ratio of these nanocrystals is 1.3 & 0.3, with
average lengths of the long and short edges of 13.4 + 2.4 and
10.3 + 1.5 nm, respectively. The nanocrystals have assembled
into a monolayer with cubatic order. The long axis of the
nanocrystals is randomly orientated in the assembly but does
not disrupt the periodicity extends for about 200—300 nm.
Strictly speaking, the local order is tetragonal. However,
because the long and short axes of the nanocrystals are
randomly oriented, the fast Fourier transform (FFT) of the
TEM image is symmetric with four spots with an equivalent g-
value of 0.063 nm™'. This corresponds to an average
superlattice constant or interparticle separation of 15.9 nm.
Locally, the interparticle separation is not symmetric, and the
average short and long interparticle spacings are 14.4 + 1.5 and
16.6 + 1.4 nm, respectively (the histograms are provided as the
Supporting Information).

Figure 2d,e also shows XRD and optical data for the MAPI
nanocrystals in Figure 2a. The nanocrystals exhibit the
tetragonal phase of MAPI (I4cm, a = b = 8.85 A, c = 12.6 A,
PDF #01-083-7582).*7*">*7> The lattice spacing of 3.12 A
indicated in Figure 2b is well-matched to the (220) d-spacing
in tetragonal MAPI (3.13 A),* and the FFT in Figure 2c
indexes to tetragonal MAPI with a [001] zone axis beam

17558

orientation. The cuboidal nanocrystal is bounded by (110),
(110), (110), and (110) facets orthogonal to the substrate, and
(001) and (001) facets oriented parallel to the substrate.
Calculations by Tateyama and co-workers™® have shown that
the tetragonal {110} and {001} planes provide the most stable
surfaces, because they are flat and nonpolar, consisting of
alternating stacks of neutral [MAI]® and [PbL,]° planes. The
absorbance spectra exhibit an exciton peak at 705 nm (1.76
eV). The nanocrystals exhibit band edge luminescence with a
PL emission peak at 740 nm (1.67 V) and QY of about 10%.
The blue-shift from the bulk band gap of 1.51 eV indicates that
the nanocrystals are small enough to exhibit quantum
confinement, similar to what was observed by Vybornyi et
al.”® for their ~10 nm-diameter MAPI nanocrystals.

MAPI Nanocrystal Superlattices. Figure 3c,d shows that
GISAXS data for MAPI nanocrystals assembled into the
superlattices shown in the TEM and SEM images in Figure
3a,b. The superlattices were formed by evaporating the solvent
from concentrated dispersions of nanocrystals in either hexane
or chloroform. We found that MAPI nanocrystals dried from
toluene did not form superlattices (see the Supporting
Information). Most literature reports of MAPI nanocrystals
have used toluene as the solvent for their dispersions, so this
might explain in part why ordered assemblies of MAPI
nanocrystals have not previously been reported.

The nanocrystals imaged in Figure 3a,b are assembled with
cubatic order. The FFTs of the images in the insets have spot
patterns with 4-fold symmetry. The superlattice d-spacings
obtained from the FFTs are 14.3 and 14.4 nm, similar to the
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Figure 4. Facets and orientations of MAPI nanocrystals at room temperature: (a), (c) GIWAXS patterns and (b) atomic structure model. (a) and
(c) show the same GIWAXS pattern but indexed to two different orientations of the nanocrystals with respect to the substrate. For the subscripts,
NC stands for the nanocrystal orientation with respect to the substrate and BD for the beam direction. The spot at g, = 0, g, = 10 nm ™" indicates
the lattice plane parallel to the substrate (i.e., nanocrystal orientation), whose d-spacing matches either (002) or (110) planes of tetragonal MAPIL.
In (a), the nanocrystal orientation is (002) with respect to the substrate, and the spots are indexed by reflections that occur under at least four
beam directions, [010], [110], [130], and [120]. Two extra spots that cannot be indexed by any beam direction are labeled by black arrows. In (c),
the nanocrystal orientation is (110) with respect to the substrate, and the spots are indexed by reflections that occur under at least five beam
directions, [110], [111], [221], [113], and [331]. The spot at q, = 0, g, = 50 nm™" is from the substrate. (b) shows the atomic structure model of a
MAPI nanocuboid terminated by (110) and (002) facets of the tetragonal crystal structure. Enlargements of these images are provided as the

Supporting Information.

orientationally averaged center-to-center separation of 14.6 +
1.35 nm between neighboring nanocrystals determined by
measuring the positions of the nanocrystals in the images (see
the Supporting Information for histograms and additional SEM
and TEM images). The horizontal slice of the GISAXS
intensity along g, shown in Figure 3d also shows that GISAXS
shows in-plane order. The diffraction features index to a square
lattice with a superlattice constant of ag; = 15.9 nm, similar to
the monolayer imaged in Figure 2a, but slightly larger than the
lattice constants of the thicker assemblies in the TEM and
SEM images in Figure 3a,b. There is no out-of-plane order in
the GISAXS data in Figure 3c. We propose that the slightly
elongated shape and randomly oriented long axes could disrupt
the periodic ordering of close-packed planes away from the
substrate, as illustrated in Figure 3e. It is also possible that
these nanocrystals provide an example of a delocalized vacancy
structure.”™*” Nonetheless, the GIWAXS data, shown in Figure
4, for example, exhibit distinct spot patterns that indicate a
strongly preferred crystal orientation in the assembly.

As the analysis of the TEM image in Figure 2b showed,
these cuboidal nanocrystals are single crystals of tetragonal
MAPI terminated by four {110} facets and two {002} facets.
The GIWAXS spot patterns were indexed to determine how
the nanocrystals are oriented on the substrate. Figure 4a,c
shows the same GIWAXS data indexed based on two different
crystallographic orientations. Most spots can be indexed to an
(002) orientation, except for the two spots indicated with black
arrows. The d-spacing corresponding to those spots matches
with {211} family, but the angle between these two spots and
the (002) spot is not correct. With an orientation of (110), all
of the spots can be indexed. This indicates that the
nanocrystals definitely exhibit (110) orientation on the
substrate, but some coexistence of (002) orientations is also
possible and likely. The GIWAXS data further indicate that the
cuboidal nanocrystals are terminated with {110} planes, and to
have a cuboidal shape with {110} facets, the nanocrystals must
also be terminated by two {002} planes, as shown in Figure 4b.
Bulk single crystals of MAPI have also been observed with
cuboidal shape and {110} and {002} facets,”®**° and MAPI

thin films tend to exhibit {110} surfaces.>*°~%* It is also worth
noting that in high-resolution TEM images of the nanocrystals,
it is difficult to distinguish between [002] and [110]
orientations, as similar electron diffraction patterns can be
indexed by either zone axis (see the Supporting Information
for an example).

Simultaneous GISAXS and GIWAXS of Heated MAPI
Nanocrystal Superlattices. GISAXS and GIWAXS data
were collected simultaneously as superlattices of MAPI
nanocrystals were heated from 25 to 150 °C under nitrogen.
As shown in Figure Sa, the nanocrystals exhibit the tetragonal
crystal structure with strongly preferred (110) and (002)
orientations. After heating the superlattice to 60 °C, the crystal
structure changes from the tetragonal phase to cubic (Pm3m)
MAPI. As shown in Figure 5d, the (211), (121), and (123)
spots disappear because of the change to cubic symmetry. The
tetragonal (110) and (002) orientations become equivalent
(001) orientations in the cubic phase. To get a more accurate
measure of the phase transition temperature, a superlattice was
heated to 45, 5SS °C, and then 60 °C (see the Supporting
Information for the GIWAXS data). By 60 °C, the tetragonal
phase has fully transformed to cubic. At 55 °C, there is still a
slight hint of the tetragonal phase. Although a more careful
study of the kinetics of this transformation is needed, the
tetragonal-to-cubic phase transition temperature of the nano-
crystals appears to be slightly higher than 54 °C reported for
bulk MAPL

Once the temperature reaches 90 °C, a new diffraction spot
appears next to the (001) spot from cubic MAPI, as shown in
Figure Sg. This spot indexes to the (001) spot for hexagonal
Pbl, (P3ml). The presence of Pbl, indicates that thermal
degradation of MAPI has begun. The evolution of hexagonal
Pbl, also occurs with a (001) crystal orientation on the
substrate. This temperature is slightly higher than the onset
temperature observed for the degradation of MAPI micro-
platelets to Pbl, of 85 °C and lower than 100 °C known for
bulk MAPI film.""*’

At 150 °C, as shown in Figure 5j, there are new diffraction
spots that correspond to rhombohedral Pbl, (R3m). The
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Figure S. (3, d, g, j) GIWAXS, (b, e, h, k) SEM, and (¢, {, i, 1) atomic structure models of MAPI nanocrystals from 25 to 150 °C under nitrogen.
GIWAXS data were acquired in situ at (a) 25 °C, (d) 60 °C, (g) 90 °C, and (j) 150 °C. The attenuation of the X-ray beam was due to the chamber.
The indexation here does not distinguish between the spots from different beam directions to simplify. The GIWAXS pattern in (a) is indexed to
tetragonal MAPI with (110) orientation with respect to the substrate (it can also be indexed with (002) orientation). SEM image in (b) shows the
morphology of MAPI nanocrystal superlattices. At 60 °C, the GIWAXS pattern in (d) is indexed to cubic MAPI with (001) orientation. The (211),
(121), and (123) spots that showed up in (a) disappeared in (d) due to tetragonal-to-cubic transition. The SEM image in (e) shows that the
nanocrystal superlattices are still intact. At 90 °C, the GIWAXS pattern in (g) is indexed to cubic MAPI and hexagonal Pbl,, both with (001)
orientation. SEM image in (h) shows that Pbl, platelets precipitate out of the nanocrystal superlattices. At 150 °C, the GIWAXS pattern in (j) is
indexed to cubic MAPI, hexagonal Pbl,, and rhombohedral Pbl,, all with (001) orientation. SEM image in (h) shows that more Pbl, platelets are
formed, whereas MAPI nanocrystals fuse. The atomic structure models in (c), (f), (i), and (1) are tetragonal MAPI viewed from [110] orientation,
cubic MAPI from [001] orientation, hexagonal Pbl, from [001] orientation, and rhombohedral Pbl, from [001] orientation, respectively (see the
Supporting Information for a summary of the crystallographic data used to index the patterns (Table S1) and enlargements of the GIWAXS figures
in Figures S10—S13).

newly formed rhombohedral Pbl, also has a (001) crystal
orientation on the substrate. These spots are present along
with the diffraction spots from hexagonal Pbl, and remaining
MAPL

Figure S also shows SEM images of the MAPI nanocrystal
superlattices before and after heating to 60, 90, and 150 °C.
The images in Figure Sb,e are similar, showing that the
superlattice structure is maintained after heating to 60 °C. The
phase transition of MAPI from its tetragonal phase to the cubic
phase does not affect the structure of the superlattice. This is

also consistent with GISAXS of the superlattice. As shown in
Figure 6a, the g, projection of in situ GISAXS data still shows
the small-angle diffraction peaks from the nanocrystal super-
lattice after heating to 60 °C corresponding to the cubatic
order in the assembly. The peaks are slightly broadened but
clearly present.

In Figure Sh, the SEM image shows that relatively large Pbl,
platelets have precipitated from the nanocrystal superlattice
after heating to 90 °C. The MAPI nanocrystal superlattice co-
exists in the background with these large Pbl, crystallites. The
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Figure 6. (a) Projection along g, of in situ GISAXS from a MAPI
nanocrystal superlattice heated to 150 °C and then cooled back to
room temperature. The diffraction peaks are indexed to (100), (110),
and (200) reflections of a cubic superlattice. (b) PL emission spectra
(Aexe = 442 nm) from a MAPI nanocrystal superlattice on a silicon
wafer in an air-free thermostat system heated from 25 to 150 °C.

GISAXS data in Figure 6a also show the persistence of the
superlattice diffraction peaks at this temperature. Computer
simulations in the literature have indicated that PbI, nucleates
and crystallizes from MAPI before any other decomposition
products form.”>** La Magna and co-workers observed by
XRD that MAPI heated to 100 °C undergoes its phase
transition from tetragonal-to-cubic before degrading into
PbL.*® SEM of the superlattice after heating to 150 °C, in
Figure Sk, shows that MAPI nanocrystals have fused under the
Pbl, platelets. The GISAXS data in Figure 6a show that the
superlattice order has disappeared by 150 °C. Figure Scfi]l
shows atomic structure models for the predominant phase at
each temperature of MAPI and Pbl, in the appropriate
crystallographic orientations determined from the GIWAXS
data.

The PL spectra of a MAPI nanocrystal superlattice as it was
heated are shown in Figure 6b. The intensity of the MAPI PL
peak decreases continuously with increasing temperature. The
emission peak also shifts to higher energy. This blue-shift of
MAPI PL and drop in intensity with increasing temperature,
the lack of any abrupt change in PL when the nanocrystals
change from tetragonal-to-cubic crystal structure around 60 °C
are consistent with the recent work by Diroll et al.*® At 75 °C,
an additional PL peak appears at 513 nm (2.4 eV), which we
assign to PbL,.%”

Observation of Hexagonal and Rhombohedral Pbl,
as Degradation Products. In all published reports that we
are aware of, the Pbl, degradation product observed after
MAPI heating has exhibited the hexagonal crystal struc-
ture.****%¥% There is one report of light-induced degradation
of MAPI leading to the rhombohedral phase of PbL,.>" The
hexagonal and rhombohedral phases of Pbl, are sometimes
referred to as 2H and 12R phases, the 2H phase is stable at
room temperature, whereas the 12R phase is stable at high
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temperature.é8 The 2H-to-12R transition temperature has

been reported for bulk Pbl, to be either 94 or 150 °C.%”°

Figure 7 shows TEM images and ED patterns for the
degradation products of hexagonal and rhombohedral Pbl,
observed after heating MAPI nanocrystal superlattices to 90
and 150 °C. Figure 7a,b shows that hexagonal platelets have
crystallized out of the MAPI nanocrystal superlattice, similar to
the SEM image in Figure Sh. In Figure 7c, there are three
different particle shapes: a hexagonal platelet, a hexagonal
platelet with rounded edges, and a round particle without any
facets. The hexagonal platelet looks similar to the hexagonal
microplatelets of hexagonal-phase PbI, synthesized by
solvothermal methods.”' High-resolution TEM imaging and
ED show that the rounded and hexagonal-shaped particles are
composed of rhombohedral and hexagonal Pbl,, respectively.
Figure 7d—f shows TEM and ED data for a hexagonal platelet.
The lattice spacing of 3.95 A in Figure 7e matches the (110)
lattice plane of hexagonal Pbl,, and the ED pattern in Figure 7f
indexes to hexagonal Pbl, observed down the [001] zone axis.
Figure 7g—i shows TEM and ED data for a round particle. The
lattice spacing of 2.27 A in Figure 7h in the high-resolution
TEM image corresponds to the (110) d-spacing of
rhombohedral Pbl,. The ED pattern in Figure 7i from this
particle also indexes to a single-crystal domain of rhombohe-
dral Pbl, observed down the [001] zone axis. We believe that
the particle with hexagonal facets and rounded corners is
undergoing a hexagonal to rhombohedral phase transition.
Further study is needed to understand if there is a unique
relationship between these two phases of Pbl, and the
nanoscale structure of MAPI nanocrystals.

B CONCLUSIONS

Luminescent nanocrystals of tetragonal phase MAPI were
synthesized with cuboidal shape, terminated by four {110} and
two {002} facets. The nanocrystals were sufficiently uniform to
assemble into superlattices with cubatic structure. The
nanocrystals were slightly anisotropic with aspect ratios of
about 1.3, which leads to tetragonal packing on a local length
scale; yet, because the long and short axes are randomly
oriented throughout the superlattice, the interparticle separa-
tion determined by GISAXS and FFTs of TEM and SEM
images is spatially averaged, and the superlattice structure
appears as simple cubic. GIWAXS shows that the superlattices
exhibit strongly preferred (110) and (002) crystallographic
orientations of MAPI on the substrate. The thermal stability of
MAPI nanocrystals was then investigated using GISAXS and
GIWAXS with in situ heating. The thermally induced phase
transitions and degradation observed by GIWAXS and in situ
PL can be summarized as (1) a change in the MAPI crystal
structure from tetragonal-to-cubic at 55—60 °C followed by
degradation of MAPI to (2) hexagonal Pbl, beginning at ~75
°C and then (3) to rhombohedral Pbl, by ~150 °C. The
tetragonal-to-cubic phase transition occurs at a similar
temperature as bulk films. The observed degradation of
MAPI nanocrystals to hexagonal-phase Pbl, at 75 °C indicates
that the nanocrystals are chemically less stable than bulk MAPI
films, which degrade at about 100 °C. Nonetheless, the
superlattice structure is maintained to higher temperatures and
co-exists with the crystallizing Pbl, platelets. Eventually, at 150
°C, the nanocrystals sinter, and rhombohedral Pbl, is
observed. The appearance of rhombohedral Pbl, in the
thermal degradation of MAPI is unusual and perhaps results
from a size-related pathway of MAPI nanocrystal decom-
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Figure 7. Two phases of Pbl, evolve as the MAPI nanocrystal superlattices degrade upon heating. (a—c) TEM images are taken from different
locations on the same grid of MAPI nanocrystal superlattices heated to 90 °C. (d) Low-magnification TEM image, (e) high-magnification TEM
image, and (f) ED pattern on a hexagonal Pbl, crystal formed by heating MAPI nanocrystal superlattices to 150 °C. (g) Low-magnification TEM
image, (h) high-magnification TEM image, and (i) ED pattern on a rhombohedral Pbl, crystal formed by heating MAPI nanocrystal superlattices
to 150 °C. (a) and (b) show the precipitation of Pbl, out of MAPI nanocrystal superlattices. The hexagonal to rounded shape transformation
corresponding to Pbl, hexagonal to rhombohedral phase transition is shown in (c). Intermediate Pbl, is the transition state between the two
phases. The lattice spacing labeled in (e) is 3.95 A, which corresponds to (110) plane of hexagonal Pbl,. The ED pattern in (f) is indexed to
hexagonal Pbl, from [001] zone axis. The lattice spacing labeled in (h) is 2.27 A, which corresponds to (110) plane of rhombohedral Pbl,. The ED
pattern in (i) is indexed to rhombohedral Pbl, from [001] zone axis (see the Supporting Information for additional SEM images and EDS

elemental maps of the hexagonal and rhombohedral particles.).

position. Preferred crystallographic orientations of MAPI and
Pbl, are observed throughout the degradation process. In the
case of MAPI, nanocrystals do not appear to offer any
significant difference in phase stability compared to the bulk
material, but if methods could be developed to sinter the
nanocrystals without degradation, this could provide an
effective route to obtain lead halide perovskite films with
specific crystallographic orientations on a substrate.
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