Facile Synthesis of Organometal Perovskite Microcubes of
Optical Quality using Polar Antisolvents

Yuelong Li"*t, Juan F. Galisteo-Lépez't, and Hernan Miguez'*

" Instituto de Ciencia de Materiales de Sevilla, Consejo Superior de Investigaciones Cientificas (CSIC)-Universidad

de Sevilla, C/Américo Vespucio 49, 41092 Sevilla, Spain

* Institute of Photoelectronic Thin Film Devices and Technology, Nankai University, #94 Weijin Road, 300071 Tian-

jin, P. R. China

Supporting Information Placeholder

ABSTRACT: Herein, we demonstrate a facile synthetic ap-
proach producing highly crystalline methylammonium lead
bromide perovskite (MAPbBr3) microcubes at room temper-
ature by injecting perovskite precursor solution into a user-
friendly antisolvent like isopropanol. Confirmed by X-Ray
and electron diffraction, as well as electron microscopy,
these MAPDBr3 microcubes are single crystals, and have
perfect cubic structure with size varying between 1-15 pm
depending on the added amount of precursor solution. At
the same time, the stoichiometry of MAPbBr3 crystal is
proved by EDX analysis. Finally optical analysis carried out
by means of laser scanning confocal microscopy evidences
how the crystalline quality of the microcubes translates into
a homogeneous photoluminescence throughout the cube
volume.

Most successful solar cell materials crystallize in a cubic
structure. Methylammonium lead halide perovskite, already
demonstrating itself as an emerging semiconductor with
superior properties for photovoltaics, is not an exception.
According to the Bravais-Friedel-Harker law, methylammo-
nium lead bromide (MAPbBr3) perovskites usually exhibit a
cubic unit cell structure with highly symmetrical bonding
interactions in three dimensions at room temperature, and
thus readily form crystals of cubic shape. [1,2] Up to date,
many researches have been conducted to synthesize perov-
skite nano/microcrystals materials in colloidal chemistry,
and in most synthetic routes, the use of long chain alkyl (C8-
C18) molecules with coordinating functional groups (such as
-COOH, -NH2, etc.) as surfactant ligands is crucial for stabi-
lization, for prevention of aggregation, and for size and
shape control of nano/microcrystals. Depending on the
length and functional group of surfactants added in the
perovskite precursor solution or antisolvent for precipitates,
this ligand-assisted reprecipitation process normally leads to
specific nano/microcrystals such as wires, rod, platelets,
triangles, etc. [1,3,4,5,6,7,8,9] However, it is quite surprising
that the synthesis of methylammonium lead halide cubic
structures, especially the bromide based one, have been
rarely demonstrated. [10]

In this work, a facile synthetic approach is developed to
produce highly crystalline methylammonium lead bromide
perovskite (MAPbBr3) microcubes at room temperature by
injecting perovskite precursor solution into a polar protic
antisolvent without any assistance from surfactants or spe-
cial post-treatments. These MAPbBr3 crystals have perfect
cubic shape and constitute single crystals as evidenced by
combined scanning (SEM) and transmission (TEM) electron
microscopy as well as X-ray diffraction (XRD). Further, the
cube size can be varied between 1 and 15 pm by controlling
the amount of precursor solution added to the polar protic
antisolvent in the reaction. Compared with the previously
reported procedures, our synthesis does not require the use
of toxic non-polar solvents such as chlorobenzene, chloro-
form or toluene, which are normally used as antisolvents for
inducing precipitation of perovskite materials, or the prepa-
ration of halide organic surfactants with long ligands. The
presence of these macromolecules, or the residual of organic
solvents for dissolving them such as octadecene, may create
highly insulating barriers which block electronic communi-
cation between nano/microcrystals, limiting the usefulness
of their assemblies for optoelectronic applications. The opti-
cal properties of the fabricated structures are studied by
means of laser scanning confocal microscopy (LSCM). This
technique allows analyzing the homogeneity of the photoe-
mission in the bulk of the microstructure by collecting the
photoluminescence (PL) from small volumes (voxel of 300 x
300 x 400 nm?). This characterization allows for a precise
knowledge of their emissive properties which are relevant for
evaluating both the quality of the lattice, as PL is highly
sensitive to its distortions and defects and their potential
applications, as lead halide perovskites are expected to play a
key role in optoelectronic devices involving light emission.
[u] In particular, single crystals growing into polygonal
shapes constitute optical micro-cavities whose potential as
micro-lasers has been broadly demonstrated over the past
few years. [1,12,13,14,15,16,17,18,19]

In the synthetic procedure herein proposed the MAPbBr,
precursor solution was prepared by dissolving methyl am-
monium cations and PbBr, in a polar DMF solvent where
methyl ammonium cations are embedded in the voids of a



set of corner-sharing PbX¢ octahedra to form organic-
inorganic hybrid MAPbBr, perovskite. In order to accelerate
the nucleation and precipitation process antisolvents has
been commonly employed. They play a critical role in ex-
tracting the DMF solvent from the perovskite precursor
solution as a result of the antisolvent/DMF miscibility. Toxic
non-polar solvents such as chlorobenzene, toluene, chloro-
form and diethyl ether are among those more frequently
used. However, according to the similarity principle, DMF, a
polar aprotic solvent, should have better miscibility with
polar solvents such as simple alcohols, organic nitriles or
simple ketones, which could potentially facilitate the prepa-
ration of well-crystallized perovskite micro/nanostructured
materials. In our work, isopropanol alcohol (IPA), a polar
solvent, has been chosen as the standard antisolvent to pro-
duce MAPbBr, microcubes. Typically, 50 pL of 40wt% MAP-
bBr, in DMF is rapidly injected into 950 pL of IPA solvent
with stirring at room temperature, which immediately pro-
duces orange precipitates at the bottom. After 1 min stirring,
a drop of orange precipitates was coated onto a slide glass
and dried at 100 °C for 10-20 min. Under the SEM (Fig. 1a) it
can be clearly seen that as-prepared perovskite microcubes
exhibit a smooth surface and sharp edges with perfect three-
dimensional (3D) cubic structure as depicted in the inset
image, and size from 1-5 pm. According to our preliminary
tests with different solvents, either polar or non-polar ones,
(Figure S1 of Supporting Information), IPA is a preferred
choice to attain perovskite micro-structures with perfect
cubic shape. Due to the limited miscibility of polar DMF in
non-polar antisolvents, residual DMF solvent results in trun-
cated perovskite microcubes, as a consequence of either an
etching effect of the remaining DMF in the case of chloro-
benzene and toluene, or the presence of unreacted perov-
skite precursor remains on the surface of perovskites cubes
in the case of diethyl ether and chloroform. On the other
hand, not every polar solvent, such as acetone or methanol,
produces perfect perovskite cubes. Although we observed
that acetonitrile gives rise to perfect cubic perovskite, there
was always some taint present on the surface. Only IPA
among our tested solvents yields MAPbBr, perovskite micro-
cubes with a smooth surface and sharp edges, which suggests
that its miscibility with DMF is appropriate to prevent the
contamination of the final microcubes with any kind of im-
purity.

The concentration effect of the perovskite precursor solu-
tion (Figure Sz of Supporting Information) was also investi-
gated, MAPbBr, microcubes being only achieved with 4owt%
precursor solution. The rest of concentrations led either to
truncated cubes (10wt% or 20wt%) or none at all (1wt%),
evidencing the importance of a concentrated perovskite
precursor solution in attaining perfect microcubes. The latter
observation indicates that, in order to attain high quality
crystallites, the uptake of perovskite precursor during the
rapid formation of perovskite microcubes has to be quickly
compensated, which would explain why the best results are
obtained with highly concentrated perovskite precursor
solutions. When the amount of perovskite precursor solution
of choice (concentration of 40wt%) added into the antisol-
vent is varied from 10 PUL up to 500 pL, we observe that the
average size of MAPbBr; microcubes can eventually reach
about 15 um as long as there is a sufficient amount of precur-
sor solution (200 pL or 500 pL), although at the expense of
widening the size distribution (SEM images of Figure S3a,
S3c of Supporting Information). It can be seen from the X-ray

diffraction (XRD) pattern (Fig. 1b) that these MAPbBr, mi-
crocubes have completed conversion from PbBr, and MABr
to MAPbBr;, with well crystallized structures as indicated
from its intense peak of (oo1), (10) and (002), without resid-
ual peaks from the precursor materials of PbBr, and MABTr.
Further, the calculated d-spacing of 2.97 A based on the
intense peak of (002) at 20=30.12° suggests a cubic lattice
structure with a unit cell of a=5.93 A, which can be indexed
assuming cubic symmetry with space group (Pm3m). As the
amount of precursor solution added into the antisolvent
increases, the shape of the microcubes is deformed with a
slight elongation along the (oo1) direction, resulting in an
increased intensity of the (oo1) and (002) peaks (Figure S3b
of Supporting Information). The selected area electron dif-
fraction (SAED) pattern also shows a high crystalline quality
with the same (o01) facets exposed (Fig. 1c) with measured d-
spacing of 2.93 A to plane (200), which is perfectly matched
with the XRD results. For the chemical composition of the
microcubes, the energy-dispersive X-ray spectroscopy (EDX)
analysis presents a Pb:Br atomic ratio 1:2.83 (Fig. 1d), which
is in good agreement with the 1:3 stoichiometry of a MAP-
bBr, crystal.
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Figure 1. As-prepared MAPbBr3 microcubes from 50 pL
precursor solution, characterized by scanning electron mi-
croscopy (a) and powder X-ray diffraction (XRD) (b). Select-
ed area electron diffraction pattern of single microcube (c)
and its Energy-dispersive X-ray spectroscopy (EDX) spec-
trum (d). In (b), the XRD patterns of the raw compounds
used to prepare the precursor, PbBr2 and MABr, are also
included. The inset in (d) shows the estimated atomic ratio
of Br and Pb in a microcube.

Studying the emission properties of individual micro-
structures is essential to evaluate its potential as active com-
ponents for optoelectronic devices. In order to do so we have
studied the described micro-cubes using a LSCM, which
allows retrieving information on the homogeneity of the
emission at the microscopic level within the volume of the
micro-structures containing both intensity as well as spectral
information. [20] Figure 2 shows PL images corresponding to
different sections of an individual MAPbI3 micro-cube which
allow accessing its emissive properties, together with PL
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profiles extracted from them. In these images the outer part
of the cube emits more efficiently than the center with the
edges showing the highest intensity. This effect is believed to
be due to the interaction of the micro-structure with the
atmosphere [20] which is known to strongly affect its emis-
sive properties. [21,22,23]
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Figure 2. PL intensity profiles (left) and PL images (right
panel) collected across different sections of a micro-cube
having 2 pm sides at three different vertical positions: z=0.4
pm (a), z=1 pm (b) and z=1.8 pm (c). Arrow indicates direc-
tion along which profiles are extracted. Scale bars corre-
spond to 1 pm (d).

Besides the asymmetry in the PL intensity between edges
and center (up to a factor of 1.5), the bulk of the cube pre-
sents a highly homogeneous PL intensity as can be seen in
the emission profile extracted from a PL image in Fig. 2b.
This shows how the structural homogeneity of the samples,
evidenced by the SEM and TEM analysis, is translated into a
high optical quality indicating the absence of defects or im-
perfections (at least within the spatial resolution limited by
optical diffraction in our experiments). Such homogeneity is
in contrast with the highly irregular PL distribution previ-
ously observed in polycrystalline films of MAPbI3. [24,25]

Finally the spectral properties of micro-cubes of different
size were also probed by LSCM. Figure 3a-b show the evolu-
tion of the spectral position of the PL peak as well as its full
width at half maximum (FWHM) for micro-cubes having
different lateral size. Both magnitudes present a spread of
values of ca. t1.5nm but only the former has a clear trend,
showing a small blueshift as the cube size increases from
below 1 to 10 pm. These variations are responsible for the
spectral differences when we probe a single micro-cube with
the confocal microscope and an array of several cubes (from
a sample fabricated by injecting 200 pl of the MAPbBr3 pre-
cursor into the isopropanol solvent) in a conventional PL
experiment (Fig. 3¢). Spectral variations in the PL of hybrid
organic inorganic perovskite crystals depending on their size
have been reported [26] for the case of MAPbI;. Such chang-
es comprised the opposite trend to the one observed here,
the PL spectra undergoing a blueshift with decreasing crystal
size, and were attributed to distortions in the Pb-I-Pb bond

as a consequence of crystallite size. [27] A spectral shift in
the PL of perovskite crystals due to quantum confinement
effects, which would also take place in the opposite direction
as the one observed here, can be discarded as the size of the
structures studied are well above the Bohr exciton radius
reported for this material. [28,29,30] While a precise
knowledge of the origin of the observed spectral shift is lack-
ing at the moment and will demand future work, a plausible
explanation could be related to the first mechanism dis-
cussed. This would imply the absence of distortions in the
smaller micro-cubes, contrary to what has been observed in
irregularly shaped crystallites. [26]
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Figure 3. Evolution of PL peak position (a) and FWHM (b)
for micro-cubes having different lateral sizes. Grey band is a
guide to the eye. (c) PL spectra collected from a single cube
using the confocal microscope (black) and from a distribu-
tion of cubes using a conventional PL set-up (grey data).

In conclusion, MAPbBr3 microcubes were synthesized by a
facile approach where a small amount of MAPbBr, precursor
solution is injected into a user-friendly isopropanol polar
antisolvent at room temperature, without assistance of large
organic surfactants. XRD and SAED analysis confirm that
MAPbBr; microcubes are single crystals and have a cubic
lattice structure with a unit cell of 5.93A. EDX analysis
proves the stoichiometry of CH;NH,PbBr, crystal as well.
Optical characterization performed by means of LSCM shows
how the previous structural properties translate into a ho-
mogenous PL within the crystal bulk, enhanced at its bound-
aries. The constant emission throughout the cube volume,
highly desirable for lighting applications involving this kind
of micro-structures, evidences the absence of crystalline
defects within the spatial resolution provided by our set-up.
Our research could ease the integration of microstructures in
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optoelectronic devices, as the crystallites herein reported
present high optical quality and can be readily processed
without the need of removing unwanted organic residues
from the synthesis.
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