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ABSTRACT: Photoinduced phase separation in mixed halide perovskites emerges
from their electro-mechanical properties and high ionic conductivities, resulting in
photoinduced I"-rich charge carrier traps that diminish photovoltaic performance.
Whether photoinduced phase separation stems from the polycrystalline microstructure
or is an intrinsic material property has been an open question. We investigate the
nanoscale photoinduced behavior of single-crystal mixed Br~/I” methylammonium
(MA") lead halide perovskite (MAPb(Br,];_,);) nanoplates, eliminating effects from
extended structural defects. Even in these nanoplates, we find that phase separation

R . 4 h d
occurs, resulting in I"-rich clusters that are nucleated stochastically and stabilized by ° og;l;::m sup'fr:::zed
polarons. Upon lowering the electron—phonon coupling strength by partially  separation separation

exchanging MA* for Cs*, a phase-separated steady state is not reached, nevertheless
transient 1™ clustering still occurs. Our results, supported by multiscale modeling,
demonstrate that photoinduced phase separation is an intrinsic property of mixed halide
perovskites, the extent and dynamics of which depends on the electron—phonon

MA* - Cs*
cation exchange

coupling strength.

he dynamic behavior of lead halide perovskites stems

from a novel combination of electronic and mechanical
material properties, which together lead to unintended
phenomena that impact halide perovskite-based devices.
Halide perovskites have the chemical formula ABX;, where A
is either an organic cation such as methylammonium (MA") or
Cs*, B is typically Pb?*, and X is a halide or halide mixture
(Br™/Cl™ or I"/Br™). These materials undergo many dynamic
processes across a wide range of length and time scales,
including rotational motions of organic cations,”* halide
migration,” and long charge carrier lifetimes,>”’ which
influence lead halide perovskite device performance. Mixed
halide perovskites have been intensely investigated for
applications in optoelectronic devices such as light-emitting
diodes (LEDs),*’ nanoscale lasers,'”'' and tandem solar
cells'*™"* because their bandgap can be easily and continu-
ously tuned by varying the ratio of halides (Br™ to Cl” or I” to
Br_).ls_17 Unfortunately, under illumination, the halides in
mixed halide perovskites reversibly phase separate, forming
photoinduced charge-carrier traps that limit the utility of mixed
halide perovskites for devices.”'*™>!
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Many investigations into photoinduced phase separation
have been performed on mixed halide perovskite polycrystal-
line thin films,>"*~>° which have a complex microstructure that
depends greatly on the preparation method used. In
polycrystalline films, it has therefore been difficult to determine
to what extent photoinduced phase separation is facilitated or
influenced by the presence of defects—especially grain
boundaries, at which low-bandgap halide enrichment has
been observed. Other studies have also explored photoinduced
phase separation in polycrystalline thin films using different A-
site cations with mixed results. For instance, polycrystalline
thin films of mixed halide perovskites with a mixture of
formamidinium (FA*) and Cs* in the A site have shown no
photoinduced phase separation in both the low and high
illumination intensity limits,"> whereas demixing was observed
in mixed FA*/Cs" thin films in a different study"'1 and in
polycrystalline thin films of entirely Cs-based mixed halide
perovskites.'” In these studies, it is challenging to decouple the
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Figure 1. Photoinduced phase separation in mixed halide hybrid perovskite single-crystalline plates. (A) Scanning electron microscopy (SEM)
image of nanowires and nanoplates as synthesized. (B) Low-dose transmission electron microscopy (TEM) selected area electron diffraction
(SAED) pattern of a single-crystalline nanoplate aligned to the 100 zone axis (ZA). The inset shows a TEM image of the nanoplate, on which
SAED was performed. (C) Photoluminescence (PL) emission spectra of a single nanoplate before and after illumination, showing the emergence of
a red-shifted peak that corresponds to iodide-rich regions in the plate. (D) A series of confocal microscopy images with emission at S00—560 nm
(cyan), 650—750 nm (yellow), and overlay of both channels excited at 405 nm at 12 yW with an 8 us pixel dwell time (75 mJ/cm?). (E) Trace of
the photoluminescence intensity over the entire plate as a function of time.

effect of using different A site cations with associated variations
in thin film morphology and defect structure. Additionally,
Barker et al. hypothesize that charge carrier generation
gradients through the thickness of the mixed halide film
drive halide phase separation.”” They indicate that this
phenomenon would result in an enrichment of I at the
surface of the film. Yet, Cappel et al. observe Br™ enrichment at
the surface upon illumination,”® so it has remained
inconclusive which halide becomes more abundant at the
surface upon light exposure.

We previously used cathodoluminescence (CL) imaging and
multiscale modeling to determine that photoinduced phase
separation is a nonequilibrium phenomenon driven by the
presence of polarons—photogenerated charge carriers and
their accompanying lattice distortions.”’ CL imaging enables
high-resolution spatial mapping of the emission of lead halide
perovskites.””* Due to strong electron—phonon coupling in
hybrid halide perovskites,”~** polaronic strain locally changes
the free energy of halide mixing, leading to stabilized regions
enriched in I". We showed that I"-rich clusters are stabilized
by the presence of a photogenerated trapped polaron and that
these clusters form stochastically upon illumination due to
fluctuation in the local I” concentration resulting from high
halide mobility. Additionally, by replacing a more polarizable
cation, such as MA", with a less polarizable cation, such as Cs®,
we demonstrated a significant decrease in the rate and extent
of photoinduced phase separation. The film morphology,
however, differed dramatically between perovskite thin films
formed with MA*- and Cs'-containing precursors. Although
the combination of CL imaging and multiscale modeling
revealed the connection between halide phase separation and
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polaronic strain, how the halide perovskite morphology and
presence of intrinsic structural defects, such as grain
boundaries, affects photoinduced phase separation has
remained poorly understood.

By investigating photoinduced phase separation in single-
crystalline mixed halide hybrid perovskites nanoplates, we
demonstrate that photoinduced phase separation is an intrinsic
property of the material. That is, the demixing is not caused by
specific features in the underlying microstructure and is instead
related to intrinsic properties such as strong electron—phonon
coupling, halide mixture-dependent band gaps, and halide
diffusion. By using single crystals plates (~200 nm thick), we
emulate the large grains found in high efliciency perovskite
photovoltaics. Using a combination of CL and confocal
microscopies, we observe the process of photoinduced phase
separation in crystalline mixed halide perovskites, and we
employ molecular modeling to confirm that polaronic strain,
rather than I” enrichment at grain boundaries, drives
photoinduced phase separation. We show that stable I™-rich
clusters form in the middle of single-crystalline perovskite
nanoplates, not only at the edges, and that clusters emerge in
different locations each time the reversible processes is
performed. To evaluate the extent to which electron—phonon
coupling strength affects photoinduced I"-rich cluster stability,
we also developed a cation exchange method to postsyntheti-
cally replace the highly polarizable MA" cations with less
polarizable Cs" cations. The cation exchange maintains the
morphology of the nanoplates, thereby decoupling the effects
of morphology and composition on photoinduced phase
separation. In the mixed MA*/Cs* mixed halide perovskites,
although transient I clustering is still observed, the I -rich
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clusters are not stabilized upon sustained illumination.
Theoretical analysis suggests that the reduction in lattice
polarizability results in a weaker interaction between free
charges and the ionic lattice. Therefore, a phase-separated
steady state is not reached because the electron—phonon
coupling is insufficiently strong for polaronic strain to locally
favor halide demixing. Our observations demonstrate that
photoinduced phase separation occurs stochastically and
results from intrinsic properties of the bulk perovskite material.
Even when steady state phase separation is prevented due to
compositional engineering of electron—phonon coupling,
transient charge carrier traps are still present.

We first synthesize single-crystalline mixed halide perovskite
nanoplates with the chemical formula MAPb(I,,Brys); and
demonstrate that photoinduced phase separation occurs in
these materials despite the absence of grain boundaries.
Nanoplates and nanowires were synthesized using the direct
reaction of lead acetate with a mixture of methylammonium
iodide and methylammonium bromide dissolved in 2-propanol
(Figure 1A).”'" Low-dose selected area electron diffraction
(SAED) confirms that the resulting nanoplates are single-
crystalline (Figure 1B), and scanning transmission electron
microscopy (STEM) energy dispersive X-ray spectroscopy
(EDS) demonstrates that the halide ratio is 14:86 I~ to Br~
(Figure S1). Upon above-bandgap illumination of the
perovskite nanoplates at 405 nm, we observe the emergence
of a red-shifted peak, corresponding to the formation of I"-rich
clusters (Figure 1C). In this study, we use both low electron
exposure CL and confocal microscopies to interrogate
photoinduced phase separation. CL microscopy has the
advantage of subdiffraction limit spatial resolution and the
ability to correlate luminescence spatially with morphology.
The number of frames is, however, limited because of potential
electron beam damage. As a complementary technique,
confocal imaging allows for high frame rates and long
acquisition times, and it avoids potential electron beam-
induced damage. To show that photoinduced phase separation
occurs in the synthesized single-crystalline nanoplates, we
capture the emergence of I"-rich clusters in two separate
emission channels, corresponding to the original emission
wavelength range (500—560 nm) and the emission wavelength
range of the emerging I -rich clusters (650—750 nm), using
confocal microscopy (Figure 1D). By overlaying the images
from these two channels, we observe that they are
anticorrelated (Figure 1D). We note that the edges of the
nanoplates show enhanced PL, which likely stems from either
photonic waveguiding effects*® or a lower concentration of
MA* vacancies at the edges’’ and should not impact
photoinduced phase separation. We plot the integrated
emission from each channel as a function of time in Figure
1E and see very similar, yet slower, kinetics for cluster
formation in the single-crystals as is seen in polycrystalline
films (Figure S2). Although we are observing photoinduced
phase separation in a single-crystalline nanoplate, we note that
the clusters form heterogeneously in both space and time
suggesting that photoinduced phase separation is a stochastic
nonequilibrium process.

To visualize the transient, stochastic formation of I”-rich
clusters in lead halide perovskite nanoplates with higher,
subdiffraction limit spatial resolution, and to spatially correlate
luminescence with morphology, we employ CL microscopy.
We use CL imaging to probe I"-rich cluster formation at the
nanoscale by alternating illumination with a 40S nm LED and
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CL acquisition (Figure 2A). After 10 s of illumination, we
observe individual, distinct I"-rich clusters, as shown by the
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Figure 2. High-resolution cathodoluminescence (CL) imaging of
photoinduced phase separation in a single nanoplate. (A) CL
detection apparatus. (B) Sequence of CL images with a 650 nm
long pass filter interleaved by 10 s of illumination at 405 nm (100
mW/cm?) between each frame.

bright spots on the CL image superimposed on the secondary
electron (SE) image (Figure 2B and Figure S3). For a single
nanoplate, we find that I"-rich clusters form in different
locations each time we repeat the cycle of inducing phase
separation, imaging with CL, and allowing the halide anions to
remix (Figure S4). The fact that I -rich clusters do not
repeatedly appear in the same locations indicates that, in
single-crystalline nanoplates, the formation of stable I7-rich
clusters is not predetermined by spatial variations in static
defects. We cannot, however, rule out effects from fluctuations
in mobile defects. Local stochastic variations in mobile defect
densities, particularly in the form of density fluctuations of
halide vacancies, could also impact the formation of I"-rich
clusters. Nevertheless, it is expected that inhomogeneities in
average defect concentration due to the surface of the plates
decay over microscopic length scales given the material s elastic
properties.

To further investigate the process of I -rich cluster
formation, we use confocal microscopy at low laser power
and find that our observations agree well with simulations.
Using low power confocal imaging (~4 W, 25 mJ/cm?) to
both induce and probe cluster formation, we find that I"-rich
clusters form in random locations, appearing as diffraction-
limited spots in both nanoplates (Figure 3A and Movie S1)
and nanowires (Figure 3B and Movie S2). Although some I™-
rich clusters appear momentarily, other clusters are stable over
much longer time periods. By performing coarse-grained
dynamics simulations of multiple polarons in a mixed halide
lattice (Figure 3C and Movie S3), we confirm that charge
carriers both stabilize and are trapped in regions of high I”
content. Charge carrier trapping requires an I” composition
fluctuation above a critical size, which is why at short times
bright clusters form and dissolve stochastically.

To demonstrate that reducing electron—phonon coupling
prevents the formation of a phase-separated steady state, we
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Figure 3. Stochastic formation of iodide-rich domains in MAPb(I,,Br,gs); under laser scanning excitation and simulation of cluster formation.
(A) Time series of confocal images of the center of a single nanoplate of MAPb(I, ;,Br )5 taken at low power laser excitation (4 #W with an 8 s
pixel dwell time, or 25 mJ/cm?), showing blinking of iodide-rich regions within the plate. Red dotted circles indicate the position where a cluster
subsequently appears as indicated by a solid red circle. Blue circles indicate where a cluster is about to disappear, while blue dotted circles show the
absence of this cluster. (B) Stochastic formation of iodide-rich clusters in a nanowire of the same composition upon confocal laser scanning. (C)
Simulation of cluster formation within the perovskite lattice showing the transient appearance of iodide-rich clusters within the plate, as well as

longer-lived clusters.

have developed a cation exchange reaction that substitutes Cs*
for MA®. A more detailed discussion of the cation exchange,
along with associated results (Figure S5 and $6), is found in
the Supporting Information, as well as a comparison to other
reports of cation exchange in halide perovskites.** ™' Using
this cation exchange, we show that replacing some MA" with
Cs™ suppresses phase separation by preventing the polaronic
stabilization of I"-rich clusters, but it does not eliminate
transient 1™ clustering. The cation exchange reaction was
performed by submerging nanoplates composed of MAPb-
(Ip14Brog6)5 in CsI/CsBr in anhydrous isopropyl alcohol (see
Supporting Information for further details). Using low-dose
TEM SAED, we confirm that the resulting Cs*/MA" alloy
nanoplates remain single-crystalline after cation exchange
(Figure S7). Using TEM EDS, we show that the resulting
nanoplates have a chemical composition of Csy30MA ¢ Pb-
(Iy.15Bross) after cation exchange to form mixed cation, mixed
halide single-crystalline perovskite nanoplates (Figure S8). We
compare photoinduced effects in these nanoplates after cation
exchange to those that have not undergone cation exchange
using the same imaging conditions. At short exposure times
(<1 min), we observe formation and disappearance of I"-rich
clusters in both mixed cation and pure MA* nanoplates (Figure
4A and Movie S4). Nevertheless, at longer exposure times (~3
min), we only observe stable phase separation in the MA*
nanoplates; the mixed cation nanoplates continue to show
transient clustering (Figure 4B and Movie SS). Our results
demonstrate that I"-rich clusters exist in the mixed cation
perovskites but that the photoinduced charge carriers do not
produce substantial enough local strain to stabilize the clusters
indefinitely to reach a phase-separated steady state.
Simulations corroborate our imaging results and demon-
strate a difference in the extent of polaronic strain in halide
perovskites with Cs* and MA® as the A-site cation. By
simulating cluster formation in both Cs* and MA* mixed
halide perovskites using the same coarse-grained framework as
in Figure 3C, we can directly compare our simulations of
iodide clustering to experiment. The simulation reveals
transient cluster formation in both cases, yet I"-rich clusters
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fail to stabilize for long periods of time in the pure Cs" plates,
preventing the system from reaching a phase-separated steady
state (Movie S6). We find that there is a good match between
theory (Figure 4C) and experiment (Figure 4D) in terms of
the time scale and extent of cluster stabilization for both types
of perovskites. In both cases, phase separation persists in the
MA" mixed halide perovskite, but it does not with Cs*
(simulation) or mixed cation (experimental) mixed halide
perovskites. Quasiparticle ring polymer molecular dynamics
simulations reveal that the Cs* mixed halide perovskite exhibits
a more weakly bound, larger polaron compared to the MA*
lattice, with a smaller accompanying strain field and thus a
reduced driving force for phase separation. These results are in
agreement with expectations from Frollich theory.”” These
features are also in agreement with expectations from our
previous phenomenological theory, where the reduction in
electron—phonon coupling is due to the smaller polarizability
of the Cs* lattice, which is well described with the empirical
force fields employed.” Incidentally, we note that differences
in the electron—phonon coupling of the two lattices are much
more significant than differences in the exciton binding
energies at room temperature.””>> Snapshots of the molecular
dynamics simulations for MA™ and Cs* perovskites are shown
in Figure 4E,F, respectively, where the ratio of polaron radii is
0.7. The coarse-grained simulations also show how the
distribution of halides at the polaron location changes as a
function of illumination time in each case (Figure 4G), with
the basic time scale for concentration fluctuations set by the
known hopping rate of a halide ion, 1 ms.’® For the MA*
mixed halide perovskite, the local distribution of halides shifts
drastically toward becoming more I"-rich within 100 s. By
contrast, the local distribution of halides in the Cs*-containing
mixed halide perovskite shifts only slightly toward becoming
more I7-rich compared to what is expected from random
fluctuations in the dark. Additionally, the simulations show that
the persistence time of the I” concentration fluctuations in
pure Cs*-containing perovskites is only slightly greater than
that expected due to halide migration in the dark (Movie S6).
Mixtures of A cations with intermediate electron—phonon
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Figure 4. Cation exchange suppresses photoinduced phase separation. Confocal imaging of nanoplates composed of (A) MAPb(I,,Bryg); and
(B) Csg39MAg 6 Pb(IysBrggs)s after cation exchange. The blue channel corresponds to the original emission wavelength (500—560 nm) and the
yellow channel corresponds to the I"-rich cluster emission (650—750 nm). The intensity of the first three frames of the yellow channel in B are
multiplied by 2x to enhance the contrast at early times. (C) Simulated time trace of the composition at the polaron for MAPb(I,sBrggs); and
CsPb(Iy,sBrygs)s- (D) PL intensity as a function of time for the PL peak corresponding to iodide-rich regions in the perovskite for
MAPbD(1 4Brog6); and Csg30MAg ¢sPb(LysBrogs);. Snapshot of a molecular dynamics (MD) simulation of a polaron 99% isosurface in the MAPbI,
lattice (E) and CsPbl, lattice (F). (G) Simulated plots of the halide composition at the polaron location at different illumination times using

coarse-grained simulations.

coupling strengths, like the one demonstrated experimentally
in Figure 4, should therefore have clusters persisting for longer
periods of time than for the case of pure Cs*. Because the
presence of transient I"-clusters cannot be fully avoided even
by substituting Cs* for MA®, electron—phonon coupling in
mixed halide perovskites, regardless of the choice of A site
cation, has significant consequences when using these materials
in optoelectronic devices.

The combination of nanoscale imaging and molecular
modeling of illuminated single-crystal mixed halide perovskites
demonstrates that photoinduced phase separation is an
inherent process of the perovskite material and not purely a
consequence of the microstructure. This has important

4002

implications for device applications, as our experiments
demonstrate that focusing on improving compositional
uniformity by reducing defects, such as reducing the number
of grain boundaries, will not suppress photoinduced phase
separation in mixed halide hybrid perovskites. Instead, a viable
strategy for suppressing phase separation is to reduce
electron—phonon coupling. We suggest that postsynthetic
treatments that substitute cations and lead to less polar lattices
will suppress phase separation, serving as a viable strategy to
mitigate photoinduced phase separation in mixed halide
perovskites. For example, one could fabricate a film that is
susceptible to photoinduced phase separation, such as
MAPbH(LBr,_,);, and then perform a postsynthetic cation

DOI: 10.1021/acs.jpclett.8b01512
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exchange, converting the film to CsyMal_be(IxBrl_x)3, to
lower the electron—phonon coupling, preventing photo-
induced effects while preserving the more favorable morphol-
ogy of the MA-based film. While this prescription represents an
important advance, it is important to remain aware of the fact
that even though a phase-separated steady state is prevented
when Cs" is introduced into the lattice, transient I" clustering
could still decrease device performance, albeit by a lesser
amount. For instance, we find that the photoluminescence of
the mixed cation perovskite nanoplates dropped by approx-
imately 10% upon illumination because of transient I”-rich
cluster formation. This decrease in photoluminescence
quantum yield should correlate to a decrease in the
photovoltage of a solar cell made from this material.”*

Even though structural defects are not directly responsible
for photoinduced phase separation, they do play a supporting
role. The presence of vacancies is directly responsible for the
mobility of halides in the lattice, changing the kinetics of
photoinduced phase separation. In addition, the relationship
between lattice strain and clustering dynamics requires deeper
investigation. Inherent strain in the perovskite lattice resulting
from rapid crystallization during solution processing could
significantly affect electron—phonon coupling and the
propensity of the halides to phase separate under illumination.
Furthermore, the relationship between defect density and
electron—photon coupling in these materials is also not well
understood. Both variations in defect concentrations and
lattice strain could explain inconsistencies in observations of
photoinduced phase separation in mixed cation, mixed halide
perovskites.'”"” Nevertheless, we have provided a body of
evidence that photoinduced phase separation results from
intrinsic properties of mixed halide perovskites. Furthermore,
although it can be significantly suppressed by strategically
altering the interactions between charge carriers and the
perovskite lattice, we have also shown how the transient halide
demixing that occurs even when these interactions are
minimized may continue to limit the efficiency of optoelec-
tronic devices based on mixed halide perovskites.
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Experimental materials and methods, simulation meth-
ods, a further discussion of the cation exchange, energy
dispersive X-ray spectroscopy of the plates, comparison
in the kinetics of photoinduced phase separation in thin
films versus plates, additional CL images of single crystal
plates, and XRD and EDS post cation exchange (PDF)
Movie S1: Blinking in mixed halide nanoplate (AVI)
Movie S2: Blinking in mixed halide nanowire (AVI)
Movie S3: Coarse-grained simulation of photoinduced
phase separation in a MA" mixed halide perovskite
(AVI)

Movie S4: Confocal imaging movie showing photo-
induced phase separation in a MA" mixed halide
perovskite nanoplate (MAPb(I,1,Brgs6)3) (AVI)
Movie SS: Confocal imaging movie showing transient
iodide clustering in a Cs" mixed halide perovskite

nanoplates (Csg30MAg ¢, Pb(Iy;5Brgs);) (AVI)
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Movie S6: Coarse-grained simulation of photoinduced

phase separation in a Cs* mixed halide perovskite (AVI)
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