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From Heterostructures to Solid-Solutions: Structural Tunability

in Mixed Halide Perovskites

Donghoon Shin, Minliang Lai, Yongjin Shin, Jingshan S. Du, Liban Jibril,

James M. Rondinelli, and Chad A. Mirkin*

The stability, reliability, and performance of halide-perovskite-based devices
depend upon the structure, composition, and particle size of the device-
enabling materials. Indeed, the degree of ion mixing in multicomponent
perovskite crystals, although challenging to control, is a key factor in deter-
mining properties. Herein, an emerging method termed evaporation—crys-
tallization polymer pen lithography is used to synthesize and systematically
study the degree of ionic mixing of Csy sFAq sPbX; (FA = formamidinium;

X = halide anion, ABX;) crystals, as a function of size, temperature, and
composition. These experiments have led to the discovery of a hetero-
structure morphology where the A-site cations, Cs and FA, are segregated
into the core and edge layers, respectively. Simulation and experimental
results indicate that the heterostructures form as a consequence of a
combination of both differences in solubility of the two ions in solution

and the enthalpic preference for Cs—FA ion segregation. This preference for
segregation can be overcome to form a solid-solution by decreasing crystal
size (<60 nm) or increasing temperature. Finally, these tools are utilized to
identify and synthesize solid-solution nanocrystals of Cs, sFAg sPb(Br/l);
that significantly suppress photoinduced anion migration compared to
their bulk counterparts, offering a route to deliberately designed photo-

1. Introduction

Mixed-halide  perovskites  consisting
of multiple ions at the same lattice
site (ABX3) are an emerging class of
semiconductors, with potential as high-
performance optoelectronic materials.l
The promise of this class of materials
derives from the fact that incorporation
of multiple ions is a facile means to tune
material properties such as band struc-
ture, emission and absorption efficiency,
exciton binding energy, and carrier life-
time.ll Indeed, it has been well estab-
lished that mixed-cation and mixed-halide
composition perovskites lead to enhanced
device performance and stability.?) How-
ever, simply using multiple ions during
synthesis does not always lead to struc-
tures with desirable properties, due to
the various degrees of ionic mixing and
types of nanoscale arrangements possible
in the complex perovskite.}! Therefore,
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facile perovskite property tuning using

stoichiometry is difficult, if not impos-

sible, without the ability to predict the

degree of ion mixing and the evolution of

the mixing ratio under application-relevant conditions. Indeed,
the ability to freely tune the crystal structure and morphology
of halide perovskites might enable access to both single-phase
(i-e., well-mixed solid-solution) and complex multiphase struc-
tures (i.e., core—shell, Janus, and other heterostructures) on
demand.® Technologically speaking, phase-uniformity in a
solid-solution is critical in the context of perovskite solar cells
and light-emitting diodes, where challenges pertaining to pho-
toinduced or electrical bias-induced segregation often emerge.l!
In contrast, purposefully inducing de-mixing of ions to form
multiphasic crystals is a means of engineering charge-carrier
concentration and dynamics, and fabricating multijunction
optoelectronic devices.®! Traditionally, heterostructure perov-
skites have been prepared by epitaxial growth, ion exchange,
and phase separation. However, these structures often tend to
undergo phase mixing due to either spontaneous ion diffusion
or ion diffusion under external stimuli (e.g., heat, light, or an
electric field).*¢7] Tt has been previously reported that such ion
migration can be significantly suppressed in 2D heterostruc-
tures where the metal-halide octahedra are isolated by long-
chain organic spacer cations.®® This suggests that physical
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confinement can significantly modify the thermodynamics of
ionic mixing. However, a strategy capable of realizing robust
3D heterostructures of ABX; compositions has not been estab-
lished yet due to facile ion-mixing.

In view of the challenges associated with unwanted mixing
or de-mixing, methods are needed to both examine the
fundamental phase behavior underpinning these processes,
and ultimately prepare structures that retain their morphology
under device-relevant conditions. This challenge is under-
scored by the fact that certain compositions (especially mixed
Cs—FA-based systems, where FA = formamidinium) have
been reported to either mix or phase-segregate, with no clear
understanding of the contributing factors.>3° This inconsist-
ency provides fertile ground for further study, as it implies
that thermodynamically stable solid-solutions and segregated
phases are comparable in energy in Cs—FA mixed cation-based
perovskites. Indeed, these structures may be attributed to a
balance between the soft lattice which accommodates strain
well to facilitate mixing, and the fact that there is a large size
mismatch between the two cations (Rgg = 1.81 A, Rpy = 2.79 A,
or (Rgp — Reg)/Res = 54%), which creates substitutional lattice
strain and a free energy penalty for mixing."'%! We hypoth-
esized therefore that varying the synthetic conditions during
and after crystallization would enable modulation of the mag-
nitude of this energy barrier, yielding a strategy for control-
ling the resulting degree of ion mixing. The ability to directly
investigate the thermodynamics of mixing and converge on a
thermodynamic structure is also useful, since the thermody-
namic structure will not be affected by minute variations in
the free energy landscape, and therefore, should remain stable
to external stimuli.'! However, conventional methods provide
neither the degree of size and composition tunability neces-
sary to map out the phase behavior of these complex perovskite
mixtures, nor the ability to study their evolution at the single-
particle level. Therefore, probing this hypothesis requires the
use of an emerging method, termed evaporation crystallization
polymer pen lithography (EC-PPL), which allows systematic
investigation of the ion segregation behavior in mixed Cs—FA
perovskites, including high mixing-ratio compositions such as
Cs.sFA sPbX;.12 Collectively through this work, we provide: 1)
an explanation for the microstructural origins of the segrega-
tion process and 2) method for deliberately and systematically
tuning the phase morphology, thereby allowing for the rational
design of targeted emissive structures on demand.

2. Results and Discussion

2.1. Lateral Heterostructures from Step-Wise Nucleation
and Growth

As an initial step toward investigating crystallite size effects,
the ion segregation behaviors of microcrystals were investi-
gated. A bulk solution growth method was developed involving
deposition of the constituent perovskite ions and solvent onto a
wafer followed by unconfined microcrystal growth during sol-
vent evaporation. Modifying the ratio of constituent ions ena-
bles an investigation of the effect of precursor stoichiometry on
the morphology and photoluminescence (PL) of the resulting
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Cs;_,FA,PbBr; perovskite microcrystals. We first investigate a
single halide anion (Br) composition (Cs;_,FA,PbBr;) to vali-
date the hypothesis that the addition of Cs;_,FA, results in
cation segregation. Next, with the incorporation of multiple dif-
ferent anionic halides, we studied the interaction between anion
distribution and Cs;_,FA, cation segregation by incorporating
ratios of anions (Cl/Br or Br/I) including Cs;_,FA,Pb(Br,/I;_,);.
As the relative FA concentration increased, the emission peak
in the PL spectra of these materials shifted toward higher
wavelengths (as expected given that FAPbBr; has a smaller
bandgap than CsPbBr;).'3l Notably, at the composition where
segregation is expected to be most pronounced (x = 0.5), two
shoulders were clearly observed in the PL spectrum (Figure S1,
Supporting Information). For the x = 0.5 sample, we observed
that the PL emission peaks were centered at 535 and 538 nm
for the center and the outer edge of the microcrystal, respec-
tively, and a phase-boundary is optically discernible (Figure 1A).
Since CsPbBr; has a larger bandgap than FAPDBr;, these
spectra indicate that Cs was concentrated in the center, and FA
was at the edge. Elemental maps also revealed a lateral inho-
mogeneous Cs distribution with high Cs and C concentrations
present at the microcrystal center and periphery, respectively
(Figure 1B). As the Br:Pb ratio is stable around 3:1 in both the
center and edge regions (Figure S2, Supporting Information),
the decreasing Cs:Pb ratio suggests that the FA ions are con-
centrated at the edges. With regard to crystal morphology,
the edge of the crystal is slightly higher than the center, as
evidenced by atomic force microscopy (AFM) (Figure S3, Sup-
porting Information).

The system was further probed by incorporating a secondary
anion to investigate whether the anion distribution would be
modified due to the cation segregation. Since the perovskite
bandgap is sensitive to halide anion stoichiometry, the halide
segregation and Cs—FA cation segregation can be visually
resolved via PL measurements. When a structure with a 1:1
mixture of both cations and anions, Cs,sFAqsPb(ClysBrys)s,
was generated, unique PL emission peaks were observed in
the center (450 nm) and outer edge (500 nm), respectively, as
resolved by multichannel confocal imaging (Figure 1C,D). The
large difference in emission wavelength was a consequence
of anion segregation, which resulted in a Cl-rich center and a
Brrich edge. X-ray diffraction (XRD) confirmed the existence
of these two phases in the CsysFA(sPb(ClysBrys); crystals
(Figure S4, Supporting Information). In contrast, in microcrys-
tals where a single cation is used, the Cl and Br anions were
well-mixed throughout (CsPb(Cly 5Br 5)3 and FAPD(Cly 5Brgs)3),
implying that anion segregation in this system is dependent on
Cs—FA segregation (Figure S5, Supporting Information). Since
the A-site cations do not substantially alter the bandgaps of
these materials (as also seen in Figure 1A), the PL peak-shifts
can be used to track and interpret the local anion concentra-
tions."™ From the PL and energy-dispersive spectroscopy
(EDS) data, one can conclude that these two cation systems
are lateral heterostructures with compositionally well-defined
center and outer regions. Electron microscopy data are also
consistent with this conclusion (vide infra). In order to under-
stand how such lateral heterostructures form, the growth of
Csg,5FAqsPb(ClyBr,); was monitored during synthesis via
optical/fluorescence microscopy (Text S1; Figures S6 and S7,
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Figure 1. lon segregation in mixed Cs—FA lead bromides and chlorides. A) Photoluminescence (PL) emission spectra taken from two different positions
on a heterostructure Csq sFAq sPbBr; crystal (laser excitation: 405 nm). The PL peaks from the center and edge are at 535 and 538 nm, respectively. Inset:
an optical image of the crystal. Scale bar: 5 um. B) Scanning electron microscopy (SEM) (upper left) and EDS elemental maps (right two columns)
of a bulk CsgsFAg sPbBr; crystal. Schematic illustrating the observed lateral heterostructure morphology consisting of a Cs-rich phase at the center
and a FA-rich phase at the edge (lower left). The red and yellow dashed lines in the EDS images outline the edge and center, respectively. C) Confocal
images of micron-scale mixed perovskite CsqsFAqsPb(ClgsBrgs)s crystals synthesized using a solution-based growth method. Different areas of the
crystals emitted PL at different wavelengths. Left column: merged channels, middle column: blue channel (440-485 nm), right column: green channel
(485-540 nm). D) PL spectra from the center and the edge regions of a crystal. E) Schematic illustration of EC-PPL (left) and heterostructure formation
(right) for Csg sFAq sPb(Ch_,Br,); that relies on a two-step growth process.

Supporting Information). In situ observation of the crystalliza-
tion process reveals that the synthesis proceeds in two steps,
beginning with the nucleation and growth of a Cs-Clrich
perovskite phase, identified by its characteristic blue PL emis-
sion. Next, the surface of the Cs-Cl-rich perovskite acts as a het-
erogeneous nucleation site for the FA-Br-rich perovskite phase
to form. The origin of this multistep crystallization process is
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the difference in solubility of the ions, as FA has a higher solu-
bility than Cs in the solvent mixture. This discrepancy leads to
sequential crystallization as opposed to simultaneous satura-
tion (Cs-rich then FA-rich). To achieve the degree of size and
composition tunability necessary, we employed a recently devel-
oped EC-PPL technique.” EC-PPL involves deposition of a
small volume of solution upon a surface from an ink precursor;
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in this scheme, the homogeneity of the mixed solution-phase
droplet guarantees that all of the ion constituents participate
in the eventual crystallization process. This method of incor-
porating diverse ions in an individual crystal facilitates the
synthesis and study of complex perovskites (Figure 1E).

2.2. A Size-Dependent Morphology Transition from Lateral
Heterostructure to Solid-Solution

EC-PPL permits the material-general synthesis of combinato-
rial arrays of the crystals on a substrate, consisting of size gra-
dients over the micron to nanometer length scales, allowing for
correlative experiments at the single-particle level (Figure 2A
and Figure S8, Supporting Information).l"?! Particle lateral sizes
were defined as the square root of the projected areas from the
top-down using SEM or AFM images. As-synthesized CsqsFA s
Pb(Cly 5Br5)3 crystals (=2 um) from EC-PPL show a clear heter-
ostructure morphology (Figure 2B). The observed PL is persis-
tent, and the emission spectra of the crystals do not significantly
change, even after 120 days under ambient conditions. This
observation supports the notion that these heterostructure crys-
tals (=2 um) are stable at room temperature without significant
ion-migration that results in compositional changes (Figure S9,
Supporting Information). Importantly, as the size of
Csg5sFA( sPb(ClysBrgs); crystals decreased, a PL emission tran-
sition was observed (Figure 2C,D) and was correlated with their
morphology. For the crystals in this array (=500 nm in size),
two PL peaks were observed (461 and 483 nm), implying that
two ion-segregated phases are present in individual particles.
However, these peaks were either slightly red- or blue-shifted
compared to those of the larger microcrystal heterostructures
(450 and 500 nm in Figure 1D, respectively), likely because the
degree of ion mixing increases with decreasing size. Remark-
ably, as the crystallite size decreased to =60 nm, a single PL
emission peak centered at 474 nm was observed (Figure 2D),
suggesting a gradual transition in morphology from the het-
erostructure to a well-mixed solid-solution (Figure S10, Sup-
porting Information). In contrast, single-cation arrays from
CsPb(ClysBrgs); or FAPb(ClysBrys); particles synthesized by
EC-PPL exhibit single peaks in their emission spectra for all
particle sizes studied, and the observed PL peak wavelengths
match reported values (Figure S11, Supporting Information).["”!
Note that in these experiments, given that the entire nanocrystal
was excited, it was difficult to probe the local PL emission from
the centers and edges of the nanocrystals, as the particles were
smaller than the resolution of the confocal microscope and the
size of the laser spot.

Transmission electron microscopy (TEM) and selected-area
electron diffraction were used to determine whether structural
differences arise between the heterostructure and the solid-solu-
tion phases, made possible by synthesizing crystals via EC-PPL
directly on a TEM grid (Figure 2E). The crystalline structure
of regions near the edges and centers of the larger hetero-
structure CsqsFAsPb(ClysBrys); crystals were clearly visible,
with unique diffraction patterns (Figure 2F and Figure S12,
Supporting Information). Interestingly, for the smaller
60 nm particles, high-resolution TEM (HRTEM) images
show that the lattice spacing is not uniformly homogeneous
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(Figure 2G,H). This inhomogeneity was distinguishable by
the crystal contrast, which changed over time during extended
electron dosing (i.e., the organic component of the crystal
may be damaged by the beam).! The local phase difference
observed by fast Fourier transform (FFT) may indicate that
Cs and FA ions were not completely mixed at the individual
ion level (Figures S13 and S14, Supporting Information). How-
ever, the crystals as a whole display a single diffraction pattern,
providing evidence for a global solid-solution morphology as
opposed to two superimposed yet distinct phases (Figure 2H).
The microscopic origin of the obtained patterns (Figure S15,
Supporting Information) was investigated using density-func-
tional theory (DFT) simulations discussed below. The diffrac-
tion data are consistent with a global orthorhombic or tetrag-
onal-like structure (the two are difficult to distinguish experi-
mentally in this system), although the Goldschmidt tolerance
factor suggests a cubic perovskite would be expected (=0.94,
calculated from the end members CsPbCl; and FAPbBr;,
Figure S16, Supporting Information). This result reflects
the importance of cation-cation interactions in dictating the
microscopic crystal arrangement.

2.3. Thermodynamics of Heterostructure and Solid-Solution
Formation

Density functional theory (DFT) calculations were employed to
understand the thermodynamics governing the cation segrega-
tion observed in the Cs;_,FA,PbX; 0<x<1, X=Cl, Br, I) perov-
skites. The most notable features we found among all surveyed
cation arrangements on the A-site are positive formation ener-
gies (Figure 3A; AE > 0 at 0 K). This trend indicates a persistent
energetic preference toward cation segregation in Cs;_,FA,PbX;
at the bulk level (Text S2 and Figure S17, Supporting Informa-
tion). This prediction agrees with the segregation experimen-
tally observed in the microcrystals (Figure 2B,D). In addition,
the formation energy is significantly larger at x = 0.5 compared
to other compositions, and at x = 0.75 there was a consider-
able variation in the formation energy depending on the cation
arrangement (Figure 3B). We found the formation energy is
sensitive to the shape and size of the A-site cage formed by the
surrounding atoms; indeed, the geometric misfit-strain associ-
ated with placing relatively large FA molecules into a smaller
Assite cage increases the formation energy. The three represent-
ative cation arrangements at x = 0.5 have significantly higher
formation energies than the pure separated phases, which sug-
gests that segregation may also be favored in the Cs;_,FA,PbX;
microcrystals as observed experimentally. Another notable fea-
ture is the asymmetric energy penalty as a function of compo-
sition; mixing FA in Cs-rich regions (x = 0.75) is energetically
easier than mixing Cs in FA-rich regions (x = 0.25). This may
be because the Cs-rich composition exhibits an orthorhombic
packing with anisotropic A-site cation pockets within which the
FA molecules can more easily fit. A detailed discussion of the
complex interplay of cation arrangement, structural distortion,
and energetics is provided in Text S2 and Figures S18-S20, Sup-
porting Information.

The DFT results suggest that a large enthalpy barrier (H)
leads to the stable cation segregation observed experimentally
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Figure 2. Size-dependent morphology, PL, and crystal structure of CsqsFAqsPb(ClysBrgs); nanocrystals. A) Schematic of the CsysFAqsPb(ClosBrgs)s
crystal array via EC-PPL patterning. Top left: representative SEM image of an array of halide perovskite crystals. B,C) Multichannel confocal fluo-
rescence images from the patterned CsgsFAqsPb(ClgsBrgs)s crystals. Left: merged channel of the arrays; center: blue channel (440485 nm); right:
green channel (485-540 nm) from heterostructure in (B) and solid-solution in panel (C). D) PL spectral evolution as a function of crystal size for the
same array as in (B) and (C). The green and blue dashed arrows follow the shoulder of each PL peak. E) Low-magnification TEM image of an array of
Csg.5FAqsPb(ClosBros)s crystals on a TEM grid, inset: high-magnification TEM image of a heterostructure. F) HRTEM image of the segregation-
suppressed nanocrystal, with electron-beam damage that results in small local differences in contrast. G) Enlarged view of the green square along
the [001] zone axis. The different lattices represent the locally segregated domains throughout the entire crystal. H) An experimentally obtained dif-
fraction pattern along the [001] zone axis of the nanocrystal in G. Inset: a simulated diffraction pattern of the dispersed cation perovskite packing,
Csg.5sFAgsPb(Clg sBrgs)3, (along the [001] zone axis).

for larger Cs,sFA,sPbX; crystals. However, as temperature
increases (T > 0 K), the entropic contribution (S) to the free
energy of formation (G) increases, so we hypothesized that it
may be possible to induce a well-mixed solid-solution in this
manner (Figure 3C and Text S3, Supporting Information).
Importantly, larger CsgsFAqsPb(ClysBrys); crystals (>5 um)

Adv. Mater. 2023, 35, 2205923 2205923 (5 of 11)

were stable in heterostructure morphologies when annealed
at 120 °C for extended periods (Figure S21, Supporting Infor-
mation). This is because the enthalpic barrier is too large
to be overcome over this size range, despite the enhanced
entropic contribution to the free energy. However, in the case
of single cation compositions such as CsPb(Cl, 5Brys);, kinetic
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Figure 3. Cation arrangement and size-dependent thermodynamics of mixed perovskites. A) The simulated formation energy (AE) of Cs,FA, ,PbBr; as
a function of FA concentration (x=0, 0.25, 0.5, 0.75, and 1) at 0 K. The gray dashed line represents the x-axis (AE = 0). Blue and green shades represent
the phase-segregation regime and mixed regime, respectively. B) Schematics illustrating the segregated phases and mixed phase. In mixed phases,
different arrangements were investigated, and energy variations occurred depending on cation arrangements as shown in (B). The layered order rep-
resents clusters of FA molecules on the same layer, and this structure is a higher-energy configuration. The columnar and the dispersed arrangements
represent the intermediate and lower-energy configurations, respectively. The green, pink, and clustered spheres represent the Cs cations, halide anions,
and the FA cations, respectively. C) The final structures can be classified as either entropically favorable (solid-solution) or entropically unfavorable
(phase-segregated). G, and G,: Free energies of solid-solution and heterostructure. TR and T*: Room temperature and critical temperature. D) Left:
schematic of estimated miscibility gaps being suppressed as crystal size decreases. Each blue shade inward represents the immiscible regime as crystal
size decreases. Right: PL spectra from =100 nm crystals in the array before (bottom) and after annealing (top). Red arrow indicates the annealing
process. Inset: confocal images of the particles from the array before and after annealing process.

heterostructure morphologies formed for exceptionally large
microcrystals (>30 um, Figure S22, Supporting Information),
but low-temperature annealing (100 °C) was sufficient to induce
complete mixing. This observation corroborates the idea that
the Cs—FA enthalpic barrier is the key to robust heterostructure
formation.

As particle size decreases, the roles of surface and inter-
facial energies become more relevant to determining the
thermodynamically preferred structure, and generally, these
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contributions favor mixing."®1%l Thus, for the heterostruc-
tures, we hypothesized that the immiscible region of the phase
diagram would shrink with decreasing crystal size (Figure 3D).
Indeed, compared to the stable larger CsysFA,sPb(ClysBrgs);
crystals (>5 um), CsysFA( sPb(ClysBrqs);, crystals =2 um in size
showed a transition from a heterostructure to a solid-solution
morphology after thermal annealing at 120 °C (Figure S23,
Supporting Information). We further observed a lower
transition temperature (80 °C) for =100 nm edge length
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Cso.sFA(sPb(ClysBrgs); crystals (Figure 3D). As for the even
smaller crystals =60 nm in size, their transition temperature
appears to be below room temperature (23 °C). However, the
role of kinetic effects during crystallization of the smaller
sized particles should not be ignored. Long-range ion trans-
port is slow within larger crystals due to the slow diffusivity
of the cations, and the smaller crystals facilitate short-range
ion mixing.l”) Indeed, given the fact that the separated two
PL peaks merge to the single peak as crystal size decreases
and that these structures can withstand thermal annealing,
we suspect diffusion constraints are secondary to the differ-
ence in mutual solubility of the cations which drive the final
morphology.

2.4. A Library of Complex Mixed-Halide Perovskites Illustrates
Phase-Dependence on Size

Having evaluated the microscopic origins of the lateral hetero-
structure morphology and its size dependence, we hypothesized
that the physical confinement enabled by EC-PPL may allow
the generalization of the synthesis scheme to new precursor
ions and ratios. Additionally, control over particle size serves as
another facile means of tuning the particle morphology, degree
of mixing, and ultimately PL. Indeed, we were successful in
using EC-PPL to synthesize a library of 10 representative het-
erostructures and solid-solution perovskites, simply by extrapo-
lating observations on their formation energy as well as varying
halide anion concentrations and particle sizes (Figure 4A—C). By
tuning anion identity or ratio, we achieved synthesis of a variety
of unique heterostructures with specific center and edge PL
peaks. The result was tunability of the PL peak emission centers
from =420 to =700 nm. For example, we extrapolated the CI,
Br anion mixture to a Br, T mixture: CsysFAgsPb(Bry_I));. As
expected, larger microcrystals form a heterostructure, but in
this case with a Cs-Br-rich center and a FA-I-rich periphery. As
the particle size decreased in this system, the expected solid-
solution was observed optically (Figure 4D,E). Interestingly,
incorporating all three anions in CsysFAg5(Cly4Bro410.17); led
to a unique morphology consisting of a core, double lateral shell
structure. According to the PL emission, the Cl anions are pre-
sent in the center, with Br anions in the inner lateral shell and
then I anions in the outer lateral shell; the formation energy
trends suggest that the Cs:FA ratio should decrease from the
core outward (Table S1, Supporting Information). However,
due to increased complexity, we could not assign precise ion
distributions solely from the PL data (Figure S25, Supporting
Information).

2.5. Mitigation of Photoinduced Phase Segregation

Photoinduced anion segregation has proven to be a significant
barrier to the practical use of mixed anion perovskite systems,
because it results in device deterioration, especially in the
APD(Bry_1,); (A = MA or FA) compositions where 0.2 <y < 0.7
holds true.>!8! We observed the same anion migration effect
as well during photoillumination of the CsysFAqsPb(Bril,)3
heterostructure crystals. Crystals were irradiated with a 473 nm
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laser with a laser power of 30 mW cm™. When the as-synthe-
sized crystals with an anion composition of y = 0.2 were exposed
to laser excitation for several minutes, significant red-shifts in
the PL peak positions were observed (Figure 4F), indicating pho-
toinduced iodide-ion segregation occurred.'®1 Since the laser
spot size is too large to selectively illuminate either the edge or
core phases of the heterostructure, it is impossible to determine
whether the PL changes emerge from the diffusion across the
junction or between FA-rich and Cs-rich areas. Several models
have been reported to explain photoinduced anion segregation,
including ones based on polaron-induced lattice strain.’2% In
these heterostructures, it is likely that polarons form due to
the incorporation of both Br and I, as well as the structurally
expected interfacial strain between the FA-rich peripheral layer
and the Cs-rich core, which enhances the electron-lattice cou-
pling strength (as suggested in inset Figure 4F). The polaron-
induced strain favors the formation of local iodide-ion enriched
domains. Some researchers have reported that incorporating
a mixture of organic and inorganic cations in the A-site (i.e.,
incorporating Cs into FA site) alleviates this polaron-induced
phenomenon by decreasing the degree of electron-phonon cou-
pling, which suppresses anion segregation.?%?!l However, since
highly mixed cation perovskites, Cs, sFAqsPb(Br;_,1,)3, have yet
to be studied due to their limited cation miscibility, it remains
difficult to examine the polaron-induced segregation at higher
mixing fractions. To investigate this, we synthesized small
ion mixed particles with the same composition as the micro-
crystals, CsysFA(sPb(Brggly,);, which showed substantially
improved stabilities under illumination (3-min accumulation;
Figure 4G) over the heterostructure analog. This result shows
that cation incorporation in the A-site can serve as a general
strategy to mitigate light-induced anion segregation in mixed
Br,/T;_, crystals. Most importantly, these results highlight how
rational mixing strategies enable the design of crystals that pro-
vide the best combination of stability and performance.

3. Conclusion

This work shows that bulk solution growth and EC-PPL can be
used in tandem to synthesize and study libraries of new halide
perovskite materials. These experiments serve as a first-step
toward generating a comprehensive size- and composition-
dependent phase diagram suitable for predicting whether a het-
erostructure or solid-solution is thermodynamically preferred.
We have learned that in the mixed Cs—FA system, cation immis-
cibility results in separated lateral heterostructures. When
multiple anions are incorporated, each anion preferentially
associates with one cation over the other, which can be used
to understand the relationship between crystal composition,
its morphology/structure, and its characteristic PL emission.
Several effective methods were introduced and developed to
induce mixing in systems where two immiscible phases were
present in the bulk. Generally, increasing the temperature,
decreasing the crystal size (to =60 nm), or modifying the Cs—
FA ratio (away from 1:1) are the most effective methods for
inducing a structural transition from ion-segregated hetero-
structures to well-mixed solid-solutions. Importantly, the prin-
ciples established here have led to an effective size-confinement
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Figure 4. Heterostructure and solid-solution crystals and their stabilities under illumination. A) A library of complex halide perovskite heterostruc-
tures synthesized using EC-PPL and characterized by confocal microscopy. Top row: false-color schemes of the heterostructure with anions labeled
as center,edge,; Subsequent rows: confocal images of the heterostructure library. The false colors are coded with the color of their corresponding PL
peaks for the center and edge phases, respectively. Scale bars: 5 um. B) Demonstrating the tunability of the PL of individual heterostructure crystals
from the edge and center. C) From (A) and (B), composition dependence of PL spectra with; Left column: binary Cl/Br. Right column: binary Br/I. PL
spectra from ternary Cl/Br/I could not be obtained due to irreversible anion migration. A representative crystal structure, Cso sFAq sPb(Bryl,); (y = 0.1
and 0.2), is analyzed in (D-G). D) PL evolution of CsqysFAqsPb(Brgglo1); with varying crystal sizes from 60 nm to 1 um. The shoulders at 520 and 568
nm merge into a single peak at 540 nm for particles =60 nm in size. E) PL evolution as a function of Csq sFAg sPb(Broglo )3 crystal size. The shoulders
merge to a single peak at 575 nm for particles =60 nm in size. Insets: optical images of the array, scale bar: 5 um. F) The changes in the PL spectra
at three different time points for the CsgsFAgsPb(Broglo,)s heterostructure. G) Steady-state PL spectra of the crystal CsgsFAqsPb(Broglg,)s. Insets:
Schematics of hypothesized polaron behavior in heterostructures and solid-solutions.
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strategy to suppress light-induced anion segregation in
Cs0.5FAsPb(Br;_,I,); nanocrystals. This provides a promising
method for maximizing the stability of technologically relevant
Br/I mixed crystals.

This work establishes a new set of tools for investigating the
structure-property relationships in the vast parameter space
that defines halide perovskites, where rather than exploring
and studying structures through trial and error, an entire com-
plex phase space can be mapped extensively beforehand by pat-
terning a library of positionally encoded complex mixed perov-
skite crystals. Furthermore, by exploring en masse the rela-
tionship between laser exposure and crystal composition and
morphology, researchers can now rapidly identify photostable
structures. Similarly, if lateral heterostructures are desired for
their unique properties, a persistent phase boundary which is
insensitive to these same stimuli may likewise be designed.
A key takeaway is that many compositions previously inacces-
sible due to presumed stability challenges may be worth re-
exploring. As such, the results reported here expand the toolkit
available to researchers interested in discovering the materials
necessary for generating high-performing perovskite-based
optoelectronic devices.

4. Experimental Section

Synthesis of Complex Mixed-Halide Perovskite — Heterostructure
Microcrystals: All of the chemicals were purchased from Sigma Aldrich
unless otherwise stated. For the CsqsFAqsPb(ClosBros); system,
FABr (0.25 mmol), CsCl (0.25 mmol), PbBr, (0.25 mmol), and PbCl,
(0.25 mmol) were dissolved in 10 mL of DMSO. Then, the CsqsFAgsP
b(ClysBrgs)s solution was drop-casted on O, plasma-pre-treated Si
substrates. The substrates were heated at =120 °C for =10 min on a hot
plate in the air. The square-shaped heterostructure microcrystals formed
after the solvent fully evaporated. For the other mixed-composition
perovskites (Figure 4) (i.e., CsqsFAgsPbBrs;, CsgsFAgsPb(ClggsBrots)s,
Cs0.5FA0sPb(Clo33Broe)s, CsosFAsPb(Broglor)s, CsosFAosPb(Broglos)s,
Cs5FAosPb(Broesloss)s,  CsosFAsPb(Brossloss)s  Cso.sFAqsPb(Cloer-
Bro17l0.17)3, Cso.sFAq.sPb(Clo42Bro4zlo17)3), the precursor solutions were
prepared with the corresponding ratios of CsX, FAX, and PbX, (X =Cl, Br,
1) dissolved in dimethyl sulfoxide (DMSO). The crystal growth process
was similar to that for CsqsFAqsPb(ClysBrgs); above. The sizes and
shapes of the centers and the peripheral layers in the heterostructures
could be changed by modifying the solution evaporation rate. The overall
crystal size was tuned by varying the concentration of precursors in
solution and the ratio of the solvents. A smaller CsysFAqsPb(ClysBrgs)s
heterostructure microcrystal (used for the data in Figure S23,
Supporting Information) was obtained by diluting DMSO using dimethyl
formamide (DMF) (DMF:DMSO in a volume ratio of 9:1 (0.05 m)). The
as-synthesized crystals were annealed at different temperatures, as
needed, to improve their crystallinity.

Synthesis of Complex Mixed-Halide Perovskite Arrays: Mixed-halide
perovskite arrays were synthesized by EC-PPL following literature
methods.["? For consistency with the bulk heterostructure synthesis,
the same inks and substrate were used. The pyramidal-shaped
polymer pen arrays were fabricated following a published protocol
using h-polydimethylsiloxane (h-PDMS, Gelest).?2l The pen arrays
were mounted onto the XYZ-motorized piezo scanner of a desktop
nanopatterning instrument (TERA-Fab M series, TERA-print, LLC).
The pen array was finely leveled parallel to the substrate with two
piezoactuators before patterning. The pen array was removed from the
instrument, treated with O, plasma, and then spin-coated with the ink
at a spin speed of 3000 rpm for 1 min or less depending on the type of
ink precursor used. The inked pen array in the instrument was brought
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in contact with the substrate for a few seconds, and then retracted from
the substrate to make small nanoreactors.

The crystal size was tuned by modulating dwell time (pen in contact
with the substrate for 1-10 s) and extension length (0-10 pm from
a contact point against the substrate). Nanoreactors of the ink was
formed on the substrate after retraction of the pen array, and these
droplets were allowed to evaporate under atmospheric conditions to
form individual halide perovskite nanocrystals, in line with previous
nanoreactor approaches.?’]

To achieve patterning at high-temperature, a home-built microheater,
which was made up of Pt-wires 0.2 mm in diameter, was attached below
the substrate. Consistent heat was applied to the substrate during
the patterning. The temperature on the surface of the substrate was
measured using a thermocouple probe.

Nucleation Kinetics Comparison Experiment: The time-transient
nucleation of CsqsFAqsPb(ClgsBrgs); was imaged using an optical
microscope (Zeiss Axio Imager M2) under bright-field and fluorescence
modes with a LED illuminator (X-Cite, Excelitas Tech). For the kinetic
comparison between CsPbBr; and FAPbBrs;, similar amounts of
solutions were accumulated onto the pyramidal tips of the uniform pen
array by controlling the spin-coating conditions. The nucleation kinetics
of CsPbBr; and FAPbBr; were compared using a CMOS camera
(objective: 20x) equipped on the TERA-Fab M series instrument.

Structure and Morphology Characterization: The morphologies of
all the crystals were imaged by scanning electron microscopy (SEM)
on both a Hitachi SU8030 and a JEOL JSM-7900FLV equipped with
a cold field-emission gun (cFEG) operated at 1 kV to 15 kV. Elemental
distributions were confirmed using EDS silicon drift detector (X-Max™,
Oxford Instruments) equipped on a Hitachi SU8030.

TEM was performed on a JEOL ARM200CF equipped with a cFEG
operated at 200 kV. Diffraction patterns were obtained from a Gatan
OneView CMOS camera. All images were obtained within a few seconds
after the focusing and alignment process to avoid extensive electron
beam damage. Simulated electron diffraction data were generated using
the SingleCrystal package (SingleCrystal and CrystalMaker Software,
Ltd.) based on the simulated crystal structures from the DFT results.
The structural models were constructed using the VESTA software.

The heights of the heterostructures were defined using AFM
(Dimension lcon; Bruker) in tapping mode (probe k =42 N m™) at a
scan rate between 0.10-0.20 Hz. The obtained images were analyzed
using Gwyddion software.

Grazing-incidence X-ray diffraction analysis was performed using
a SmartLab Rigaku X-ray operating with Cu K|, radiation at 40 kV and
30 mA at room temperature. The scan rate was 2 s per step with a step
size of 0.02°.

Optical Characterization: Crystals that exhibited multiple PL
frequencies were imaged using confocal fluorescence microscopy on
a Leica SP8 Confocal (Leica Microsystem). All optical sections were
acquired with an objective (10x/0.40 NA air; pinhole size = 1 AU) with
a high-resolution zoom at room temperature. The crystals were excited
using a solid-state diode laser at 405 nm.

For the resolution-sensitive heterostructures, high-resolution
photoluminescence (HRPL) was performed on a modified confocal
Raman spectrometer, LabRAM HR Evolution (Horiba), with an excitation
wavelength of 473 nm at room temperature.

DFT Simulation: The Vienna Ab initio Simulation Package was
used to investigate the electronic structure and relative stability of the
halide perovskites.? The calculation utilized generalized gradient
approximation with the Perdew—Burke—Ernzerhof functional. Projector-
augmented wave potentials were used to describe the core and valence
electrons, and the plane-wave basis set employed a kinetic energy
cutoff of 550 eV.?’) The tetrahedron method was used along with
5 X 4 x 5 Monkhorst-Pack grids for Brillouin zone integrations and
k-space sampling of the Pnma unit cell with four formula units.?®l This
orthorhombic unit cell was a ~2x2x+/2 supercell of primitive cubic
cell (containing one formula unit) and has Pnma symmetry and a*b b~
tilt pattern in Glazer notation.?’] This tilt pattern was applied as initial
structures for all Cs;_,FAPbX; systems. For x=0.25 and 0.75, /2 x /2 x 1
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supercell of the orthorhombic cell was constructed (equivalent to
2 x 2 x 2 supercell of primitive cubic cell), and 4 x 4 x 4 k-point grid
was used. The cell volume and atomic positions were relaxed until the
forces on each atom were less than 0.03 eV A~ The formation energy
(AE) of Cs;_FA,PbX; was calculated based on the following formula:
AE (Cs_,FAPbXs) = E (Cs;_,FAPbXs) — xE(FAPbX;) — (1 — x) (CsPbXs).
A full list of core and valence electrons used for the calculations and
cation arrangements of each mixing composition are provided in the
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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