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Abstract

Epitaxial heterostructures of two-dimensional (2D) halide perovskites offer a new platform for
studying intriguing structural, optical, and electronic properties. However, difficulties with
stability of Pb- and Sn-based heterostructures have repeatedly slowed progress. Recently, Pb-free
halide double perovskites are gaining a lot of attention due to their superior stability and greater
chemical diversity, but they have not been successfully incorporated into epitaxial heterostructures
for further investigation. Here, we report epitaxial core-shell heterostructures via growing Pb-free
double perovskites (involving combinations of Ag(1)-Bi(Ill), Ag-Sb, Ag-In, Na-Bi, Na-Sb and Na-
In) around Pb perovskite 2D crystals. Distinct from Pb-Pb and Pb-Sn perovskite heterostructures,
growths of the Pb-free shell at 45° on (100) surface of the lead perovskite core are observed in all
Pb-free cases. The in-depth structural analysis carried out with electron diffraction unequivocally
demonstrates the growth of the Pb-free shell along the [110] direction of the Pb perovskite, which
is likely due to the relatively lower surface energy of the (110) surface. Furthermore, an
investigation of anionic interdiffusion across heterostructure interfaces under the influence of heat
was carried out. Interestingly, halide anion diffusion in the Pb-free 2D perovskites is found to be
significantly suppressed, as compared to Pb-based 2D perovskites. The great structural tunability
and excellent stability of Pb-free perovskite heterostructures may find uses in electronic and

optoelectronic devices in the near future.
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Introduction

Semiconductor hybrid nanostructures are composed of two or more distinctive semiconductor
components.'> A great degree of control over the composition, relative configurations of
nanostructures, crystal phases, exposed facets, and interfaces is possible with rationally developed
epitaxially grown hybrid nanostructures.! Minimizing the interfacial energy of hybrid
nanostructures is achieved by having a minimal lattice mismatch between the two crystals, which
is the fundamental factor in realizing epitaxial growth.!*~7 The basis of contemporary electronics
and optoelectronics is epitaxial heterostructures based on oxide perovskites and II-V, II-VI, and
transition metal dichalcogenide semiconductors.® !¢ Solution-phase epitaxy technologies like
colloidal synthesis and chemical reduction may epitaxially build a wide spectrum of hybrid
nanostructures on a large scale and in high yield at cheap cost.!*>717-2! For uses like solution-
processed solar cells, light-emitting diodes, detectors, and lasers, halide perovskites—an emerging
family of tunable semiconductors with desirable properties—are appealing.?>° Since their crystal
lattices are naturally soft, they can tolerate lattice mismatch better than other materials, making
them attractive for use in heterostructure creation and semiconductor integration.’!*> Among
halide perovskites, the structural and compositional versatility of layered Pb-perovskite allows for
their outstanding photoluminescence (PL) quantum yield, short carrier lifetime, and optoelectronic
tunability.?*-*3-3 Recently, we reported the synthesis of epitaxially grown lateral heterostructures
of layered Pb-perovskite using a two-step substrate assisted evaporation method, studied the anion
migration in hetero-halide lateral heterostructures and established the role of organic spacer cation
in suppression of anion migration.***! The heterostructures with mix halides have invited lot of
interest since our reporting of lateral heterostructures.*>*> Meanwhile, the layered Pb-free
perovskite structural analogous of Pb-perovskite are also inviting lot of interest from materials
scientists due to their higher stability and more structural diversity.*¢->* The layered Pb-free
perovskite exhibit weak broad white light emission originating from self-trapped excitons (STE)
and defects generally require dopants to introduce emission.>-7 The inability to use fluorescence
spectroscopy for studying anion migration due to the layered Pb-free perovskite’s weak and broad
STE and defect emission necessitates novel approaches. One way to investigate anion-migration
in Pb-free perovskites, using the PL spectra of Pb perovskite as a probe, is to integrate these two

into a heterostructures.



In this work we synthesized core-shell (R),PbXs-(R)sM'M!"Xg heterostructures using a two-step
solution-phase  synthesis method. Here R = Phenylethylammonium (PEA") or
Bithiophenylethylammonium (2T"), M! = Ag" or Na*, M = Bi** or Sb** or In**, and X =Bror L.
In these heterostructures, the layered Pb-perovskite is located in the core, while the layered Pb-
free perovskite is located in the periphery and does not emit any observable light. The study of the
effect of heat on these novel heterostructures shows that there is no anion migration in the layered
Pb-free Ag-based Pb-free perovskites and establishes that the layered Pb-free perovskites are
highly stable when compared to Pb-perovskites which undergo rapid anion migration under the
effect of heat.*>*! Complementary first principles simulations confirm the preferred perovskite
surface orientations. This research demonstrates that layered Pb-free perovskites are more stable
than layered Pb-perovskites because, in addition to rigid organic spacer cations such as 2T7, the

careful selection of metal cations also inhibits the anion migration.
Result and Discussion

Since both the core Pb-perovskite and the shell Pb-free perovskite are widely investigated, and the
core-shell (PEA):PbBrs-(PEA)4AgBiBrs heterostructure offers exceptional control on synthesis
and reproducibility, it was chosen as a model system for investigations.*>->> The organic spacer
cation is same in both individual components and the size of organic spacer cation largely affects

51,58’ and

the inter-layer spacing between adjacent inorganic layers, so the lattice mismatch is low
both core and shell perovskites were realized using similar solvent and anti-solvent combination
as discussed in experimental section in SI. The (PEA).PbBrs was chosen as core as it is highly
fluorescent and makes it easier to observe the changes in fluorescence in the heterostructure using
an optical microscope. Figure 1a shows the schematic representation of the two-step synthesis of
(PEA):PbBrs-(PEA)4AgBiBrs heterostructure microcrystals via substrate-assisted evaporation
method.*° The two-steps consists of the synthesis of pure (PEA),PbBr4 followed by the growth of
the shell of (PEA)sAgBiBrg. The boundary between the emitting core (PEA)>PbBrs and non-
emitting shell (PEA)4+AgBiBrs is easily identified using an optical microscope by comparing the
bright-field image (BF image) with the corresponding PL image, as shown in Figure 1b. The
bright purple emission from (PEA),PbBrs marks the interface with non-emissive (PEA)4AgBiBrs.
The X-ray diffraction (XRD) profiles of pure (PEA),PbBr4 and pure (PEA)4AgBiBrg in Figure 1¢

match excellently with the respective reference XRD profiles, with equidistant peaks



corresponding to the [001] direction being observed.*®>® The XRD profile of the (PEA):PbBrs-
(PEA)4AgBiBrg heterostructure microcrystals also shows characteristic equidistant peaks along
the [001] direction confirming no change in crystal structure occurs during the heterostructure
synthesis. Interestingly the XRD pattern of the heterostructure does not show any peak
corresponding to either pure (PEA)2PbBr;s or pure (PEA)4AgBiBrs, as can be seen in the enlarged
view of the peaks corresponding to (001) and (002) planes, also, we did not observe any broadening

of the peaks or splitting in the peaks.*
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Figure 1. (a) The schematic representation of synthesis of (PEA),PbBr4 and (PEA),PbBr;4 -
(PEA)sAgBiBrs HS microcrystals. (b) The bright-field (BF) and corresponding fluorescence
(PL) image of (PEA)2PbBr4 -(PEA)sAgBiBrs under white light excitation. (¢) The XRD profiles
of pure (PEA):PbBr4, pure (PEA)4+AgBiBrs, respective reference XRD patterns**~°, and
(PEA),PbBrs-(PEA)4AgBiBrs HS microcrystals. (The orange dash-dot lines mark the position
of heterostructure peaks for (001) and (002) planes) (d) Side view of crystal structure in
(PEA),PbBrs-(PEA)sAgBiBrs HS along the [010] direction, generated using VESTA.%

The XRD profile of the heterostructure reveals that the lattice parameters of both constituent
materials are altered during synthesis when compared with those of corresponding individual 2D
perovskites. The heterostructure peaks corresponding to (001) planes when compared to pure core
(PEA),PbBr; are shifted towards a higher 20, indicating the contraction of lattice planes with shell
growth which is probably happening due to the pressure exerted by shell material. Whereas when
compared to pure (PEA)sAgBiBrg, the peaks in heterostructure are shifted towards a lower 26,
showing that the growth at the interface of (PEA),PbBrs also affects the lattice parameters of
(PEA)sAgBiBrs, this might be occurring to minimize the lattice strain at the interface. The XRD
profile analysis suggests that the alternating organic spacer-inorganic polyhedral layer
arrangement offers unique flexibility in crystal structure. Figure 1d shows the side view of the
crystal structure at the interface for pure (PEA),PbBrs and pure (PEA),AgBiBrg along [100]
directions showing the similar arrangement of organic spacer cations resulting in a small lattice
mismatch of 1.41% as calculated along (001) from the individual structure parameters.>!*%6! The
core-shell morphology of heterostructure microcrystals was established using scanning electron
microscope with energy dispersive X-ray spectroscopic elemental mapping (SEM-EDX) and
atomic force microscopy (AFM). The SEM-EDX elemental mapping of (PEA);PbBrs-
(PEA)4AgBiBrg heterostructures as shown in Figure S1. The elemental distribution of Ag over the
entire surface of both heterostructure particles suggests that growth of Pb-free halide double
perovskite happens in lateral as well as vertical directions. The Pb and Bi could not be
distinguished using SEM-EDX due to the close value of La values (Pb La.=10.55 KeV and Bi La
= 10.83 KeV).%? The height profile of (PEA),PbBrs particles before and after heterostructure
synthesis provided in Figure S2 obtained using AFM confirms the core-shell morphology of



(PEA),PbBrs-(PEA)4AgBiBrs heterostructure. The height profile confirms the robust growth of
the shell of (PEA)4AgBiBrs in all directions: lateral and vertical, over the (PEA)>PbBr4 core.

The growth of the (PEA)4AgBiBrs shell happens at 45° along the edge of the (PEA)2PbBr; core as
shown in Figure S3. We monitored the evolution of the morphology of the (PEA)PbBrs-
(PEA)4AgBiBrg heterostructure with successive synthesis cycles of shell growth on the same piece
of the core (PEA);PbBr4 microcrystal using an optical microscope (by repeatedly taking the
samples out of the reaction chamber for optical characterization and then putting back for next
round of growth), as shown in Figure 2a. The growth is robust despite many perturbations. The
shell grows into a square around a square at 45° continuously as observed in optical images. This
unique epitaxial growth of the shell (PEA)sAgBiBrs over the core (PEA)>PbBrs in core-shell
(PEA),PbBrs-(PEA)4AgBiBrs heterostructure microcrystals requires a deep understanding of the
growth mechanism and crystal orientation at the interface. To understand the crystal orientation
and epitaxial shell growth direction, the electron diffraction patterns were collected using
transmission electron microscope (TEM). Figure 2b shows the TEM image of pure (PEA),PbBr;4
microcrystal with marked crystal orientation obtained from the analysis of the electron diffraction
pattern provided in Figure 2¢. We simulated the electron diffraction pattern using py4DSTEM for
the pure (PEA)2PbBrs and matched it with the experimental electron diffraction pattern to obtain
the epitaxial direction as shown in Figure S4.9 The electron diffraction pattern analysis confirms
the orientation of epitaxial growth along the [100] direction or [010] direction. Figure 2d shows
the TEM image of the core-shell (PEA)>PbBrs-(PEA)sAgBiBrg heterostructure microcrystal with
the core marked by a white dashed rectangle. Very interestingly, the shell's growth direction
appears to be parallel to the [110] direction, especially at 45°. To distinguish the core and shell,
the PL image was also collected for the same microcrystal on top of TEM grid, see Figure 2e
(inset provides BF image). The orange rectangle marks the edge of the fluorescent (PEA),PbBr4
core. We collected selected area electron diffraction (SAED) patterns at different areas of the
crystal. The electron diffraction collected from the center of the crystal will have contribution from
both core (PEA):PbBr4 and shell (PEA)sAgBiBrg whereas the pattern from the corner will only
have contribution from the shell (PEA)4sAgBiBrs, thus providing us better insight into the crystal
structure. The electron diffraction pattern of the core area and shell (PEA)4AgBiBrg are similar in
the location and intensity of the diffraction spots, see Figure 2f and 2g. The sharp diffraction spots

also confirm the high crystallinity of the core and shell materials. The SAED pattern corresponding
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to both the core and shell areas only shows one set of diffraction spots instead of split diffraction
patterns as the in-plane lattice parameters a and b for (PEA)sAgBiBrs’! are 11.5184 A and 11.6000
A and for (PEA),PbBr4+*® are 11.6124 A and 11.6388 A. The in-plane lattice mismatch for a and b
parameters in Pb-perovskite and Pb-free perovskite is 0.8% and 0.3%, respectively, resulting in
the observation of same electron diffraction pattern at corner and center of the heterostructure
particle. The in-plane lattice parameters in Pb-perovskite core and Pb-free perovskite shell are so
close in value that these cannot be distinguished by the electron diffraction patterns as observed in
Figure 2f and 2g. This is further confirmed by the quantification of SAED spots. The position of
the diffracted spots with respect to the transmitted spot show no change in d-spacing of in-plane
lattice planes in the inorganic layer in Figure 2f and 2g for core-shell heterostructure when
compared to Figure 2¢ for pure (PEA)2PbBr4, suggesting that core-shell heterostructure formation
does not affect the inorganic layer. To explain this, we hypothesize that the organic spacer cation
layer in this alternate rigid-inorganic layer and flexible-organic layer arrangement in the layered
halide perovskites provides flexibility of tuning of lattice parameters (corresponding to (001)
direction as observed from XRD patterns) to minimize strain, in otherwise highly crystalline

materials.
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Figure 2. (a) The optical BF and corresponding PL images of (PEA).PbBrs-(PEA)sAgBiBrg
heterostructure microcrystal with the number of times the shell precursor is added. (b) A TEM
image showing the square morphology of pure (PEA)PbBry4 crystal. (¢) The corresponding
diffraction pattern of (b). (d) TEM image of (PEA),PbBrs-(PEA)sAgBiBrs heterostructure
microcrystal. (e) corresponding PL image with BF image in inset. (f) and (g) selected area

electron diffraction pattern corresponding to the epitaxial shell and core area, respectively.

To understand the thermodynamics of shell growth, we performed density functional theory (DFT)
computations to determine the surface energy of the <100>, <110>, and <111> surfaces of

(PEA)sAgBiBrg and (PEA);PbBry4. Interestingly, the <110> surface of (PEA)4AgBiBrs can be
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either Ag-octahedra terminated or Bi-octahedra terminated as shown in Figure S5, which results
in different surface energies. DFT details and equations to compute the surface energy are included
in the SI. Figures 3a and 3b show the (PEA)sAgBiBrg bulk crystal structure and Ag-terminated
<110> surface slab respectively; the total DFT energies of both are utilized in determining the
surface energy. Figure 3¢ shows the surface energy values obtained for various surfaces of
(PEA)sAgBiBrs. We found that Bi-terminated <110> surface has the highest energy and the Ag-
terminated <110> surface has the lowest surface energy, indicating that the growth of Ag-
terminated surface is thermodynamically more feasible. Similarly, Figures 3d and 3e respectively
show the structures of bulk and <100> surface of (PEA)PbBr4, used for surface energy
calculations. Figure 3f shows the surface energy values obtained for three different surfaces of
(PEA):PbBrs. The <100> surface has the lowest surface energy and would thus be the most
thermodynamically favorable growth direction. The comparison of surface energy values for
various surfaces for Pb-crystal and Pb-free crystal provides critical insights into the growth of Pb-
free perovskite shell at 45° from the exposed <100> surface of Pb-perovskite crystal. The 45°
growth happens due to the growth of Pb-free crystal parallel to the [110] direction with Ag-
terminated (110) plane growth being the determining factor as suggested by the surface energy

computations.
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Figure 3. (a) Bulk (PEA)4sAgBiBrg, (b) <110> surface of (PEA)sAgBiBrs, and (¢) Surface
energy values plotted for each surface: <100>, Ag-terminated <110>, Bi-terminated <110> and
<111>. (d) Bulk (PEA),PbBr4, (e) <100> surface of (PEA)>PbBr34, and (f) Surface energy values
plotted for each surface: <100>, <110> and <111>. The boxes represent DFT simulation cells,

and the grey/purple shaded regions represent perovskite octahedral units.

Optical properties of the core-shell heterostructures are observed to be comparable to that of free-
standing core microcrystal. Figure S6a shows the steady-state absorption spectra of (PEA),PbBrs3,
Pb-free (PEA)sAgBiBrs, (PEA)sAgSbBrs, and (PEA)sAgInBrs with distinct excitonic peak
centered around 395 nm, 425 nm, 411 nm, and 370 nm, respectively, and their core-shell
heterostructures. From the absorption spectra the optical band gap follows the sequence

Bi<Sb<Pb<<In similar to the values reported in the literature.> The PL spectra of (PEA).PbBr4
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and the core-shell (PEA):PbBrs-(PEA)sAgBiBrs, (PEA).PbBrs-(PEA)sAgSbBrs, (PEA)2PbBrs-
(PEA)sAgInBrg provided in Figure S6b, show a very sharp emission peak centered ~ 411 nm
corresponding to excitonic emission from (PEA)>PbBrs with insignificant shift of ~1 nm in case
heterostructures.*® A broad emission 490-620 nm arising due to the presence of self-trapped
excitons (STE) is also observed with slight increase in emission intensity in heterostructures owing
to the contribution from STE emission from the Pb-free perovskite shell.”> The pure Pb-free PL
spectra given in Figure Sé6c shows that the Pb-free perovskites have very weak broad white
light.>>-*6 The average lifetime values (see TableS2), obtained from fitting of the kinetics obtained
using time-resolved PL (TRPL) show that the heterostructure formation does not affect the charge
carrier dynamics observed at to 411 nm and broad STE emission 550 nm as given in Figure S6d
and S6e, respectively. The unaffected absorption and PL spectra of (PEA),PbBrs in core-shell
heterostructure can be justified by no observed change in in-plane lattice parameters of the

inorganic layer i.e., the Pb-Br-Pb angles remain unchanged during heterostructure synthesis.

(PEA),PbBr,-(PEA),AgBiBry (PEA),PbBr,-(PEA),NaSbBry (2T),PbI,-(2T),AgBiBr, (2T),Pbl,-(2T),NaSbBrg

n

(PEA),PbBr,-(PEA),AgInBry (PEA),PbBr,-(PEA),NaBil;  (2T),PbI,-(2T),AgInBr,

CEomC

(PEA)ZPbBr4 (PEA)4NaB|Br8 (PEA),PbBr,-(PEA),NaSbl, (2T)2PbI4—(2T)4NaBiBr8 (2T),Pbl,-(2T),NaSbI,

(2T),PbI,-(2T),NaBil,

Figure 4. The BF images and corresponding PL images of various heterostructures we

synthesized. Each BF and PL image pair is labelled. All the scale bars are 2 pm.
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We demonstrate that the solution-based synthesis method can be expanded to double perovskites
heterostructures involving silver and sodium as the M(I) cation, and Sb, Bi or In as the M(III)
cation. We also prove that the chemical properties of the organic spacer showed little or no
interference with the synthesis method, as shown by the success of both the PEA ligand as well as
the thiophene-based 2T ligands, see Figure S7 for ligand structure. Ultimately, complex
heterostructures where both the halide and metal composition are simultaneously modified can be
facially obtained, proving the robustness of the reported synthesis. Figure 4 illustrates various
synthesized heterostructures. Because (PEA):Pbls is unstable and fully dissolves during the
synthesis process and (2T).PbBry4 lacks fluorescence, it is difficult to identify the core from the
shell. Hence, we solely focused on the synthesis of the heterostructures of (PEA),PbBrs and
(2T)2PblL4.* Figure S8 shows the PL emission of the as-synthesized pure (2T):Pbls, pure Pb-free
layered halide double perovskites, and various heterostructures. Similar to the PEA"-based
heterostructures, we did not observe any change in the PL spectra of 2T -based heterostructures.
The PXRD patterns of all the PEA™ and 2T*-based heterostructures are provided in Figure S9 and
S10, respectively, the equidistant peaks corresponding to [001] direction confirmed the layered
structures. We also did elemental mapping of the core-shell (2T).Pbls-(2T)sAgBiBrs
heterostructure using SEM-EDX, provided in Figure S11. In case of the (2T).Pbl4+-(2T)sAgBiBrs
heterostructure particle, the elemental distribution of I and Br shows that the I is confined to the
core (2T)2Pbly particle and Br is more concentrated in the lateral shell as indicated by the high
intensity, and the low intensity of Br on top of core (2T),Pbls particle suggests the thinner vertical
growth and thus inferring the formation of core-shell morphology. The (PEA),PbBrs and (2T)-Pbls4
microcrystals are found to be very stable and work as excellent core material for realizing

numerous core-shell heterostructures.
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Figure 5. (a) The optical microscope BF and corresponding PL images of (PEA),PbBrs-
(PEA)sNaBilg heterostructure after heating at 70°C and 110°C for 30 min. (b) The PL spectra
of the (PEA),PbBrs-(PEA)4NaBils heterostructure after heating at various temperatures. (¢) The
optical microscope BF and corresponding PL images of (2T)2Pbls-(2T)sAgBiBrg heterostructure
after heating at 70°C and 110°C for 30 min. (d) The PL spectra of the (2T).Pbl4+-(2T)sAgBiBrs
heterostructure after heating at various temperatures. (¢) The optical microscope BF and
corresponding PL images of (PEA).PbBrs-(PEA)sAgBils heterostructure after heating at 70°C
and 110°C for 30 min. (f) The PL spectra of the (PEA),PbBr4-(PEA)sAgBils heterostructure

after heating at various temperatures.
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In order to study the anion interdiffusion in Pb-free layered mix-halide perovskite heterostructures,
the (PEA).PbBrs-(PEA)sNaBils, (PEA).PbBrs-(PEA)sAgBils, and (2T);Pbls-(2T)sAgBiBrs
heterostructure microcrystals featuring different halide anions in the core and the shell were heated
at increasing temperature at fixed time interval of 0.5 hours, presented in Figure 5. The optical
microscope BF and PL images provided in Figure 5a show the PL images taken after heating the
sample for 30 mins at 70°C and 110°C, the generation of faint green emission was observed after
heating the sample at 110°C for 30 min. The (PEA),PbBr4-(PEA)sNaBilg heterostructure emission
spectra provided in Figure Sb, showed generation of a sharp new green emission feature
originating from the inward migration of the iodine anions. The iodine anions migrate from the
shell (PEA)4NaBilg into the core (PEA),PbBrs and gives rise to a mix halide (PEA),Pb(Bry/1:-
«)4.40:6465 With increasing temperature the new feature continuously shifts from 515 nm towards
500 nm indicating the increased extent of migration of the iodide from the Pb-free shell into the
lead-based core. Whereas the optical microscope images of the (2T).Pbl4-(2T)sAgBiBrs
heterostructures show no change and the corresponding PL spectra also do not show any shift or
generation of new features as shown in Figure Sc¢ and 5d, suggesting that the rigid polythiophene
ligand can suppress anion migration similar to the observed behavior earlier reported.*® The
Figure Se and 5f show the optical microscope images and PL spectra of (PEA);PbBry-
(PEA)sAgBils heterostructure, respectively, the PL images show no change after heating and
similarly the PL spectra also showed no shift in the emission peak at 413 nm but the enhancement
of the broad STE emission (500 nm — 650 nm) was observed. To understand this increment in STE
emission intensity the pure (PEA),PbBr4, pure (PEA)sAgBils, and (PEA),PbBrs-(PEA)sAgBiBrs
heterostructure were heated at 80°C for an extended period of time and the PL spectra were
monitored at various time intervals. Figure S12a shows the BF image and the PL images of the
heterostructure particle after 10 min under white light and after 150 hours under white light and
under laser light showed no trace of green emission and the PL spectra in Figure S12b show that
there is no shift in emission at 413 nm, whereas the intensity of the broad STE emission increased
with time. The absence of a sharp green emission and no shift in STE emission feature indicate the
absence of anion migration in the (PEA),PbBrs-(PEA)sAgBiBrs heterostructure. The highly
covalent nature of Ag-I bonding in comparison to more ionic Na-I bonding inhibits anion
migration.®® The observation hints at the importance of designing the Pb-free perovskites

composition to minimize the anion migration in Pb-free perovskites and Pb-perovskites in device
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design. The pure (PEA),PbBrs showed very little increase in STE emission whereas we observed
significant increment in STE emission from (PEA)4AgBilg within 48 hours as can be seen in
Figure S12¢ and S12d, respectively.’’ This increment in STE emission intensity in core
(PEA),PbBr;4 and shell (PEA)sAgBils results in the increased STE emission intensity, owing to the

thermal annealing in the heterostructure after heating.
Conclusion

In summary, we have demonstrated the integration of Pb-free perovskites with Pb-perovskites
using colloidal synthesis route. To the best of our knowledge this type of structural integration
between Pb-perovskites and Pb-free perovskites has not been explored until now. We
demonstrated the versatility of the synthesis methodology by synthesizing numerous
heterostructures with high structural tunability. It was revealed that the Pb-free double perovskites
tend to grow along [110] direction, rather than the normal [100] direction observed in Pb- and Sn-
based 2D perovskites. The unique growth mechanism provides insight and fundamental
understanding on the crystal chemistry of this class of emerging materials. We have also
demonstrated the utility of the core-shell heterostructure architecture in studying the structure-
property relationship of non-emitting Pb-free perovskites using fluorescence spectroscopy by
studying the anion-migration in core-shell heterostructure. We established that the metal
composition in addition to organic spacer cation also plays a critical role in suppression of anion
migration. 2T*-organic spacer cation suppressed the anion migration completely while in presence
of PEA*-organic spacer cation, we observed anion migration in hetero-halide heterostructures.
Furthermore, in case of PEA*-organic spacer cation, Ag as M'-cation suppresses anion migration
completely whereas Na as M!-cation fails to do so, confirming the role of metal cations in
suppressing the anion migration. We expect that our results and observation will be helpful in

understanding the structure-property relationship in Pb-free perovskites.
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